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Stochastic Functional Differential Equations and

Optimal Consumption Problems

Emmet Lawless

Abstract

The first part of this thesis is concerned with the qualitative behaviour of path de-
pendent stochastic differential equations, specifically equations of functional and Volterra
type. We deeply investigate the effects of perturbations on stable linear systems. First,
we provide a framework for characterising the solution space of perturbed linear integro-
differential Volterra convolution equations and their finite memory counterpart, namely
perturbed linear functional differential equations. This improves upon classical admis-
sibility theory which only provides sufficient conditions on the perturbations to ensure
solutions are elements of a particular function space.

Next we consider state independent stochastic perturbations and aim to characterise
when the sample paths of the solution converge to zero almost surely and when the
trajectories are almost surely p-integrable functions in time. We then shift our focus to
perturbed equations with multiplicative noise and characterise the asymptotic behaviour
of the mean square. Our findings indicate the pointwise behaviour of state independent
perturbations is non-dominant and does not necessarily proliferate through to the solution.
Rather the main quantity that determines the qualitative behaviour of the solution is a
particular functional of the state independent perturbations, namely one must study the
integral of the perturbations over compact intervals. It is this insight that leads to sharp
characterisations of the qualitative behaviour of solutions.

The second part of this thesis is dedicated to a particular class of stochastic control
problems arising in finance. We provide a novel approach to the optimal consumption-
investment problem which aims to characterise the value function as the solution to an
associated variational problem. The utility of this approach is twofold, it circumvents
the need to analytically solve the Hamilton-Jacobi-Bellman equation while also providing
a new set of tools to analyse the value function. Sharp estimates on the value function
and the optimal policies are obtained via analysing the variational problem directly and

employing standard techniques from the theory of elliptic partial differential equations.

ix
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Stochastic Functional Differential

Equations



Chapter 1

Introduction and Overview

1.1 Introduction and Motivation

Roughly speaking, a dynamical system can be described as the movement of a particle!
through an ambient space with respect to a given rule which influences its future evo-
lution over time. The term influences was carefully chosen, at a given time if such an
evolution rule completely determines the state of the system then we call this a determin-
istic dynamical system. On the contrary it may be the case that the evolution rule does
not completely determine the future trajectory, rather at each fixed time, the system de-
pends on a parameter which is unknown a priori and comes from a particular probability
distribution, we call this a random dynamical system. Both notions give rise to a rich
mathematical theory and are commonplace in applications.

One of the most important types of continuous dynamical systems are those de-
scribed by differential equations. We first describe deterministic systems, consider the

non-autonomous system of ordinary differential equations (ODEs):
E(t) = b(t,z(t); x(ty) =z € R? (1.1.1)

where b : T x RY — R?, and T is some connected subset of R (see [120] for an introductory
exposition). In this instance the ambient space is R? and the evolution rule is the solution
map z : T — R?. When studying ODEs, the solution map depends only on time and takes
values in a finite dimensional set, oftentimes one would also like to incorporate spatial
dependence into the evolution rule. However this leads to the study of partial differential
equations (PDEs) which will not feature in this thesis. An implicit assumption when
using ODEs to describe a dynamical system is that the future evolution of the particle
depends only on the current position and the starting time. A natural generalisation is

to consider an evolution rule which depends also on the path taken by the particle. This

"'We use the word particle here in an abstract sense which can represent a point in any abstract space.
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leads to the following equation,
z(t) = b(t, x), (1.1.2)

where b : T x C(T;R?) — R? This is a general path-dependent ODE and is referred to
as a functional differential equation (FDE). We mention the following monographs which
provide excellent expositions of the general theory of FDEs [58, 72].

The underlying motivation for studying such systems comes, of course, from appli-
cations. In many fields one is faced with the task of describing the evolution of some
phenomena. An approach which has had an outstanding effect in helping us understand
the natural world, is that of mathematical modelling. In this context, modelling is the
act of writing down a dynamical system, which either recreates the stylised facts of the
phenomena under observation or predicts its evolution (up to some negligible error). How-
ever, writing down the exact evolution rule is practically impossible, so instead we study
a differential equation which we believe induces an evolution rule which describes the
phenomena. The simple question is then, how do we know if the induced evolution rule
is correct?

If the differential equation is explicitly solvable, then we can look at the graph of
the solution and compare with empirical observations. This is the ideal situation but
unfortunately is practically never the case. If explicit solutions are not available, one
then turns to numerical schemes. This is a highly effective method for understanding the
behaviour of solutions, the drawback lies in the lack of a guarantee that the actual solution
exhibits the behaviour we observe from numerical simulations. Thus we seek analytical
results regarding the behaviour of solutions of differential equations without access to an
explicit representation of the solution, this pursuit is known as analysis of the qualitative
behaviour of differential equations. This is the primary focus of Part I of this thesis.

If one wishes to obtain interesting information about the solution map of (1.1.2), then
one needs to impose more structure on the path dependence. When the dependence is
confined to a compact subset of T, i.e. for any fixed t € T, the future evolution depends
only on the path of z on the interval [t — 7, t] for some 7 > 0, then we call (1.1.2) a delay

differential equation (DDE). For example consider the scalar equation:
n t
x(t) = dz(t) + Z ajx(t — 1) + e Prsin(t) — / (t — s) " te M=) (s)ds,
]:1 t—T

where 0,a; € R, ,\,v > 0 and 7; € [0,7]. In this equation the path dependence is a
combination of point masses and distributed delay according to a gamma distribution.
More information on this specific class of equations can be found in [44].

When the evolution at time ¢ € T is allowed to depend on the entire path up to time
t then we call (1.1.2) a Volterra integro-differential equation (VIDE) or simply a Volterra
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equation (VE). For example,

Bx(s) ds — log(1 + 1)

Zt(t):Al'(t)+/omS 1re2

where A, B are d x d real valued matrices. A thorough account of the theory of such
equations can be found in the monograph [53]. We note that in the two examples provided,
the right-hand side is linear in = and the explicit dependence on ¢ (besides the kernel) is
of an additive form. Such structure is a recurring theme throughout this thesis.

As previously mentioned, the main motivation for the mathematical study of such
systems is applications. When building a model, there is a trade-off between model
complexity and model accuracy. For instance it is natural to suggest that as one increases
the number of factors taken into consideration the accuracy of the model should increase.
However there is often a tipping point at which the added complexity makes analysing
the model and inferring any reasonable predictions intractable. An extremely effective
way around this problem is the addition of noise. The idea is simple, there are too
many external factors at play to account for everything in a particular model, so instead
we make the assumption that the cumulative behaviour of all these factors acts as a
kind of randomness that cannot be perfectly described. In many cases this allows for a
significant reduction in model complexity while simultaneously increasing model accuracy.
The mathematical objects we use to do this are path-dependent stochastic differential
equations (SDEs).

1.2 Path dependent SDEs: General description

In Part I of this thesis, we study the solution maps of both deterministic and stochastic
linear path-dependent integral equations. In particular we primarily study the qualitative

behaviour of solutions to path-dependent SDEs of the form:

X(t) :w<t>7 —7<t<0.

where X.(w) =t — X(t,w) is an entire path of the process X for each fixed w € Q and
7 > 0. We shall always employ the implicit assumption of working on a complete filtered
probability space (2, F, F;,P), supporting an m-dimensional Brownian motion B and a
random variable ¢/ representing the initial condition of our system. The coefficients are
defined as maps b : R, x C([—7,00);RY) x Q@ — R? and a : R, x C([-7,00);R?) x Q —
R?™ such that all integrals are well defined. Next we state our notion of solution and

provide a well-posedness theorem. Let A := aa’ and f; := sup,., |f(s)| be the running

4
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maximum.

Definition 1.2.1. We say the triple (X, B,1) defined on a filtered probability space
(Q, F, F,P) is a solution of (1.2.1) if

(i) B is a standard R™-valued Fy-BM, ¢ is an Fy-meas. r.v and X is Fy-adapted.
(1) fot |b(s, X.)| +tr (A(s, X)) ds < oo for each t > 0 a.s..
(iii) X(t) =(0) + [)b(s, X.)ds + [ a(s, X.)dB(s).

Theorem 1.2.1. Let (Q,F,F;,P) be a filtered probability space (satisfying the usual
conditions) supporting an R™-valued Brownian Motion and an Fo-measurable r.v. i €
L*(Q; C([—7,0;;RY)). If for every T € (0,00), there exists a positive constant Cp such
that for all t € [0,T] and all ¢, € C([—T,00); R?)

‘b(t7 ¢) - b(tv 90)’ + ’a(ta ¢) - &<t7 90)‘ < CT<¢ - gp):, (1'2'2)

then there exists a solution to equation (1.2.1) and pathwise uniqueness holds®. Moreover

if p>1 and ¢ € LP(Q; C([—7,0]; RY)) then E[(X);?] < 400 for all t > 0.

Well-posedness of all stochastic equations appearing in Part I of this thesis is guar-
anteed by Theorem 1.2.1. The proof is standard and can be found in many texts on
stochastic differential equations, see the monographs [36, 51, 70, 85, 100, 108].

We shall often be concerned with equations on the half line [0, +00). The fact The-
orem 1.2.1 is formulated on compacts poses no issue as 7' > 0 is arbitrary and pathwise
uniqueness holds. Thus, we may always consider equations on [0, 400). We do not con-
sider systems with infinite memory, hence the parameter 7 controls how far back into the
past the solution can depend. We do note however, this set up allows for equations whose
memory grows as t T +00. The well posedness of (1.2.1) has been a topic of intense study
over the past fifty years with widely varying hypotheses on the coefficients, this is not the
main focus of this thesis so we do not provide a cutting edge account of the existence and
uniqueness literature.

Once well posedness has been established it is natural to ask whether we can describe
the dynamics of the solution. By this we mean what information can we obtain about
the solution map X : [—7,00) x 2 — RZ An explicit representation for X in terms of
elementary functions and the driving Brownian motion is almost never available which
makes inferring properties about the solution map a challenging (and thus mathematically
interesting) task. We shall mainly focus on the qualitative behaviour of the solution

process X and of certain functionals of X.

2This ensures that the solution is strong in the sense that X is adapted to the filtration generated by
the driving Brownian motion.
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1.3 Overview

Our primary concern is the effect of deterministic, state independent perturbations on
the solution map for a specific class of coefficients. To make this precise, consider the

coefficient functions,

b(t7 (P) = f(t) + b(ta 90); a<t7 ()0) = U(t) + &(ta 90)7

where f, o are continuous, R? and R¥™ valued functions, and B(t, 0) =0 and a(¢,0) = 0.

We then study the solutions to the equations,

f((t)zw(())+/0t5(s,5(.)ds+/Ota(s,X.)dB(s), (1.3.1)
X(t) zw(o)+/0tf(s)+z3(s,x.)ds+/ota(s)+a(s,X.)dB(s). (1.3.2)

For illustrative purposes we describe our main goal with a formal argument which is made
rigorous in the subsequent chapters. Consider the operator 1T’y which acts on perturbation
functions f, o and returns the solution to the perturbed SDE X, i.e T¢(f,0) = X. Next

we specify our desired co-domain which we call V. We now have,
TX : D(TX) — V.

Part I of this thesis will be dedicated to characterising the domain of the operator T’y for
various spaces of interest V and different classes of coefficient functions b, @. For example,

consider the space of processes
Vi={X ¢ L*(QC([~7,T);RY) for all T > 0: E[|X(#)]*] = 0 as t — oo}

Then we have T : D(Ts) — V3, hence characterising D(Ty) means characterising the
perturbation functions that result in the mean square of the solution of (1.3.2) vanishing
asymptotically. Of course one needs to make appropriate assumptions on the solution of
the unperturbed equation (i.e X ) in order to make meaningful progress on this question.
With our main goal now clear, we specify which classes of coefficients we shall study
throughout the following three chapters.

In Chapter 2 we consider deterministic equations (i.e, we set a = 0 and fix a constant

initial condition), for two types of path dependence, namely

b(t, ) = f(t) + /[ Vil =) alt,p) =0,

b.0) = £0)+ [ syt + o) alt ¢) =0,
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where f € L (Ry;R) v € M(R;R) and u € M([—7,0];R). Hence we first consider
path dependence of Volterra type and then so called functional equations. It is true that
one can embed functional equations within the Volterra theory, however in certain cases
it can be fruitful to exploit the added structure of a compactly supported kernel. This
specialisation still encompasses a vast array of interesting equations but also allows one
to prove stronger results. With that being said our main focus is still Volterra equations

so we focus our discussion to this case. Consider the equations,

F(t) = /[0 t] v(ds)i(t — s), t>0; 2(0) = eR\{0},

() = /[0 V)l =)+ 110, £>0; 2(0) = € R\{0}, (1.3.3)

In this case the operator T} can actually be rigorously defined for many interesting spaces

by availing of the variation of constants formula,

where £ = 1/1¢. We focus on the cases V' = LP(R,;R), BCy(R;R), Ces(R,;R). Classical
theory tells us in each of these cases V' C D(T;) under the assumption that 7 € L'(R; R).
This follows from the fact that the operator defined by convolution with an L'(R,;R)
function defines an endomorphism on each of these spaces. Our contribution is that we
show the domain is actually strictly larger then the classical theory may suggest, in fact we
provide a complete characterisation of D(7T%) in each of these three cases. The culmination

of all main results from Chapter 2 is presented in the following theorem,

Theorem 1.3.1. Let V = BCy(R4;R), Ces(Ry;R), or LP(R;R) for p > 1, and assume
T € L"(Ry;R). Then,

46
D(T;) = {f €L (R;R) ¢+ / : f(s)ds € V for all 6 € (0, 1]} : (1.3.4)
i.e
t+6
reV < f¢ {f €L (R;R):t+s / f(s)ds € V for all 0 € (0, 1]} . (1.3.5)

After stating this result, the following natural questions arise:

1. Is {f el (Ry;R):t+— ft+9 f(s)ds € V for all 6 € (0, 1]} an enlargement of V7

loc t

2. Why consider only 6 € (0, 1]?

3As we first deal with deterministic equations the continuity assumption on the perturbation function
may be dropped and shall only be reinstated when we study stochastic equations.

7
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3. Is the assumption 7 € L'(R;R) necessary?
4. Why is the mapping t — ftHa f(s)ds the correct object to study?

We address these four questions in details throughout Chapter 2. Ones intuition suggests
that we have enlarged D(T}), however a priori this is not completely trivial. To satisfy any
doubt we provide examples of functions f such that f € D(T;) but f ¢ V (see examples
2.3.1 and 2.4.3). This proves we have in fact strictly enlarged the domain in the sense
that V C D(T3), i.e V is a proper subset of D(T%).

Regarding the size of the interval of integration, this is in fact a matter of preference.

One can prove the following sets are equal:

(i) {feLl (R;R) : ¢ [0 f(s)ds € V for all@E(O,l]}

loc t
(ii) {f € LL(RyR) L [0 f(s)ds € V for all > 0}.

The reverse inclusion is immediate. For the forward inclusion fix an arbitrary 7" > 0 and

t+T N o i
| reas=3 /H F(s)ds,

j=1

write

where N is chosen so that the interval of integration is smaller than one for each summand.
Hence by (i) each summand is an element of V, as V is a linear space we are done.
Throughout the thesis we shall work with both definitions depending on our particular
needs at the time, for instance in many situations it is advantageous to work with 6 taking
values in a bounded set. We shall use this equivalence interchangeably throughout the
thesis without further reference.

The assumption of Z € L'(R,;R) may seem strong at first but upon some reflection
one realises it is actually quite natural indeed. It can even be characterised in terms of a
condition on the Laplace transform of the kernel [44, 53]. In a sense the optimal result
would be to prove Theorem 1.3.1 under the assumption that x € V', however this would
require proving f,g € V. = fxg € V. The problem is that this implication is provably
false in general, so one needs to make stronger assumptions with the natural candidate
being integrability. This is exactly the assumption made in the classical theory [53] and
is advantageous as 7 € L'(R,;R) = 7€ V.

The importance of the mapping t fttw f(s)ds cannot be understated, it arises from
a technical lemma which acts as the backbone of all results from Part I of this thesis. It
is in this regard that one can consider the following lemma the most important result of
Part I.

Lemma 1.3.1. Let f € L, (Ry;R) and V = BCy(R;R), Ces(Ry;R) or LP(R,;R) for

loc

p > 1. Then the following are equivalent,
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(i) t s [0 f(s)ds € V for all 6 € (0,1].

t

(ii) f = fi+ fo such that fi €V and fo € L}, (Ry;R) with t v+ [} fo(s)ds = fz € V.

loc

To the best of our knowledge this lemma was first proved in the case V = BCy(R;; R)
by Gripenberg, Londen and Staffans [53, Lemma 15.9.2]. This decomposition is what
allows one to consider perturbation functions f ¢ V. In general assuming only & €
L'(R;R), it is not necessarily the case that Z * f € V, however with the decomposition
from Lemma 1.3.1 we have (after integration by parts) Z * f = @ * fi + fs + 2 * f5. Noting
i€ LYRy;R) = z € L'(Ry;R), we can conclude that & * f € V as required.

In Chapter 3 we consider stochastic perturbations, namely we consider coefficient

functions,

b(t, ) = F(t) + / v(ds)p(t — ) alt, ) = o(t)

[0,¢]

b.0) = S0)+ [ el +5) alt, 9) = o(0),

where f € C(R;RY), 0 € C(R;R™™), v € M(R;R™™) and p € M([—T,0]; R™>*™).
Notably in Chapter 3 we consider equations in finite dimensions. As a special case this
generalises some of the results from Chapter 2 to multidimensions. The two main equa-

tions now under consideration are the following Volterra equations,
©(t) = / v(ds)x(t — s), t>0; 2(0)=1v e R\{0},
[0,2]

dX (t) = (/{O t] V(ds)X (t — s) + f(t)> dt + o(t)dB(t), t>0; x(0)=1 € R\{0}.
(1.3.6)

In this instance we can once again rigorously define our perturbation operator by making

use of the variation of constants formula,
T.lv : D(Thly) =V, (fio)—x+&(xx f)+&(x*xo0)p,

where U = C(R;RY) x C(Ry;RP™), € =1/t and (% 0)p = [, z(t —s)o(s)dB(s). We
use calligraphic V to emphasize our co-domain is a space of processes and not deterministic
functions. In Chapter 3 we are primarily interested in the following spaces of processes
which are maps from @ — C(R,;R%),

LVr = {X e LP(Q; C([0, T);RY)) for all T > 0 : /OOIEHX(t)]”]dt < +oo} ,

LP = {X € LP(Q; C([0,T);RY)) for all T > 0 : / | X (¢)[Pdt < +00 a.s} .
0
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One of our main results from Chapter 3 states that the domain of 7, |; is the same for both
spaces LV and LP. By applying Fubini’s theorem one can see that LV C LP, however
the reverse inclusion is false in general. Once again we provide a clean characterisation

for the domain of T,|y,
Theorem 1.3.2. Let V = LV or VP and assume x € L' (R ;R). Then,

(i) Forp € [2,00), D(T,|v) is exactly the set of pairs (f,o) € U such that,
t+0 t+1 v
t»—)/ f(s)ds € LP(R; R VO € (0, 1]; t»—)/ ori(s)ds € L2 (Ry;R),
¢ ¢

for1<i<dand1<j<m.

(ii) Forp € [1,2), D(T,|y) is exactly the set of pairs (f,o) € U such that,
t+60 n+1 .
L /t F(s)ds € IP(R.:ROWO € (0,1]; n s / o2 (s)ds € (5 (N; R),

for1<i<dand1<j<m.

The boundary of p = 2 is not surprising and arises as a technicality due to Ito’s
isometry. One should note that the conditions on the perturbation functions are of the
same type as in the deterministic case. As in the deterministic case we address the
assumption of ¥ € L'(R,;R?) and also conduct analysis on the asymptotic behaviour
of the paths in an almost sure sense. In order to prove our main result we require
a lemma which deals with convergence of certain random series. As a by product we
obtain analogous /7 summability results for the discrete version of our continuous Volterra
equation.

The approach taken in Chapter 3 is somewhat different then that of Chapter 2. By this
we mean the explicit representation of the operator T | which is provided by the variation
of constants formula does not play a major role. Instead we take an indirect route by
studying an associated Markovian SDE and leveraging the results from Chapter 2. The
main use of the deterministic results lies in considering the process Z(t) = X (t) — Y (t)
where Y (t) is the solution to an SDE, namely: dY (t) = (f(t) =Y (t))dt+o(t)dB(t). With
this observation one can show that for each fixed w, Z satisfies an equation of type (2.1.1),
see (Chapter 3, Lemma 3.3.1). Thus the study of the Volterra equation reduces to the
study of a Markovian SDE and the deterministic equation (1.3.3).

In Chapter 4 we devote our attention on multiplicative noise equations with compactly

supported kernels. Consider the coefficient functions,

10
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where f,o0 € C(R) and v,u € M([—7,0];R). Notice we are now in a scalar regime, and

are focused on the following equations for ¢ > 0:

dX(t) = (/[_770] v(ds)X (t — s)> dt + (/[_T,O] (ds) X (t + s)) dB(t), t >0,

dX (t) = < £t + /[_T,O] v(ds) X (t — s)) dt + <a(t) + /[_T,O] p(ds) X (t + s)) dB(t), t >0,
(1.3.7)

and X (t) = X (t) = ¢(t) for t < 0 where ¢» € L*(Q; C([—7,0];R)). A variation of constants
formula which gives the solution of equation (1.3.7) explicitly in terms of the solution to
the unperturbed is (to the best of our knowledge) not available in the literature, hence
our perturbation operator is no longer well defined in this regime. Nevertheless our goal
for Chapter 4 is of a similar flavour as previous analysis, in particular we characterise

when the following three types phenomena occur,

lim E [(X?()] =0; /0 OOIE[XQ(t)]dt < +o0; E [X*(t)] < Ce™™,
for all initial conditions v € L*(Q2, C([—,0];R)). In each case we find exponential asymp-
totic stability of the solution of the unperturbed equation a necessary condition, meaning
the perturbation functions cannot have a regularising effect. This is consistent with our
analysis in previous chapters when considering compactly supported kernels. A complete
characterisation of the mean square behaviour of the unperturbed equation is provided in
[16]. We state one of our three main theorems from Chapter 4 to illustrate the connect-

edness of all results throughout Part I of this thesis.

Theorem 1.3.3. Let X be the solution to equation (1.3.7) and = solve the unperturbed
deterministic equation® . Then the following conditions (A) and (B) are equivalent:
(4) (i) e L(R,)
2
(ii) J; ( Si_ i 1)t + s)) dt <1
(iii) t > [ f(s)ds € L*(Ry) for all 6 > 0,

(iv) t— [T o2(s)ds € L'(R,).

(B) E[X?(-)] € L'(Ry), for all ¥ € L*(Q; C([~7,0; R)).

One can see this recovers the main result from Chapter 3 in the special case of a
compactly supported drift kernel, the diffusion kernel as the zero measure and p = 2.
The proof techniques in Chapter 4 generalise ideas from [16] to perturbed equations, we
show the squared mean of a particular functional of X obeys a deterministic renewal type

equation from which the dynamics of the mean square of X itself, can be inferred.

4The equation with f = ¢ = 0 and p equal to the zero measure.

11



Chapter 2
Deterministic Equations

The material in this chapter is based on the following articles:

1. J. A. D. Appleby and E. Lawless. Solution space characterisation of perturbed linear
Volterra integrodifferential convolution equations: The LP case. Applied Mathemat-
ics Letters, 146:108825, (2023) [12].

2. J. A. D. Appleby and E. Lawless. Solution space characterisation of perturbed lin-
ear functional and integrodifferential Volterra convolution equations: Cesaro limits.

Springer Proceedings in Mathematics and Statistics, to appear, (2025) [15].

2.1 Introduction

In recent years there has been a surge of interest, from both the mathematical community
and those in the applied sciences, in evolution equations of Volterra type. Traditional
applications are found in that of population dynamics and modelling of hereditary systems
[41] while stochastic extensions of the classical theory have recently attracted the attention
of the finance community: see Abi Jaber [1] and the references therein. Analysis of
the asymptotic behaviour of both deterministic and stochastic Volterra type integro-
differential equations has attracted a lot of attention in recent decades. For deterministic
linear equations of non-convolution type, recent works such as [29] investigate stability of
the zero solution of systems of perturbed Volterra integro-differential equations while for
stochastic equations asymptotic mean square stability is addressed in [5]. Consider the

scalar equation,

#(#) :/M u(ds)z(t — 5) + f(t), >0, (2.1.1)

where v is a finite signed Borel measure and z(0) = £ € R is a given initial condition.
Such convolution equations are in general well understood, to wit, many monographs both
classic and modern (such as [30, 37, 38, 53]) have been produced providing an in depth

study to which the reader is referred for more details. Although the field has progressed

12
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tremendously, there still remains some unanswered questions about classical perturbed
deterministic equations, which we aim to address in this thesis. The underlying resolvent

is crucial in studying (2.1.1). Its dynamics are given by,
7 (t) = / v(ds)r(t —s), t>0; r(0)=1. (2.1.2)
[0,¢]

As shown in [53, Theorem 3.9] it is necessary to assume r € L'(R;R) in order to ob-
tain strong admissibility results, thus in this chapter we also employ such an assumption.
Recall this is equivalent to z — #(z) # 0 for Re(z) > 0 where z € C and © denotes the
Laplace transform of the measure v [53, Theorem 3.3.5]. Although this condition on the
Laplace transform characterises when our key assumption is true, it can be difficult to
check unless one imposes specific structure on the kernel. For example the case wherein
v(ds) = ad(ds) + b(s)ds has received due study [65] (here d(ds) is a Dirac measure).
In this special case the finite measure condition is exactly b € L'(R;R). Assume b is

continuous, of one sign and

/ £ [b(¢)|dt < +oc.
0

If [7°b(t)dt > 0 and a+ [~ b(t)dt < 0 then z—a— [;° e **b(t)dt # 0 for Re(z) > 0 where
z € C and thus the resolvent is integrable as required [65, Theorem A]. In order for the
zeros of z — (z) to lie in the left half complex plane one needs some negativity from the
measure v. For example in [65] the author also proves if a + [ b(t)dt > 0 then there
exists a z € C such that z —a — [ e #b(t)dt = 0 and Re(z) > 0.

If we consider the unperturbed version of (2.1.1), i.e with f = 0, the solution is
simply z(t) = r(t)¢, hence the assumption that » € L'(R,;R) endows the solution with
many desirable properties. For example solutions will vanish at infinity, be bounded,
p—integrable (p > 1), absolutely continuous etc.. A larger list of properties the solution
will possess is collected in Gripenberg, Londen and Staffons [53, Theorem 3.9]. In this
thesis we will often use the implication r € L'(Ry;R) = r € BCy(Ry;R), LP(R,; R),
a proof of this fact is provided at the end of Section 2.2. It is very natural to ask, can
we characterise when such properties are preserved after a perturbation is introduced, or
in other words can we give necessary and sufficient conditions on the forcing function f
to ensure the solution of equation (2.1.1) is an element of a particular function space V.
Surprisingly the classical theory does not provide an answer to this question. However
this topic is deeply related to the question of so-called admissibilty of (Volterra) operators
and of pairs of function spaces, see Pulyaev and Tsalyuk [102, 103, 119]. For perturbed
Volterra equations, sufficient conditions for solutions to lie in a space V', when forcing

functions lie in a space W have been extensively discussed in Miller [93, Ch. 5] and
Corduneanu [37, Ch.2].

13
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A precise answer to our question shall be provided in this chapter. For a given function
space V the key for obtaining such a result is a decomposition lemma! which states (for
some locally integrable function f) if f'w f(s)ds € V for each 6 € (0,1] then f = f1 + fo
where f; € V and [ fa(s)ds € V. Such a result was proven for V' = BCy(Ri;R)
(space of bounded continuous functions that vanish at infinity) in [53, Lemma 15.9.2].
In this chapter this takes the form of Lemmas 2.3.2 and 2.4.2 which deal with the cases
where V' = LP(R;R) or V' = Ces(R,;R) respectively (see Definition 2.2.1). It is the
author’s opinion that the results provided in this chapter are by no means restricted to
the particular spaces listed above and that the framework developed can be extended to
a wide variety of function spaces including, but not restricted to, those spaces found in
[53, Theorem 3.9]. It is in this regard that this chapter should be understood as strong
evidence that the methods developed can be used to characterise non-standard behaviour
in the solution of equation (2.1.1).

The key point outlined throughout this chapter is that if one wishes to obtain such
characterisation results for solutions to (2.1.1), it is not the pointwise behaviour of the

function f that matters but rather its integral over compact intervals:

/t+0f(s)ds for 6 € (0, 1]. (2.1.3)

To the best of our knowledge consideration of this quantity in the context of the asymptotic
behaviour of perturbed dynamical systems, first appeared in papers of Strauss and Yorke
(117, 116]. In many situations it is the case that the forcing function may not be well
behaved in a pointwise sense but the smoothing effect of integration drastically improves
the situation. For instance in section 3.5 of Chapter 3 we provide an example of a
continuous function, in which limsup,_, . f(t) = +o0o, and yet,

t—o00

140
lim / f(s)ds = 0 for each 6 € (0, 1].
t

We show that given such a perturbation function f, solutions of (2.1.1) obey z(t) — 0 as
t — oo, despite the fact that the perturbation function has a diverging limsup. In fact
a characterisation of when x € BCy([0,00),R) has already been indirectly provided by
the literature. The result is as follows: under the assumption that = solves (2.1.1) and

r € L*(R,) then the following are equivalent:

(A) z(t;€) € BCy(]0,00),R) for all £ € R,

t+0
(B) ¢+ / f(s)ds € BCy([0,0),R) for each 6 € (0, 1].

'We also require the operation of convolution with L' functions to map V into itself and for » € V,
but these conditions are known from the classical theory.

14
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That (B) = (A) is a consequence of Theorem 11.4.3 in [53] and (A) = (B) is an
obvious consequence of equation (2.3.4) below.

The theory for Volterra integro-differential equations is intricately linked to the theory
of Volterra integral equations, however we make the observation that this phenomenon

cannot occur with integral equations. By integral equation we refer to the following:

x(t) = /Ot k(t —s)x(s)ds + f(t), t>0. (2.1.4)

We highlight that the classical theory for (2.1.4) is in fact sharp and in this case it
is indeed the pointwise behaviour of the perturbation term that governs rather then
the interval average (2.1.3). Thus if one considered the integral equation (2.1.4) with
k € L'(R;;R) and a perturbation function f as described above, the solution of (2.1.4)
would have a diverging lim sup while the solution of the integro-differential equation (with
the same kernel k) would converge to zero. We also remark that this “robustness” of
integro-differential equations is also a phenomenon found in so called functional differential
equations wherein the system has only a finite memory.

Our first main result is a characterisation of when solutions to the Volterra Integro-
differential equation (2.1.1) are p-integrable for p > 1. We show that solutions of (2.1.1)
are in LP(R;R) if and only if

I

This “interval average” condition greatly expands the class of perturbing functions which

< 400, for each 6 € (0,1]. (2.1.5)
Lr(Ry)

preserve the property of p-integrability. An explicit example is given of a function ex-
hibiting unbounded oscillatory behaviour which satisfies (2.1.5) but is not in LP(R,;R)
for any p > 1. We once again illustrate this “robustness” phenomenon of solutions to
(2.1.1) by selecting a non standard, yet interesting type of convergence.

We are concerned with when solutions of (2.1.1) and (2.1.4) admit a Cesaro type limit.
Assuming r € L' (R, ,R), we show

1 t s+60
Z/ / f(u)duds — CH ast — oo for each 6 € (0, 1], (2.1.6)
0 Js
is equivalent to
1/t()dﬂ —C R oas t 00 (2.1.7)
— [ xz(s)ds — : 1.
tJo v(Ry)

where C' € R and z is the solution of (2.1.1). Additionally we show that if you alter

condition (2.1.6) by imposing that f itself must posses a Cesaro limit then this imposes

15
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necessary restrictions on the Cesaro limit of the derivative of x. We show,

1 t
Z/ f(s)ds — C € R ast — oo (2.1.8)
0
is equivalent to
1 —C 1t
tliglo; i x(s)ds = SRy tliglo; i z(s)ds = 0. (2.1.9)

In the latter case we note the condition on the Cesaro limit of the derivative cannot
be dropped. This highlights the usual situation that conditions imposed directly on the
forcing function f are in general sufficient to obtain information about the solution, but
not necessary. However this is once again not the case for solutions to the integral equation
(2.1.4), in fact condition (2.1.8) is equivalent to solutions of (2.1.4) having a Cesaro limit
which in this case is equal to C(1 — 1/v(Ry)). To the best of our knowledge there has
been no analysis of the time average of solutions to (2.1.1) however we mention analogous
equations in discrete time have received some attention [17, 18]. Despite this apparent
lack of literature there has been much work in the context of admissibility theory for so
called Marcinkiewicz spaces which are intimately linked to Cesaro limits of functions. For
a brief modern introduction to such spaces we recommend the book by Corduneanu [39,
pp.41-48] or for a more comprehensive study [27], while for classical admissibility results

regarding integral equations we mention [21].

2.2 Mathematical Preliminaries

Let p € [1,00) and f : R, — R. We say f € LP(Ry;R) if fR s)[Pds < 400 and
fe L (R;R)if [ |f(s)[Pds < +o0, where K C R, is compact and both integrals
are understood in the Lebesgue sense. If M(R,;R) is the space of finite signed Borel

loc

measures on R, and v € M (R, ;R), we consider the halfline Volterra equation given by
x(t) = / z(t —s)v(ds)+ f(t), t>0; z(0)=¢eR. (2.2.1)
[0.,2]

We say x is a solution of (2.2.1) on an interval (0,7 whenever z is locally absolutely
continuous, satisfies the initial condition and obeys the dynamics in (2.2.1) for almost all

€ (0,T]. We stipulate throughout, and without further reference, that f € L} (R, ;R),
which guarantees the existence of a unique solution = (see Gripenberg et al.[53, Theorem

3.3.3]). In particular, the solution satisfies a variation of constants formula

z(t) =r(t)E +/0 r(t—s)f(s)ds, t>0, (2.2.2)

16
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where r is the so—called differential resolvent of v, which is the unique absolutely contin-

uous function from R, to R, satisfying
7(t) = / r(t—s)v(ds), t>0; r(0)=1. (2.2.3)
[0,¢]
If p is a finite measure on [0,00), and f : [0,00) — R then their convolution is

(f*p)(t) = o f(t = s)u(ds), t=0.

The convolution of two functions is defined analogously. Given a measure p € M(Ry;R),
we denote |u| as the set function which takes each Borel set E C R, and assigns the
total variation of ;1 on E. Recall the total variation of a measure 1 on a set F is given
by |ul(E) = sup, > 7, [u(£;)| where m denotes the collection of finite partitions of the
set F. For more details on these definitions see [53, Section 3.5]. With a slight abuse
of terminology we shall call || the total variation measure of . The following standard
estimate [53, Theorem 3.5.6] will be heavily utilised:

mew§/|m—wwm)

[0.]

The reader should keep in mind that all results presented for solutions of equation (2.2.1)
can be emulated for the finite memory problem, which is a type of functional differential

equation. In this instance we would fix a constant 7 > 0 and consider
x(t) = / o(t+uw)p(du) + f(t), t>0; z(t)=1v(t), t<0 (2.2.4)
[_7—70]

where u € M([—7,0;R) and ¢ € C([—7,0];R). With the following convention one can
essentially use identical proofs for results regarding equations (2.2.1) and (2.2.4). For any
subset of the real line, write —F = {z € R: —x € E}. If u € M([—7,0;R), we can
construct a ft € M([0,00); R) by writing

A(E) = p(—FE), for any Borel set £ C [0, 7],
a(E) =0, for any Borel set F with £ N[0, 7] = 0. (2.2.5)

Let g : R — R be such that g(¢) = 0 for all £ < 0. With this construction we have

Ammﬁmmmz/’m—wwazwmw»tzo

(0,¢]

17
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With this notation the resolvent of equation (2.2.4) obeys,
7 (t) = / a(ds)r-(t—s), t>0; r(0)=1; r (t)=0 t<0. (2.2.6)
[0,¢]

Here we use the notation r and r, to distinguish between the resolvent of the Volterra
equation (2.2.1) and the functional equation (2.2.4) respectively. If we define F(t) =
f[_T 0 (fso r-(t+s— u)@b(u)du) u(ds), the solution of (2.2.4) has representation

2t 0) = v ()(0) + F(£) + /0 Lt — ) f()ds, (2.2.7)

for t > 0. The assumption r, € L'(R,;R) ensures that F' = O(e~) for some o > 0,
this follows from Theorem 1.5.4 and Corollary 1.5.5 in [44] paired with Lemma 2.1 in
[16], we postpone the discussion of this equivalence until Chapter 4 where it is heavily
utilised. Thus this extra term which does not appear in the solution for the Volterra
equation (2.2.2) will not have any contribution towards the Cesaro mean, for which we

now provide a precise definition.

Definition 2.2.1. We define the space of Cesaro functions as follows:

1 t
Ces(Ry;R) = {f € L. (R;R): tlim ;/ f(s)ds = C for some C € R} . (2.2.8)
—00 0
Additionally we say f admits a Cesaro limit if f € Ces(R;;R).

Remark 2.2.1. Clearly all integrable functions admit a trivial Cesaro limit. It is in
this regard that the extra term (F') appearing in (2.2.7) does not provide any additional
difficulties. To see this consider y(t) = x(t,v)—F(t), theny is the solution of the Volterra

integro-differential equation,
(0 = [ =i 5@, 1200 y(0) = (o)
0.t

Thus we can apply the theory developed for equation (2.2.1) and noting as F(t) is inte-
grable, the Cesaro limits of y(t) and x(t,v) agree.

As mentioned we shall always employ the assumption that the resolvent is integrable
which implies the resolvent is p-integrable for any p > 1 and vanishes at infinity. We state
a lemma to this effect in the Volterra case, for functional equations the result is given in
[16].

Lemma 2.2.1. Let r be the solution of equation 2.2.3 and assume r € L*(R,;R). Then
r € BCo(Ry;R), LP(Ry;R) for any p > 1.

18
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Proof of Lemma 2.2.1. Recall 7(t) = (v xr)(t). As p € M(Ry;R) this implies 7 €

L}(R4;R). Using the absolute continuity of r on compacts we can write

r(T) =1+ /Tf’(t)dt. (2.2.9)

Now 7 € LY(R,;R) = limg . r(T) = L exists, but as r € L'(R;R) (by assumption)
we must have L = 0. Hence r € BCy(R,;R) is proven. Next fix k£ > 0 such that |r(t)] < 1
for all t > k. Now for p > 1 and T > k,

/OT [r(@)[Pdt = /Ok |r(t)|Pdt + /: Ir(4)|Pdt
= /Ok [r(t)[Pdt + /: |7 (t)|dt.

Sending T'— oo and using the fact r € L'(R;R), yields r € LP(Ry;R) as required. [J

The exact value of the integral of  and 7, are needed in many subsequent proofs so

we include this as a lemma.

Lemma 2.2.2. Let r and r, be the solutions to equations (2.2.3) and (2.2.6) respectively
and assume r,7; € L*(R;R). Then,

/0: r(s)ds = V(Ri)l, /OOO f(ids = —1;
[ L P

Proof of Lemma 2.2.2. We only provide the proof for r as if one employs the convention

outlined by (2.2.5) then the result for r, follows immediately. We note the assumption
r € LY(R,;R) guarantees r(t) — 0 as ¢ — co. Thus integrating equation (2.2.3) over the
interval [0, 7] we see, r(T) = 1 + fOT f[o q r(t — s)v(ds)dt. Sending T" — oo and applying

Fubini’s theorem we obtain,

—1:/000 /mﬂr(t—s)u(ds)dt:/[om} /:or(t—s)dtl/(ds):/Ooor(s)dsu(R+).

To show the second assertion we integrate (2.2.3) over R, and apply the above calculation,
Le [[Crt)dt = [° Jog Tt = s)v(ds)dt = —1. O

2.3 Results for V = [?

Before we present the main result of this section we prepare two lemmas, the first of which

is required in the proof of the second.
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Lemma 2.3.1. Suppose f_'w f(s)ds € LP(R;R) for all 0 € (0,1]. Then,

I

Note that the upper bound B is independent of the parameter 6. This is required if

< B, forallf € (0,1]. (2.3.1)
Lr(Ry)

one wishes to bound | [ oy (s)ds|P while integrating over . Before proving Lemma 2.3.1
we remark that its reverse implication is obviously true and will be used in proofs of later

results.

Proof of Lemma 2.3.1. By hypothesis, for all § € (0, 1] we have that,

oo =[N [ s

Moreover, since f is locally integrable, it follows that the integrand is indeed a well-defined

P
dt < 4o0.

measurable function and moreover the non-negativity ensures that ¢ is also measurable;
this holds by e.g. Theorem 8.8 in Rudin [109]. Thus by hypothesis for each m € N,
the set @, = {0 €[0,1] : p(#) < m} is well-defined and measurable. Notice also that
Qm € Qmy1 and that the hypothesis ensures that |J)-_ @, = [0,1]. This ensures that
there exists at least one m’ € N such that the set @), has positive Lebesgue measure. In
light of this we fix m = m/. Then applying Lemma 15.9.3 in Gripenberg et al. [53] to the
set @, ensures the set Q,, — Q,, = {0 — 0" : 0,0 € Q,,}, contains an interval (—e¢, €). As
both 6,0" € Q,, we have that ¢(0) < m and p(6') < m. Thus without loss of generality

we take 6 > €' and by extending f to be equal to zero on the interval [—1,0) we can say

for t > 0,
t4-0—0’ t+6—6’ t
d d d
[ el <| [ || [ s

Using the inequality (a+b)? < 2P~(a? +0P) for a,b > 0, integrating both sides and letting

g(t) :== ]f(f f(s)ds|P gives
tHo—0' P o0 b oo | pt

ds| d d d

/t f(s)ds t§/0 t+/0 /t—@’f(s> s

0

= /_0 g(T + 0)dr + p(0) + / g(m 4+ 0")dr + ¢(0')

o’ —o’

< +

1 o0

p
FO dt

t+0—0"
/ f(s)ds

—0/

< sup g(t+60)+ sup g(r+6)+2m

—6'<7<0 —6'<7<0

§2(sup g(t)+m).

0<t<1
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Hence, for all T' € (—¢, €) we have

[ s [ rtspas

Note that By is independent of 7', and take any 6 € (0, 1]. There is a minimal N = N(¢) €
N such that Ne > 2, and ¢ € (n5, (n + 1)5] for exactly one n € {0,...,(N —1)}. Write

p
dt < 2P ( sup

0<t<1

p
+ m) =: Bj.

next
t+6 N o ppd? N 450
[oteis=3 [ seas=3 [ 7 g
t =1 St j=1 Y t+(E=1)e*
where 6* :%S"Q—}le<§<e Thus
t+0 p N t+(j*1)9*+9* p
f(s)ds| < NP1 / f(s)ds| ,
t o | G-er

and since 6* € (0, ¢€), for any 6 € (0, 1] we have

AwlwﬂWk

Since B, depends only on N and Bj, and both are #-independent, the proof is complete.
O]

p

dt <N-B, = B,

Both Lemmas 2.3.1 and 2.3.2 are adapted from a decomposition result for a function f
in which ftt+9 f(s)ds — 0 as t — oo for all € (0, 1]. This result can be found as Lemma
15.9.2 in [53].

Lemma 2.3.2. Suppose || f'% f(s)ds|| L,y < +00 for all 6 € (0,1]. Then f = fi + fo
where f1 € LP(R;R) and fy is such that fg fa(s)ds € LP(R4;R)

Proof of Lemma 2.3.2. Take fi(t) = ftt_l f(s)ds, t > 0. Here we consider an extended
version of f where f(t) = 0, for all ¢ < 0. Then f; is continuous and by supposition
f1 € LP(R4;R). Next we let fo = f — f) for t > 0. Then for t > 1 we have

/Ot b(s)ds:/otf(s)ds—/ot /S:f(u)duds:/ol /t;_lf(s)dsdv, (2.3.2)

the last identity following from a routine but tedious set of calculations, involving repeated

application of Fubini’s theorem which are detailed in the appendix. By Jensen’s inequality,

A%wmfslﬂlmﬂwm

21

we get
p
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Integrating over ¢t on both sides and using Fubini’s theorem, it follows that,

[T o < (7| o] )< [ 00— 2

where the constant B is taken from Lemma 2.3.1. If ¢ € [0,1] then the fact that f, is
P
locally bounded ensures fol ‘ fot fg(s)ds‘ dt is finite. O

Remark 2.3.1. Note the decomposition of f in Lemma 2.3.2 is certainly not unique. One
could define f; = jie f(s)ds for any 0 € (0, 1] resulting in an infinite number of potential

decompositions.

We are now in a position to state and prove our main result. By Lemma 2.3.1, the
condition (A) below is equivalent to (2.3.1), but the latter condition is harder to check
than (A).

Theorem 2.3.1. Let x be the solution of (2.2.1) and suppose r € L*(R;R). Then for
p > 1, the following are equivalent:

(A4) |17 #(s)ds

< +oo, for each 6 € (0,1];
Lr(R1;R)

(B) x(-,&) € LP(Ry;R) for all € € R.

Proof of Theorem 2.3.1. First we show (A) = (B). Recall that = obeys a variation
of constants formula given by z(t,£) = r(t)§ + (r = f)(t) for t > 0, where x denotes
convolution of functions on R,. As v € M(Ry;R) and r € L'(Ry;R) we have that
r € LY(Ry;R) and also r(t) — 0, as t — oo. These facts, along with r being absolutely
continuous and well-behaved at both zero and infinity, ensure that r € LP(R;;R) for all
p > 1. Thus r(-)§ € LP(R;R), so we need only focus on z(t) == (r * f)(t). Defining
f3(t) == f; fa(s)ds, writing f = f; + fo and integrating by parts we get

z1(t) = (r* f1)(t) + f3(t) + (' = f3)(t), t>0. (2.3.3)

Asrr’ € LY(Ry) and fi1, f3 € LP(R;R) (by Lemma 2.3.2 and (A)), an application of
Theorem 2.2.2 in [53] ensures z; € LP(R;;R) and the claim is proven.

To show (B) = (A), take 6 € (0, 1] and integrate (2.2.1) over the interval [¢,t + 6] to
get

w(t+6) — 2(t) — /t (v # 2)(s)ds = /t F(s)ds. (2.3.4)

The first two terms on the left are in LP(R;R). For the third, with %+% =1, by Holder’s
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inequality we get

/Ooo /ttw(y « 2)(s)ds

pdtgeii/Ooo/tt+9|(y*x)(s)ypdsdt
g/ooo/s |(1/>|<:c)(s)|pdtds§/Ow|(y*x)(s)|pds.

max (s—6,0)

The last term is finite by virtue of Theorem 3.6.1 in Gripenberg et al. [53]. Thus, the
left-hand side of (2.3.4) is in LP(R,;R), and therefore the righthand side is also, as was
required. O

The three key identities in extending this result to other spaces are (2.3.2), (2.3.3)
and for converse results, (2.3.4). These identities hold, regardless of conditions on f,
and show how the solution x can be related to f purely through the interval average
| 0y (s)ds. The reader should observe that the results in this section can easily be
extended to multi-dimensional equations; this arises as a special case in Chapter 3. It is
worth noting however that a much stronger result is true for functional equations, in this
case the resolvent being integrable is no longer an assumption but is in fact a necessary
condition. For completeness we state the precise Theorem below but postpone the proof
until Chapter 3.

Theorem 2.3.2. Let z be the solution of (2.2.4). Then for p > 1, the following are

equivalent:

< +o0, for each 6 € (0,1];
Lr(R1;R)

(A) r, € LY(R;R) and Hf'w f(s)ds‘

(B) z(-,¢) € LP([—7,00);R) for each i € C([—1,0];R).
2.3.1 Example
We consider the equation (2.2.1) with
f(t) = e sin(e?), t>0, (2.3.5)

where 0 < o < . In this case f exhibits high frequency and rapidly growing oscillations.
Write T = e, A = e Note that e :=1— /3 € (0,1). Then

A
/tt+0 f(s)ds = %/T Tu_6 sin(u) du.

Integrating the right hand side by parts we see that it is O(T~¢) as T — oo, where we

use the conventional “big O” Landau notation. Therefore

t+0
/ f(s)ds =0(e B9t = oo,
t
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for each § > 0. This exponential decay ensures [ Tty (s)ds € LP(R4;R) for any choices
of p>1and 6 > 0. Thus Theorem 2.3.1 tells us that = € LP(R,;R) despite the fact that
J° 1f(s)|Pds = oo for any choice of p > 1.

2.4 Results for V = Ces(R;R)

2.4.1 Cesaro functions

In this section we discuss some facts about members of the function space Ces(Ry;R).
The main results of this section rely on a decomposition of the forcing function f. The
general result has the following flavour, let V' represent some function space of interest.
If f'w f(s)ds € V for each 6 € (0,1] then f = fi; + f, such that f; € V and [, fa(s)ds €
V. Successfully improving the classical admissibility theory is completely determined
by whether or not one can prove such a decomposition result. This is accomplished by
Lemmas 2.4.1 and 2.4.2 below for V' = Ces(R;;R).

t+9

Lemma 2.4.1. Assume f € L, .(Ry;R). Suppose for all 0 € (0,1], t — | s)ds €

Ces(Ry;R), i.e
tlggot// f(u)duds = C(0) € R.

sup ‘ / / duds—C(T)‘ < 00.
te(1,00)

T€[0,6]

Then for any fized 6,

Proof of Lemma 2.4.1. Introduce for some m € N, the set,
Qm {TG [0,0]: ‘ // duds—C’(T)‘Sl, forallth}.

First we show this set is measurable. is

L4 fu)duds — O(T)

continuous thus,

Qm {TEOG ‘// duds—C(T)'gl, forallte(@ﬂ[m,oo)}

- N {Te 0,01 '// duds—C(T)‘Sl}.

teQN[m,c0)

Now for each ¢ introduce, F; : [0,0] — Ry,

can write,

%fot f;JrT f(u)duds — C(T)‘. Then we

Qm: ﬂ Ft(T)_l([0> 1])

teQn[m,o0)
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Thus to show @,, is measurable we need only show that F;(7') is a measurable function,
but this is immediate as C(T") is the pointwise limit of measurable functions and thus
measurable, and the mapping 7' %fg fss+Tf(u)duds is continuous, thus Fi(T) is a
measurable function and so @Q),, is a well defined measurable set. Additionally it follows
from our supposition that | J°_, @, = [0, 0], thus there must exists an m’ € N such that
Q@ has non zero Lebesgue measure. Fix such an m/, then by Lemma 15.9.3 in Gripenberg
et. al. [53], it must by the case that the set Qv — Qv ={T =T : T,T" € Qv } contains
an open interval (—e,e). Without loss of generality take T, 7" € @, such that T > T",

then we have

E /Ot /Ss+TT’ f(u)duds — C(T = T")

_ % /0 t / e fuw)duds — C(T) 4+ C(T")

< % /0 t / _;T_T F(w)duds — C(T)| + '% /0 t / ;l F(w)duds — C(T")

<2

for all t > m’ + 6. To see why the first equality holds consider

1 t s+T-T' 1 t s+T—-T' 1 t S
—/ / f(u)duds = —/ / f(u)duds — —/ / f(u)duds.
t 0 Js t 0 Js=T1" t 0 Js=T"

Taking limits on both sides yields
C(T-T)=0C(T)—-C(T. (2.4.1)

Note one can extend this argument via induction to show the limit is an additive func-
tion of the length of the interval of integration in the inner integral i.e. C (Z?Zl tj) =
> -1 C(t;) for a finite positive sequence t;. Now as the above bound holds for all

T € Qv — Qpv, we have in particular for all T € [0, ¢),
1 t s+T
‘;/ / fu)duds — C(T)| <2, forallt>m'+6.
0 s

Let T € [0,6] and fix N € N such that £ <

the limit, we have

0 . .
~ < €. Then using the additive property of
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2[5

1 [Tn [t N /T (G -1T

‘ // duds—C’(T)‘: ;/0 ;/SJFWf(u)duds—;C(W—T)
1 [t ety T (- 1T

Z/o /S_,_(J'—I\})Tf(U)dUdS_C(W_T)‘

M-

7=1
< 2N,
for all t > m’ + 6 where the last inequality follows as JWT - % = % < % < ¢. Thus as
N is independent of both T and ¢, we have
sup ‘ / / u)duds — C(T)| < 0.
te(l,00)
T€[0,6]
O

t+0

Remark 2.4.1. The identity (2.4.1) tells us that when the mapping t — [, s)ds €

Ces(Ry;R), the limit is an additive function of the parameter 0. This along wzth measur-
ability ensures the limit has the form CO for some C € R, [28, Theorem 1.1.8]. In the

sequel we shall always write the limit in this explicit form.

Lemma 2.4.2. Let f € L}, (R;R). For each 6 € (0,1], the following are equivalent,

(i)
1 t s+6
lim —/ / f(u)duds = C6.
t—oo ¢ 0 Js

(ii) f = fi+ fa, where fi € C(R:;R) and fy € L} (Ry;R) such that,

tlg?ot/fl du— tlg?ot//h dUdS_

Proof of Lemma 24 2. We extend f such that f(t) =0 for ¢t < 0. Fix a § € (0, 1] and set
fit) =3 ft o f(w)du. Thus by hypothesis we immediately obtain the first limit while the
local mtegrablhty of f ensures f; is continuous on the positive real half line. Next we set

fo = f — f1 and integrate to obtain:

/Ot fa(s)ds = /Otf(S)ds — /Ot % /:9 f(u)duds = %/00 /ttv f(s)dsdv. (2.4.2)

A proof of this identity is provided in the proof section at the end of this chapter. Now

we calculate the Cesaro limit of [ fo(s)ds

%/Ot/o fo(u)duds = %/OH%Atljvf(u)dudsdv.
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Subtracting & 5 fo v dv from both sides, taking absolute values and applying (2.4.2) yields,

t s 0 0 t s
’l/ / f2(“)dUd8—g/ vdv| < L l/ / fw)duds — vC
t 0 JO 0 0 t 0 Js—wv

— dv.
=3/ v
By Lemma 2.4.1, the integrand on the right hand side is uniformly bounded, thus we can

invoke Arzela’s dominated convergence theorem and pass to the limit inside the integral.

1 t s 0
lim ‘—/ / fo(u)duds — g/ vdv
tooo |t Jo Jo 0 Jo

as required. For the converse, consider

%/Ot/:ef(u)duds: %/Ot Ssefl(u)duds+%/ot/os folw)duds
—%/Ut/os_gfg(u)duds.

The two terms involving f, will cancel when we pass to the limit, so we need only focus

Hence,

=0,

on the f; term. Consider for some k£ > 0 and ¢t > k,

]_ t S ]_ t s 1 t s—0
;// f1(u)duds:—/ / fl(u)duds——// f1(u)duds
0 s—0
/ / fi(u)duds + - / / f1(u)duds
__/ / f1(u)dUdS——/ / f1(u)duds.
tJo Jo tJrk Jo
The first and third terms will vanish as ¢t — oo so we focus on the second and fourth.
1 t s 1 t s—0
—/ / fl(u)dUdS——// f1(u)duds
tJk Jo tJk Jo
t S d t
:1/ s[—fo filw) U—C] ds+g/ sds
tJk
1t ? fulu)du
—;/k(s—e)[ P d——/ s—0

Combining the second and fourth integrals yields,

(t - k)

oC 0C ast — oo.
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Thus to complete the proof we show the terms involving f; vanish. We have

Letting u = s — 0 in the second integral and combining the two yields,

%/ttgs {—f; fli“)d“ - c] ds — %/k:s {—fos fli“)d“ - C] ds.

The second term will vanish and the first term can be estimated by,
‘1 /t ) |:f05 fl (u)du _ C:| ds' S /t fos fl (u)du o C
t Ji-g s t—0 s

The integrand on the right hand side converging to zero forces the entire integral to vanish

ds.

ds.

and thus the theorem is proven. O]

Remark 2.4.2. One should be careful when applying identity (2.4.2). We defined f, =
i ft o f(8)ds with an extended version of f where f(t) =0 fort < 0. This is equivalent
to deﬁmng f1 piecewise, i.e fi(t) =3 fo s)ds for t € [0,0] and fi(t) = 5 ft o f(s)ds for
t > 0. This of course leads to a piecewise definition of fo = f — f1, the reader should
always keep this in mind as at first glance it may seem identity (2.4.2) is not correct for
simple exzamples such as when f(t) = ¢ for ¢ € R\{0}. However with the consideration

explained above one can calculate the explicit integrals and see the identity does indeed
hold.

With this fundamental decomposition at hand we state one more crucial lemma, whose

proof is relegated to the final section of the chapter, before providing our main result

Lemma 2.4.3. Let v € M(R,) and g € L'(R,). Suppose f € Ces(Ry;R) with Cesaro
limit, C' € R. Then,

hm (f*y)( )ds = Cv(R,); hm (f*g) ds—C'/

t—oo t

2.4.2 Main Results

We can now state and prove the main result of this section.

Theorem 2.4.1. Let x be the solution of equation (2.2.1) and assume r € L*(R,;R).

Then the following statements are true,
(i) f'w f(s)ds € Ces(R;R) for all 0 € (0,1] <= z € Ces(Ry;R).

(ii)) f € Ces(Ry;R) <= 1z € Ces(Ri;R) and & € Ces(Ry; R).
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Moreover in each case the limits are given explicitly, that is as t — oo,

(i)

1 t s+60 1 t _O
- u)duds — C0; —/xsds—> .
TR YT R

(i)

t t _C t
%/0 f(s)ds — C; %/0 x(s)ds — m; %/O i(s)ds — 0.

where C' € R.

Proof of Theorem 2.4.1. First we prove (7). Similarly to the proof of Theorem 2.3.1, using

the variation of constants formula (2.2.2), Lemma 2.4.2 and integrating by parts,

z(t) = r(t)s + (r* f)(8) + f3(t) + (7 fs)(E), =0,

where f3(t) fo f2(s)ds. Thus we have,

%/Ot:p(s)ds _ %/Otr(s)gder%/Ot(r*fl)(s)ds+%/Ot fg(s)dH%/ot(Mfg)(s)ds.

Sending ¢t — oo and applying Lemmas 2.2.2, 2.4.2, and 2.4.3 we see,

1t —C
tllglog i x(s)ds = SRy

For the converse we consider an extended solution so that x(¢) = 0 for all ¢ < 0, then we

integrate (2.2.2) over the interval [t — 6,¢] which results in,

/f =z(t)—x(t—0 /H/[O (s — u)v(du)ds.

Introducing the notation X () := (x * v)(t) we obtain,

T Sy Ry g s

When passing to the limit the first two terms on the right hand side will cancel, thus we

need only focus on the third. Now recall by Lemma 2.4.3,

—C
v(Ry)

v(Ry) =—C,

as t — oo. Thus we may follow the proof of the converse of Lemma 2.4.2 with X in place
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of fi to obtain,

lim — / / X (u)duds = —0C.
t—oo t
1 t s
lim —/ / f(uw)duds = 0C,
t—oo t 0o Js—o

as required. For the forward implication of (i), recall equation (2.2.2), x(t) = r(¢)€ + (r x
). Asr € L'(R;R) its Cesaro limit will be zero, thus,

But this implies,

tim 2 [ ao)ds = tim 2 [ e p)ops = —2

t—oo t 0 t—oo t 0 V(R_i_)’

where the last equality follows from Lemma 2.2.2 and 2.4.3. We now use this to show the
Cesaro limit for . By (2.2.1) we obtain,

%/Ot:t(s)ds = %/Ot(m *v)(s)ds + % /Otf(s)ds

Passing to the limit and applying Lemma 2.4.3 and the limit just proven for x yields,

I —C
- t(s)ds - ——v(R C=0 t — oo.
; /0 x(s)ds V(R+)V< )+ , as 00
For the converse, rearrange equation (2.2.1) to obtain f(t) f[o q v (ds).

By supposition the Cesaro limit of & is zero and Lemma 2.4.3 tells us the Cesaro limit of

the convolution is —=— (R+) C, as required. O

The assumptions that r,r, € L'(R,;R) are known to be sharp in order to obtain
admissibility results for solutions to equations (2.2.1) and (2.2.4). We provide a converse
result for the finite memory problem which shows that r, € L'(R,;R) is a necessary
condition in order for solutions of (2.2.4) to admit a Cesaro limit. Throughout the proof
we make heavy use of the semi-explicit asymptotic expansion of the resolvent. This
approach is much more involved in the Volterra case due to the lack of information about
the general form of the Volterra resolvent. It is in this regard that we only consider the

finite memory equation for such converse results.

Proposition 2.4.1. Let = be the solution of (2.2.4). If for each ¢p € C([—7,0];R) and
f € L (Ry;R) such that t — ft+0 s)ds € Ces(Ry;R) for all 0 € (0,1], we have
x(-,1) € Ces(Ry;R), then r, € Ll(]RJ”]R).

For the readers convenience, before we provide a proof of Theorem 2.4.1 we recall some

common notation in the field of functional equations. Define

zo(t, ) == r (t)(0) + /[T’O] </O r-(t+s— u)z/;(u)du) w(ds), (2.4.3)
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so we can rewrite (2.2.7) as x(t, ) = xo(t,¢) + (r, * f)(t). Thus z, solves equation (2.2.4)
with the perturbation term switched off. The roots of the transcendental equation, h(\) =
A — f[_w] e~ u(ds), govern the asymptotic behaviour of 7.. Let A = {\ € C: h(\) = 0}
and define vg(u) == sup{Re(A) : A € A}. The cardinality of A’ = {\ € A : Re(\) = vo(u)}

is finite, thus r, admits the expansion,

e oWty Z {p;(t) cos(B;t) + q;(t) sin(B;t) } + g(t), (2.4.4)

AjEN

where p; and ¢; are polynomials of degree m; — 1 (where m; is the multiplicity of \;),
B; = Im(\;) and ¢(t) = o(e™=") for some £ > 0. For proofs of all facts recalled above the
reader may consult [44, Chapter I].

Proof of Theorem 2.4.1. We aim to prove vo(p) < 0 which yields automatically r, €
L} (R, ;R) due to the expansion (2.4.4). We proceed by contradiction, thus assume vo(g) >
0. Setting f = 0 yields zo(-,1) € Ces(R;;R) for all ¢» € C([—7,0];R). Hence select A € A’
and set ¢ = Re(e*) which yields the solution, x((t;¢) = Re(eM) for all t € [—7,00). Let
A = wvg(p) + 48, then

[ Re(eas = [ e cos(osyas = T OMGIN T volu)eos(BE)
: : AP

which upon dividing by ¢ will not tend to a limit, contradicting xo(-,¢) € Ces(Ry;R).
Thus we must have vg() < 0. Now assume vo(p) = 0, in which we distinguish two cases.
First assume there exists a A € A’ with multiplicity strictly great than one. In this case
we fix ¢» = tcos(Im(A\)t) which again yields a solution zq(t;1) = tcos(Im(A)t) for all

t € [-T,00), but as before a simple calculation shows

1/t sin(Im(A\)t)  cos(Im(A\)t) — 1
2/0 scos(Im(\)s)ds = Im()) + ()2

which oscillates indefinitely and so zo(+;¢) ¢ Ces(Ry;R), a contradiction. Thus it must

be when vy(p) = 0, all elements of A’ have multiplicity one. In this case,

n

ro(t) =Y {cjcos(Bit) + k;sin(B;t)} + g(t),
j=1
where ¢;, k; € R\ {0}. Now we fix the initial condition ¢ = 0 which yields, z(¢,0) =
(r,* f)(t). Now assume first that n > 1 which means at least one zero is not at the origin.

Without loss of generality we may assume (; # 0. Choose f(t) = ky sin(51t) — ¢ cos(fit)
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and define F(t) = [} f(s)ds, we see [ x(u,0)du = [} r,(u)F(t —u)du with,

kl sin(fqt) — a

F(t) = = cos(it) + 3 B

61

Now we can calculate fg x(u, 0)du semi-explicitly,

! /0 t ro(u)F(t — u)du

t
. Clkfl (C‘i — k%) Clkl (C% — ]{?%) Clkl
= sin(ft) < 5, - 27 ) + cos(f4t) <t5% + 27, ) — 17
+ % Z {Alvj COS(Bjt) + AQJ‘ sin(ﬁjt) + A37j COS(Blt) + A47j Sin(ﬁlt) + A57j}
j=1
1 t
+ ;/0 g(u)F(t — u)du,

where A; ; € R. The summation term will vanish as ¢t — oo and the exponential estimate
on g ensures the integral term will also vanish. However we see the first term will oscillate
indefinitely as the constants ¢y, k1 and f; are non-zero. This means z(+;0) ¢ Ces(R;R)
which is a contradiction. Now if n=1 there is only a single root on the imaginary axis. If
this root is not at the origin then the above argument still holds, so we assume the sole
root is at the origin. In this case r,(t) = ¢ + g(t) where ¢ € R\{0}. Now set ¢» = 0 and
f(t) = 1/c, then z(t,0) =t + (g * f)(t). As g € L'Y(R;R) and f € Ces(R;;R), Lemma
2.4.3 implies the convolution has a Ceséro limit but the linear function f(¢) = ¢ will not,
which yields the final contradiction. Thus we must have that vo(p) < 0 and the claim is

proven. O]

Proposition 2.4.1, Theorem 2.4.1 and remark 2.2.1, provide the proof of our next

theorem.
Theorem 2.4.2. Let z(-,1) be the solution to (2.2.4).
(A) Suppose r, € L*(R;R), then for all ¢ € C([—7,0];R) the following hold true,

(i) f'w f(s)ds € Ces(R;R) for all 0 € (0,1] <= z(-,9) € Ces(R_;R).
(i) f € Ces(Ri;R) <= z(-,¢) € Ces(R;R) and (-, ¢) € Ces(Ri; R).

Moreover in each case the limits are given explicitly, that is as t — o0,

(i)

t  ps+0 t —-C
%/o /S f(u)duds — C0; %/0 z(s,v)ds — (=7 0
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(i)

! 1/ —C 1/
%/0 f(s)ds = C; Z/o x(s,)ds — ]), ¥/0 x(s,1)ds — 0.

(=7, 0
where C € R.
(B) The following are equivalent,
(i) r, € L'(Ry;R).
(i) For all ¢y € C([—1,0];R) and f € Ces(Ry;R) we have x(-,1¢) € Ces(R;;R).

(iii) For ally € C([—7,0];R) and f s.t. f'w f(s)ds € Ces(Ry;R) for all 6 € (0,1]
we have x(-,1) € Ces(R4;R).

2.4.3 Example

In this section we show the statements f € Ces(R,;R) and ¢ — fttw f(s)ds € Ces(Ry; R)
for each 6 € (0, 1] are in fact not equivalent. In general the first implies the second. To
see this recall that if f € Ces(R,;R) then by Theorem 2.4.1 part (ii), we necessarily
have solutions of (2.2.1) obeying z € Ces(R;;R). But then applying part (i) of Theorem
2.4.1 yields t j;tw f(s)ds € Ces(R;;R) for each 6 € (0,1]. This argument, although
mathematically sound, is unsatisfactory due to its indirect nature. Indeed this can be
proven in a direct fashion with an apt application of Lemma 2.4.3. Let f € Ces(R;;R)
and introduce the function g(t) = 6~ xyeo013(t). Then g € L'(R4;R), hence by Lemma
2.4.3 (f xg) € Ces(Ry;R), but for ¢t > 6,

(f % g)(t) = / 9(s)f(t — s)ds = / £(s)ds.

Thus we have proven as claimed that,
t+6
feCes(Ry;R) = t— / f(s)ds € Ces(Ry;R) for all 6 € (0, 1]. (2.4.5)
t

The next proposition illustrates that the reverse implication is not true.

Proposition 2.4.2. Let B : R, — Ry € C*(Ry;R) and strictly increasing. Assume
B(t), ' (t) = o0 ast — oo. Then f: Ry — R, t— p'(t)sin(5(t))t obeys,
t+6
t— / f(s)ds € Ces(Ry;R) for all 6 € (0, 1],
t

while f ¢ Ces(Ri;R).

An explicit example of a function (up to a multiplicative constant) which satisfies the

assumptions of proposition 2.4.2 is,
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f:Ry = R, t— t*sin(t*™)t o> 0.

Others examples of this type can easily be constructed and their existence illustrates

t+9

once again that the smoothing effect induced by the mapping t f f(s)ds means

the stability of solutions of (2.2.1) is very robust under “poorly-behaved” perturbations.
Although proposition 2.4.2 tells us that the reverse implication of (2.4.5) is not true in
general we provide a side condition which yields the converse in the case that the function

is positive.
Proposition 2.4.3. Let f € L] (R,;Ry). The following are equivalent,

) lim - / / f(u)duds = CO for all 0 € (0,1]; lim — / f(s

t—)oo t t—oo t

) lim — / f(s
t—>oo

Proof of proposition 2.4.3. The fact that (i7) implies (7) is clear from the discussion at
the beginning of this section and from the identity,

1 t+1 1 t+1 1 t
] seas=1 [ s g [ s

To see the other implication we write for ¢ > 6,

% /O t / " f(u)duds (2.4.6)
= %/09 fu)(u —0)du + ? /Otf(u)du + %/tHe fu)(t+ 0 —u)du.

The first and third term on the right hand side will vanish upon sending ¢ — oo and thus

we obtain the desired limit. O

2.4.4 Comparison with integral equations

To this point we have considered integro-differential and functional equations and have
shown solutions to perturbed equations may admit a Cesaro limit even when the pertur-
bation function does not. This phenomenon is impossible for integral equations, and in

this section we provide a proof. Consider the integral equation,

x(t) = /Ot k(t —s)x(s)ds + f(t), t>0, (2.4.7)
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where f € L} (R;;R) and £ € L'(R,;R). In this regime the integral resolvent of k
denoted by 7y is the solution to the convolution equation ry = k+rg*k, on the halfline R, .
The standard variation of constants formula yields, z(t) = f(t) + (rr * f)(t),t > 0. Now
let 7, € L' (R4 ;R). Assume f € Ces(Ry;R); then Lemma 2.4.3 implies z € Ces(R,;R).
Conversely assume r € Ces(R,;R), then with ¥ € L*(R,;R) we can rearrange (2.4.7)

and apply Lemma 2.4.3 to give f € Ces(R;;R).

2.5 Conclusion

In this chapter we have characterised when the solution of a perturbed linear functional
differential equation lies in either the space Ces(Ry;R) or LP(R,;R) and also provided
necessary and sufficient conditions to ensure the solution of a perturbed linear integro-
differential Volterra equation lies in Ces(Ry;R) or LP(R,;R) 2. It is interesting to reflect
on the improvements made with respect to the classical theory. For classical admissibility
theory, three things are needed to ensure solutions of (2.2.1) reside in a particular space

V while operating under the assumptions that r € L'(R;R) and v € M (R, ;R), namely:

1. The resolvent obeys, r € V.
2. If g € L}(R,;R) then the operator h — g x h must map V into itself.

3. The perturbation function obeys f € V.

The results in this chapter have shown that the third point can be significantly weak-
ened. We can have f ¢ V and yet solutions still reside in V. This is contingent on
the perturbation function admitting a decomposition of the form f = f; 4+ f5 such that
fieVandt— fot fa(s)ds € V. Even after scrutiny of the proofs of Lemmas 2.3.1, 2.3.2,
2.4.1 and 2.4.2 it seems unclear how one may generally describe such spaces. However
even with this said, it is the authors opinion that given any “reasonable” space that is
usually considered for admissibility theory that satisfies point 2 above, a decomposition
result like the one described can be proven. The results from this chapter suggest that
in order to obtain sharp results for perturbed dynamical systems the correct condition to
study is (2.1.3). In the following chapters we shall show this is also the case for stochastic
equations. In regards to the deterministic theory, an interesting extension would be to
consider emulating such methodology for infinite dimensional equations like those found
in Priiss [101].

Zunder the assumption of an integrable resolvent.
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2.6 Proofs

Proof of identities (2.3.2) and (2.4.2). Note that (2.3.2) is clearly a special case of (2.4.2),
obtained by setting § = 1, hence we prove (2.4.2). First let ¢t > 6, integrate f, over [0, ]

and apply Fubini’s theorem to the second integral to obtain,

/Otfg(s)ds:/;f(s)ds—/ot% s;f(U)dudS
= /Otf(s)ds— %/Z /0u+6f(u)dsdu— %/Ot_e /uwef(u)dsdu
_%[;vamww

Recalling that we extended f(t) to be zero for t < 0 shows the second term above is zero.

Then evaluating the inner integrals of the last two terms gives,

/ot lo)ds = /ot Fleyds = /OH flods — /t t@ f(s)(t = w)ds.

Now combining all integrals on the right and then applying Fubini’s theorem for a final

/Ot fo(s)ds = é/ttﬁ tau f(s)duds = %/00 /ttu f(s)dsdu.

If t € (0,0] we once again integrate fy over [0, ],

/ fafs)ds = / (s - / E | rtauas
:/Otf(s)ds—/oeé/osf(u)duds,

where the second equality follows again from the fact f(¢) = 0 for ¢ < 0. Now we apply

time yields,

Fubini’s theorem to the second integral on the right and evaluate the resulting inner
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integral,

/Ot fa(s)ds = /Otf(S)ds — /095/05 f(u)duds.
_/Otf(s)ds_%/otf(u)(t—u)du

Combining both integrals and applying Fubini’s theorem for the final time gives,

/Ot fa(s)ds = %/Ot /:8 f(s)duds = %/09 /tju f(s)dsdu.

Thus (2.4.2) is proven. O

Proof of Lemma 2.4.5. We only prove the statement for convolutions with finite measures,

as the result for L! functions is a special case wherein the measure is absolutely continuous

fo fxv)(s)ds — Cv(Ry)|,

tends to zero as t — oo. Let F(t fo s)ds, then this difference (after an application

with respect to the Lebesgue measure. We show the difference |+

of Fubini’s theorem) becomes,

1

‘-/ F(t — u)(du) — Cu(R,)| .
[0.¢]

t

We first consider only the case when |C| > 0 as the case when C' = 0 is simpler and
follows from an analogous argument. Let ¢ € (0,1) be arbitrary and fix the positive

constants K,T" and « such that,
& [ sl < (7. 00)) < =
K 5lv|(Ry) I(R+) ’ 5101

<5y () )

Then fix,

T
t>max{(K+1),(T+K) — <5|V| sup
o’

s€[0,K]

| 1

1))

Now consider,
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‘1 /[Ot]F(t —u)v(du) — Cv(Ry)
1 £
<7 gy PO ) — v+

Next we make the substitution s =t — u,

vt — v +

ot &

= 1/ s {@ — C] v(ds) + Q/ sv(ds) — C’V(RQ‘ 42
t (K1) S t (K t] 5
F
<€ [ suds) - cvmy) +/ ) _ ol i(as) + £
t Sk g | S 5
C elv|((K£.1]) | e
< |— sv(ds) — Cv(R + 4+ =
™ T EIT my) Ts
2
< ¢ sv(ds) — Cv(Ry)| + =
t [K,t} 5
Now we undo the previous substitution and set u =t — s,
2
‘g/ sv(ds) — CV(R+)‘ i
t [K,t] 5
C 2
= ‘—/ (t —u)v(du) — CV(R+)‘ +=
t Jor—xK i)
C 2
< ‘C’V([O,t ~K)) - cy(m)( + )—/ uu(du)‘ + =
t Jio-k 5

€ C’/ 2e
< -4 | = uv(du ‘ + —,
5 1t Jioik (du) 5

where the last inequality follows from the fact that ¢ > T"+ K and

[Cv([0,t = K]) = Cv(Ry)| = |Cl|v|([t = K, 00)).

Now our definition of o ensures at <t — K when t > K + 1, thus we can write
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‘% /m,t_K] (d“)‘ 358

C/ C’/ 3e
= |— wr(du) + — du
’ t Ji0,a4 (du) U Jiati— K] urldu)] + 5

3¢
< a|Clp|(RL) + / | ] (dw) + 5
att— K] i)
5 3¢
< = lul |v|(du) + —
5 /[att o
€ 3¢
< -+ [C||v|([at, ) + —.
5 5
Now finally as at > T we have,
de € 4de
C t — <-4+ ==
Cllvl(fat,00) + £ < S+ =,
as required. O

Proof of proposition 2.4.2. Throughout this proof the notation 5! denotes the functional

inverse of # and not the reciprocal.

1 ! s = — cos cos(B(1)) 1 PO cos(u) "
; / f(s)d o)+ —% +t/6(1> BB

Now suppose the integral on the right is convergent, then we will have,

%/1 f(s)ds = —cos(B(t)) + o(1),

and thus f ¢ Ces(R;;R). Now we show this integral is indeed convergent.

[ ey, | SO0) B0 I,
5 1

m BB(w)) B(t) B(1) (B(u))?

As B (t) — oo as t — oo we need only estimate the final integral.
toj B 1

/ B (B(u))du| < / Lis,
1 ( sy s*

pu))?
which is a convergent integral as required. Next we show ¢ — [, i f(s)ds € Ces(Ri;R).
Let,

A cos(u)
1

———du,
(u))

I(t) == cos(1) + /6(1) 5
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then from the above analysis we have I(t) — I* € R. It follows that,

/;Jr f(s)ds = —0Ocos(B(t+0)) —tcos(B(t+0)) +tcos(B(t)) + L(t+6)—I(t).

It is clear that,
1 t
;/ cos(B(u+6))du — 0 as t — oo,
0
and also,

1 t
z/ I(u+0) = I(u)du — 0 as t — oc.
0

Finally we show fot ucos(f(u))du — 0 and the claim will be proven. Making the substi-

tution w = 5(u), we see,

j{ﬁucos(ﬁ(u))du:: jgﬁa)ﬁli:i§gg—50080u)dah

m BB w)
Introducing () := B(ﬁ ,8_*11(2))’ we note,
.

then integrating by parts once again yields,

Blt) g1y, sin sin B(t) sin(u
/ #cos(u)du _! (ﬂ(t)) — (ﬁ(l)) —/ #du
sy (6~ (u)) B(t) B(1) 8

1
O BB (W) L, ) sin(u)du
+ Loy Gy st

Upon dividing by t it is easy to show the first three terms on the right hand side will

vanish as t — oo so we focus only on the last, majorising and making the substitution

i)
<) Blw)?

w = B~ (u) gives,

O BB (W) L w) sin(u)du
/6(1) (B(/B‘l(U)))‘Q’B )

Now for € € (0,1) we can write,
fwBlw) o [T W) [ wBw)
| G| ()7 o, ()2
© Bw) , [ A
<et| G Gopt

Then dividing across by ¢, sending t — oo and then € — 0 yields a zero limit as required.
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Chapter 3

Stochastic Volterra and Functional
Equations with Additive Noise

The material in this chapter is based on the following article:

1. J. A. D. Appleby and E. Lawless. Solution space characterisation of perturbed
linear discrete and continuous stochastic Volterra convolution equations: the ¢ and
LP cases. submitted (2024) [14].

3.1 Introduction

Over the last four decades, a substantial literature has been developed concerning the
qualitative behaviour of both deterministic and stochastic, dynamical systems with mem-
ory. For systems with finite memory the deterministic literature is summarised in classical
texts such as [44, 72] while for the stochastic literature recent monographs by Mao and
Shaiket [85, 112] have appeared. When considering deterministic Volterra equations one
can consult [38, 53], however to the best of our knowledge such a monograph for stochas-
tic Volterra equations is yet to appear. In this chapter we endeavour to extend some of
the results in Chapter 2 to the stochastic case which leads us to the following R%-valued

stochastic Volterra integrodifferential equation,
X (1) = <f(t) +/ V(ds) X (£ — s)) dt+o()dBE), t>0.  (3.11)
[0,2]

Here v is understood to be a matrix-valued finite signed Borel measure and B an
m-dimensional Brownian motion. The general theory of stochastic Volterra equations
has a long history, we mention the following influential articles [24, 97, 99] for general
existence and uniqueness results. Such general equations have also seen prominent use
in applications, asymptotic stability of stochastic hereditary systems is considered in [94]

while [25] provides numerous applications in physics such as studying the effects of random
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heat sources on electrical currents. The asymptotic behaviour of solutions to equations
of type (3.1.1) was first considered by Chan and Williams [32]. Following on from this
work, an abundance of literature has appeared considering various types of behaviour both
qualitative and quantitative. Asymptotic behaviour is considered in [3, 6, 7, 8, 19] while
subexponential and exponential asymptotic behaviour is explored in [4, 9]. Attention
has also been given to equations with non semimartingale drivers in both finite [46, 48]
and infinite dimensions [47] while equations with multiplicative noise (both linear and
non-linear) have also received due study [5, 83, 87, 113]. Our primary goal is to provide
necessary and sufficient conditions on the forcing terms f and ¢ in order to guarantee the
trajectories of solutions to (3.1.1) are almost surely p-integrable functions in time. Indeed
sufficient conditions are easily obtained, but to the best of our knowledge a complete
characterisation has up to this has point remained unknown. The first barrier at hand is
to characterise when solutions to the underlying deterministic equation (i.e when o = 0)
are elements of LP(R,;R?). This was carried out in the scalar case in Chapter 2 and will
be developed here. The condition generated does not impose any restrictions directly on
f but rather on a continuous linear functional applied to f, namely we must have for each

component,

t+0
t— / fi(s)ds € LP(R;R)  for all 6 > 0, (3.1.2)
t

to ensure solutions to the underlying deterministic equation are p-integrable for p >
1. This extension to finite dimensions follows as a simple corollary to Theorem 3.3.1
below. Turning our attention to ¢ we see a dichotomy of cases; for p > 2 one needs each

component of the matrix o to satisfy,
t+6 .,
t— / ij(s)ds € L2(R;;R)  forall 0 >0, (3.1.3)
t
while for p € [1,2) we require,
n+1 »
n / or;(s)ds € 02(Z4;R). (3.1.4)

The fact p = 2 is the border case is not surprising and arises due to It0’s isometry. Thus
if we make the standard assumption that the underlying resolvent of the measure v is
integrable!, then our main result shows that for p > 1 (along with any norm on R?), the

solution to (3.1.1) satisfying,

| X ()] € LP(Ry; R) almost surely, (3.1.5)

is equivalent to f satisfying (3.1.2) (component wise) and each component of ¢ obeying

'Recall this is equivalent to det[z1xq—7(z)] # 0 for Re(z) > 0 where z € C and # denotes the Laplace
transform of the measure v.
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either (3.1.3) or (3.1.4) depending on the value of p. The utility of this result lies upon the
fact that the perturbation functions may be very ill-behaved and yet conditions (3.1.2),
(3.1.3) and (3.1.4) may still be satisfied. An explicit example was provided in section
2.3.1 while a new example is provided in section 3.5 below. In the context of equation
(3.1.1), characterising when a process has almost surely p-integrable sample paths is of
interest due to the fact it is equivalent to the p'-mean of the process being integrable,
i.e (3.1.5) is equivalent to [~ E[||X(s)|["]ds < +oo (see Theorem 3.3.1 below). Such a
condition is often a first stop on the way to proving E[|| X (¢)||"] — 0 as ¢ — oo, which is
of great interest in all domains where such models are employed in practise. Pairing this
integrability condition with a pathwise regularity result on the mapping ¢t — E[|| X (¢)]|?]
such as Lipschitz (or uniform) continuity yields the desired convergence to zero. For
stochastic functional differential equations the classical approach is via construction of an
appropriate Lyapunov functional which in turn gives the integrability of the p!"-mean,
this is outlined in [73, Chapter 4]. The drawbacks of this method lie in the difficulty of
constructing such a Lyapunov functional and the reward for such hard work is a sufficient
condition; necessary conditions are not easily obtained. The approach in this chapter
is simpler and provides characterisations of p-integrable paths rather than generating
sufficient conditions, our analysis is direct and focuses on the conditions (3.1.2), (3.1.3)
and (3.1.4). Additionally we obtain precise information about the almost sure asymptotic
behaviour of the paths (Theorem 3.3.4) without needing to analyse the path regularity of
the pt"-mean.

We make the observation that all results proven for equation (3.1.1) are also true if

one considers instead stochastic functional differential equations of the form,

dX(t) = <f(t) +/ p(ds) X (t + S)) dt + o(t)dB(t), t>0; X(t)=¢() t<O0.
- (3.1.6)
Here the measure-valued kernel p is concentrated on the compact set [—7,0] where 7 >
0 is the fixed delay parameter and the initial data is a C([—7,0]; R?)-valued random
variable. We shall often write X (¢, ) when referring to solutions of (3.1.6) to emphasize
the dependence on the random initial function and to distinguish between the solution of
the Volterra equation. In fact in this case we do not need any assumption regarding the
integrability of the resolvent: this comes out as a necessary condition in the proof.
It transpires that in order to prove our main result, we require an auxiliary lemma
regarding the summability of sequences of certain random variables which is lifted directly
from the analysis of the discrete time analogue of (3.1.1). By this we mean the R%valued

stochastic Volterra summation equation?,

ZWe shall use the notation X to represent solutions to both (3.1.1) and (3.1.7), it should be clear by
the context to which equation we are referring.
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X(n+1)=X(n)+> Kn—j)X({)+f(n)+onn+1), ne (3.1.7)

Jj=0

where £ is some 7.i.d sequence of random vectors, f, o are deterministic and the kernel K
is a matrix valued sequence with entries in ¢!(Z,;R). Equations of this type have also
drawn much attention from the literature, for essential background on the deterministic
theory we refer the reader to [104]. Like in the stochastic case there are many variations of
(3.1.7) one can study. For work focused on a fixed number of time lags often mean square
behaviour for systems with both additive and multiplicative noise is a priority [11, 110].
The monograph by Shaiket [111] provides an excellent overview for such equations. In
the Volterra case asymptotic behaviour of the trajectories is considered for both linear
deterministic equations [18, 43, 57] and stochastic equations [20, 26]. Our results are of
a qualitative flavour, i.e in order for solutions of (3.1.7) to obey || X|| € ¢*(Z,;R) almost
surely, it is necessary and sufficient to have ||f||,[|o| € ¢?(Z4;R). There is a trade-off
between what assumptions one makes about the noise ¢ and the structure you impose
on the matrix o. For instance you can allow the components of ¢ to follow essentially
any arbitrary distribution (this is made precise by definition 3.2.1) and depend on one
another in any way you please but this forces ¢ to be diagonal. If one wishes to have a
general matrix ¢ then for the above result to hold we need to restrict ourselves to Gaussian
sequences with independent components.

The layout of this chapter is as follows. In section 3.2.1 we discuss the notation and
definitions necessary to study the discrete equation (3.1.7). Section 3.2.2 focuses on a
general noise sequence without componentwise independence while section 3.2.3 handles
the case of Gaussian noise. We then move on to study the continuous time equation,
introducing notation in section 3.3.1, the main results in section 3.3.2 and additional
results regarding the asymptotic behaviour of sample paths in section 3.3.3. In section
3.4 we discuss stochastic functional equations before providing examples in section 3.5
to emphasize the utility of theoretical results. Finally we conclude with a discussion of

results in section 3.6.

3.2 Discrete results

3.2.1 Notation and mathematical preliminaries

We denote the standard basis vectors in R? by ey, ...,e;. The sum of all basis vectors
in R will be denoted efy. The standard innerproduct on R? is denoted by (-,-). We say
the d x m matrix-valued sequence a : Z, — R¥™ n s a(n) obeys a € (P(Z,;R¥™)

if each component sequence, (a(n)),; € #(Z4;R) for i = 1,...,d and j = 1,...,m,
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where (a(n)), ; = (ei,a(n)e;). For scalar valued objects we shall use the notation | - | to
represent the standard euclidean norm on R. We will use the common short hand X 2 Y,
to denote when two random variables X and Y are equal in distribution and the notation
X to denote indicator random variables/functions.

We introduce the following class of real valued random variables, which will be used

in the proofs of a large proportion of converse results throughout this section.

Definition 3.2.1. Let & be a real valued random variable. We say € € D if there exists

distinct, measurable and bounded, Borel sets By, By such that,

(1) Pl¢ € B;] >0 fori=1,2 with p; =P} € By| and py :=P[¢ € Bs).
(i1) Elfxeen,y] # 0 fori = 1,2 with e; = E[{x(cep,}] and ez = E[{X ¢cn,)]-

(m) D2€1 — P1€2 7é 0.

Remark 3.2.1. The class of random variables introduced in definition 3.2.1 is certainly
nonstandard. The definition is made in this manner, mainly for technical reasons that
appear in subsequent proofs. However upon some reflection one realises that this class
of random wvariables is very large indeed. It is the author’s opinion that after excluding
random variables with singular laws, the only random variables that are not elements of the
space D are the almost surely constant random variables. However no proof is provided for
this conjecture. Instead we prove that if a random variable & has a distribution with either
an absolutely continuous part or at least two isolated atoms then £ € D( see proposition
3.2.1 below, the proof of which is relegated to the final section of this chapter).

Proposition 3.2.1. Let £ be a real valued random variable whose distribution has either

an absolutely continuous part or at least two isolated atoms (with non-zero probability),

then & € D.

3.2.2 General noise

Let (2, F,P) be a complete probability space. We study the following, R¢-valued Stochas-

tic Volterra summation equation,
X(n+1) = X(n)+ Y K(n—j)X(j)+f(n)+o(n)é(n+1), neZy X(0)=E (3.2.1)
5=0

Here K and o are real, deterministic d x d matrix-valued sequences and f is a real,

deterministic R? valued sequence. Each £(n) is a random vector in R?. We make the
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following standing assumptions throughout this subsection,

o(n) is a sequence of diagonal matrices. (3.2.2)
£(n) is an i.i.d sequence of R%valued random vectors, (3.2.3)
(€(n),e;) L ¢ where & €D, for j=1,...,d. (3.2.4)

We assume our probability space is rich enough to support the corresponding sequence
of random vectors (£(n)),>1 and equip it with the natural filtration generated by &(n),
ie F, =0 ((k): 1<k <n) with the convention that Fy = {0, 2}. It is worth stressing
some common assumptions that we are not making. We do not require the random
variables (£(n), e;) and ({(n),e;) for i # j, to be independent nor to we require that they
have the same distribution. We now introduce an auxiliary object which allows efficient
study of equation (3.2.1). Let the so called resolvent, be the R¥?-valued solution to the

following matrix equation,

Rin+1)=R(n)+ Y Kn—jR(), ne€Zy R0)=Ixa (3.2.5)

J=0

Thus the well-known variation of constants formula then gives,
X(n)=RmE+ ) Rn—j)[f( =1 +0(—1EG)], neZs. (3.2.6)
j=1

In the sequel we will always assume,
K € ("7 ;R R (N7, ;R (3.2.7)

This is a standard assumption one needs to make in order to infer any reasonable conver-

gence results for solutions to (3.2.1), see [20].

Theorem 3.2.1. Let p € [1,00). Suppose £(n) obeys (3.2.3)-(3.2.4) and additionally that
(€(n),ej) € LP(QY) for j=1,...,d. Let K and R obey (3.2.7), o obey (3.2.2) and let X
be the solution of (3.2.1). Then the following are equivalent,

(i) f € P(Z,,RY) and o € (P(Z; R,
(ii) X € (P(Z,,RY) almost surely.

An interesting question to ask is whether p-summability is ever possible for the solution
of (3.2.1) without having the deterministic perturbations f and o being p-summable. One
might conjecture that this is possible but upon inspection of the proof of the converse
result of Theorem 3.2.1 we see that this cannot be the case. We state this explicitly as a

corollary, whose proof follows directly from the proof of Theorem 3.2.1.
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Corollary 3.2.1. Suppose &(n) obeys (3.2.3)-(3.2.4). Let K and R obey (3.2.7), o obey
(3.2.2) and let X be the solution of (3.2.1). If X € P(Zy,R%) a.s. for 1 < p < oo, then
[ etP(Zy,RY) and o € (P(Z,; RI*?).

Theorem 3.2.1 essentially tells us that a “stabilisation by noise” effect cannot occur. It
seems the only way such a phenomena can occur is if one relaxes the identically distributed
assumption on the noise sequence to allow the possibility of £(n) — 0 in an appropriate

sense. Before proving these results we prepare a lemma.

Lemma 3.2.1. Let (f(n))n>o and (o(n))n>o be deterministic (scalar) sequences and
(€(n))n>1 be an i.i.d sequence of (scalar) random variables with &(n) L ¢ where £ €D. If
for any p € [1,00),

Z If(n)+on)én+ 1) <+o0 a.s., (3.2.8)

then f,o € (P(Z.).

Proof of Lemma 3.2.1. First we show that (3.2.8) implies both f and o are null sequences

n—o0

and hence bounded. We note that (3.2.8) implies that f(n)+ o(n){ — 0 almost surely,
to see this consider the following argument.

By (3.2.8) we have for all ¢ > 0,P[|f(n) +oc(n)é(n+1)| > ¢, i.0.] = 0. Now fix an
e > 0 and suppose P[|f(n) + o(n)é| > ¢, i.0.] > 0. By the first Borel-Cantelli lemma this

implies
Y Plf(n) +o(n)é] > e] = +oo,

which by the equality in distribution of £(n) and &, forces,
> Pl f(n)+o(n)é(n+1) > ] = +oo.
n=0

Then leveraging the independence of the £(n)’s, we apply the second Borel-Cantelli lemma,
to give,
Pl f(n)+o(n)é(n+1)| > e, 0] =1,

which is a contradiction and so we must have P[|f(n) + o(n)é| > ¢, i.0] = 0. As ¢ was
n—oo

arbitrary, this gives f(n) + o(n)§é — 0 almost surely, as required. Next we fix w; and
wy such that {(wy) # &(wy), which can always be done as £ € D. Thus,

(f(n) + o(n)¢(wr)) = (f(n) + o(n)€(w2)) — 0,

which yields,
o(n)(§(wr) — &(w2)) = 0,

as £(wy) — &(wq) # 0, thus o is a null sequence which forces f to be a null sequence and
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so they are both bounded. Now let B; and B, be the two Borel sets which come from

definition 3.2.1 and introduce the sequences,

X, = f(n) +a(n)é(n+ 1)) X{¢(n+1)€B1}>
Y, = [f(n) +o(n)én + D Xemien.)-

The boundedness f and o along with the truncation of the noise sequence £(n) means
X, and Y,, are in fact almost surely uniformly bounded random variables. Clearly from
(3.2.8) we have that X,,,Y,, € (P(Z, ) almost surely, this along with uniform boundedness
allows us to apply Kolmogorov’s two-series test [115, Chapter IV] which yields,

iE[Xn} < +o0, iE[Yn] < +00.
n=0 n=0

Now focusing on the first series we see,
+00 > i E [|f(n) +o(n)é(n + D Xqemives]
Z E [|f(n) +o(n)é]” xqeeny)]
> Z [E [f(n)xecpy + o(n)éxicenn ]|

—Z|p1f ) +eo(n)f,

where the inequality follows from Jensen’s inequality as p > 1 and pq, e; are constants

from definition 3.2.1. An identical argument using y - E[Y;] also yields,

Z Ip2f(n) + es0(n)|” < 4o00.
n=0
Next we leverage the fact that pse; — pres # 0. Consider,

o(n)(p2e1 — pre2) = o(n)(pae1 — pre2) + pipaf(n) — pipaf(n)
= p2(p1f(n) +e10(n)) — pi(p2f(n) + eao(n)).

Thus we have,

[pae1 — preaf” Z o(n)[” < |p2f’ Z p1f(n) + era(n)[” + |pi [’ Z p2f(n) + e2o(n)[".
n=0

As both series on the right have been shown to be finite we have that o € #(Z;). A
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similar argument also shows f € ¢?(Z, ) and the proposition in proven. O

Proof of Theorem 3.2.1. To prove the forward implication it is enough to use (3.2.6) and
show f(n)+o(n)é(n+1) is an element of ¢P(Z,; RY) almost surely, as (P(Z,; R?) is closed
under convolution with (1(Z,; R%¥?) sequences (and R € (}(Z,;R%%) by assumption
(3.2.7)). This amounts to showing the component sequence (f(n) + o(n)é(n+1),e;) €
(P(Z,;R) almost surely for an arbitrary ¢ € {1,...,d}. The triangle inequality and
(€(n), ;) € LP(Q2) yield,

E[[(f(n) + o(n)§(n+1),e)["] = E[|fi(n) + 0u(n)&i(n + D] < [fi(n)[" + Gy lou(n) ],

where C, = E[|¢;(n + 1)P] = E[|&]P] is independent of n by (3.2.4). Invoking (i) yields,

Y E[{f(n) +o(n)é(n +1),e)[] < oo,

which implies,
Z [(f(n)+o(n)é(n+1),e) <oco a.s.
n=0

For the reverse implication we use the identity,
X(n+1)=X(n) =Y K —j)X(j) = f(n) +o(n)én+1).
5=0

As K € (1(Z;R™?) and X € (P(Z;R?) almost surely, the right hand side must also be

an element of (P(Z,;R?) almost surely. Thus we have for each i € {1,...,d},

o0

Zlfi(”)+0ii(n)§i(n+1)|p <0 a.s.
n=0
Then by Lemma 3.2.1 we have fi,0; € (P(Z,;R) and so f € (?(Z,,R?) and o €
KP(Z_,_;RdXd),
O

3.2.3 (Gaussian noise

If we specialise to the case where £(n) is an i.i.d sequence of Gaussian random vectors with
zero mean and whose components are independent, then we can relax the assumption of

o being a diagonal matrix. From now on ¢ is an R valued sequence and the noise
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vector £(n) will take values in R™ for some m > d. Introduce the following assumptions,

&(n) is an i.i.d sequence of R™- valued, zero mean Gaussian random vectors. (3.2.9)

(€(n), e;) is independent of ({(n), e;) for all i # j and for all n € N. (3.2.10)

Theorem 3.2.2. Suppose £(n) obeys (3.2.9)-(3.2.10) and let K and R obey (3.2.7). Let
X be the solution of (3.2.1). Then for p € [1,00) the following are equivalent,

(i) f€P(Zy,RY) and o € (P(Z; R>*™),
(ii) X € (P(Z,,R) almost surely.

For a proof of Theorem 3.2.2 follow the proof of Theorem 3.2.1 verbatim, the only

difference being in the converse, invoke Lemma 3.2.2 instead of Lemma 3.2.1.

Lemma 3.2.2. Let (f(n)),>0 and (o(n))n>o be deterministic, R and R¥™™-valued se-
quences respectively. Let £(n) obey (3.2.9)-(3.2.10). Then for p € [1,00), if

froéer(Z ;R as.,
then f € P(Z;RY) and o € (P(Z,;R>*™).

Proof of Lemma 3.2.2. We have for each i € {1,...,d},

m p

Z —l—Zam )éi(n+1)] <oo a.s.
n=0 7j=1

Define,
ZUW n)éj(n+1).

Then (;(n) is sequence of independent, normally distributed random variables with zero

mean. Now consider,

= VE[G(n = VE[G:(n)?]Gi(n

\/7

where (;(n) is an i.i.d sequence of standard normal random variables®. Our series then

> | filn)

3We need not worry that \/E[(;(n)2] = 0, as if this is the case then (;(n) = 0 almost surely and so
this term will have no contribution to the series. Thus in this instance we define (;(n) = (;(n).

becomes,

+ \/E[Q(n)ﬂ@(n)‘p <o as.
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Invoking Lemma 3.2.1 yields,

SIAEMIP+D VEG ()P < oo

n=0
Recall that,
E[Gi(n)*] =) of(n)E[g(n+1)? ZC a;(n
j=1

Thus,

oo ) m p/2 o m
EONNECTE D P S) T 9) S
n=0 n=0 \j=1 n=0 j=1
for some C' > 0. The the last inequality follows from the fact that norms on finite
dimensional vector spaces are equivalent and that p > 1. Thus f;,0;; € #(Z4;) for
ie{l,...,d},j€{1,...,m}. The claim is proven.
m

3.3 Continuous Results

3.3.1 Notation

We say a function f : R, — R™™ t s f(t) obeys f € LP(R,;R?¥™) if each compo-
nent function (f(t));; € LP(R;R) for i = 1,...,d and j = 1,...,m, where (f(t)),; =
(€4, f(t)e;). We make this slightly non-standard choice of notation to emphasize the fact
all proofs are carried out component-wise. However this definition is equivalent to say
| fll € LP(R,;R) for any chosen norm on R¥>™. Let M (E;R%4) denote the space of d x d
matrix valued, finite, signed Borel measures on E C R. Given v € M(E;R%*?) the total
variation measure of each component is denoted |v;;|. The space of continuous functions
f Ry — R¥m™ is denoted by C(R,;R™™). If X is an Révalued stochastic process
then once again we note the statement E[|X;(-)|’] € LP(R;R) for each i € {1,...,d} is
equivalent to saying, E[|| X (-)||”] € LP(R,;R) for any chosen norm on RY. When there is
no scope for ambiguity to arise, || - || will denote an arbitrary norm on the given finite
dimensional vector space under consideration. For scalar valued objects we shall use the
notation | - | to represent the standard euclidean norm on R. If a,b € R, a Ab and a V b

will denote min and max of the two numbers respectively.
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3.3.2 Main Results

Consider a complete filtered probability space (2, F, F;, P) supporting an m-dimensional
standard Brownian motion, (B;);>0. We study the following R?-valued stochastic inte-

grodifferential Volterra equation given by,
dX(t) = (f(t) +/ v(ds)X(t — s)) dt + o(t)dB(t), t>0; X(0)=¢. (3.3.1)
[0,2]

Here f € C(R;RY), v € M(R;R™?) and 0 € C(R;R>*™). Note as B is a standard
m-dimensional Brownian Motion we have (B(t), e;) and (B(t), e;) are independent for all
1 # 7. Theorem 1.2.1 ensures the existence of a unique solution. To see this consider for
two arbitrary functions ¢, p € C(Ry;R%),

< [V|(R4) sup |¢(s) — ¢(s)].

s<t

s+ [ vasott =9 - 10+ [ viasple-s
[0,1] [0,1]

As v is a finite measure the drift satisfies the global Lipschitz condition in Theorem 1.2.1.

Assuming the perturbation functions are continuous is strictly stronger than needed for

purely existence and uniqueness results. This can be weakened to f € L} (R,;R?) and

o € L} (Ry;R™™) and equation 3.3.1 will still have a unique solution. However to

simplify the proofs in this chapter we impose the stronger condition of continuity for the
perturbation functions.
We write precisely the conditions on the forcing functions f and ¢ which we shall be

primarily concerned with throughout the rest of this chapter.

+0

For p € [1, 00), fi(s)ds € LP(R;R) VO >0, ie{l,...,d}, (3.3.2)

+0
For p € [2,oo),/ o%(s)ds € LE(R;R) VO >0, i€{l,....d}, je{l,...,m},
(3.3.3)

+1
ForpE[1,2),/ oA (s)ds € H(ZR), i€ {l,...d}je{l,....m}.  (334)

Next we introduce the continuous time counterpart of (3.2.5). The differential resol-

vent for (3.3.1) is the d x d matrix-valued solution to the following equation,

r(t) = /[Ot] v(ds)r(t—s), t>0; r(0)=Iixq (3.3.5)

In the sequel we shall employ the following standing assumption

r € LY Ry R, (3.3.6)
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For the readers convenience we once again recall a classical characterisation of condition
(3.3.6). If v € M(R;; R™?), then the differential resolvent r of v satisfies

re 'R RY™) <= det[zlyxa +/ e #u(dt)] #0, Re(z) > 0.

Ry

For a thorough study of equation (3.3.5) we refer the reader to [53, Chapter 3]. With

preliminaries dispensed with we can now present our main result.

Theorem 3.3.1. Let r obey (3.3.6) and X be the solution of (3.3.1). Then we have the
following dichotomy,

(A) For all p € [2,00), following are equivalent.

(i) B[IX()I7] € L' (R R),
(ii) X(-) € LP(R;RY) almost surely,
(i11) f obeys (3.3.2) and o obeys (3.3.3).

(B) For all p € [1,2), following are equivalent.
(i) E[IX ()] € L'(R; R),
(ii) X(-) € LP(Ry;RY) almost surely,
(iii) f obeys (3.3.2) and o obeys (3.3.4).

Proof of Theorem 3.3.1. Theorem 3.3.3 along with Lemma 3.3.1 yield the claim.
O

Before we discuss the proof of Theorem 3.3.1 we mention the assumption that r €
LY(R,;R?™?) is in a certain sense necessary. By this we mean a converse result of the
type given by Theorem 3.9 in [53] also holds in the stochastic case even though its proof
is essentially a trivial consequence of the deterministic theorem. Nonetheless we state it

here for completeness.

Theorem 3.3.2. Let X be the solution of (3.3.1). Then the following statements are

true,

(A) For all p € [2,00), following are equivalent.

(i) € LR RO,
(ii) For all £ € R, f and o satisfying (3.3.2) and (3.3.3) respectively, we have
E[IX()IP] € LN (R R);

(iii) For all £ € R, f and o satisfying (3.3.2) and (3.3.3) respectively, we have
X(+) € LP(R,;R?) almost surely.
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(B) For allp € [1,2), following are equivalent.
(i) r € L'(Ry; R™Y);
(i1) For all{ € R, f and o satisfying (3.3.2) and (3.3.4) respectively, we have
E[IX()I7] € L'(Ry; R);

(iii) For all £ € R, f and o satisfying (3.3.2) and (3.3.4) respectively, we have
X(-) € LP(R;RY) almost surely.

Proof of Theorem 3.3.2. For both statements (A) and (B), the fact that (i) = (ii) &
(iii) follows directly from Theorem 3.3.1; hence we need only show (iii) = (i). We
prove this for (A) and (B) simultaneously by setting o = 0, hence conditions (3.3.3) and
(3.3.4) are automatically satisfied. Now fix f € LP(R,;R?), each component of f must
also satisfy (3.3.2). This follows from Theorem 3.3.1 with v(dt) = —do(dt)I xq Where 0

is a point mass measure at zero. The claim then follows from [53, Theorem 3.9]. O

Although Theorem 3.3.2 is not entirely satisfactory it seems one cannot do better. One
would ideally like to prove that r € L'(R; R%*9) starting from the hypothesis that for all
initial conditions £ € R the solution obeyed X (-) € LP(R,;R?) almost surely. However
even in the deterministic case (i.e with ¢ = 0) such a result is unavailable. One case
in which a much stronger result can be proven is that of finite memory; this is achieved
by Theorem 3.4.1 in section 3.4. In this situation one relies heavily on an asymptotic
expansion for the resolvent which is far more explicit than what one would get in the
Volterra setting.

Next we turn to the task of proving Theorem 3.3.1. In order to efficiently study
equation (3.3.1) we introduce the simpler equation which is embedded in (3.3.1), namely
if one sets v(dt) = —do(dt)I x4 then we obtain,

dY () = (f(t) — Y (1)) dt + o()dB(t), t>0; Y(0)=0. (3.3.7)

Next we introduce a lemma which shows the p-integrability of solutions to (3.3.1) is
equivalent to the p-integrability of solutions to (3.3.7). This is a very convenient result as
(3.3.7) admits an explicit solution and is much more tractable from an analytic point of

view.

Lemma 3.3.1. Let r obey (3.3.6), X be the solution of (3.3.1) and Y be the solution of
(3.3.7). Then for allp € [1,0),

(i) E[| X)) € L' R R) <= E[|Y ()] € L'(Ry; R).
(ii) X(-) € LP(R;RY) almost surely <= Y (-) € LP(Ry;R?) almost surely.

Remark 3.3.1. This lemma has deep consequences. FEssentially this lemma tells us that

the non-Markovianity of the Volterra equation has no bearing whatsoever on whether the
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paths are integrable functions in time; this is purely dictated by the perturbation functions.
A priori there seems no reason to suspect this is the case, this result suggests in order for
the path dependence to have significant impact on the qualitative behaviour of the solution

one needs stronger memory, i.e one could consider instead o-finite measures for the kernel.

Proof of Lemma 3.3.1. Suppose E[|| X (-)|[P] € L'(R,;R). Rewrite (3.3.1) as

dX(t) = (f(t) + Q) — X(1)) dt + o (t)dB(1),

where Q(t) = X(t) + f[o q v(ds)X (t — s)dt. For the i component of ) we have using

standard estimates,
d
E[|Qi(0)"] < CE[|X;(t Z i | * E[1X;()F]) (@),

where C' > 0. Then by our supposition and the fact that |v;;| is a finite measure, the right
hand side must be integrable and so E[|Q;(¢)[?] is integrable. Next we write down X in

terms of Y and Q. The " component of X (¢) is given by,
t m t
X =g+ [ NG Qs+ Y [ e (s)iy (s
t
= e+ / e~ 179Q,(s)ds + Yi(t).
0
Rearranging yields,
t
Vi) =X~ e [ e Igi(s)ds
0
This representation for Y;(¢) gives the following estimate,

BV < CEI(F) + CElePle +C [ Q)P

where C' > (. The first term on the right hand side is integrable by supposition and the
third is integrable as E[|Q;(¢)|’] has been shown to be integrable by the estimate above.
Hence E[|Y;(-)|P] € L'(R;R) and so E[||Y(-)||”] € L} (R,;R).

Next we show the reverse implication. Hence suppose E[||Y (-)|[’] € L'(R,;R). Intro-
duce the process Z(t) = X (t) — Y (t), then we have Z € C*(R,;R%) and so,

Z(t) = /[D V(= 5) 4900

56



SEFDEs and Optimal Consumption 57

where g(t) =Y (t) + f[o g v(ds)Y (t —s). The i" component of Z then satisfies,

= Zrij(t)ﬁj + Z/o rij(t — s)g;(s)ds.

This yields the estimate,

B[4 w«&}wwmw+02/my ) [Elg, ()7 )ds

where C' > 0. Assumption (3.3.6) ensures r € L'(R,;R%*9), thus we need only show
E[|g;(t)[?] is integrable. Now,

Ellg:()I) < CE[]Yi(-) Z i+ E[[Y;()[7) (2),

where C' > 0. Once again as |v;;| is a finite measure and E[||Y(-)||?] is integrable (by
supposition), it follows that E[|g;(t)|F] is integrable and so E[|Z;(t)|?] is integrable, thus
E[||Z(-)|P] € LP(Ry;R). Then by the definition of Z, X (t) = Z(t) + Y (¢), thus each

component satisfies,
| B < © [T EIZ@PI+ Bl <+,
0 0

where C' > 0. Thus E[|| X (-)||?] € L}(R,;R) as required. The second assertion follows by

using the exact same estimates modulo taking expectations. [

With Lemma 3.3.1 at hand we can now devote our attention to the study of the OU
type process (3.3.7). The proof of the following theorem is the main piece of analysis

throughout this chapter.

Theorem 3.3.3. Let r obey (3.3.6) and Y be the solution of (3.3.7). Then we have the
following dichotomy,

(A) For all p € [2,00), the following are equivalent.
(i) B[IY ()] € L' (R R),
(ii) Y(-) € LP(R,;R?) almost surely,
(11i) f obeys (3.3.2) and o obeys (3.3.3).
B) For allp € [1,2), following are equivalent.
( g
(i) B[IY ()] € L' (R4 R),
(ii) Y () € LP(R,;RY) almost surely,
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(iii) [ obeys (3.3.2) and o obeys (3.3.4).

Proof of Theorem 5.3.3. (A): (iii) == (i). The i"* component of Y has representation,

Y;(t) = /Ot 6_(t_s)fi(3)d$ + i/ot 6_(t_s)0ij(3)dBj(S).
j=1

This yields the estimate,

t P
/ ) £, (s)ds } ,
0

where C' > 0. As shown in Chapter 2, fo ~(=5) f,(s)ds € LP(R,;R) if and only if
[ 0 fi(s)ds € LP(R;;R) for all # > 0. Thus we need only focus on the second term. For
each j € {1,...,m} we have,

E[vi®)]<C

+CZE[

/ ~)g5(5)dB;(s)

Jo e )oy;(s)dB;(s)

0 ~Y
s 7 N(0,1).
(fo e s O'Z-j(S)d8>

Hence we must have

P t p/2
E [ ] =G, (/0 e_Q(t_s)afj(s)ds> ,

Where C,, is a constant representing the p'* moment of a standard normal random vari-
able. Then once again by [12], the left hand side is integrable if and only if f )ds €
L2(Ry;R) for all § > 0. Thus E[|Y;(t)|?] is integrable and the first claim is proven.

/Ote—@ V73 ()dB; (5)

(A): (i) = (i1). An application of Fubini’s theorem yields the claim.

(A): (4i) = (iii). Recall the i component of Y obeys,
dYi(t) = (fi(t) — dt"‘ZUU )dB;(1).
7j=1

Integrating this equation over the interval [t, ¢ + 1] gives,

Yi(t+1) =Y(t) + /t Yi(s)ds = /t fi(s)ds + Z/t 05(s)dB;(s).

Condition (ii) ensures the three terms on the left hand side are elements of LP(R,;R)
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almost surely. Thus we have,

r

We break this integral into two series, namely,

Z /22n+1

dt < oo a.s.

s)ds—l—z /t 04;(s)dB;(s)

dt+

[ s+ ij i " op(an,(s)|
OO/;:Z/t fi(s ds+2/ 04 (s)dB;(s)

We estimate these series below by,

dt <00 a.S.

o0

In+1  pt+l m In+1  pt+l p
> / / fi(s)dsdt +) / / 0i;(s)dB;(s)dt
n=0 |V 2n t j=1 2n t

242 2mt2  pttl p
/ / fi(s)dsdt + / 0ij(s)dB;(s)dt
m+1 Jt m+1 Jt

Now introduce the following notation,

2n+1 2n+2
fon(n) = / / fi(s)dsdt;  fian / " p(sdsat
2n+1 t

2n+1 2n+2
u; j(n / / oij(s)dBj(s)dt;  v;;(n Uij(S)dBj(S)dt.

2n+1 t

+

So our two series become,

Z fii(n +Zui,j

n=0 J=1

p

fia(n +Zvi,j(n)

Jj=1

< +0  a.s.

>

An application of the stochastic Fubini theorem yields the following representations for

u; j(n) and v; ;(n),

u; j(n) = /2 ' sA(2n+1)—2nV (s —1)]0;;(s)dB,(s),

n

2n+3

v i(n) = / [sA(2n+2)— (2n+ 1)V (s — 1)] 0y;(s)dB;(s).
2n+1

Recall A,V denote the min and max respectively. We note that u; j(n) and v; j(n) are

sequences of independent Gaussian random variables (with mean zero), this is because

each member of the sequences are Wiener integrals where the domains of integration are
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non-overlapping. It is a general fact that such integrals are independent. Furthermore we

can define,

n) = Zuw (n); Vi(n) = _wi (n)

j=1
Now U;(n) and V;(n) are Gaussian random variables which follows from the independence
of the components of the m-dimensional Brownian Motion. These can be rewritten as

follows*

Now U;(n) and Vj(n) are i.i.d sequences of standard normal random variables. This yields

the final form of our two series,
(o]

=0
Now we can invoke Lemma 3.2.1 to claim,

3 |VETA|

Next we take a closer look at both summands, as U; and V; are linear combinations of

fz2 + \/ V

<—|—oo a.s. (3.3.8)

fia(n) + VET I (n) \+Z

< +00.

S |VETwA|

independent normal random variables (with zero mean) it follows that,

4As in the discrete case we need not worry that E[U;(n)?] = 0 or E[U;(n)?] = 0 for some n, in this
case we define U;(n) = U;(n) and V;(n) = Vi(n) for such values of n. If however both E[U;(n)?] = 0 and
E[V;(n)?] = 0 for all n then care in needed. Using the identity (3.3.8), Itd’s isometry will force o;;(t) = 0
for t € [2n,2n + 2]. But this holds for all n and so it forces o;;(t) = 0 for all ¢ > 0 and so the desired
integrability condition will be trivially satisfied.
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Now as norms on finite dimensional vector spaces are equivalent, we have,

> |VETGA| = ( E[ui,jmﬂ) >0y (Z Efus ()7} )

ZWM(M”:Z(Zm,j(nﬂ) 2 G, (Z\E[%W];),

with C1,Cy > 0. Furthermore as p > 1 and both E[u; ;(n)?] and E[v;;(n)? are non-

negative, we have,

b
W,
S
NE
-~
NE
o
<
=
2
bl
W,
S
NE
NE
=
<
=

n=0 n=0
for each j € {1,...,m}. Now making use of Itd’s isometry, we have for each j,
0 » 00 2n+2 g
Z (Elui;(n)?])? = Z (/2 [sA(2n+1)—2nV (s — 1) afj(s)ds) < 400

n+1

Z(E[vi,j(n)ﬂ)% Z(/Qn [sA(2n+2)_(2n+1)v(s—1)]203j(s)ds> < +00

Next we obtain a lower estimate for the summands for both series.

E[u; ;(n)?] = /2 ' [sA(2n+1)—2nV (s — 1) afj(s)ds

2n+1 2n+2
2 2 2 2
= /2 (s —2n)%0y;(s)ds + (2n+2 — s)%0;:(s)ds

ij
n 2n+1

241 52 (g n+3 52 (g
2/ —”( )ds—l—/ —”( )ds.
2n+3 4 2n+1 4

61



SFDEs and Optimal Consumption 62

Similarly we have,

2n+4-3
Elv; ;(n /2 1 [sA(2n+2) — (2n+1)\/(s—1)]20i2j(5)ds
n+

2n+2 2n+3
/ (s —2n —1)%07,(s)ds + / (2n 4 3 — s)%07;(s)ds
2 2

n+1 n+2

m+2 5 2n+2 02‘(5>
/ / s
2n+3 2n+2 4

v

Now consider,

2n+2
/2 O?j (s)ds

n

1

C

2n+3 2n+2
/ ij(s)ds / J?j(s)ds
2n+% 2n+%

where C' > 0. The last two terms on the right hand side are summable by the above

estimates on E[u; j(n)?] and E[v; ;(n)?]. To see that the first term is summable consider,

o 43 p/2
E / opi(s)ds

We know this sum is finite by virtue of the above estimates on E[v; ;(n)?]. Thus making

the change of indexing variable n = [ — 1, yields,

oo

2045
Z / afj(s)ds
— |Ja

Hence we have,

Finally we consider,

00 t+1
/ / ij(s)ds
o |Jt

t+1
/t afj(s)ds

p/2 oo 2n+2
dt — /
ZO 2n

n

o0 2n—+2 2n+3
< Z / / o (s)ds|  dt
n=0 2n 2n
00 2n+3 p/2
=2 Z / o;;(s)ds
o0 2n+2 p/2 2n+3 p/2
<C / o (s)ds| +C / ds|
; 2n / Z 2n+2

where C' > 0. We have just proven the first term is finite which also implies the second is
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finite after a change of indexing variable. Thus we have shown,

+1
/ o%(s)ds € LE (R R).
We note that this can easily be shown to be equivalent to [ 0 o7;(s)ds € L% (R, ;R) for all

6 > 0. As i and j were arbitrary throughout this argument, this holds for all components
of the matrix o. Recall that,

+0
/ o%(s)ds € LE(R;R) for all > 0 <= E {

[ e oseano)| | e Lmam.

Thus it must be the case that,

r

We now recall that,

[ e s = Z/ 9 (5)B; ).

p
dt < 400 a.s. (1)

t
/ e~ 90,5(s)dB;(s)
0

As all terms on the right are elements of LP(R;R) almost surely it follows the left hand
side is also an element of LP(R;R). But once again by the results from Chapter 2 this

is equivalent to,
—+0

fi(s)ds € LP(R,;R) for all 6 > 0.
As this hold for all i € {1,...,d}, the proof of (A) is complete.
(B): (it1i) = (). Follow the proof from (A) and replace the L? condition on ft o7i(s)ds
with the summability condition f (s)ds € £°/? and invoke Lemma 3.3.2 (stated di-
rectly after this proof).

(B): (i) = (4i). Follow the proof from (A).

(B): (i1) = (iii). Follow the proof from (A) up until (). Thus we have that

n+1 %
/ ori(s)ds
n

Recall by Lemma 3.3.2, we have that,

o

< +00.

n=0

+0
/ 0% (s)ds € (5(Zy;R) forall >0 <= E {

/0' e~ (=9, (5)dB; (s)

p} € L'(R,:R).
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Then follow the proof of (A) from (}') onwards.
[

Lemma 3.3.2. Let f be a non-negative continuous function and B > 0. Then for p €

(0,1), the following are equivalent,
(i) tes [o e P9 f(s)ds € LP(Ry;R).
(ii) [ f(s)ds € (°(Z4;R).

Proof of Lemma 5.3.2. (i) = (i): Define v(t) := fot e~ P=9) f(s)ds. From the definition

of v, we have for all t € [n,n + 1],

t

v(t) = v(n)e Pt 4 / e PU=9) £(s5)ds. (3.3.9)

n

Thus we have the estimate (noting that v is non-negative),
n+1
v(t) < wv(n) +/ f(s)ds.
Raising both sides to the power of p and integrating, we obtain,

/n " e < / " (U(n)+ / " f(s)ds)pdt: (v(n)—i— / " f(s)ds)p.

Summing over n,

/0 oyt < gv(n)z’ + g < /n " f(s)ds)p.

The second series is finite by assumption. Thus we need only show v € /?(Z,;R). Setting
t=n+11in (3.3.9) and estimating yields,

n+1
v(n+1) <v(n)e™” —|—/ f(s)ds.
Thus we can estimate the solution to this difference inequality by
n ' j
v(n) < Ze‘ﬁ(”_” (/ f(s)ds) :
j=1 -1

Thus, as p € (0, 1),
n . g P
v(n)? < Ze‘ﬁp(n_g) (/ f(s)ds) :
j=1 j—1

The right hand side is a convolution of two summable sequences and is thus summable.
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Hence v(n)? € (*(Z,;R) and we are done.
(1) = (ii): Returning once again to (3.3.9), we get the estimate,

v(t) > v(n)e P > y(n)e ?.

Thus,
n+1
/ v(t)Pdt > v(n)Pe PP
Summing we obtain,

+oo > / v(t)Pdt > Zv(n)pe’m’.
0 n=0

Hence v(n) € (P(Z,;R). But once again with ¢t =n + 1 in (3.3.9) we obtain,

n—+

1
v(n +1) =v(n)e™? + e A+ / e’ f(s)ds

> e’ /”+1 f(s)ds.

Thus we must have f:ﬂ f(s)ds € ?(Z,;R). The claim is proven.

3.3.3 Almost sure asymptotic behaviour

When within the regime of p—integrable sample paths of solutions to (3.3.1), one can easily
show that the asymptotic behaviour of the sample paths are almost surely determined by

the asymptotic behaviour of the underlying deterministic equation.

Theorem 3.3.4. Let X be the solution of (3.3.1) and r € LY(R,;R¥*?) be the solution
of (3.3.5). Assume X € LP(R;RY) a.s. for some p > 1. Then,

| X (@)= (r*f)#)] — 0 ast — oo a.s. (3.3.10)

This result picks up precisely the almost sure asymptotic behaviour of the paths but in
terms of the resolvent r, which could be seen as unsatisfactory. In general in this regime
the asymptotic behaviour of the mapping, t +— (r % f)(t) cannot easily be determined.
If one wishes for solutions to vanish almost surely, we of course need (r * f)(t) — 0 as
t — oo which as outlined in Chapter 2, is equivalent to ¢ +— ftt+0 f(s)ds - 0 ast — oo
for all & > 0, however it is not evident that this will be the case. In the special case
when X € L'(R,;R?) almost surely, one can remove the dependence on the resolvent
in (3.3.10) and obtain the almost sure asymptotic behaviour of the trajectories purely in

terms of the perturbation function f.
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Corollary 3.3.1. Let X be the solution of (3.3.1) and r € L*(R;R%9) be the solution
of (3.3.5). Assume X € L*(R,;RY) a.s., then,

HX(t) _ /01 /ttuf(s)dsdu

where fo j; , f(8)dsdu is a d-dimensional vector whose i™ entry is given by fo ft , Ji(s)dsdu.

— 0 ast—o00 a.s., (3.3.11)

Proof of corollary 3.3.1. By Theorem 3.3.4 we have that,
| X(t) = (r*xf)(t)]] — 0ast— o0 a.s. (3.3.12)

so we need only focus on the asymptotic behaviour of (r x f)(¢f). Now by Theorem
3.3.1 we know [’ fi(s)ds € L'(R;R) for all & > 0, i € {1,...,d}. Hence we may
apply Lemma 2.3.2 in Chapter 2 to claim f; = fi1 + f;2 where f;; € L*(R;;R) and
fo fia(s)ds € L'(Ry;R). Thus we may write the vector valued function f = f; + f» where
f1 and fo are defined in the obvious way. Now with f5(t) fo f2(s)ds we follow the proof
of Theorem 2.3.1 from Chapter 2 to obtain,

(r+ £)@) = (r= f1)(t) + fo(t) + (" * f3)(t)
= (r= f1)(t) + f3(t) + (v xr=* f3)(1), (3.3.13)

where the last equality follows from equation (3.3.5). Now as r € L'(R,;R¥?) we
know also that r € BCy(R;R>Y) and so r * fi € BCy(Ry;RY). Additionally as v €
M (R ;R ) and v * r € BCy(R; R™?) we have v x r * f3 € BCy(R,;R?). Thus, we

have,

1X(#) = @I < [[1X(E) = (rx HON + 1[G SOOI+ (w7 f) @],

Thus we have || X (t) — f3(t)|] — 0 as ¢ — oo. Finally the explicit representation of f; is

given in the proof of Lemma 2.3.2 in Chapter 2, namely,

- /01 /tjuf(s)dsdu.

The claim is proven. ]

In the introduction we discussed that often times a strategy to infer information about
asymptotic behaviour of solutions is to first prove some kind of integrability result and then
infer convergence to zero. We will use Theorem 3.3.4 and corollary 3.3.1 to highlight how
this line of attack may yield severely sub optimal results for even the simplest equations.

We shall momentarily kill the deterministic perturbation f and consider only the scalar
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equation,

dY (t) = —Y (t)dt + o(t)dB(t); Y (0) = 0. (3.3.14)

Now o € C(R;;R) and B is a scalar Brownian motion. Theorem 3.3.4 ensures the
condition n an 0?(s)ds € (*/*(Z,;R) is enough to force |Y(¢)| — 0 almost surely as
t — oo. However it was shown in [6] that Y converging to zero almost surely is equivalent

to,

Z / s)ds exp (W) < 400, (3.3.15)

n

for all € > 0. But,

Z / s)ds exp (fn—j(s)ds) < 2 /nnH o%(s)ds,

uniformly in epsilon, so if one thinks about convergence to zero in terms of condition
(3.3.15), Y being almost surely integrable is most definitely sufficient but nowhere near
necessary. If we add back in the deterministic perturbation f, the situation is even worse,
Theorem 3.3.4 and corollary 3.3.1 demonstrate integrability is no longer even sufficient and
in fact one needs to impose side conditions on f to ensure convergence. Next we provide

such a convergence characterisation in the special case when o is a diagonal matrix.

Theorem 3.3.5. Let r obey (3.3.6), X be the solution of (3.3.1), m = d and o be a

diagonal matriz. Then the following are equivalent,

(i) Each component of f and o satisfy,

146 e n+1
A(s)ds =50 for all § > 0; / o2 (s)ds ex )<+
e f T O e

(3.3.16)
for all £ > 0.
(i1) | X(t)|| — 0 as t — oo, almost surely.

Proof of Theorem 3.3.5. The process satisfying dY (t) = (f(t) — Y (t))dt + o(t)dB(t) is
now just a concatenation of scalar processes in which almost sure convergence to zero for
each component is equivalent to (i) [13, Theorem 11]. Now as in the proof of Lemma
3.3.1 consider the process Z(t) = X(t) — Y (t) and use the fact Y € BCy(R,;R?)a.s.
and v € M(R,;R%>9) to conclude Z € BCyh(R,;RY). As X(t) = Z(t) + Y (t) we have
X € BCy(R;;R%) a.s. and the forward implication is proven. Now we need only show
X € BCy(Ry;RY)  a.s. = Y € BCy(Ry;RY)  a.s., after which we can conclude by

applying Theorem 11 in [13]. We once again continue as in the proof of Lemma 3.3.1 and
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consider
dX(t) = (f() + Q) — X(t)) dt + o(t)dB(t),
where Q(t) = X (t)+ [, v(ds) X (t—s)dt. Nowasv € M(Ry; R¥>4) and X € BCy(R,;R?)

a.s. we must have Q € BCy(R,;RY) a.s.. Next we obtain for each component,

Yi(t) = X;(t) — &e ' — /Ot e~ =9)Q;(s)ds

from which it is clear Y; € BCy(Ry;R) a.s. for each component, and thus the theorem
is proven.

]

We close off this section with a proof of Theorem 3.3.4 in which we shall make use of

the following lemma.

Lemma 3.3.3. Let f € L}, .(R;Ry) and assume for p > 1 that,

00 t+6 p
/ (/ i f(s)ds) dt < +oo  for all @ > 0.
0 t

Then for each sequence (ap)n>o with ag =0 and 0 < a < ap41—a, < [ where o, B > 0,

we have,

o0

([ o) <o

n=0

Proof of Theorem 3.3.4. Introduce the R%valued process with dynamics dM (t) = — M (t)dt+
o(t)dB(t) with zero initial condition. By Theorem 3.3.1 and Lemma 3.3.1, X € LP(R,;R%)
forces M € LP(R,;R?) and in particular E [|[M(¢t)[’] € L*(R,;RY). As t — E[|M;(t)]?] is
continuous and integrable, for each ¢ € {1,--- ,d} there exists a sequence a,, ,/* co with

0 < any1 — a, < 1such that Y~ E[|M;(a,)["] < +oo. To see this note that we have,

oo > /OOOEHMJ-(S)W] ds
- Z / (5)F)ds > Z it B = 3B (6l

where for each n € Z,

an:—min{xe[nn—i—] E[|M;(x)"] = inf ]EHM()W}

s€[n,n+1]

The continuity of ¢ — E[|M;(¢)|”] ensures the infimum over compact intervals is always

attained and by construction we have 0 < a,,1 — a, < 1 and a,, * cc.
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Now for ¢ € [ay, a,11] each component satisfies,

M;(t)e! = e'M;(a,) + Z / e*0i;(s)dB;(s).

Using standard estimates we obtain the following for some C' > 0,

m p

E [ sup ‘etMi(t)‘p} < C’epa"“EHMi(anﬂp]JrCZE { sup } :
angtgan-&-l an<t<ant1

(*)

Now we can apply the Burkholder-Davis-Gundy Inequality to each term in the finite sum

[ i)

j=1

on the right hand side, this yields for some C' > 0,

P Ani1 p/2
} <C (/ ezsafj(s)d:s)

An1 p/2
< Ceplan+) (/ Ufj(s)ds) :

Plugging this estimate back into (%) we obtain for some new constant C’ > 0,

E [ sup /a: €°0ij(s)dB;(s)

an<t<an41

An 41 p/2
E { sup ‘etMi(t)‘p] < C'ePlan (| M;(ay,)[P] + CeP@n+t) (/ J?j(s)ds> .

an<t<an+1

Dividing across by eP(@n+1) on both sides we see,

An+1 p/2
e Planti—an) g { sup |Mi(t)|p:| < C'E[|M;(an) "] + € (/ Ufj(s)ds) ‘

an<t<an+41

Now the first term on the right hand side is summable by construction of the sequence
a,. To show the second term is summable we need to distinguish two cases; the first case

is when p € [1,2). Note by the construction of the sequence a,, we have,

ani1 p/2 n+1 n+2 p/2
2 2 2
(/a aij(s)ds> < (/n o (s)ds + /n+1 Oij(s)ds) :

and once again we use the fact that norms on finite dimensional vector spaces are equiv-

alent to obtain the bound for some C' > 0,

n+1 n+2 p/2 n+1 1/2 n-+2 1/2
</ afj(s)ds + /+1 Jigj(s)ds) < oW ((/ ofj(s)ds) + (/+1 U%(S)dS) )
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Now as p > 1 we use a standard estimate to obtain for some new constant C’ > 0,

i1 p/2 n+1 p/2 n+2 p/2
2 / 2 / 2
(/a aij(s)ds) <C (/n aij(s)ds) +C </n+1 aij(s)ds) :

Both terms on the right are summable by virtue of Theorem 3.3.1. For the case when

p > 2 we invoke Theorem 3.3.1 and apply Lemma 3.3.3. Thus we have that

+00 > Ze‘p(“"“_““)E [ sup |Mi(t)|p} > e_pZE [ sup |Mz»(t)\p} :
n=0

n=0 an<t<ap41 an<t<ap+1

As the right hand side is finite we can apply the Kolmogorov two series test,

o0

sup | M;(t)]" < .

n—0 " <t<ap+1

Thus we necessarily must have,

sup  |M;(t)P — 0asn— oo a.s.
an<t<ant1

This clearly yields M;(t) — 0 almost surely for each ¢. As in the proof of Lemma 3.3.1
we introduce the process Z(t) = X (t) — M(t), which yields,

Z(t) = (v Z)() + F(8) + (v M)(t) + M().
By variation of constants we obtain,
Zt)—(rxf)t)=rt)é+ (rxvx M)(t) + (r+ M)(t).

Asr e LMR;R™) v e M(Ry;R™) and M € BCy(R;R?), the right hand side will

converge to the zero vector upon sending ¢ — oo. Thus we have (for any norm on R?),

lim [|X(8) = (r+ (O < lim ([ Z() = (r+ HOI + (MO =0 as.

t—o00

3.4 Stochastic Functional Differential Equations

Once again, consider a complete filtered probability space (2, F, F;, P) supporting an m-
dimensional standard Brownian motion, (B;);>o. We now study the following R-valued

stochastic functional differential equation (for some fixed delay parameter 7 > 0) given
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dX (t,¢) = (f(t) +/ p(ds) X (t + 8,¢)> dt+o(t)dB(t), t>0; X(t,¢)=¢() t<O.
[_7—70}
(3.4.1)
Here ¢ is a C([—7,0]; RY)-valued Fy-measurable random variable, f € C(R;R?), u €
M([-7,0];R™%) and o € C(R,; R™™). We make the standing assumption that,

E | sup [ly(t)]”

te[—7,0]

< +o00. (3.4.2)

This is needed to apply Theorem 1.2.1, guaranteeing existence and uniqueness. As in
the previous section, B is a standard m-dimensional Brownian Motion where (B(t), e;)
and (B(t), e;) are independent for all ¢ # j. With only trivial modifications, essentially all
results from section 3.3 carry over to the finite memory problem, but can be significantly
improved. When considering functional equations one can remove any side assumptions on
the resolvent leading to much stronger results. We denote by 7, the differential resolvent

of the measure v which solves the following matrix equation,

V() = /[_ R (3.4.3)

Unlike for Volterra equations we do not need to make a standing assumption that r, €
LY (R ; R™?) although we do note that this is equivalent to r, obeying the estimate
rr < Ce ) for some C,a > 0 and an arbitrary norm on . e state the

| < Ce ™, f C 0 and bitrary R4 We state th

following lemma whose proof is identical to that of Lemma 3.3.1,

Lemma 3.4.1. Let p € [1,00). Assume r, € LY(R ;R4 o € LP(Q; C([—7,0];RY)), X
be the solution of (3.4.1), and Y be the solution of (3.3.7). Then the following are true,

(i) E[IX (- ¥)[7] € L'([=7,00);R) <= E[IY()I'] € L'(R4;R).
(ii) X(-,%) € LP([—7,00); RY) almost surely <= Y (-) € LP(R;R?) almost surely.

Remark 3.4.1. Lemma 3./4.1 provides further evidence to the conjecture that memory has
no effect on the integrability of the trajectories. Thus even equations with possibly wildly
different delay structures (such as equations (3.3.1) and (3.4.1)) are completely equivalent

on the level of p-integrable trajectories.

Theorem 3.4.1. Let p € [1,00). Let X be the solution of (3.4.1) and suppose ¥ €
LP(Q; C([—7,0];RY)). Then the following statements are true,

(A) If p € [2,00), the following are equivalent.

(i) For each initial function ¢, E[|| X (-,¥)||P] € L'([—T,);R),
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(i) For each initial function ¢, X(-,%) € LP([—7,00); R?) almost surely,
(iii) r. € LY(R;R¥>Y), f obeys (3.3.2) and o obeys (3.3.3).

(B) If p € [1,2), the following are equivalent.

(i) For each initial function ¢, E[|| X (-,)||P] € L'([-7,);R),
(ii) For each initial function v, X (-,¢) € LP([—7,00); R?) almost surely,
(iii) r, € LYR;R>) f obeys (3.3.2) and o obeys (3.3.4).

Remark 3.4.2. The reader should note how much stronger Theorem 3.4.1 is compared
to Theorems 3.3.1 and 3.3.2 for the Volterra equation. For the SFDE we obtain a much
cleaner characterisation and a far stronger converse when claiming the necessity of r, €
LY (R ; R, A similar situation occurs when considering the asymptotic behaviour of
the paths, see Theorem 3.4.2 below.

Before proving Theorem 3.4.1 we recall some common notation in the field of functional

differential equations. If we set ¢ = 0 in (3.4.1) we obtain the equation,
x(t) = / pldu)x(t+u) + f(t), t>0; z(t) =), t<0, (3.4.4)
[77—70}

whose solution is given by,

0.0) = {000+

[_

o p(ds) ( / : r(t+s— u)w(u)du> - /O t ro(t—s)f(s)ds. (3.4.5)

2ot ) = o ()6(0) + / 1(ds) ( / OTT(t—Fs—u)@/)(u)du), (3.4.6)

[=7,0]

so we can rewrite (3.4.5) as x(t,v) = xo(t,?) + (r- * f)(t). Thus zy solves equation
(3.4.4) with the perturbation term switched off. The so called characteristic matrix is given
by A(N) = AMgxaq — f[*T,O] p(ds)e*® wherein the asymptotic behaviour of 7, is governed by
the roots of the characteristic equation det (A(A)) = 0. Let A = {A € C: det (A(\)) =0}
and define vo(p) == sup{Re(A) : A € A} with A" ={X € A: Re(\) = vo(u)}.

Proof of Theorem 3.4.1. Essentially an identical argument as in the proof of Theorem
3.3.1 gives (iit1) = (i) for both (A) and (B). In order to show (i) = (i7) we need
to show that (i) = r, € L'(R,;R%?) to which we could then follow the line of proof
once again from Theorem 3.3.1. Thus we assume (i) and aim to show 7, € L!(R;R¥*9).
First we note that for an arbitrary deterministic ¢ we have X (t,¢) — X (¢,0) = zo(t, 1)

and thus we have the estimate,

| Bl oypa <o [

o0

E[IX(, )l[]Pdt + C/OOOE[IIX(@ P)[IPdt < +o0,
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for some constant C' > 0. But 1 is deterministic thus x¢(-,v) € LP([—7,00); R?). Let \ €
A’; then by exercise 1.3.8 in [44] we have for some v € R4\{0}, zo(t,1) = exp(Re(\)t)v.
If vo(p) > 0 this contradicts xo(,1) € LP([—7,00); RY) and so we must have vo(u) < 0,
but this yields the exponential estimate ||7.(¢)[| < Ce ™, for some C,a > 0 and so
rr € LY(Ry;RY4) as required. Thus we follow the proof of Theorem 3.3.1 verbatim to
claim (i) = (i) for both (A) and (B). In the same manner one can show (ii) = r, €
LY (R, ; R¥?) thus we once again follow the proof of Theorem 3.3.1 to claim (i7) = (iii)
for both (A) and (B). O

Our final theorem regarding SFDEs is concerned with almost sure convergence to zero
in the regime where ¢ is diagonal and once again we improve significantly on the Volterra
case by removing all assumptions on the resolvent. We note also that a version of Theorem

3.3.4 also holds for the functional equation but we do not state this as a theorem.

Theorem 3.4.2. Let ¢ obey (3.4.2), X be the solution of (3.3.1), m = d and o be a

diagonal matriz. Then the following are equivalent,
(i) - € LY(R ;R each component of f and o satisfy (3.3.16),
(ii) For each initial function ¥, || X (t,¢)|| — 0 as t — oo, almost surely.

Proof of Theorem 3.4.2. The proof of (i) = (it) follows directly from Theorem 3.3.5
with only trivial modifications. For the reverse implication first one needs to show (ii) =
rr € LYR,;R™%) which follows from identical arguments as in the proof of Theorem

3.4.1. Thus we can once again (with only trivial modifications) follow the proof of Theorem
3.3.5 to yield the claim. ]

3.5 Examples

This section is devoted to providing explicit examples of perturbation functions which
highlight the utility of the theory presented and also dispel any thought that the con-
ditions (3.3.2) and (3.3.3) we have generated are superfluous and in fact just equivalent
to imposing that f,o? € LP in the appropriate sense. This is indeed not the case. All
functions presented in this section will be scalar valued. In Chapter 2 we provided the

example,
F(t) = e sin(e™),

where 0 < a <  and show f'w f(s)ds € LP(R;R) despite the fact that [[°|f(s)[Pds =
400 for any p > 1. This takes care of the deterministic perturbation. However for the
stochastic perturbation we are concerned with o2 rather than o itself, thus the positivity

means such oscillatory functions as above cannot be considered. Instead one must think
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about functions that have very large deviations over very small intervals; we construct
such a function below.

For each n € N, let a,, < 1/2 and h,, be positive sequences and suppose that g(t) =0
for [n,n+a,] and [n+1—a,,n+1] and on [n+a,,n+1/2|, g is linear with g(n+a,) =0
and g(n + 1/2) = hy,, while on [n 4+ 1/2,n + 1 — a,), ¢ is linear with g(n + 1 —a,) = 0.
Then g is continuous, has a spike of width 1 — 2a,, and maximal height h,,. Below we give
an explicit example,

(
0, t€0,2],
0, t € [n,n+ay,,

g(t) = (%’i’;n)t— héi:’;), ten+an,n+1l,
et AT telnt fntl—a),
L0, ten+1—ayn+1],

n > 2, with h,, :=n” and a,, == % — #, where 5 > 0. Figure 3.1 provides a graph of the
first five spikes of g.
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0.5

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

Figure 3.1: Graph of g(t) with 8 = 0.32

The following proposition shows this function has the desired behaviour.

Proposition 3.5.1. Let g : R, — R, be defined as above, then for each p € (1,00) we

/OOO /tt+lg(8)d8

Proof of proposition 3.5.1. One can easily verify that,

have,

p

dt < +o0; / lg(s)|Pds = 4o0.
0

Next consider,

where C, > 0 is a constant depending on p, hence the first assertion is proven. For
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the second assertion consider the estimate,

/ s)Pds > Z/ X 1g(s)>13(5)ds,
0

thus we need only show the series on the right is divergent and then we are done. Now

as p > 1 we have,

n+1

n+1
/ g(s)pX{g(s)zl}(S)dS Z / g(S)X{g(s)zl}(S)dS‘

n

Now as 8 > 0 we have limsup,_ . ¢g(t) = +00, moreover the running maxima is non-
decreasing hence there exists an m € N such that sup,cp, 41 9(t) > 1 for all n > m. Fix
such an m (recall as g is continuous this sup is always attained). One can verify that for

n>m,
n+1 1 2 1
/n 9($)X{g(s)>1}(8)ds = n pBH + n2B+L’

which, as # > 0, is not a summable sequence. Thus we have,

1 2 1
/0 s)Pds > Z/ )P X{g()21)(s)ds > Z (_ T AT n25+1> = +00,

n=m

as required. O

Thus consider the following scalar equation,
dX(t) = (e"‘t sin(e”") +/ v(ds)X (t — s)) dt + o(t)dB(t),
[0,1]

where o(t) = /g(t) where ¢(t) is defined as in proposition 3.5.1. Then Theorem
3.3.1 tells us that, X € LP(Ry;R) a.s. despite the fact that [ |f(s)[’ds = 400 and
I o2 (s)[P/2ds = +oo for any p > 2.

3.6 Conclusion

In this chapter we have provided characterisations of when perturbed integrodifferential
Volterra equations with additive noise have almost surely p-integrable trajectories, when
the associated p*-mean process resides in L' and the almost sure p-summability of solu-
tions to analogous equations in discrete time. The main driver of these results was the
connection between the Volterra equation (3.3.1) and an associated SDE (3.3.7). The
results in this chapter suggest the qualitative (and possibly quantitative) behaviour of
such Volterra equations is equivalent to that of a much simpler SDE and the authors

conjecture this equivalence may extend to the identification of top Lyapunov exponents.
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In addition to studying the qualitative behaviour we have also engaged in the discussion
of almost sure convergence to zero in various regimes and supplied a characterisation of
such convergence in a special case. As outlined in section 3.4, the relation between such
Volterra equations and SFDEs is very strong. When passing to the finite memory problem

one can obtain even stronger results as compared to the Volterra case.

3.7 Proofs

Proof of proposition 3.2.1. Suppose the distribution of £ has two isolated atoms at o and
(3, then we can find epsilon Balls such that E[{ X ecp.(a)}] = oP(§ = ) and E[{x(ecp.(3)}] =
PP = B). Now assume,

P(¢ = )E[Sx een.(5))] = P(§ = B)E[Ex(eeB.(o)}]-

Clearly this forces 8 = « which is a contradiction thus we take the two bounded Borel sets
to be the epsilon balls defined above and we have ¢ € D. Now assume the distribution of £
has an absolutely continuous part, and denote its density by f. Fix an arbitrary non zero ¢
in the interior of the support of f and choose a < b such that P(€ € (a,t)) = P(€ € (¢,0))°.

Now assume,
P(€ € (a,1))E[Excewny] = P(§ € (¢, 0)E[SX(ce@ny];

/tbxf(x)dx - /at o f(z)d.

t/tbf(x)dx < /atxf(x)dx.

But by construction we then must have,

which yields,

A simple estimate yields,

t/:f(x)dx < /atxf(x)dx.

This yields the following inequality,

0< /t(t — ) f(x)dx <0.

Thus the integrand must be zero a.e. but this impossible. Thus we have the desired
contradiction. Thus we choose our Borel sets to be (a,t) and (¢,b) which gives us £ € D

as required.

5This can always be done due to the continuity of the distribution function restricted to the support

of f.
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]

Proof of Lemma 3.3.3 . Let 8 = 2/3. We note that for all t € [a,,, a,,+1] we have [a, 11, a,+
28] C [t,t + 24]. Thus,

e (e [ ([
i / o < / e f(s)ds)pdt

n=0

o an+28 P
o) ([ ss)as)

([ )

n=0

> " fs)d )
oz?%(/an+1 s)ds

where the last inequality comes from the fact a,1o < 8+ an1 < 26 + a,.

v

v
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Chapter 4

Stochastic Functional Differential

Equations with Multiplicative Noise

The material in this chapter is based on the following article:

1. J. A. D. Appleby and E. Lawless. Mean square asymptotic stability characterisation
of perturbed linear stochastic functional differential equations. Applied Numerical

Mathematics, 200;80-109 (2024) [10].

4.1 Introduction

In this Chapter we turn our attention to perturbed scalar SFDEs with multiplicative noise.
A variety of stability types can be considered, but from the outset of stability studies in
stochastic functional differential (or evolution) equations the asymptotic behaviour, and
specifically the convergence in the mean square, has attracted a great deal of attention
(see for instance the Haussmann [61], Ichikawa [64], Mao [81], Mizel and Trutzer [94],
Mohammed [95]). Substantial bibliographies can be found in the important monographs
by Mao [85] and Shaikhet [112]. Moreover, since linear equations with multiplicative noise
are so fundamental to mathematical analysis of hereditary systems, it is appropriate that
they receive due study. Concretely, the equation of interest in this Chapter is the following;:
dX(t) = (f(t) + X(t+ S)V(ds)) dt + (J(t) + X(t+ S)u(ds)) dB(t),
(4.1.1)

where v and p are finite signed Borel measures on [—7, 0]. It is worth noting that the anal-

[—7,0] [—7,0]

ysis in this Chapter is strictly confined to scalar equations with no clear generalisation of
results to the multi-dimensional setting. The reason for this will be clear upon inspection
of the proofs, one would expect such a concession should come with substantial rewards
in the form of very strong and precise Theorems; we believe this is indeed the case.

The results in this Chapter are able to characterise exactly the conditions which give
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rise to the various types of mean square convergence. In particular, we are able to show
that E[X?(t,¢))] — 0 as ¢ — oo for every continuous initial condition 1 with finite
second moment is equivalent to the mean square convergence to zero of the solution to

the unperturbed equation (i.e with f = o = 0), alongside the conditions
t+6 t+1
/ f(s)ds — 0, t— oo for each 6 € (0, 1], / o?(s)ds — 0 t— oo.
t t

If exponential convergence of E[X?(¢)] to zero is desired as ¢ — oo, this is equivalent the
mean square convergence to zero of the solution to the unperturbed equation, alongside

the following exponential decay conditions on f and o:

t
There is C' > 0, § > 0 such that / P f(s)ds

0

<C, t>0, / P 5%(s) ds < +oo0.
0

Finally, if we want mean square integrability, as characterised above, this is equivalent the
mean square convergence to zero of the solution to the unperturbed equation, alongside

the following square integrability conditions fulfilled by f and o:

t+0
t— / f(s)ds € L*(R,) for each 0 > 0; o € L*(R,).
t

These results constitute a solid advance in the theory, since coincident necessary and
sufficient conditions on f and o are imposed which guarantee the appropriate type of
convergence. Until now, sufficient condition results abound, but such an exact character-
isation has not been achieved. Other results achieve something of this goal, but here we
are able to exactly characterise the underlying stability condition, as well as the precise
conditions on the forcing term which enable the results to hold.

It is to be noted that these conditions do not place pointwise bounds on f and o,
but are rather conditions on certain types of averages of f and o. In particular for
convergence to zero and mean square integrability we see exactly the same conditions
imposed on the forcing functions as in the previous two Chapters. The exponential integral
properties noted above have occurred already in the literature for affine stochastic Volterra
integrodifferential equations (see e.g. [9, 83]), in which there is no state dependence in the
diffusion term.

Clearly the results stated above rely on whether or not one has a strong understanding
of the behaviour of the solution to the unperturbed equation. A full characterisation of the
mean—square behaviour of general scalar linear SFDEs was produced in Appleby, Riedle

and Mao [16]. They studied the following equation:

dU(t) = ( /[_Tm Ut + s)y(ds)) dt + ( /[_T’O] Ut + s),u(ds)) dB(t) (4.1.2)
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with continuous and deterministic initial function ¢, it has been shown that the global

mean square asymptotic stability of the zero solution of this equation is equivalent to

e 2
r(t) = 0 as t — oo, / (/ r(t + s)u(ds)) dt <1,
0 [—7,0]

where 7 is the differential resolvent! of the underlying deterministic differential equation
i.e.,

Mﬂz[lmdﬂﬂwwg,t>& F0)=1, r(t)=0 te[-r0).

Indeed, if the mean square convergence to zero occurs, it must do so exponentially fast.
There is a very extensive literature on exponential mean square stability for SFDEs with
finite delay, with great advances being made by Mao and co-workers: some representative
and foundational works from this school include [82, 84, 86, 88] and the themes of this
chapter and more recent advances is reflected in the monograph [85]. Other papers which
seek to give a characterisation of the mean square asymptotic stability of solutions of
unforced SFDEs include [31], [80] and [5]. A corresponding characterisation for linear
stochastic difference equations is presented by Appleby and Lawless in [11].

The chapter is organised as follows: Section 4.2 gives a precise formulation of the
problem, together with some background theory. Section 4.3 deduces linear Volterra
integral equations for the mean square of X, as well as some auxiliary functions (which
are mean—squares of other processes). Section 4.4 states the main results and discusses
hypotheses. Section 4.5 gives a brief conclusion and Section 4.6 contains the proofs of the

main results.

4.2 Mathematical Preliminaries

For the following general results on SFDEs and stochastic analysis, the reader may refer
to the monographs [85] and [72]. Let us fix a complete probability space (2, F,P) with a
filtration (F(t)):>o satisfying the usual conditions and let B = {B(t) : t > 0} be a one-
dimensional Brownian motion on this space. Let 7 > 0 and ¢ be a C([—7,0]; R)—valued

F(0)-measurable random variable with

sup ¢°(t)
te[—7,0]

42 == E < +o0, (4.2.1)

recalling that C'([—,0]; R) is the space of continuous functions ¢ : [—7,0] — R equipped

with the norm [p| = sup;c_,.q) [#(t)|. We assume also 1 is independent of the Brownian

'Here we do NOT employ the notation of Chapter 3 and use r instead of 7, to denote the functional
resolvent. This is due to the fact in this chapter only equations with finite memory are considered, hence
this notation change should not cause confusion.
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motion B. Note that the finiteness of ||¢|| and the Dominated Convergence Theorem

ensure that ¢ — E[?(¢)] is continuous on [—7,0]. Denote

o(t) == VE[W2(t)], te][-T,0], (4.2.2)

so that ¢?(t) = E[1)*(t)] for t € [—7,0]. Both ¢ and ¢* are continuous.
We first state the unperturbed equation whose asymptotic behaviour is of paramount
importance. If we let v and p be in M([—7,0];R), the space of finite Borel measures on

[—7,0], the unperturbed equation has the following form:

dU(t) = ( /[_T’O] Ut + s)y(ds)) dt + < /[_T,O] Ut + s)u(ds)) dB(t), t>0 (4.2.3)

Uft) =), t<0,

where 1 has the properties indicated above. (4.2.3) is so—called differential shorthand for

U(t) = U(0) + /Ot (/{_TO] U(s + u)y(du)) ds + /Ot (/[_TO] U(s + u)u(du)) dB(s), t>0
U(t) = o(t), t<o0. | |

For every v as specified above, there exists a unique, continuous, adapted process U =
{U(t,v) : t > —7} which satisfies (4.2.3). This process U is a so—called strong solution
of (4.2.3), and U has finite second moments (see Theorem 1.2.1). This means that

E[U%(t)] < +o0, forallt> —7,

and, a fortiori,

E [ sup U2(5)1 < 400, forallt> —7.

—7<s<t

The equation (4.2.3) was studied extensively by Appleby et al. [16] in which they
gave a full characterisation of the mean square behaviour of (4.2.3). This includes a set
of necessary and sufficient conditions which ensures E[U?(¢,)] — 0 as t — oo for all
initial functions ¢. It should be noted in [16] the authors only considered deterministic
initial functions: however with the additional assumption (4.2.1), a condition which we
will impose throughout this chapter without further reference, all of their results carry over
to the case of random initial functions. In [16] it was found that the stochastic stability is
heavily dependent on the behaviour of the underlying deterministic equation and moreover
the fundamental resolvent. In this chapter we demonstrate that this still prevails and so we

introduce both of these objects in detail. The deterministic?, unperturbed delay equation

2To use the term deterministic to describe equation (4.2.4) is technically incorrect due to the presence
of the random initial function. However its dynamics are indeed deterministic so it is in this spirit that
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is given by,

To(t)

/ xo(t +w)v(du), t>0, (4.2.4)
[77—70]

o(t)

Wt)» te [_Ta O]a

where both v and 1 are defined as above. There are many texts that deal with deter-
ministic delay equations; for further analysis of (4.2.4) we refer the reader to [44, 58].
The underlying integral resolvent is the unique locally absolutely continuous function
r:[0,00) — R which satisfies

¢
r(t) =1 +/ / r(s +u)v(du)ds, t>0. (4.2.5)
0 J[max{—7,—s},0]

The above equation can be written in differential form (as was done in the previous
chapters) by specifying 7(0) = 1 and r(t) = 0 for all ¢ < 0. In all results throughout
this chapter we need to make assumptions on the asymptotic behaviour of the resolvent
r and its connection with the measure v. The following description of the asymptotic
behaviour is standard and may be found in [44, 58]. As pointed out in Appleby et al. [16],

the following conditions on solutions to (4.2.5) are all equivalent:
(a) r(t) — 0, as t — o0;
(b) r € LM (Ry);
(c) r e LA(Ry).

Henceforth the above relations will be used interchangeably without reference. An im-
portant detail regarding the stability of the resolvent is that whenever any of the above
conditions are fulfilled r tends to zero exponentially fast. This fact was used in Section 3.4
of Chapter 3, for completeness we provide a more detailed discussion in the present chap-
ter. One looks for solutions to (4.2.5) of exponential type which leads to a transcendental

characteristic equation. For all A € C we may define
h(\) = A — / e™v(ds).
[_7—’0]

We pause to note that the second term on the right hand side has the character of a

Laplace transform, and accordingly we will use the notation

() ::/ e™v(ds), Me€C.
[—7’,0}

we will continue to refer to equation (4.2.4) as deterministic.
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For measurable functions f defined on [0, 00), the usual Laplace transform is defined by

) = / T e (s) ds

0

for X in appropriate regions of C.

Returning to a discussion of the solutions of the characteristic equation, it is standard
([44, Chapter I]) that the set A := {\ € C: h(\) = 0} is non—empty and that there is a
finite vo(v) € R such that

vo(v) = sup{Re(N) : A € A}.

Finally, it is the case that r(t) — 0 as t — oo is equivalent to vg(r) < 0. The significance
of the number wvg(r) is that it enables us to obtain a definite exponential bound on 7.
Specifically, for all & > v(v) we have r(t) = o(exp(at)) for t — oco. Indeed, we have
a global exponential bound: for each a > vy(v) there is a K = K, > 0 such that
[7(t)] < K,e® for all ¢ > 0. This global exponential bound is inherited by x¢(-, 1) which

can be seen via a variation of constants formula

ro(t, ) = r()(0) + /

[-7.0] (/sor(t e “)w(u)d“) v(ds), t>0.

Taking the triangle inequality, one obtains the bound

|wo(t, )] < Coe™ sup [¢(s)], >0,
s€[—7,0]

where C, > 0 is a constant depends on « and v, but not on 1. Since we assume that 1

is random with E[sup,e(_, o [¢(s)]?] < 400, we get the estimate

Elzg(t;9)] < Cae*™'E

sup |¢(S)|2] , 120,

s€[—1,0]

for all o > vy(v). We therefore observe that if vg(r) < 0, then all solutions tend to zero
exponentially fast for deterministic initial conditions, and also exponentially fast in mean
square if the initial function has a finite mean square in the sense given above.

The converse of this result is also true (namely that if all solutions of (4.2.4) tend to
zero, then vy(v) < 0).

To see this, we make a general observation. If A € A, and 9 (t) = e for t € [—7,0],
then xo(t,7) = e for all t > 0. If ) is real, then this furnishes a real-valued solution;
in the case that A € C, we can use the observation that the conjugate of A, X is also in
A, to get real valued solutions. Note first that x(t, ayy + biby) = ax(t, 1) + bx(t,1p2) for
t > 0 and any a,b € C and any continuous complex-valued initial functions ¢, and 5.
Taking ¢y (t) = eM and ¥5(t) = e and a = b = 1/2, we see that the real valued initial
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function () = Re(e?) for ¢t > 0 gives rise to the real-valued solution z(¢,1) = Re(eM)
for t > 0; likewise, taking a = 1/(2i) and b = —1/(2i), the real-valued initial function
P(t) = Im(eM) for t > 0 gives rise to the real-valued solution z(t,1) = Im(e*) for ¢t > 0.

Now, let zo(t,1)) — 0 as t — oo for all » € C([—7,0],R). Suppose, by way of
contradiction, that vg(r) > 0. Since in fact sup{Re(\) : A € A} = max{Re(\) : A € A} we
have that there is A € A such that Re(\) = vy(v). Now take 1(t) = Re(eM) for t € [—,0].
Then z(t,1) = Re(eM) for t > 0. But since Re(\) = vy(v) > 0, limsup,_, . |z(¢, )] > 0.
But this contradicts the supposition that x(t,1) — 0 ast — oo, so we have that vy(v) < 0,
as needed.

Here, and in what follows, we place great weight on understanding the asymptotic
behaviour of components in the solution of the perturbed stochastic equation, because
it is a common feature in our proofs that we decouple the behaviour of the perturbed
stochastic equation into parts which depend on either the functional appearing in the
diffusion coefficient or on the underlying deterministic equation, i.e., the resolvent. Be-
fore discussing the mean square asymptotic stability of (4.2.3) we need to introduce the

notation

G(f:) = /[ O}f(t—i—u),u(du), for all f € C[0, 00),

for a measure p € M. We recall the main result® from Appleby et al. [16] which states

. ) . re L2(R+)7
lim E[U*(¢,4)] = 0 for all ¢ obeying (4.2.1) <= (4.2.6)
fmree IGrlle2m,y < 1,

where for an L? function f on [0, 00) we use the conventional notation

00 1/2
1 flle2myy == (/o f2(s) ds) )

Although this stability theorem is stated in terms of objects that are not part of the
problem data?, it still offers some support to our intuition that provided the underlying
deterministic system is stable (the first condition in (4.2.6)) and the perturbation term
is “small” (the second condition in (4.2.6)), then the unperturbed stochastic equation
remains asymptotically stable in a mean square sense.

We now introduce the perturbed equation which is defined on the same probability

3This result excludes the pathological case in which deterministic solutions solve the stochastic equa-
tion i.e., G([xo]s) = 0 for all initial functions, meaning the solution is no longer stochastic. We also
exclude such cases throughout this chapter.

41t should be noted that upon further analysis, these conditions can be expressed as explicit conditions
on the measures p and v. This however is not the aim of this Thesis and will be addressed in a future
work.
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space introduced above

dX(t) = (f(t) + X(t+ s)y(ds)) dt + (a(t) + X(t+ s)u(ds)) dB(t), t > 0,

[-7,0] [—7,0]

(4.2.7)

where f,o0 € C(R,;R) are deterministic functions, and 1 has the same properties as
in the solution of (4.2.3). As with condition (4.2.1), we will assume this continuity and
determinism of f and o throughout the chapter without further reference. For existence
and uniqueness of solutions with finite second moments of (4.2.7), in the sense described
above for (4.2.3), we refer the reader to the monograph by Mao [85]. For completeness

we recall some notation for the perturbed deterministic equation

(t) = f(t) + /[ ; z(t+u)v(du), t>0, (4.2.8)

2(t) = ¥(t), t<O.

Using Laplace transforms one can readily obtain a variation of constants formula for
solutions of (4.2.8) namely

z(t, ) = r(t)y(0) + / (/Sor(t +s— u)¢(u)du> v(ds) + /Otr(t —5)f(s)ds, (4.2.9)

[7770]
for ¢ > 0. Recall from Chapter 2 we can extend a finite measure on [—7,0] to Ry (2.2.5).
We do this to make use of standard results for convolutions with finite measures. Finally

with our notation for equation (4.2.4) we may rewrite equation (4.2.9) as,
a(t, ) = wo(t,¥) + x1(t), >0, (4.2.10)

where z1(t) == (r * f)(t). We do this to exploit the fact that x; is independent of ¢ and
non-random, while z( is independent of f and random: it also allows us to make use of
the results we stated and deduced for z earlier.

To keep notation clean, from this point on we will frequently omit the dependence on
the initial condition, will we write xo(t) = xo(t,v), z(t) = z(t,v) and X (t) = X (¢,¢) for
solutions of (4.2.4), (4.2.8) and (4.2.7) respectively.
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4.3 Volterra Equations for the Mean Square
Following the spirit of Appleby at al. [16] we define a new process

Y(t)=o0o(t)+ X(t+s)u(ds), t>0. (4.3.1)
[=70]

This allows us to readily write down a variation of constants formula for solutions of
(4.2.7). By Lemma 6.1 from Reif8 et al. [105], we have

x(t) + /Otr(t —s)Y(s)dB(s), t>0,

¢(t)7 te [_7-7 0]7

X(t) = (4.3.2)

where r is the resolvent given by equation (4.2.5). Although (4.3.2) does not give an
explicit solution for X, it does allow us to readily write down a deterministic Volterra
equation for the mean square of X, and also an expression relating the mean square of
Y to the mean square of X. In so doing, the question of studying the mean square of
the stochastic equation is converted into one of studying the solution of certain deter-
ministic convolution integral equations, to which the extensive— and much more widely
understood— theory of deterministic equations can be applied. As such, the following
result can be considered the most important one in this chapter. This is because it not
only forms the basis for the particular asymptotic results derived here, but acts as a
springboard in the future to a very complete understanding of the mean square of solu-
tions of perturbed SFDEs, where the perturbations f and ¢ may have other interesting

properties.

Theorem 4.3.1. Let X be the solution of (4.2.7). Then we have for all t > 0,
E[X2(t)] = E[22(t)] + /0 2t — $)E[Y(s)]ds, (4.3.3)
where Y, defined by (4.3.1), obeys for all t > 0,
E[Y2(t)] = E [(o(t) + G(2:))?] + /0 G2y JE[Y?(5)]ds. (4.3.4)

Proof of Theorem 4.3.1. Squaring (4.3.2) gives

2

X2(t) = 22(t) + 2 (1) /O r(t — 5)Y (s)dB(s) + ( /0 fr(t—s)Y(s)dB(s)) (435)

We first consider the second cross term on the right hand side; by letting ¢y € [0,¢] be
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arbitrary, we define
t
M(t) = Zx(to)/ r(to — s)Y(s)dB(s), t>0.
0
Taking expectations and using [t0’s isometry one can show
t
BIM()] < Ble(to)] + | r*(to — BV (s))ds,
0

so E[|M(t)]] < oo for all ¢ > 0. On the other hand, because () has finite expectation,
is independent of B and is F(0)-measurable, we have that for t > s >0

E[M(t)|F(s)] = 2z(to)E {/Otr(to — u)Y(u)dB(u)‘}"(s)} = M(s),

using the fact that the second factor in M is a standard Ito integral and thus is a mar-
tingale. Therefore, M is a martingale and so E[M (t)] = 0 for all t > t, > 0. In particular
E[M((ty)] = 0. As t, was chosen arbitrarily, this means that

E {Qx(t) /Otr(t - s)Y(s)dB(s)} =0, t>0.

To deal with the squared term in (4.3.5), we proceed similarly. Fix to > 0 and for ¢ > 0
define

N(t):/otr(to—s)Y(s)dB(s), £>0.

Since X has finite second moments (this follows from Theorem 1.2.1), so does Y, and
therefore N is a martingale with finite second moments. Therefore, by 1td’s isometry, we

have
E[N(t)] = /0 P2(to — $)E[Y2(s)]ds.

Now take t = t, so that

E

(A”m%—snxﬁw%@)j::AWMQO_QEW%@M&

Since t, is arbitrary, we may replace it by ¢, and therefore taking expectations on both
sides of (4.3.5), we get

BLC() = El(0)] + [ 12— BV (9)ds,

as required. Next we prove that Y (¢) obeys (4.3.4). Letting ¢ > 7, and using Fubini’s
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theorem for stochastic integrals we can show

Y(t) =o0o(t) + oy X(t+ s)u(ds)

:d@+/¥m((ruﬁ+lws@+S—MYWMB@0MMQ
t) + Glz,) + /?m/ r(t+ s — )Y (u)dB(u)p(ds)
o(t) + G(zy) + /0 (/max{T,ut},O] r(t+s— u)u(ds)) Y (u)dB(u)
:do+Gu9+A%nmwymmBmy

where in the last line we used the fact that r(¢) = 0 for all t < 0. Notice that the integral
is of the same form as that in (4.3.2), and that the first term on the right hand side
has the same properties as x, namely, independence from B, finite moments and F(0)—
measurability. Therefore, we can compute E[Y?(t)] by following exactly the same steps

as used to compute E[X?(¢)] above. Doing this, we get
E[Y3(t)] = E [(0(t) + G(x))’ /cﬂns ¥3(s)]ds,

for ¢ > 7. It remains to obtain the corresponding integral equation for E[Y?(¢)] for

t € [0, 7]. Proceeding as before, we have that

ww:dw+/ ﬂXﬂ+$M@H_ka“+$M®)
=0 s)u(ds s)u(ds
<t>+/mw<t+>< )+ /W o(t + 5)p(ds)
[tw/ Pt + 5 — u)Y (u)dB(w)p(ds)
=0 G(xy r s—u)Y (u)dB(u)u(ds).
6@+ [ [ sy st

Then by invoking the stochastic Fubini theorem, and once again using the fact that

r(t) = 0 for all £ <0, we arrive once more at

Y@:a@+aggﬁécmuwwmmm,temﬂ

Squaring and taking expectations, we get the same expression for E[Y ()] deduced above

on [1,00), and this completes the proof. ]
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4.4 Main Results for Asymptotic Stability

With the integral equations for E[Y?] and E[X?] in hand, we are now ready to present
asymptotic results: in this section we present three results characterising certain types
of stability for solutions of (4.3.3). Although the equations for the mean square are
deterministic, there are two special challenges to meet. Firstly, these integral equations
are written in terms of objects such as x, which are not part of the problem data, and
our goal is to determine conditions for asymptotic behaviour which can be stated more
directly in terms of, and with minimal dependence on, the problem data. Secondly, we
wish to present necessary and sufficient conditions for certain types of stability, and we
will try to do this by imposing conditions on the perturbing functions f and o which do

not depend on the resolvent r, or the measures v and .

4.4.1 Reformulation and preliminaries

In trying to keep notation as clean as possible we find the following definitions to be
useful when proving all results in this section. If we define Z(t) := (r? * E[Y?])(t), then

the equations for the mean square become

=
%
—~
~
=
Il

Ela*(t)] + Z(1),
Z(t) = (r*«E [(c + G(2.))?]) (t) + (G*(r.) * Z)(¢), (4.4.1)

for ¢ > 0; the second equation was obtained by taking the convolution with r? across

equation (4.3.4). Further defining
v(t) = (P *E[(c +G(z))’]) (t), t>0, (4.4.2)
finally yields
Z(t) = y(t) + (G*(r) = Z)(t), t>0. (4.4.3)

Since the behaviour of x depends on that of x5 and x1 = r % f, which are known directly,
the asymptotic behaviour of the mean square of X is clinched by getting the asymptotic
behaviour of Z. In this direction, it makes sense to introduce an integral resolvent p which

is independent of 7, but in terms of which Z can be expressed. Let p obey the equation
p(t) = G*(r) + (G*(r) x p)(t), t>0, (4.4.4)

(see [53, Ch. 2]). Then
Z(t) =) + (px 7)), t=0.

We begin this section with a lemma that provides an integrability result on p.

To do so, we need first to deal with a special case, in which ||G(r)|z2®+) = 0. If this
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is the case, then G(r;) = 0 a.e. t > 0. Taking Laplace transforms across this equation
gives fi(z)7(z) = 0 for values of z € C for which Re(z) > wvy(v) (for these values of z
we are guaranteed that 7(z) is well-defined; since p is finite and supported on [—7,0],
fi(z) is defined for all z € C). But since for Re(z) > wo(v), we have z — 0(z) # 0
and 7(2)(z — v(z)) = 1, it follows that fi(z) = 0 for all Re(z) > vo(r). This implies
that p(E) = 0 for all Borel sets £ C [—7,0]. As a consequence, in the case when
|G (7)|| z2(r+) = 0, we have that X obeys the SFDE

dX (1) = ( £t + X(t+s)y(ds)> dt + o(t)dB(t), t>0.

[_7_70]

Thus X has the representation

X (t, ) = xo(t, ) +/0 r(t—s)f(s)ds+ /0 r(t—s)o(s)dB(s), t>0,
X(t, ) = z(t, ) —|—/0 r(t—s)o(s)dB(s), t>0, a.s.

The mean square is given explicitly by
t
E[X?(t)] = E[z*(t)] —I—/ r(t — s)o*(s)ds, (4.4.5)
0

and can be studied by direct deterministic methods. To summarise, we have shown that
|G(r)||L2e+y = 0 if and only if u is almost everywhere zero (the reverse implication is
trivial) and in these cases, the mean square is given directly by (4.4.5). We will sometimes
need to treat the situation when p is zero idiosyncratically in our proofs, and in many
cases appealing to (4.4.5) directly suffices.

The following lemma is needed when |G (7.)|| r2w+) > 0; in the case when ||G(r.) || L2(r+) =

0, the lemma is not needed, and a direct appeal to (4.4.5) can be made instead.

Lemma 4.4.1. Let p be the integral resolvent of (4.4.3), r € L*(Ry) and 0 < |]G(r.)H2L2(R+) <
1. Then there is an o > 0,a’ > 0 such that the function

I'(\) = / MG (ry)ds, (4.4.6)
0
is well defined for A € [0, «), and furthermore,
/ e*p(s)ds < oo,
0

for all € € [0,a’) where o is the unique number such that I'(a’) =1 .

Proof of Lemma 4.4.1. To prove the first assertion, note the assumption on r € L*(R,)
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gives us the estimate
Ir(t)] < Ke™®, t>0,

and for some K > 0 and a > 0 (where —a > vp(v)). One can extend this estimate to

G(r.):

G(ry)| = ‘ /MO] r(t — $)v(ds)

S e—at/ €as|l/|<d8) — Kle—at’
[77-70}
for some K’ > 0, thus we have G*(r;) < Ce ?*. Here we are using the conventional

notation |v| for the total variation measure of v, which is a positive and finite measure in
M[—1,0] (see e.g., [109, Thm. 6.2]). We also exploit here the fundamental estimate

‘ /[_770] F(t+ s)(ds)

< [ sl

for measurable functions f, which can be deduced from the case for finite measures on
[0,00) (see [53, Thm. 3.4.5]).
Using the estimate for G(r.) in (4.4.6) gives, for all 0 < X < a,

'\ < / e 2N s < o0
0

On the other hand, I' is clearly non-decreasing on its maximal interval of existence.
Moreover, since t — G(r;) is non—trivial, it follows that either there is a finite 5 > 0 such
that I is well defined on [0, 5) and ['(\) — oo as A — [~ or that I" is defined on [0, co) and
I'(A\) = 0o as A — oo. Therefore, I is continuous and increasing, I'(0) < 1 and I'(\) — oo
as A — [~ (where § = oo is possible). Thus by the intermediate value theorem, there is
a unique o/ < f such that I'(¢’) = 1. Since I' is well defined on [0,«) C [0, 3) we have
a < f. Thus, we may choose any € € (0,a’) such that I'(e) < 1.

For the second statement, choose such an € € (0, ), and scale equation (4.4.4) by e

to get

t
p(t)ew _ GQ(rt)QQGt _|_/ €2€(t_8)G2<7“t,5) . €2€sp(8)d8, t>0.
0

Using the notation p.(t) == p(t)e** and G?(ry) = €**G?*(r;) we can rewrite the above

equation as

pe(t) = G2(ry) —l—/o G%(ri_s)pe(s)ds, t>0. (4.4.7)

Now integrating equation (4.4.7), applying Fubini’s theorem and using the fact that r(¢) =

0 for t < 0, we see that
0 *G?(ry)d
[ oopas = e I
0 1— [, G%(ry)ds
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where we have exploited the fact that I'(e) = [~ GZ(rs)ds < 1. Thus

| odors= [ e=pisyas
0 0

is well defined for all € € [0, /). O

4.4.2 Statement of main results

With the above preliminaries dispensed with, we are in a position to state our main
results on asymptotic behaviour. We consider three types of convergence of solutions,
and describe necessary and sufficient conditions on the perturbations f and o, as well as
the underlying unperturbed equation U, for which each type of convergence result holds.

The common theme of the results is two—fold: first of all, in order that solutions X
of the perturbed equation have the appropriate behaviour in mean square, it is necessary
that the solutions U of the unperturbed equation tend to zero in mean square, and indeed
this forms part of the sufficient conditions for convergence of the perturbed equations too.
The second common feature is that the behaviour of the perturbing terms f and ¢ can be
quite irregular or “out of control” on a pointwise basis, but nevertheless the mean square
of the solution will be well-behaved. Roughly speaking, if ¢ is such that fttH 0?(s) ds has
the appropriate decay property, and fttw f(s)ds has the appropriate decay property for
all 0 € (0,1], then E[X?] will have the decay property. In fact, these average conditions on
f and ¢ turn out to be necessary for the appropriate decay property in the mean square
of X: such decay in the mean square implies these “sectional averages” of f and ¢ must

have the stipulated decay too.

Theorem 4.4.1. Let X be the solution to equation (4.2.7). Suppose that 1) obeys (4.2.1).
Then the following conditions (A) and (B) are equivalent:

(A) (i) r € L'(R,),
(i) 1G(r)l 2@y <1,
(111) For all 6 € (0,1], i f(s)ds =0 ast — oo,

t
(iv) fttH 0%(s)ds — 0 as t — oo.

(B) lim;_,o E[X?%(¢t,9)] = 0 for all ¢ € C([—7,0];R).

Note that conditions (i) and (ii) in (A) are equivalent to E[U?(t,v)] — 0 as t — oo
for all v. Therefore, the convergence of the solution in mean square to zero is equivalent
to the global asymptotic stability of the unperturbed equation, coupled with the decay
properties of f and o in (iii) and (iv).

We note that the conditions (iii) and (iv) are fulfilled for functions f and ¢ for which
f(t) = 0ast— oo and o(t) — 0 as t — co. However, f and o can be substantially less
well-behaved, and still the conditions (iii) and (iv) can be fulfilled.
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Recall the example from Section 3.5 in Chapter 3. There we gave an example of a
positive spike function g, with the running maximum having an arbitrarily fast rate of
growth. Thus the peaks in g can be arbitrarily high, provided it has a sufficiently short
duration. Taking o = ,/g supplies an example with lim sup,_, ., |o0(t)| = +oo but for which
condition (iv) applies.

An example with no sign restrictions is f(t) = e*sin(e”) for t > 0 and 0 < o < f3.
It was shown in section 2.3.1 of Chapter 2 that f:w f(s)ds = O(e=F=) as t — oo for
each § > 0. Thus condition (iii) applies. We notice that the condition with an absolute

value inside the integral is too restrictive. For instance, if f obeys
t+6
/ |f(s)|ds — 0 ast— oo, for any 6 > 0,
t

then this condition implies (A)(iii), and is equivalent to (A)(iii) when f does not change
sign on [0,00). However, it can be shown for f obeying (2.3.5) with a € (0,f) the
integral fttw |f(s)|ds diverges as t — oo. To see this, write T = e, A = €% and note
that e :== 1 —a/f € (0,1); integration by substitution gives

t+6 A
/t+ |f(s)|ds:%/T " sinu)] du.

As e € (0,1), consider intervals on which |sin(u)| > 1/2. Bounding the integral below by

considering only these intervals, we see that the lower bound grows at a rate

AT
C’/ wCdu > C'TY e,
T

where C' and C" are T-independent and strictly positive. Since € € (0, 1), the lower bound

diverges, and hence

t+6
/ |f(s)]ds > C'ePB=t ¢ — 0.
¢

In applications, understanding when convergence to limiting values is exponentially
fast is often important. We turn to this next. First, it is not hard to show that the mean
square asymptotic stability of the unperturbed equation implies the exponential decay in
the mean square of U. It is therefore natural to ask what conditions on f and o preserve
this exponential convergence in the mean square of solutions of (4.2.7). Once again, this
exponential convergence occurs if and only if the unperturbed equation is mean square

asymptotically stable, and f and o obey an exponential decay bound.

Theorem 4.4.2. Let X be the solution to equation (4.2.7). Suppose that 1 obeys (4.2.1).
Then the following conditions (A) and (B) are equivalent:

(A) (i) re L'(Ry),
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(i) 1G(r)l 2@y <1,
(iii) There is a 1 > 0 such that [;° e*0?(s)ds < oo.

(iv) There is a B > 0 such that t — Uot eﬁ2sf(s)ds’ is uniformly bounded.

(B) E[X2(t;4)] < C?*(, f,0)e 22t for all ¢ € C([—7,0];R) with a(f,o) > 0.

We notice once again from conditions (iii) and (iv) that neither f nor ¢ need to
obey pointwise exponential bounds, but that rather they exhibit exponential decay “on
average” .

The conditions (A)(iii) and (A)(iv) are equivalent to conditions which appear stronger,
and give more freedom to choose the exponents §; and f,. In fact, (A)(iii) and (A)(iv)
give exponential integrability for all 8 sufficiently small. This is clear in the condition for
o: if

o
/ 1552 (s)ds < o0,
0

then obviously for all 5 < 3,

oo o0
/ 0% (s)ds < / 1502 (s)ds < oo,
0 0

However, this is perhaps less obvious in the case of the condition (A)(iii) on f. Assume,
as in (A)(iii), that there is a 3 > 0 and B > 0 such that

<B, t>0.

/ o f(s)ds

0

We will show that this implies

/k&ﬂ@m

0

<2B, t>0.

for all 5 € (0, Bo].

To prove this claim, let § € (0, 8] and define uj(t) = —Bug(t) 4 f(t) for t > 0, with
us(0) = 0. Notice that |ug,(t)] < Be ! for all ¢ > 0 by hypothesis. Let 0z = ug — ug,.
Then

0 = —Pus + Baug, = —B(3p + ug,) + Batis, .

Therefore ¢
0= [ A= B, 130

0

Thus

t 00
105(t)| < B(B2 — 6)6_’3t/ eB=P2)s s < B(fBy — ,6)6_’[%/ e~ (P27 s = Be Pt
0 0
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Therefore ug(t) = d5(t) + up,(t) obeys
lug(t)] < Be P + Be ! < 2Be™ P

But since ug is the convolution of e=#* and f, this gives

<2Be Pt t>0,

/Ot e P9 f(s) ds

which gives the desired f—uniform estimate claimed above, namely

/teﬁsf(s) ds

0

<2B, t>0, Be€(0,p5)

Notice the character of the exponential bound in (B): the estimate of the rate of
decay a can depend on f and o (and of course, on ), but it does not depend on :
the 1)—dependence is instead confined to the multiplier of the decaying exponential. Of
course, we also expect f—, o— and r—dependence in this multiplier. In the proof, we do
not attempt to make a very fine estimate of a: however, scrutiny of the proof suggests
that the faster the decay in r, 0 and f, larger is the estimate on «, and the faster the
rate of mean square convergence to zero.

As pointed out earlier, the function f(t) = e*sin(e®) for t > 0, where 0 < a < 3,

obey an exponentially decaying estimate of the form
t+6
/ f(s)ds =0(e %)t 5 0
t
for any choice of 8 > 0, despite the fact that f itself is exponentially unbounded. We

show now that this exponential decay arises in exactly the form necessary for Theorem
4.4.2. To see this, note for any n > 0 that

¢ t 1 [T
/ e f(s)ds = / 15 sin(e*) ds = E/ w5 sin(u) du
0 0 !

where T' = €. Integration by parts yields

T
/ unte)/B-1 sin(u) du = _p(nta)/B-1 cos(T") + cos(1)
1

T
+ (7] o 1) / u B2 cos(u) du.

B 1

Therefore, as T — oo, the right hand side is bounded provided 0 < n < 8 — a, and an
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n-independent upper bound can be obtained. Hence, for each n € (0, 5 — ) we have that

[ e as

0

<B, forallt>0,

so if [ e*50%(s)ds < +oo for some 1 > 0, then we will have exponential decay in
the mean—square (contingent on the unperturbed equation being globally asymptotically
stable in the mean—square).

Theorem 4.4.2 shows that if the decay in f and o is not exponential, we do see
exponential convergence in the mean square. However, in applications it is often of interest
to know if solutions are integrable in the mean square. Thus, we ask what conditions are

necessary and sufficient for

/OOE[XQ(t,z/;)] dt < 400,

As in previous theorems, the asymptotic mean square stability of the unperturbed equa-
tion is essential. But since this implies also the exponential decay to zero of the mean

square of U, this means that

/OO]E[UQ(t,w)] dt < 400,

is necessary for the mean square integrability of X. Moreover, this mean square inte-
grability will be preserved provided f and o satisfy the appropriate square integrability

conditions.

Theorem 4.4.3. Let X be the solution to equation (4.2.7). Suppose that 1 obeys (4.2.1).
Then the following conditions (A) and (B) are equivalent:

(A) (i) re L'(Ry),
(i) [|G(r)||L2my) < 1,
(iii) t — [ f(s)ds € L*(Ry) for 6 >0,
(iv) o € L*(R,).

(B) E[X?(:;9)] € L'(R4), for all ¢ € C([-7,0];R).
Notice that o € L*(R,) is equivalent to

t+1
t— / o?(s)ds € L'(R,)
¢

so the condition on ¢ can still be framed in terms of the average over unit intervals, as in

earlier theorems.
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4.5 Conclusion

In this chapter we gave characterisations of convergence to zero, integrability and exponen-
tial convergence to zero, of the mean square of scalar linear perturbed stochastic functional
differential equations with multiplicative noise. Using the machinery developed in both
Chapter 2 and Chapter 3 we identified the exact criteria on the deterministic forcing func-
tions required to obtain the desired asymptotic behaviour from solutions. As previously
discussed, pointwise estimates on the perturbation functions are not required. Instead we
impose conditions on certain averages over compact sets which allows for highly irregular
behaviour on a pointwise basis.

Generalising these results for multi- dimensional equations may require alternative
methods as a direct representation for the mean square in terms of the coupled system of
Volterra integral equations is no longer available. The first step would be to study the the
multi-dimensional version of the unperturbed equation from the paper of Appleby, Mao
and Riedle [16], for which a complete characterisation of the mean square is still an open

problem.

4.6 Proofs
Proof of Theorem 4.4.1. We begin with (A) = (B).
Let Z(t) = (r? * E[Y?])(¢). Then, as pointed out before we have

E[X?(t)] = E[2*(t)] + Z(t), t=0,
Z(@t) = (rP+E[(c+ G(2.))*]) (t) + (G*(r.) = Z)(t), t>0.

Define z1(t) = 0 for ¢t <0 and z1(¢) = (r = f)(t) for ¢ > 0. Then
2 (1) = / 21 (t+ wv(du) + (B, t> 0. (4.6.1)
[=7,0]

As shown in Chapter 2, (A)(iii) is equivalent to x;(t) — 0 as t — oo. This gives
E[z2(t)] = 0 as t — oo. To see this, consider the bound

E[z?(t)] < 2E[z5(t)] + 227 (t).

We have shown x1(t) — 0 as t — oo and we know condition (A)(i) ensures E[x3(t)] <
Ce™?* for some a < —uvg(v). Hence E[z?(t)] — 0 as t — 00, as claimed. Next we want

to show Z(t) — 0 as t — co. Recall

Z(t) = () + (G*(r) * 2)(t), t=0,
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with y(t) = (r* * E [(0 + G(x.))?]) (t). We have the immediate inequality
v(t) < (r* % (20° + 2E[G*(.)])) (¢).

Recall |r(t)] < Ke ™ for all ¢ > 0 and some constant K, > 0 (condition (A)(i)
ensures we can always do this).

Thus we have

(r? x o) (t) = /0 r2(t — s)o?(s)ds < KQ/ e~ 2952 () ds.

0

Then once again the results from Chapter 2 ensure the right-hand side converging to zero
is equivalent to (A)(iv). Hence (r* * ¢%)(t) — 0 as t — oo. Now we need only show
E[G*(z;)] — 0 as t — oo which will ensure v(t) — 0 as t — oco. Notice in the case when p
is zero that this is automatically true, and that we can conclude that v(t) — 0 as t — oo
directly. Dealing with the case of non-trivial u, observe that G(z;) = G([xo:) + G([x1]:)
which yields the inequality

G?(z4) < 2G*([zo]t) + 2G*([1]1)-

Now

Iﬂhﬁﬂé/ (ot + )|l (du),

[77-70]

and so

GW%MS(/ﬂJ%@+MWMMQ2
= [ lt 9l e+ )l
s%;m%;m(§£@+$+§%@+u0nmmmmw®
= (=m0 [ e )

Thus, by taking expectations and using the exponential estimate E[z3(t)] < C(1)e 2

implied by condition (A)(i), we see that

Em%mmnsoww*wmuknm»/“ 2% u|(ds)

[7770}
< K(g)e 2,

for some constant K. Thus we have E[G?([z¢];)] — 0 as ¢ — oo. Next, write /i in terms
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of p1 as in (2.2.5). Then
G([za]s) = (* 21)(2).

As shown above, x1(t) — 0 as t — oo, and as u € M([0,00)) is finite, we have once again
that the above convolution tends to zero as t — oo. Hence G*([z;];) — 0 as t — oo. This
now gives us that y(t) — 0 as t — oo.

Next we make use of a variation of constants formula obeyed by Z (see [53, Thm.
2.3.5)):

Z(t) =~(t) + (v x p)(1),

where p is defined by (4.4.4). Conditions (A) (i) and (ii) satisfy the assumptions of
Lemma 4.4.1 and thus p € L*(Ry). This along with v(t) — 0 as ¢ — oo ensures that
Z(t) — 0 as t — oo which completes the proof of the forward implication (A) = (B).

In the case when p is trivial, we note that
E[X*(t)] = E[z*(t)] + (r* x 0*)(t), t2>0.

We have shown above that both terms on the right hand side tend to zero as t — oo, so

the implication (A) = (B) proven in this case also. We now show (B) = (A).
Step 1: (B) = (A)(4)&(it7)

Equation (4.3.3) immediately tells us that E[X?(t,¢)] > E[z%(¢,v)] for all ¢». Thus
for deterministic ¢ we have z?(¢,1) — 0 as t — oco. Note z solves equation (3.4.1) with

the noise term switched off, hence we can invoke Theorem 3.4.2 and claim both (A)(i)
and (iii) hold.

Step 2: (B) = (A)(iv) :
Let Z be defined as above. Since we have E[X?(t)] > Z(t), we automatically have

Z(t) - 0 as t — oo, and in the same way we also have y(t) — 0 as t — oo for all ¢. Now
fix 1) to be deterministic: then v(t) — 0 as t — oo implies

/Ot r2(t —s) (o(s) + G(z,)) ds = 0, t— oc.

The continuity of r (and the fact 7(0) = 1) ensures that for all £ € [0, 1), there exists an
n. such that r2(t) > k for all ¢ € [0,m;]. Thus for ¢ > 1, we have

/t r2(t—s) (o(s) + G(x,))  ds > /t k(o(s) + G(z,))* ds > 0.
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But we also have that
/t_ P2(t— 8) (0(s) + Gla) 2 ds < /0 2(t— ) (0(s) + Gla) ds,

so we must have

t
/ (o(s) + G(x5))*ds — 0, as t — oco.
t=g

If we can select a k € [0,1) such that n, = 1, we arrive at
t
/ (o(s) + G(x,))?ds = 0, t— oc.
t—1

If no such k can be selected, we proceed as follows. We have for some k € [0,1) that

ne < 1 (othwerwise there is nothing to prove) and that
t
/ (o(s) + G(x5))*ds = 0, t— oo.
t=nk
Replacing t by t — n yields

/tmc (o(s) + G(z5))*ds = 0, t — oo,

—2n

and combining these limits gives

/t (o(s) 4+ G(z,))ds = 0t — oo.

—2n
We continue in this manner until we find an n € N such that nn; > 1: this then implies

t

/t1 (U(S) + G(xs))Q ds < /t (U(S) + G(:L“S))Q ds
t=(—=1)mk

-y /t (o(s) + Gla,))? ds.

j=1 Yt=IMk

Passing to the limit we see
¢
/ (0(s) 4+ G(z))*ds — 0, as t — oo,
t—1

which holds irrespective of the value of 7. Notice in the case when g is trivial that
G(z¢) =0 for all t > 0, and so (A) (iv) holds automatically.

We continue now in the case when p is non-trivial, in which case we cannot expect
G(z¢) to automatically be zero. We have already shown that (B) implies z(t) — 0 as
t — 0o, which in turn ensures G(z,) — 0 as t — oo. Thus [, | G*(z,)ds — 0 as t — o0,
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so we get

/tt 02(s)ds+/tt 20(s)G(w)ds — 0, > oc. (4.6.2)

-1 -1

Note by the Cauchy—Schwarz inequality that we have

2

/t; 20(s)G (x5)ds g/;a?(s)ds/;zxe?(%)ds, (4.6.3)

and that the second integral on the right hand side tends to zero as t — oo. Thus,
using (4.6.2) and (4.6.3), for all € > 0, there exists Ti(e) and T3(e) such that for all
t > T(e) := max{T\(€), T>(€)} we have

< e and

/; 20(5)G(s)ds| < e /;102(3)655.

/:l o*(s)ds + /:l 20(s)G(,)ds

Hence for ¢t > T'(¢), we have

/tjl o”(s)ds = /t; o(s)ds + /; 20(s)G(z,)ds — /t; 20 (5)G () ds
(5)d

¢
<€e+e- / o2 S.
t—1

Let p(z) == 2% — ex —e. With 2 == f:—1 02(s)ds > 0, we have p(x) < 0. This implies

_ €+ Ve2+4e
5 )

]

Hence

t /2 4
t—1

. t>T(e).

Since € is arbitrary, we have ftt—l 0?(s)ds — 0 as t — oo, which is condition (A)(iv).
Step 3: (B) = (A)(i) :

The first case we must consider is when the measure p is the zero measure. This gives
G(r.) =0 so that |G(7.)| r2®,) = 0 is automatically less than one, and (A)(ii) automat-
ically holds.

From here we exclude the case where p is the zero measure. Since (B) holds, we
have that r(t) — 0 as t — oo, and indeed that r € L'(R,). Since p is a finite measure,
we therefore have that G(r.) is in L*(R,). Also, the fact that r(t) — 0 as t — oo
implies that G(r;) — 0 as t — co. Therefore, we have that G*(r.) € L*(R,). Hence

|G(r)|lL2m,) < +00. On the other hand, since we are now considering non-trivial y, our
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earlier arguments show that [|G(r.)||z2®,) > 0.
In the proof of Step 3, we deduced that v(t) — 0 as ¢ — oo so our first task will be
to show that ~y(¢) is in fact strictly positive on some non-trivial interval. There are two

cases we must consider.
Case 1: o(t) + G([x1];) Z 0 for all t > 0.
Take v = 0 so that

o(t) + G(z) = o(t) + G([zol) + G(ln]y) = o (t) + G([a]) = n(?),

and hence (t) = (r?x~?)(t) for t > 0. Note as ; is continuous (and not identically equal
to zero) there exists an interval (¢;,%5) C [0,00) such that ?(¢) > n for all ¢t € (t;,t;) for
some 1 > 0. Let ¢t > 0, where 6 > 0 will be chosen later: then

t t t
y(t) = / r2(t — s)yi(s)ds > / r2(t — s)yi(s)ds > inf 7‘2(u)/ vi(s)ds.
0 t—0 uel0,6] t—0
Now we choose ¢ small enough such that ¢; + 6 < t3 and that inf,cp g r?(u) >
choose t such that t € (¢; + 0,t3), which means we have,
no

t) > inf r%(u)-nd > —.
7()_ug[1079}7”(U) = =5

Case 2: o(t) + G([x1];) =0 for all t > 0.

Since p is non-zero, we may choose 1 so that f[fT 0 p(dt)(t) # 0. This ensures G([zo]o) #
0. Then we get

o(t) + G(xr) = o(t) + G([xol) + G([z1]) = G([zolt) = 72(t)-

The continuity of 7, and the fact 72(0) # 0 ensures v2(t) > ' for all t € [0,t,) for some
t, > 0. Thus by a similar argument as in Case 1 we must have v strictly positive on

some non—trivial interval.

Thus we have concluded when p # 0, we can find a deterministic i) such that there
exists an 7 > 0 and an interval (¢],t,) so that v(¢,%) > 7 > 0 for all t € (#],t,). Recall
Z(t) = y(t) + (v * p)(t), where p is defined as in (4.4.4). Now suppose [|G(7.)| 2w,y > 1:
by the Renewal Theorems 3.1.4 and 3.1.5 in Alsmeyer [2], there exists a A > 0 such that
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p(t)/e* — ¢ > 0ast— oco. Let T > 0 be arbitrary and choose t > T. Then

2> [ ote—sniss= [ ermopts+e [ emaispas

Hence

T
liminfe ™ Z(t) > c/ e My (s)ds.
0

t—o00

By hypothesis, Z(t) — 0 as t — oo. Using this and the fact that ¢ > 0, we must have

T
/ e vy(s)ds = 0, for all T > 0.
0

But since 7 is strictly positive on a non-trivial interval, the above integral cannot be
zero and hence we reach our desired contradiction. Thus [|G(r.)||z2r,) < 1 which proves
condition (A)(ii) and hence the reverse implication (B) implies (A). Since we already

proved that (A) implies (B), the proof is complete. ]

Proof of Theorem 4.4.2. We first show (A) = (B).

With Z(t,1) defined as in the proof of Theorem 4.4.1 we have E[X?(t)] = E[2?(t)] + Z(1).
The first object we study is E[z?(¢)], which can be estimated by E[2%(t)] < 2E[z3(t)] +
223 (t). Condition (A)(i) ensures E[z3(t)] < C(¢)e " where a > 0 is such that |r(t)| <
Ke @ for t > 0 and some constant K > 0. Next we let u be the solution of

u'(t) = =Pu/(t) + f(t), t=>0, (4.6.4)

with u(0) = 0, where (5 is chosen such that condition (A)(iv) holds. We can now estimate

u(t) for t > 0:
/t 25 f(s)ds
0

Define 6 = 21 — u, where u is understood now to solve (4.6.4). Then §(t) = 0 for ¢ < 0.

Write 7 in terms of v as in (2.2.5) so that

u(t)] < e < C(f)e™™.

8 (t) = (1 * v)(t) + Bou(t) = (0 x v)(t) + (U * u) + Bou(t).

With v(t) := (0 *u) + Sou(t), 6 obeys the variation of constants formula

5(t):/0tv(t—s)r(s)ds, £>0.

Observe that v depends only on u and v and so it too obeys an exponential estimate of
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the form |v(t)| < C(f)e ! for t > 0. Combining this with the exponential estimate on

r and the equation above for & we obtain
o) <C Ke_min(a e:B2)t t>0
| —_— ) — )

for arbitrarily small € < . This estimate follows from
t
50 < CPK [ e s
0

and by estimating the integral in the cases o > 5 and o < 5. Now we can combine our

estimates on ¢ and u to get an estimate on x1. Thus we have proved the estimate
21 (t)| < C'(f)eminlameb)t ¢ >,
Notice that this also gives the estimate
(G ([za]a)] < Ca(f)eminee)t ¢ >0,
Putting together the estimates for z; and E[z3] yields
E[2*(t,9)] < C(f, p)e ?minlemet ¢ >0,

Next we focus on Z(t); let p and 7 be defined as in (4.4.4) and (4.4.2) respectively. We

first estimate ~:

~(t) < 2/0 r2(t — s)o?(s)ds + 2/0 r(t — s)E[G*(x,)]ds. (4.6.5)

Considering the first term on the right hand side of (4.6.5), condition (A)(iii) ensures
there exists a 3; such that

/ P05 (s)ds < oo, for all B < .
0

Thus . ,
/ r2(t — s)o?(s)ds < Kze_zat/ e**50?(s) ds. (4.6.6)
0 0

When a < (1, the integral is uniformly bounded, and the first term grows no faster than

e~ 2 When o > 3;, we have
t t t

/ r2(t _ 5)02(s)ds < K26—2at/ 62a502(8) ds — K26—2at/ 62(a—61)s€2ﬁ1502<8) ds
0 0 0

t o]
< K2672at€2(a*51)t / 625180.2(5> ds < K2672at672ﬁlt / 625150_2<S> dS,
0 0
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so that the integral is O(e~2%1) as t — oo. Thus, we have that (r?+0?)(t) = O(e~2min(@:A1)t)
as t — o0.

At this moment, we have enough information to conclude the proof in the case when
1 is zero, so we halt the general argument to dispense with this trivial case. We have

already obtained the estimate
Elz®(t,¢)] < C(f,¢p)e 2mmlemeilt ¢ > 0,
and we have just shown that (r? % 02)(t) < C(o)e~ 2™t Therefore
E[X?(t)] = E[z*(t)] + (r? x 0®)(t) < C(f, 0,9p)e 2 minememt ¢ > 0,

The exponent on the right hand side depends on f and ¢ through Sy and i, but there is
no dependence in the exponent in ).

In the rest of the proof, we concentrate on the case where p is non-trivial. To control
the second term on the right hand side of (4.6.5) we need an estimate on E[G?(z;)]; one

can get this by following an identical argument in the proof of Theorem 4.4.1. We have
E[G*([zo]e)] < K(¢)e™, ¢ >0.
Using the estimate earlier obtained for G([z1]¢), we get
G([w1)) < CE(f)e72mmemel 1 >0,

This implies that
E[G?(x,)] < C(f,¢p)e?mmemet ¢ > 0.

Therefore

t t
[ 7= B )] ds < Cfwi? [ et zminteie g
0 0

< C/(f, w)e—Q min(a—s,ﬁz)t‘

Hence we have
()] < C(f,o,0)e U ¢ >0,

where a(f,0) := min(a — €, 81, 52). The f and o dependence here comes from the f and
o dependence on [y and f; respectively.

Since we are now tackling the case when p is non—zero, we note that conditions (A)(i)
and (A)(ii) can be used to apply Lemma 4.4.1, so we have (recall G2(r,) = e***G?(r,))

o0 *G3(ry)d
/ 62)\Sp<5)d8 — f(] OO)\(Z ) S — K/,
0 1— [7 Gi(rs)ds
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which is finite for any A € [0, /) where I'(¢/) = 1. Hence set A := min{a(f, o), o’ —¢€} for
an arbitrarily small e. Here the choice of A clearly depends on f and o, while o depends

on v and pu, but not on . Since A < «, we have

Z@=AVWwM@@+ww
< C(f,0,9) /0 e M=) p(s)ds + C(f,0,1p)e N

= C(f,0,9)e M (/oo e p(s)ds + 1)
0
< C'(f,0,0)e N,

where the finiteness of the integral at the penultimate step follows from A < o’. Lastly,

we have
B[X2(0)) = E[a(t)] + Z(t) < C(f, p)e 2me-®) 4 C'(f,0,6)e M < C"(f,0,9)e .

Since A > 0 depends on f and o, but not on v, we have completed the proof that (A)
implies (B).

We now show (B) = (A):
Step 1: (B) = (A)(i) and (A)(ii):

By hypothesis we have E[X?(¢,1)] — 0 as t — oo for all ¢ and so Theorem 4.4.1 implies
conditions (A)(i) and (A)(ii).

Step 2: (B) = (A)(iv):

Using the fact that E[X?2(¢,v)] > E[z?(¢, )], if we choose v to be deterministic we obtain
22(t, ) < C(f,0,%)e? for all t > 0 (here a = a(f,0)). Using equation (4.2.10) and set-
ting v = 0 gives 23(t) = 2%(t,0) < C(f, 0,0)e~2% for t > 0, which implies |z (t)| < Ce™
for ¢ > 0. Let v be the solution to

u'(t) = =Pau(t) + f(1), t=0,

with u(t) = 0 for all t < 0 and 5y € (0,). Extend z; to be zero for t < 0 and define
0 = x1 — u. Using the fact that x; obeys (4.6.1), we see that for ¢ > 0

0'(t) = Pau(t) + (w1 % ) (t) = =B20(t) + Bowr (1) + (21 % v)(1),
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Define v(t) := fox1(t) + (x1 * v)(t) for t > 0. We note |v(t)] < Ce * for all t > 0 by
virtue of the estimate on z; above and v being finite. Solving for the above equation for
) gives

t
16(¢)| = /e_ﬁQ(t_S)v(s)ds
0

The integral on the right hand side is finite as 8 € (0, ). Thus we have |§(t)| < C'e=P2!
for all t > 0. Once again using the definition of § and the estimates obtained for x; and
§ we see that |u(t)] < (C' + C")e P! for t > 0. But

< C’e_ﬁ?t/ e~ (@=F)s g,
0

t
ut) = [ e p s,
0
and so

t
/ efﬂz(tfs)f(s)ds
0

<(CH+Che ™ >0

which implies

[ e tos

0

<C+C' =B, t>N0.

Thus condition (A)(iv) is proven.
Step 3: (B) = (A)(iii):

Take 1) to be deterministic. From (B), and using definitions (4.4.1) and (4.4.3), we
have straight away that Ce™2* > E[X?(t,¢)] > Z(t,v) > ~(t,¢) for t > 0, where

a = «af,0) > 0. Since 1 is deterministic, this gives
t
/ P2t — 5) (0(s) + Glay))P ds < Ce ™', >0,
0

The continuity of » and the fact 7(0) = 1 ensure that there exists an n € (0,1) such that
r?(t) > 5 for all t € [0,n). Thus for t > 1, we have

Co 2t > /O P2(t = ) (0(s) + Glay))2 ds > % /t_ (0(s) + G(s))? ds.

n

Now let m € N be the minimal integer such that mn > 1. Thus for all t > mn =T we
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We have T" € [1,2). To see this, note that (m —1)n < 1so 7' =mn < 1+ n < 2. Thus
the above estimate holds for all £ > 7" and therefore for all £ > 1 (modulo an alternative

constant C”). In other words, we have obtained the estimate
t
/ (o(s) + G(x,))ds < C"e7 200t > 1,
t-1

Next, since Ce 2 > E[X?(t,v)] > 2*(t,1p) for t > 0, we have |z(t, )| < v/Ce°* for
t > 0. Thus, as p is a finite measure on [—7,0], G(x;) inherits an exponential estimate
from z(t), so that |G(z;)| < K'e™** for some K’ > 0. Next for t > 1, we get

/t; o?(s)ds + /tjl 20(s)G(x5)ds < /:1 o?(s)ds + [il 20(8)G(xs)ds + /:l G2 (z,)ds

< C//e—2at

Clearly this yields

/tt1 o?(s)ds —

On the other hand, by the Cauchy—Schwarz inequality, and using the exponential estimate

¢ ¢ ¢
/ 20(5)G(z4)ds| < / o?(s)ds +/ 20(s)G(wy)ds < C"e 2,
t—1 t—1 t—1

for |G (z¢)|, we get

2

t t t t
/ 20(s)G(xs)ds| < 4/ o?(s)ds - / G*(z,)ds < ng%‘t/ o?(s)ds,
t—1 t—1 t—1 t—1

for some constant Ky > 0. Taking the last two estimates together, this implies

¢ t
/ o?(s)ds < C"e 2 + \/ng_%‘t/ o%(s)ds, t>1.
t—1 t—1

Write A = C"e72% B := /Kye 2% and consider p(z) := 22 — Bx — A for z > 0. Putting
xr = ,/ftiIUQ(s)ds > 0, we see that p(z) < 0. In general, the constraints = > 0 and

p(z) <0 imply
B+ B2 14A

0<x<
ST 5
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Hence there is a ('3 > 0 such that
t
/ o?(s)ds < Cse™* > 1.
t—1
Now let 51 < a. Then for t > 1
t t
/ 62'8180'2(8)d8 < 62517:/ o?(s)ds < Cye~2a=P1),
t—1 t—1
In particular for any n € N,
/ P35 (s)ds < e~ 2ma—p)
n—1

Therefore

e—2(a—[31)

/ 626150-2(8)d8 S Z 036—271(06_61) — C3m
0

n=1

Hence [ e***0?(s)ds < oo for all 3, € (0, ). This completes the proof that (B) implies

(A), and hence both implications are proven. O

Proof of Theorem 4.4.3. We first show (A) = (B).
Using equation (4.4.1), we need only show E[z?], Z € L'(R,). By Theorem 3.4.1 we have
E[x?] € LY(R,).

For Z we concentrate first on the case when p is non—trivial. Consider Z, recalling that
if we let v and p be defined as in (4.4.2) and (4.4.4) respectively, then Z(t) = v(t)+(yxp)(t)
for t > 0. Conditions (A)(i) and (A)(ii) ensure Lemma 4.4.1 is applicable and thus
p € L'(R,). We need only show v € L'(R,) in order to show Z € L'(R,). We have that

Y(t) <20 % 0%)(t) + 207 + E[G*(2)]) (1)

Conditions (A)(i) and (A)(iv) imply the first term on the right hand side is in L'(R,):
hence if we show E[G?*(z.)] € L'(R,), we are done. We estimate E[G?(z;)] as before,

according to
() < /[ | /[ Tee-+ 9o+ ) ) )
—7,0 —7,0

1 2 1232 u u S

S/[—T,m /[_T,O] (537 (t+8)+2 (t+ )) || (dw)| ] (ds)
— —7,0]) - x? s ds).
|| ([—7,0]) /[7,01 (t+s)|pl(ds)
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Taking expectations gives

G )] < (= 0) - [ Bl o)),

Since E[z?] € L*(Ry) and |p| is a finite measure, we have E[G?*(z.)] € L'(R;). This
completes the proof of the forward implication when g is non—trivial.

In the case when p = 0, we have
E[X*(t)] = Elz*(t)] + (r* x 0*)(t), t2>0.

As before Theorem 3.4.1 ensures E[z?] € L'(R,); on the other hand, conditions (A)(i)
and (A)(iv) imply the second term on the right hand side is in L'(R,), as above. Thus

we have shown that (B) implies (A) in the case of trivial p also.
We now show (B) = (A):
Step 1: (B) = (A)(i)&(iii):

Recall that E[X?(¢,¢)] > E[z%(¢,v)] for all t > 0 for all ¢b. Thus E[z*(-,¢)] € L*([—7, 00))
for all ¢». Which by Theorem 3.4.1 implies (A) (i) & (iii).

Step 2: (B) = (A)(iv):
Once again let ¢ be deterministic. We have immediately that E[X?(t,¢)] > Z(t, 1)

for t > 0 and so Z € L'(R,). Additionally, by the definition of Z along with equation
(4.4.3) this forces v € L'(Ry). Define

t
At) = / (o(s) + G(xs))ds, t>0.
0
Integrating equation (4.4.2), and using Fubini’s theorem, we see
T T T
/ y(t) dt = / / r2(s) (o(t — 8) + G(zy_s))* dsdt = / A(T — s)r*(s) ds.

0 o Jo 0

Therefore we have that there is a B > 0 such that
t
/ At —s)r*(s)ds < B, t>0.
0

We need to show that A, which is non—negative and non—decreasing, tends to a finite limit;

we already know from Step 1 that r € L?*(R, ). Suppose to the contrary that A(t) — oo as
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t — oco. Then for every M > 0, there is a T'(M) > 0 such that for t > T (M), A(t) > M.
Now, for t > T'(M), we have

/Otrz(t—s)A(s)ds2/Ttr2(t—s)ds-M:/Ot_TTQ(u)du-M.

Since r(0) = 1 and r is continuous, [;* 7%(s)ds > 0, and we have

t o0
B > lim inf/ r2(t — s)A(s) ds > / r2(u) du - M.
0 0

t—o00

Since M > 0 is arbitrary, we may let M — oo, which gives +00 > B = o0, a contradiction.

Therefore, we must have that A tends to a finite limit, which is nothing other than

/OOO (0(5) + Gl(w2))? ds < oo.

We notice now in the case when p is zero that G(z.) = 0, so we have ¢ € L*(R,) as
required.
The rest of the proof is devoted to the case when u is non-trivial. By the above

integrability, there exists a C' > 0, independent of T" > 0, such that
T T T
/ o?(s)ds + 2/ o(s)G(zs)ds +/ G*(z,)ds < C, T >0.
0 0 0
This inequality then implies

/OT o?(s)ds —

for all T' > 0. By the Cauchy—Schwarz inequality, we have

§4/0T02(s)ds-/0TG2(xs)ds

Next, recall that we have shown that € L?(R,) in Step 1 above. Since yu is a finite
measure, we have that G(z.) € L*(R,) also. Therefore, there exists C’ > 0 such that

/OT 20(s)G(xs)ds| < /OT o?(s)ds + /OT 20(s)G(z)ds < C,

2

/0 905 Gl)ds

2

T T
/ 20(8)G(xs)ds| < C'/ o?(s)ds, T >0,
0 0

T T
/ o?(s)ds < C + \/C”/ o%(s)ds, T >0.
0 0

Define p(z) == 2* — VC'z — C for z € R. The inequality p(z) < 0 is satisfied for z > 0

which leads to
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provided

0<zx<

V' + VO +4C
> .

Therefore, as p < fOT 02(3)d5> < 0, we have

/0 ' o?(s)ds <

which implies that o € L?(R, ), since the bound on the right hand side is independent of

2
, 1T >0,

VO +/C"+4C
2

T. Hence we have shown condition (A)(iv), as required.
Step 4: (B) = (A)(ii):

Suppose finally, by way of contradiction, that HG(?“.)]|%2(R+) > 1. Take v determinis-
tic and arbitrary. We know E[X?] € L'(R,) forces both Z and v to be in L*(R, ). Thus
integrating equation (4.4.3), using Fubini’s theorem and the fact (t) = 0 for all ¢t < 0 we
see that

/O°° Zls)ds = /0°° V(s)ds + /OOO G*(ru)du /OOO Z(s)ds. (4.6.7)

If ||G(T.)||%2(R+) = 1, this implies [;~(s)ds = 0. Recall the argument from the proof
of Theorem 4.4.1 which showed one can always choose a deterministic ¢ such that there
exists an non-trivial interval where 7(t) is non zero, provided p is not the zero measure
(which is impossible in this case, since we have assumed ||G(r.)||%2(R+) > (). Choosing
such a 1) means that [ ~(s)ds # 0, forcing a contradiction.

If b := HG(T.)H%Q(R” > 1 once again choose a ¢ such that v is strictly positive on a
non-trivial interval. Then [;°~(s)ds > 0. Moreover, since Z(t) > ~(t) we have that
[% Z(s)ds > 0. Therefore from (4.6.7) we get

/0 " Z(s)ds > b /0 " 2(s)ds,

and since b > 1, we arrive again at a contradiction. Thus we must have |G (r.)||3. ®y <1,

and the theorem is proven. ]
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Chapter 5

A Variational Approach to Portfolio
Choice

The material in this chapter is based on the following article:

1. P. Guasoni, E. Lawless and H. M. Tai. A variational approach to portfolio choice.
submitted, (2025) .

5.1 Introduction and Motivation

The financial planning problem is ubiquitous in modern, developed economies. Economic
agents have the goal of being financially secure so as to adequately finance current and
future consumption needs. This goal is primarily achieved as follows: an agent receives a
(usually fixed) sum of money in exchange for labour. The agent uses this sum to finance
her current consumption needs (e.g., rent, food, etc.) while saving or investing the excess
to plan for a future time when exchanging labour for money is no longer feasible. The
question then is: what are the optimal investment and consumption policies?

When attempting to answer this question, there are many factors one must consider.
The first one is how to mathematically formulate the goal of the agent: What does it
mean to “choose” a consumption and investment policy, and according to what criterion
is a chosen policy “optimal”? One of the major advances in this field came from Harry
Markowitz in 1952, wherein he introduced the idea of mean—variance optimality in his
paper Portfolio Selection [89]. The asset returns were modelled as random variables,
and the investor would specify a pre-determined level of desired risk (measured by the
variance of the assets) and then seek to obtain the highest possible expected return given
the risk level (or vice versa). Once a solid mathematical foundation had been provided, an
abundance of subsequent research followed. In particular, Markowitz’s theory ultimately
led to the development of the so-called Capital Asset Pricing Model (CAPM) by William
F. Sharpe in 1964 [114].
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A fundamental drawback of these approaches lies in their static nature. Markets are
not fixed: they evolve (essentially) continuously over time, and so a dynamic model was
needed. The first major breakthrough in dynamic portfolio choice came from Robert C.
Merton in his seminal papers in 1969, Lifetime Portfolio Selection under Uncertainty: The
Continuous-Time Case [90], and in 1971, Optimum Consumption and Portfolio Rules in a
Continuous-Time Model [91]. Merton moved away from mean-variance optimisation to a
more general optimality criterion of expected utility maximisation®, while simultaneously
modelling risky assets as stochastic processes instead of static random variables. Utility
functions are real-valued maps that describe agent preferences. They are increasing, i.e.,
we prefer more to less; and concave, i.e., a fixed absolute increase in wealth means more
when we are poor than when we are rich. Merton modelled the risky assets as geometric
Brownian motion, meaning the return at time ¢ was described by a deterministic drift

and a random diffusion component:

Ry = pt + o B,
—_~ =~
drift diffusion

where B; ~ N(0,t), with > 0 being the instantaneous expected excess return and o > 0
the instantaneous volatility. The agent invests a proportion 7 of her wealth X in the risky
asset and chooses a consumption policy ¢, all of which are continuous in time. Thus, the

return the agent receives on her wealth at time ¢ evolves according to the dynamics:

7’(1—7&) + m (Mt+UBt) — Ct,
N—— ~~~

TV
risk free return  return from risky asset =~ consumption

where r denotes the rate of return from the risk-free asset. In Merton’s original model, he
included a term for exogenous labour income and showed that if labour income is constant,
then it could essentially be ignored without loss of generality. However, if labour income
is stochastic, then this poses a significant increase in mathematical complexity and is
better studied as an extension of the baseline model, in which consumption is financed
solely from investment income.

Let U denote a so-called utility function: the agent then wishes to choose the policies
7 and ¢ that maximise her expected utility from consumption over a time horizon [0, 77,

m,c

T
max E [/ e PT=9U (¢,)ds + ®(X7)
0

Here, 8 > 0 denotes a time preference parameter that indicates the agent’s level of

impatience, and ® is a function that measures utility from the agent’s unconsumed wealth

'One can prove, with a specific choice of utility function, that the two optimisation criteria are
equivalent.
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at the terminal time 7. One can also consider the problem over an infinite horizon (i.e.,
T = oo and ® = 0), which models young agents who have a longer investment horizon.

A major change in this model is the focus on consumption rather than wealth. This
stems from the intuition that agents gain utility from consuming goods and services
purchased using wealth, rather than from solely obtaining wealth itself. Although this
was a serious advance in the portfolio optimisation literature, Merton’s model suffered
from some highly unrealistic assumptions.

Merton assumed the excess return (), volatility (o) and interest rate (r) were con-
stant, in the sequel we refer to these quantities as the market coefficients. The existence
of indices tracking both volatility and excess return along with central banks varying in-
terest rates are in direct contradiction with this assumption. These quantities have direct
influence on individual agents, central banks use interest rates to influence consumption
in the wider economy, markets fluctuate in an unpredictable manner, meaning investment
opportunities for financial planners are inherently random. It is imperative that these
factors are included in models of optimal consumption and portfolio choice, and in doing
so one sees stark differences in optimal polices.

Why optimal policies change in the presence of stochastic investment opportunities is a
phenomenon known as intertemporal hedging. When stochastic investment opportunities
are added to the market model, the risk averse agent will endeavour to limit her exposure
to the sources of noise which cannot be directly traded?. It is assumed this extra noise
is correlated with the noise coming from the risky assets and hence the agent can alter
the proportion of her wealth invested in the risky assets in order to hedge against the
randomness now inherent in the market coefficients.

The level of correlation between the noise from the risky assets and the noise from the
market coefficients determines how much hedging can be achieved. If this correlation is
zero then no hedging is possible, optimal investment policies remain unchanged and the
market is said to be fully incomplete. If the correlation is non zero but also imperfect, then
the market is said to be incomplete and the agent engages in intertemporal hedging to an
extent dependent on the level of correlation. If there exists perfect correlation then the
market is said to be complete and all external risk from the stochastic market coefficients
can be hedged perfectly. A rigorous formulation of market completeness was provided by

Bensoussan [22].

5.2 Overview

Incorporating stochastiscity into the market coefficients has been a major focus of the

portfolio choice literature since Merton’s seminal works and its subsequent generalisation

2This refers to the real world situation in which interest rates, volatility and excess returns are not
financial assets which can be bought and sold directly in an open market.
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to multi-dimensions [67]. Merton extended his own model and formulated the optimal
consumption problem with stochastic investment opportunities in [92] but did not provide
a general solution. Rather he focused on the connection to mean-variance optimisation
and the CAPM.

In the following years, Bellman’s dynamic programming approach gained popularity
and was given a rigorous treatment in the finite horizon setting by Karatzas et.al. [68],
wherein the authors characterise optimal polices in terms of the solution to certain Cauchy
problems, but under the assumption of bounded model coefficients.

An alternative approach using martingale methods was provided by Cox and Huang
[40] wherein asset prices followed a general diffusion and market coefficients satisfied
Lipschitz and linear growth type conditions.

These works provided a framework to theoretically solve the optimal consumption
problem in a very general setting. However, implementing these methods in order to infer
relevant economic insights from optimal polices is difficult. To overcome this challenge,
many researchers began to analyse particular parametric models.

A portfolio choice model with Gaussian and mean reverting interest rates was studied
by Korn and Kraft [74] while a similar model with consumption was solved by Munk and
Serensen [96]. Benth, Karlsen and Reikvam [23] considered models with non-Gaussian
volatility with consumption, while Kallsen and Muhle-Karbe [66] addressed stochastic
volatility in a general setting of affine processes but without consumption. Models with
stochastic excess returns have also been considered by Liu and Watcher [78, 121] respec-
tively. For brevity we mention that the optimal consumption/portfolio choice problem
when markets are incomplete has also received much attention but is far less understood
and will not be the focus of this thesis. (See the following works and the references therein
for details [40, 45, 50, 55, 56, 62, 69, 71, 106, 122, 123].)

The best possible result is of course to obtain an explicit, closed form solution. This
is very rare and has only been achieved in a handful of specific models [33, 34, 55, 56,
75, 78, 121]. The recent monograph by Rogers [107] and the review paper by Liu and
Muhle-Karbe [79] offer a thorough overview of the literature. Without explicit solutions,
alternative methods must be used to study the behaviour of optimal policies and the
effects of intertemporal hedging.

Many of the above cited works make two simplifying assumptions: (i) they consider
only a finite investment horizon; and (éi) they ignore consumption, instead maximising
expected utility from terminal wealth. For finite horizon problems one can use the results
mentioned above which, characterise optimal policies in terms of solutions to certain PDEs
and employ numerical methods. This idea works because, in a finite horizon problem,
boundary conditions for the associated Hamilton-Jacobi-Bellman (HJB) PDE are implied
by terminal utility. This is not the case with an infinite horizon problem, wherein the

HJB equation has no obvious boundary conditions that can be used to characterise the
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value function.

The contribution of this thesis to the complete market infinite horizon optimal con-
sumption literature is twofold. First, under very mild conditions on the market coeffi-
cients, we provide a novel characterisation of optimal polices in terms of an associated
(and tractable) variational problem. Second, we provide a simple numerical method which
does not require boundary conditions and allows for accurate numerical approximation of
optimal policies. We compare the accuracy of our scheme with models possessing known
explicit solutions and find that it has an error of less than 0.002% (see Appendix A.1).

Thus under certain assumptions we circumvent the need to study the associated HJB
equation. We highlight examples of models with highly non-linear coefficients for which
our approach yields both verification and an accurate numerical approximation, while
HJB equations have no explicit solutions.

We show that for typical parameter values, the relative difference between consump-
tion plans implied by Merton’s model and actually optimal polices can range from —85%
to 200% when investment opportunities are stochastic. In each model, when the state
variable takes on extreme values, we see optimal consumption policies are far more conser-
vative than their myopic counterparts. The hedging demand depends heavily on the sign
of the correlation between the state variable and the risky asset, and in certain models,
optimal policies can exhibit non-standard behaviour. In a model with constant interest
rates and stochastic risk premia, we show that for highly risk averse agents, it can be
optimal to short sell the risky asset despite a strictly positive risk premium. See Section
5.4.1.

Section 5.3 introduces the market model, the agent’s objective, the HJB equation
and the variational problem. We study a complete market with n risky assets wherein
the interest rate, excess return, and volatility all depend on an exogenous state variable
which follows an autonomous scalar diffusion®. The agent’s goal is to maximise expected
utility from consumption over an infinite horizon subject to isoelastic preferences. In this
setting the HJB equation is a second order linear inhomogeneous (potentially) singular
ODE with non constant coefficients, a thorough discussion regarding its analysis thus
far in the literature is conducted. We state the associated variational problem, which is
derived by reverse engineering, i.e. the functional to be minimised is constructed so that
the Euler-Lagrange equation is exactly the HJB equation.

Section 5.4 gives our two main results, the first of which being an existence, unique-
ness, and regularity result for the variational problem along with a characterisation of the
value function as the unique solution to the variational problem, subject to the well posed-
ness of a certain martingale problem. This result holds under mild C?-Holder regularity

assumptions on the model coefficients, along with a non-restrictive positivity stipulation

3The correlation between the risky assets and the state variable is also allowed to depend on the state
variable itself.
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on the related myopic consumption policy, and an assumption of the existence of a sta-
tionary distribution for the state variable with an adjusted drift. We note this result is
essentially model free and all assumptions depend only on the market coefficients.

Our second main result is a verification argument which provides conditions, once
again explicitly given in terms of the market coefficients, for the existence and uniqueness
of the previously mentioned martingale problem. We close this section by giving three
examples of non-trivial models, for which the developed theory is applicable, and provide
numerical approximations of the optimal policies.

In section 5.5 we study the asymptotic behaviour of optimal policies and provide
a second, alternative, verification result. Under certain pointwise assumptions on the
market coefficients, which encapsulate a large proportion of models, we obtain pointwise
bounds on the optimal consumption policy and the intertemporal hedging component
present in the optimal investment policy.

A discussion and conclusion is provided in section 5.6 while all proofs are presented

in section 5.7.

5.3 Model and problem formulation

5.3.1 Market Model

The market includes a safe asset with price (S});>0 and n risky assets with prices (S});>o.
Investment opportunities are driven by a state variable Y which follows an autonomous

diffusion. This results in a market with dynamics,

ds?

D _ v ar, (5.3.1)

Si

dsS; ; :

& = r(Y;) dt + dR;, 1<i<n. (5.3.2)
t

The cumulative excess returns R* and the state variable have dynamics

dR; = (V) dt + Y o;(Y)dZl,  1<i<n, (5.3.3)
j=1
dY; = b(Yy) dt + a(Y;) dW, (5.3.4)
i _ ~ , — _
d(Z' W)= p(Yo)dt, 1<i<n; > pi(Ys) =1 (5.3.5)
i=1
where Z = (Z',..., Z") and W are multivariate and scalar Brownian motions respectively.

In order to ease notation, the dependence on the state variable Y; is omitted unless

ambiguity arises. All elements of R will be understood as n x 1 matrices with T denoting
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matrix transposition. We denote the covariation matrix of the returns processes (R%)1<;<y,
as ¥ = oo and set T = opa as the n x 1 covariation matrix between the risky assets and
the state variable. The open connected set £ C R denotes the range of the state variable
Y. Our first task is to construct an R" x E-valued process, (R,Y’) with satisfies (5.3.3),
(5.3.4) and (5.3.5). We follow a similar approach as in Guasoni and Robertson [54] and
Guasoni and Wang [56]. Let 2 = C(R;;R™ x E) (throughout R, = [0,00)) equipped

with the metric,

d(wr,wa) =) Qin ( PPrctn [0 2l > , (5.3.6)

14 supgcpcy, [wi(t) — wa(t))]

where || is the usual Euclidean distance. We shall use (B;);>¢ to denote the filtration gen-
erated by the coordinate process G¢(w) : Ry xQ — R" X E': (t,w) — w(t). We note under
the metric d, B = o (U, B:) is equal to the Borel sigma algebra on (£, d), Stroock and
Varadhan [118; 1.3]. T he following assumption equips the measurable space (2, B) with
a probability measure, from which the market model is constructed. Let C**(E R ™)
denote the space of R™*-valued k times continuously differentiable functions on £ whose

k" order partial derivatives are a-Holder continuous for some a € (0,1).
Assumption 5.3.1. (Well posedness)

(i) For some a € (0,1), r € CY(E;R), u € CY*(E;R"), b € CY*(E;R), a* €
C**(E;R), X € C**(E;R™") and Y € C**(E;R"™). For ally € E, X(y) is strictly
positive definite and a*(y) > 0.

(it) Let v = (0,y) € R™ x E*. There erists a unique solution P* to the martingale
problem® on R™ x E for,

Part (i) above ensures A and b are well defined and sets the minimum amount of
regularity for the coefficients which is required in the sequel. Part (i7) ensures the existence

of a probability measure P* on (2, B, B;) which satisfies P*(Gy = ) = 1 and ensures the

4We choose the starting point (0,%) to emphasise constructing the process (R,Y’) is essentially depen-
dent on the state variable Y only.

°In this context a martingale problem for a given generator L (a second order linear elliptic partial
differential operator) is a problem in finding a probability measure on the space of continuous functions
such that the process f(z) — f(xo) — fg Lf(xzs)ds is a martingale with respect to the constructed proba-
bility measure. The martingale property should hold for all smooth and compactly supported functions
f. Here we have used = to denote the coordinate process on the function space of interest.
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process M; = f(Gt)—f(GO)—fOt Lf(Gy)ds, t > 0is a martingale with respect to (B;);> for
any f € C?(R"x E;R) with compact support. As the probability measure depends on the
starting point « = (0,y), it is henceforth denoted P¥. Note if one defines B} = (), Bs
then M; is also an (B, P*)-martingale. With this observation we claim there exists an
n 4 1-dimensional Brownian motion B defined on an extension (), F, ]f”y) of (Q,B,PY)
such that (Gy, By), (Q, F, F;,P¥) is a weak solution to the following SDE:

()= 0) (5wt (2)-C) e o0

where (R,Y) is defined as the projection of G onto the first n and final entries respectively,
this follows from Karatzas and Shreve [70, Proposition 5.4.11]. We verify this with a direct

calculation:

o 0 ol ap B oo’ opa (X T
e i) (0 o) (o &)= 2)
Next let B = (B, ...,B,)" and define (Z,W) = (B",B"p+ /1 — pTpB,.1). Hence the
process (R,Y") constructed above obeys the dynamics (5.3.3), (5.3.4) and (5.3.5). Thus to
finish the market construction, we define the risky assets as S! := Sj exp < IN T(Ys)db‘) E(RY),
for some S} > 0, where £(X) denotes the stochastic exponential of the semi-martingale
X, see Protter [100, Section II.8].

We shall work in a complete market so we will enforce the condition p” p = 1. With this
condition satisfied we see the Brownian motion W driving the state variable is simply a
linear combination of the Brownian motions driving the excess return process. We pair this
parametric stipulation with the following standing assumption which rigorously ensures
the market is arbitrage free and complete in the sense of Delbaen and Schachermayer [42]

and Harrison and Pliska [59, 60] respectively.

Assumption 5.3.2. (Market is arbitrage free and complete)
There ezists a unique probability measure QY such that QY|z and I@’y| 7 are equivalent for

every t € Ry and S/S° is a QV-local martingale.

Assumptions 5.3.1 and 5.3.2 apply throughout the rest of this chapter without further

reference.

5.3.2 Optimisation Problem

An investor with initial wealth z, who chooses investment and consumption policies repre-
sented by proportions of their wealth X. Denoting 7, the proportion of wealth invested in
the risky assets and [; the consumption to wealth ratio (i.e if ¢; is the agents consumption

process then ¢, = X [;), the agent’s wealth process then satisfies,
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X!

7l
t

=rdt -+ dR, — I, dt. (5.3.8)

The goal is to maximise expected utility from consumption over an infinite horizon wherein

future utility is discounted according to the time-preference parameter .

> X, 1)
max EU oKl 7 ] (5.3.9)
(m,heA 0

Here v € RT \ {1} denotes the agents risk aversion and A the set of admissible polices.
Such a set consists of all pairs of Fi-adapted processes (m,1), where 7 is integrable with
respect to R and [y, X/ ! > 0 a.s. for all t > 0. First we discuss the parameter regime in

which our analysis takes place, this requires two assumptions on the model coefficients.

Assumption 5.3.3. inf cp k(y) > 0, where

B IRAVS 1(y) 'S (y)uy)
Esy—k(y) = S + <1 7) ( (y) + > ) (5.3.10)

Assumption 5.3.4. The mapping

n:E—Ry, y— GQEZJ) exp <2 /y 52(52) du), (5.3.11)

15 a normalised probability density on E where

B Ry o) - (1- 1) (0= 0u). (5312
In the special case of constant investment opportunities (the Merton model), the
optimal consumption-wealth ratio is K = g + (1 — ;1y> <r + ’%Q (90, 91]. In order
for the Merton problem to be well posed it is necessary for x > 0. A recent paper by
Herdegen, Hobson and Jerome [63] provides an in depth discussion of the well posedness of
the Merton problem and solution techniques in various parameter regimes. In this thesis
the coefficients depend on the state variable and so a priori, the function x may take on
negative values (depending on the particular parametric form of a given model). Despite
this observation we impose the restriction that the range of the mapping (5.3.10) be some
strict subset of R, , which is easy to check from the model coefficients and is guaranteed
to hold in the empirically relevant case of v > 1 along with positive interest rates. Further
weakening Assumption 5.3.3 may be possible with specific parametric restrictions on a
model by model basis.

The function (5.3.11) takes the form of the stationary density of a scalar diffusion with
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drift and diffusion coefficients b and «a respectively. Thus, Assumption 5.3.4 holds for a
large class of models that extend beyond that of common state variables with stationary
distributions possessing exponentially decaying tails.

We conjecture the value function,

V(z,y) = sup E {/ e PU(Xyly) dt | Xo = 2, Yy = y] , (5.3.13)
(m)eA 0

is homogeneous with respect to wealth, i.e of the form V' (z,y) = ”Ell;jg(y)”, where (z,y) €

R, x E. The HJB equation has the general form

m,l (Z’ l)l_7
BV (z,y) —sup ¢ L7V (z,y) + 1 =0 (5.3.14)
7,0 -
where the differential operator is defined in [98, Section 3.4.1]. Plugging the Ansatz

Viz,y) = "‘il:;g(y)7 into (5.3.14), the HJB equation is then

b / 2 I 2( \2
IR S L AP o M L)) (5.3.15)
-y (v=1)g 2(v—-1)g 2g

! 7'yl17'y
— sup (WTM R + vﬂTTg— + J — l>
Tl 2 g 11— 8

and the candidate optimal controls are

) = 257 0)nl) + 27 0)T0) f](% |

which, are substituted into (5.3.15), yielding:

T —
%29” + (b+ (1 — %) (TTElu)) g - <§ + <1 - %) <r+ %)) g=-1

We define the linear differential operator

2 1 1 TE—I
Lg="Lg" + <b+ (1 - —) (TE‘M)) g — (é + (1 - —) (r+ a “)) g
2 v gl gl 2y
(5.3.17)
or (recall (5.3.10) and (5.3.12)) simply Lg = “—;g” +bg — kg. Thus the HIB equation

admits the compact representation

Lg=—1. (5.3.18)

In some cases closed form solutions to (5.3.18) have been found. Wachter [121] gave an
explicit solution when the excess return followed an OU process which was then generalised
for so called quadratic models by Liu [78]. Guasoni and Wang provide explicit solutions

for two models, one with a stochastic Sharpe ratio which is proportional to the square
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root of the (strictly positive) state variable [56] and another with Vasicek interest rates
[55]. These however are very limited cases which focus on a relatively tractable class of
models. In general, equation (5.3.18) does not admit an explicit solution.

One can prove the existence of a C?(E;R) solution to (5.3.18) via sub and super
solutions, this is done, even in the case of incomplete markets, by Guasoni and Wang [56,
Section 3]. In [56] the authors provide a verification argument but this crucially relies
on a strong assumption about the the solution to the HJB equation which is difficult to
check, namely it requires knowledge about the pointwise behaviour of the quantity ¢'/g

The sub and super solution approach provides pointwise bounds on g but yields no
information about the derivative, hence the verification argument in [56] is not applicable
when explicit solutions are not available.

Known numerical methods cannot be readily employed either as (5.3.18) does not
imply any particular boundary conditions. Even if initial conditions for ¢ and ¢’ were
available and one obtained a numerical solution this does not yield verification. Thus
standard numerical methods alone, even if they were applicable, are not suitable.

The variational approach provided in this thesis circumvents these problems by pro-
viding an alternative method to analytically study the solution of the HJB equation while
simultaneously yielding verification and a simple numerical method which does not require

boundary conditions.

5.3.3 Variational Problem

Next we introduce the variational problem by defining the functional,

I X >R urI(u) = /Ef(y,u(y),u’(y))dy, (5.3.19)

for v € X where X is some space of real valued functions (to be specified) and the

mapping f is defined as

- B R CLQ(y)€2 2
f:EXRXxR =R, (y,u,f) — —5 k(y)u® —2u | n(y). (5.3.20)
The minimisation problem is then,
min {/(u):u € X}. (5.3.21)

If there exists a C%(E;R) solution to (5.3.21) then it will satisfy the classical Euler-
Lagrange equations which in this case takes the form
d { 0

0
d_y %f(ya u, u,):| = _f(yv u, U,). (5322)

ou
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Plugging the definition of f one obtains,

2 2,4/
%u" + (aa’ + %) u' — ku=—1. (5.3.23)

Upon substituting the definition of 7 (5.3.11), equation (5.3.23) reduces to

a? -
?u" +bu — ku=—1, (5.3.24)

which is exactly Lu = —1 i.e, the Hamilton-Jacobi-Bellman equation. Hence the following

proposition has been proven.

Proposition 5.3.1. The classical form Euler-Lagrange equation for the variational prob-
lem (5.3.21) is the Hamilton-Jacobi-Bellman equation (5.3.18).

To understand the intuition which relates this deterministic variational problem and

the optimal consumption, rewrite the functional I as,

w=[ (Mmm (v~ 7))~ >n<y>dy. (5.3.25)

K(y (y)

Recall that x is the myopic consumption-wealth ratio and our candidate optimal policy is
I(y) = 1/g(y) where g solves the HJB equation. Hence the variational formulation shows
that the agent wants to stay close to the myopic consumption ratio (in terms of squared
error), but penalises changes in the consumption policy by the presence of the squared
derivative term. The intuition is now clear, the agent wishes to stay as close to the myopic
consumption ratio as possible while avoiding drastic changes in the consumption rate. If
K is constant then (5.3.21) can by solved by inspecting (5.3.25), of course the solution
would be u(y) = 1/k which is exactly the Merton consumption. Hence the variational
approach encapsulates the classical case. Additionally the need for Assumption 5.3.3 is
now clear, if k were negative this intuition breaks down and it may well be the case that
one could construct a sequence of functions w,, such that I(u,) = —oc0 as n — co.
Before presenting the main theorem it is still necessary to specify the function space
X in which the variational problem is solved. The natural choice is the weighted Sobolev

space

W, (E) = {u € Lip(E;R) : /EIU(y)|2n(y)dy + /E €(y)[*a*(y)n(y)dy < +oo} :
(5.3.26)
In (5.3.26) £ is understood to be the weak derivative of u, i.e £ € L} (F;R) and

loc

/EU(@/)sO’(y)dyz —/Eé(y)w(y)dy, (5.3.27)
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for all ¢ € C*(E,R). For ease of notation,

H(E) = W"%(E).

n,a2

5.4 Main Results

We are now in a position to state our main results.

Theorem 5.4.1. Let Assumptions 5.5.1-5.53.4 hold. Then,

(i) There exists a unique solution g € C*(E;R) to the minimisation problem (5.3.21).
(ii) The unique solution g to the minimisation problem (5.3.21) solves the HJB equation.

(11i) If there exists a unique solution P to the martingale problem on R™ x E for,

Then, V(x,y) = ﬁt;g(y)V and the optimal policies are,

* _ l -1 —1
™(y) = 72 (Yp(y) +2 (y)T(y)g(y),

The utility of Theorem 5.4.1 obviously hinges on the ability to check its assumptions
in concrete models. The main issue is that the solution of the variational problem g is
present in the drift coefficient of the martingale problem, but this function is not explicitly
known. Our next result shows that it is often the case that explicit pointwise estimates

on ¢'/g are not required.

Assumption 5.4.1. The scale function p for the scalar diffusion

dZ, = b(Z,)dt + a(Z,)dW, (5.4.1)
obeys,
ygggli+p(y) = +00; Jm p(y) = —oo

where OE,,0E_ are the right and left boundaries of E respectively.
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Recall for an arbitrary ¢ € FE,

o (o [
p(y) ._/c exp( 2/C a2(5>d>d, ycE. (5.4.2)

Assumption 5.4.1 ensures the diffusion defined by (5.4.1) does not exit E in finite time.

This will be true in virtually all models as (5.4.1) is the state variable with an adjusted

drift (for which non explosion is always assumed).

Theorem 5.4.2. Let Assumptions 5.5.1-5.53.4 and 5.4.1 hold. Let g be the unique solution

zl-

to the minimisation problem (5.3.21). Then the value function is V(x,y) = 1_Jg(y)”’ and

the optimal policies are

* _ l -1 -1
™ (y) = 72 (Y)u(y) + X7 (Y)Y (y) o)

In a large class of models, Theorem 5.4.2 reduces the entire optimal consumption
problem to checking some elementary conditions on the coefficients of the market model.
Before we proceed with further model free analysis we provide some examples of models

for which Theorem 5.4.2 applies.

5.4.1 Applications of Theorem 5.4.2

In this subsection we provide examples of three models solved using Theorems 5.4.1
and 5.4.2, wherein an explicit solution to the HJB equation is unavailable. We state
each model, provide discussion regarding the models characteristics and implications and
provide numerical solutions for optimal policies with realistic market coefficients.

At the end of this subsection, we state a proposition that shows each model fits into
our newly developed framework. Throughout this section, Y., denotes the weak limit of
the state variable and hence will be distributed according to the stationary distribution
of Y.

Non-linear mean-reverting excess returns:

Example 5.4.1.

r(Yy) =r; dRy = pY,dt+ odZ;,
dY; = b(0 — ;) dt + a dW,, (5.4.3)

where 7, 1, 0,0,0,a > 0 are constants and p? = 1. In this regime,

b(y) = b(0 —y)* — My K(y) = g + (1 - %) (7“ + 92%;)
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where \ = <1 — l) “2E and

v

C b —y)*t  \y?
n(y) = EGXP <— 52 22 ) .

In this model of stochastic excess returns the state variable is a mean reverting OU type

process. The cubic non-linearity has two affects: (i) it strongly penalises large deviations

from the long term mean; and (ii) significantly reduces the strength of mean reversion

when the state variable is close to the long term mean.

The Sharpe ratio is a linear function of the state variable, which means that extreme
deviations in both the positive and negative direction result in better investment opportu-
nities for the agent because short selling is permitted. The intuition, confirmed in Figure
5.1, is that consumption is higher when the state variable is far away from its long term
mean.

Below we numerically solve the variational problem associated with model (5.4.3) and
report both the optimal consumption-wealth ratio and investment policy and compare
the differences in optimal polices from the myopic agent. Details of the numerical scheme

are provided in Appendix A.1
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Parameter r 14 o b 0 a 153 p
Value 0.02 1 0.18 0.4 0.06 0.031 0.02 1

Table 5.1: Parameter values for model (5.4.3), where p and o are chosen so that the expected excess
return (with respect to the state variables stationary distribution) is 0.06.
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Figure 5.1: For every plot the horizontal axis is the state variable Y (with P(—0.3 < Y., < 0.4) ~ 0.995),
the right vertical axis is the stationary density of Y, and the shaded area is the region under the graph
of the stationary density of Y. For each plot three types of agents are considered, v = 2 (solid line),
~v = 4 (dashed line), and v = 8 (dotted line) respectively. Consumption-wealth ratio  (top left panel,
left vertical axis, in percent) and investment ratio 7 (bottom left panel, left vertical axis, in percent) of
the Myopic (red) vs Optimal (blue) policies. Relative difference of the optimal consumption ratio above
myopic {*/k — 1 (top right panel, left vertical axis, in percent) and the hedging demand EilT% (bottom
right panel, left vertical axis, in percent). Market parameters are given in Table 5.1
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As expected, both the consumption and investment policy are far more conservative
than their myopic counterparts. The relative difference between the consumption policies
ranges between —85% and 70% although, we see the difference begins to decrease when
the returns are significantly positive for smaller values of risk aversion. For large positive
returns the hedging demand stabilises and then begins to increases for the less risk averse
agent similar to the consumption policy.

An interesting feature of the optimal consumption policy is the lack of symmetry
which, is more prominent for the myopic policy. The intuition is clear: when the returns
process becomes highly negative the price plummets, and the potential to make profits
from short selling diminishes unless large amounts of leverage is acquired. The result is
more conservative consumption in comparison to similar increases in returns.

In Figure 5.1 we see the amount of leverage the agent takes on is slightly higher in
bad times than in good times but they do not significantly differ. For v = 2, when the
excess returns are 30% the agent invests approximately 3.4 times her net worth in the
risky asset. In contrast, when excess returns are —30%, the agent takes a short position
of approximately 3.6 times her net worth. This asymmetry indicates a reluctance to
significantly increase the amount of leverage in bad times, which would otherwise be

necessary to finance higher consumption.

Power law Sharpe Ratio:
Example 5.4.2.

r(Y)) =7 dR, = pYS dt + oY, dZ,,
dY, = b(0 = Y,) dt + a/Y, dW,, (5.4.4)

where 7, 11,0,b,6,a > 0 are constants, p*> = 1 and § > L. In this regime,

by) = b(6 — y) — \o K(y) = g + (1 - %) (7“ + y%‘l#;)

where \ = (1 — %) “ft . We impose the restriction, % < 2—2 < 1. The lower bound ensures

Y; > 0 a.s., the upper bound is a technical condition needed for verification. n takes the

form,

() = 20y 20y 2)\y°
/r]y _a2ya eXp a2 a25 ’

where C' > 0 is a normalising constant. To ensure 7 is a well defined density the following
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parameter restrictions must hold for different values of 4,

A ER, del3,1),
b+A>0 0=1,
A >0, d € (1,00).

In this model for stochastic risk premia, the parameter § determines the functional form
of the Share ratio. For 6 € [%, %) the Sharpe ratio is a concave function of the state
variable, for 6 > g it is convex and for § = % it is linear. For all values of 0 a higher Y
implies better investment opportunities. The special case of § = 1 was solved explicitly
by Guasoni and Wang [56].

There is a trade-off between the value of 4 and the correlation between Y and the
asset returns. To ensure that n is a well defined density and that our previous theorems
apply, a model with negative correlation must be combined with a concave Sharpe ratio.
If the correlation is positive then our framework is compatible with either concavity or
convexity. Below we solve this model for the critical case of § = % which results in a linear
Sharpe ratio in the state variable.

Upon inspecting figure 5.2, we see consumption is extremely stable across all states
of nature and drastically differs from the myopic policy. For the least risk averse agent
(v = 2) the consumption policy increases from approximately 2% when the Sharpe ratio is
zero to approximately 3.6% when the Sharpe ratio is 1.036. In contrast, the myopic agent
consumes at a rate of 15% when the Sharpe ratio reaches 1.036. For higher values of risk
aversion (7 = 8) the optimal consumption policy is essentially linear and increases from
its low point of 1.5% to only 2% at its peak. The optimal investment policy is relatively
less stable and increases as a concave function of the state variable. The agent consumes
more as Y; increases suggesting the income effect is present, although the actual rate of
increase in consumption becomes almost negligible for low values of risk aversion. This
finding is similar to the model of Guasoni and Wang [56] wherein § = 1 and the income
effect dominates.

The most interesting aspect of this model is that the agent short sells the risky asset
despite a small but strictly positive risk premium. This phenomenon was also observed by
Liu [78] in a bond allocation problem and a portfolio choice problem without consumption
wherein the state variable is a CIR process. Liu explained this phenomena as a possible
feature of power utility with risk aversion less than one, however in our model shorting
risky assets with strictly positive risk premium occurs for each value of risk aversion under
consideration (y = 2,4,8). In our model this occurs as the correlation between the state
variable and the risky asset is one, meaning the agent takes a short position in the risky
asset to hedge against negative movements in the state variable. Hence as the Sharpe

ratio approaches zero there is no myopic demand and the agent takes a net short position.
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Parameter r 1 o b 0 a I5; ) p
Value 0.013 17.705 1.366 0.07  0.02 0.04 0.02 1.5 1

Table 5.2: Parameters for model (5.4.4), u and o are chosen so that the expected excess return and
volatility (with respect to the state variables stationary distribution) are 0.06 and 0.18.
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Figure 5.2: For every plot the horizontal axis is the state variable Y (with P(0 < Y., < 0.8) ~ 0.995),
the right vertical axis is the stationary density of Y, and the shaded area is the region under the graph
of the stationary density of Y. For each plot three types of agents are considered, v = 2 (solid line),
v = 4 (dashed line), and v = 8 (dotted line) respectively. Consumption-wealth ratio I (top left panel,
left vertical axis, in percent) and investment ratio 7 (bottom left panel, left vertical axis, in percent) of
the Myopic (red) vs Optimal (blue) policies. Relative difference of the optimal consumption ratio above
myopic I*/k — 1 (top right panel, left vertical axis, in percent) and the hedging demand EilT% (bottom
right panel, left vertical axis, in percent). Market parameters are given in Table 5.2
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Stochastic interest rates:

Example 5.4.3.

r(Y;) =Yy dR, = pdt+ odZ,
dY, = b(0 — ;) dt + a/Y, dW,, (5.4.5)

where i, 0,b,0,a > 0 are constants and p' p = 1. In this regime,

v 2v0?

by) = b0~ y) ~ M5 o) =2+ (1-2) v+ 25)

where \ = (1 — %y “£2 . We impose the restrictions % < Z—Z < 1. The lower bound ensures

Y; > 0 a.s., n is a well defined density which takes the form,
C' 200 2
n(y) = =t exp (—g(by + 2A\/§)) ,

where C' > 0 is a normalising constant. The bound Z—Z < 1 is a technical condition needed
for verification.

In this model the interest rate is a almost surely strictly positive CIR process and
is negatively correlated with the shocks from the risky asset. The numerical solution is
given in figure 5.3. The optimal consumption ratio is linear in the state variable and the
relative difference of optimal consumption above myopic seems to approach a constant
level as the interest rate becomes large. In times of low interest rates the less risk averse
agent consumes more than the highly risk averse agent but this is reversed when interest
rates increase.

As the state variable is negatively correlated with the risky asset, the hedging demand
is strictly positive for interest rates between 0 — 12% offsetting negative shocks to the
interest rate. The optimal investment policy peaks at a certain point for all values of risk
aversion and subsequently begins to decrease as the interest rate becomes increasingly
large. This effect is more pronounced when looking directly at hedging demand, as myopic

demand is constant. The hedging component in this model is

apg' (Y)Y .

og(y)

We show in the proof of Proposition 5.4.1 that % < 0 for y > 6, hence as p = —1 the
hedging component is positive whenever the interest rate is above its long term mean.
This indicates the agent will never short the risky asset in order to buy more of the risk
free. In fact she always invests a larger proportion of her wealth in the risky asset than

the myopic agent.
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Parameter r

W o

b

0 a p p

Value 1

0.06 0.18

0.04

0.024 0.032 0.02 -1

Table 5.3: Parameters for model (5.4.5), r is chosen so that the expected interest rate (with respect to
the state variables stationary distribution) is equal to 6.

12

11

10

30

200 -

175+

150+

125.0

1125

100.0

87.5

000 001 002 003 004 005 006 007 008 009 010 011 012

(a) Consumption-wealth ratio %

000 001 002 003 004 005 006 007 008 009 010 011 012

30

20

50

45

40

35

30

25

20

15

10

0.00 0.01 0.02 0.03 0.04 005 0.06 0.07 008 009 010 0.11 0.12

(¢) Investment policy %

000 0.01 002 0.03 0.04 005 0.06 007 008 0.09 010 011 0.12

(d) Hedging demand %

30

20

(b) Relative difference of the optimal consump-
tion ratio above myopic %

30

20

Figure 5.3: For every plot the horizontal axis is the state variable Y (with P(0 < Y., < 12) 2 0.999),
the right vertical axis is the stationary density of Y, and the shaded area is the region under the graph
of the stationary density of Y. For each plot three types of agents are considered, v = 2 (solid line),
v = 4 (dashed line), and v = 8 (dotted line) respectively. Consumption-wealth ratio I (top left panel,
left vertical axis, in percent) and investment ratio 7 (bottom left panel, left vertical axis, in percent) of
the Myopic (red) vs Optimal (blue) policies. Relative difference of the optimal consumption ratio above

myopic I*/k — 1 (top right panel, left vertical axis, in percent) and the hedging demand EilT% (bottom

right panel, left vertical axis, in percent). Market parameters are given in Table 5.3
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Proposition 5.4.1. Let g € C*(E;R) be the unique solution to the corresponding vari-
ational problem for the models (5.4.3)-(5.4.5) respectively. Then the value function is

Vz,y) = ”it;g(y)”y and the optimal controls are,

* _ l -1 -1
™ (y) = 72 (Wu(y) + 2 (Y)Y (y) o)

5.5 Intertemporal Hedging Asymptotics

In the previous section we provided a general verification argument which characterised
the value function as the unique solution of a variational problem and gave numerical
results for realistic values of the state variable. These results although useful do not
provide any information regarding the asymptotic behaviour of the value function (and
hence the consumption policy) or its derivative (and hence the intertemporal hedging
component). Additionally if the assumptions of Theorem 5.4.2 are not satisfied then one
may need to work harder for a verification result.

We address these issues in the following section by obtaining precise pointwise bounds
on ¢'/g, which simultaneously yields asymptotics of the consumption and the intertempo-
ral hedging component, while also providing an alternative verification argument. This is
done in three main steps, (i) first the Euler Lagrange equation yields a representation for
¢' in terms of g. (ii) the maximum principle from the theory of linear elliptic PDEs yields
sharp estimates on g¢. (iii) combining the estimate from step (ii) and the representation
of ¢’ from step (i) yields a pointwise bound on ¢'/g.

The price to be paid in order to obtain precise pointwise estimates on g is of course
imposing specific (and more restrictive) pointwise estimates on the model coefficients,
something which up until now has not been needed. Throughout this section g € C?(E;R)
will denote the unique solution to the variational problem (5.3.21). In order to eliminate
the proliferation of special cases and to simplify the following exposition, we specialise to
the cases where E = (0,00) or E' = R.

We introduce the notation U(m) = ((—oo, —m) U (m,00)) N E where m > 0 as we
often need to conduct analysis when the state variable takes on extreme values. Addi-
tionally z < y means there exists a constant C' > 0 (independent of relevant parameters)
such that x < Cly.

Assumption 5.5.1. xn is uniformly bounded on U(m) for some m > 0 and a’n €
LY (U(m);R).

Assumption 5.5.2. There exists constants Cy,Cy,C5 > 0, p > 0 and ¢ € W2 (E;R,)
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such that,

Ci(1+ [y]P) < ky) < Co(1 + |y?), yeE, (5.5.1)

/ Y (1] +| oy

) du < Cy(1+ [y]P), (5.5.2)

where y > 0 is large enough, v is supported on [y, 2y] and f;y wdu = ®(y). Additionally
O(y) <y for ally € E and for sufficiently large y, y < (y).

Assumption 5.5.3. Assume there exists h € C*(E;R), constants Cy,Cy, C3,Cy > 0 and
q>p >0 (with p from Assumption 5.5.2) such that for all y| large enough

Cy

Cs
< h(y) < m-

—Cy < Lh < -C d —F—
A (R D R

Assumption 5.5.4. For large enough x > 0, inf} -, b(y)| > 0.
Assumption 5.5.1 yields the following Lemma:
Lemma 5.5.1. Let Assumption 5.5.1 hold. Then a*(y)n(y)g'(y) — 0 as |y| — oo.

To see why this is useful we integrate the Euler-Lagrange equation (5.3.23) over an

interval [z,y] C E,

a*(y)n(y)g'(y) — a®(x)n(x)g (x) = 2 /y (K(u)g(u) — 1) n(u)du,

As y — oo, Lemma 5.5.1 yields a*(y)n(y)g'(y) — 0, and rearranging

/(0) = s / " (w(u)g(u) — 1) n(u)du, (5.5.3)

which is well defined, as both a? and 7 are strictly greater than zero on the interior of E.
This formulation reduces the problem to estimating g, then estimates on the coefficients
from the martingale problem in Theorem 5.4.1 are easily obtained. In certain situations
it is necessary to be very precise when estimating, for example if the state variable is a
square root diffusion then the HJB equation is singular and thus ¢'(y) may explode as
y — 0, in such models the parameter regime will play an important role.

Assumption 5.5.2 yields information about g at the boundary of E. Essentially, it
ensures that the candidate optimal consumption policy should, in a certain sense, agree
with the myopic consumption policy as the state variable approaches the boundary. To

' — oo, similarly if k(y) — C > 0

be precise, as y — OF, if k(y) — oo then ¢(y)~
then we must have g(y)~' — C* > 0 where the positive constants C and C* may differ.

Assumption 5.5.3 provides precise pointwise bounds on ¢ via the maximum principle.
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This can only be achieved if one has knowledge of the behaviour of g at the boundary
which is why Assumption 5.5.2 is crucial.

Assumption 5.5.4 ensures that the quotient 1/ b is well defined for large values of the
state variable and holds in virtually all models. We can now present our second main

result.
Theorem 5.5.1. Let Assumptions 5.53.1-5.3./ and 5.5.1-5.5.4 hold. Then,

(i) If E =R, then for ally € E,

1 1
R < ___ - 5.5.4
~ g y ~ Y
T Y S T (554
and for sufficiently large m > 0 and for all y € U(m),
, 1
19'(y)] < (5.5.5)

inf ey b(w)|

;Z‘J)du) < 400 then (5.5.4) and (5.5.5) holds.

(ii) If E =R, and limsup, ,,exp(2 fyzo

a

The additional condition for £ = R, ensures that ¢’ does not explode as the state
variable approaches zero. For specific models Theorem 5.5.1 provides exact asymptotics
for the value function and has the implication that the leading order asymptotic behaviour
of the optimal consumption policy is always greater than or equal to that of the myopic
investor. However our economic intuition tells us that the leading order asymptotic be-
haviour of the optimal consumption policy should be less than or equal to that of the
myopic investor (for v > 1 at least). This leads to the conjecture that the optimal and
myopic consumption policies are of the same order of magnitude.

In the next section we provide a general class of examples where this conjecture is
true, and verification is carried out by invoking the pointwise estimates from Theorem
5.5.1.

5.5.1 Homoscedastic returns with non-linear one-factor predictabil-
ity
The excess return is stochastic and follows an additive diffusion with constant noise in-

tensity a > 0 and a general drift b: R — R, i.e

r(Y)=r; dRi=wuY,dt+) oydZl, 1<i<n,

J=1

dY; = b(Y,) dt + a dW,, (5.5.6)
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where 7, 1;, 0,5, a > 0 are constants. As in the general market we stipulate that X is strictly
positive definite and enforce the constraint p'p = 1 with the additional assumption that

p is constant, thus the market is complete. In this regime,

bly) = bly) = Ny ki) = 2+ (1 - 1) (r + y‘“ﬁz_lﬁv

v Y 2y

where \ = (1 — %) ap'o tpand pu" = (g1, -+, pin). We make the following assumption

on b,

Assumption 5.5.5.

(i)b € C**(R;R) N Lip(R; R). (5.5.7)
(17)n is a well defined probability density and kn is uniformly bounded. (5.5.8)

() <),

(i1i) For |y| large enough inf |b(x)| > 0 and - =
z>y| inf, ) |b(2)|

(5.5.9)

Proposition 5.5.1. Let Assumption 5.5.5 hold and v > 1. Then the value function

is V(z,y) = "il_flg(y)W (where g € C*(R;R) is the unique solution to the minimisation

problem (5.3.21)), the optimal controls are

T = 2Ty + zrggfj)) ) = g W),

the optimal consumption obeys,
I+y)Sg 7 () SA+y)  forallyeE,

and the intertemporal hedging component satisfies

J(y)
9(y)

‘ S(+1yl)  forally€ E.

5.6 Conclusion

In this chapter we developed a novel approach to study optimal consumption problems
with stochastic investment opportunities in complete markets. We characterised the value
function as the unique solution to an associated variational problem, illustrated a numer-
ical scheme to allow finite dimensional approximations of optimal policies and concluded
with analytical analysis of the asymptotic behaviour of both consumption streams and
intertemporal hedging components.

We emphasise that all assumptions made can be checked directly in terms of model
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coefficients. Our approach subsumes others in the literature while also providing a simple
and accurate numerical method. Three examples of non-trivial models were provided
along with a thorough analysis of their numerical solutions. Our findings illustrate the
variational approach can be used to model non-standard behaviour in relevant economic

quantities such as the risk premium and Sharpe ratios.

5.7 Proofs

5.7.1 Existence, Uniqueness and Regularity for the Variational

Problem

Lemma 5.7.1. Let ECR, 1<p< o0, ¢= z% and g € L1(E). Then

:LNE) = R; fre /Efgnl/p, belongs to L} (E)*.

Proof of lemma 5.7.1. Throughout the proof we drop the dependence on the domain E
and (z*, z) will denote the dual pairing where z* is a linear functional and x is a vector.

The first step is to construct an isometry between between L” and L7. Define the mapping,
) ) -1/
T:LP — Ly fe fn /7. (5.7.1)

This mapping is surjective because given any g € L, set f = gn'/? € LP. To show that

it is norm preserving, note that for an f € LP,

17y = [ 15 7pn = 187 =171
T 71
Thus, under 7', L? and L} are isometric, i.e., LP = LP hence L) = LP. Next, denote the
adjoint of T" by T, which yields the map,

T (Ly)" — (LP)7,

T
whence (T%)~' = (T")*. As L? = LP, T* is also an isometry between (L?)* and (L?)*.
Now let g € L? and ¢ € (LP)* such that (¢,h) = [ hg, for all h € LP. As ¢ € (LP)*, this
implies (7%)~'¢ € (L?)*, thus for any f € LP,

(T ) = (T ) = (LT =0 fn'l?) = /g f'?.
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Hence, for f € L7, g € L, there exists (e (LP)* such that,

(@, f) = (T*)7'0, f) = /gfnl/p.

Lemma 5.7.2. The functional I defined by (5.3.19) is sequentially weakly lower semi-

continuous (l.s.c).

Proof of Lemma 5.7.2. To show that I: H(E) — R is sequentially weakly l.s.c, we first
show this property for a truncation of I, I,, defined by,

Iy(u) = /E (? + (k Am)u® — 2u> ndz, (5.7.2)

where m € N. Next, fix u € H(F) and let u,, be a sequence in H(F) such that v, — u €
H(E)®. Now define the mapping,

( CL2§2 2 .
u, &) 5 + (kK Am)u® = 2u ) n = fu(z,uf).

This mapping is convex in (u, §), therefore

fm(xvumgn) > fm(x,u,ﬁ) + (9ufm(x,u,£) ’ (Un - U) + 35fm(x,u,£) ’ (fn - 5)7

and, integrating,

I (uyp) > Iy (u) + /Eﬁufm(a:,u, )+ (u, —u)dr + /E('?gfm(x,u,f) (& — &)dx.

It suffices to show that both integrals on the RHS vanish as n — oo to conclude that
liminf, o In(uwy) > Ly (w). As u, — uin H(E), this means u,, — w in L%(E) and &, — &
in ngm(E). Lemma 5.7.1 yields the necessary construction of an element of the dual of

the weighted spaces L%(E) and LzQW(E) respectively. The first integral satisfies,

/Eaufm(x,u,f)(un—u)dx:/EQ((/@/\m)u—l)n(un—u)dx:/2((/@/\m)u—1)771/2(un—u)nl/de.

E

By Lemma 5.7.1, it is enough to show that 2((x A m)u — 1)n*/?2 € L? to ensure that

SRecall that u,, — u € H(E) means the sequence u, converges to u weakly in H(FE), i.e for any
x* € H(E)* we have (z*,u, —u) — 0.
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[ Oufm (@, u, &) - (uy — u)dz — 0 as n — co. Now,

12((s A m)u — 123 = /

4((k Am)u — 1)*ndz < 8 / (k Am)*u’ndx + 8
B

E

< 8m2/ u2ndx + 8
E

< 8m2||u||Lg] + 8 < o0,

as required. Likewise the second integral satisfies

/ agf?ﬂ(x’ u, 5)(571 - 5)dl’ = / a2§n(§n - f)dﬂj = / a§n1/2(£n - S)anl/le’.
E E 5

Once again, by Lemma 5.7.1, [, ¢ fm(z,u,&) - (& — §)dz — 0 because [|[a&n'/?||;2 =
[€][2, < +oo. Thus,
a=,n
lim inf 1,,,(u,,) > I ().

n—0o0
Recall I(u,) > In(uy,), thus liminf, . I(u,) > liminf, , I, (u,) > In(uw). The mono-

tone convergence theorem yields I,,(u) 1 I(u), thus passing to the limit we see

lim liminf I(u,) > lim I,(u) = I(u).

m—0o0 N—00 m—o0

But the left hand side is independent of m, therefore

liminf I (u,) > I(u),

n—oo
the proof is complete.

]

Theorem 5.7.1 (Existence and Uniqueness). Let Assumptions 5.3.1-5.3.4 hold. There

exists a unique solution to the minimisation problem (5.3.21).

Proof of Theorem 5.7.1.

Step 1 (Compactness). First we show that inf {I(u) :u € H(E)} = m, is finite. Fix
an arbitrary v € H(FE), then

a*g? 2 a*g? —132 -1 -1
I(u) = — 4+ Kku” — 2u | ndr = — 4+ krku—kKk ) =k |ndx>— | K ndx
B\ 2 B\ 2 E

The last integral is finite because x is bounded below away from zero and 7 is a probability
density, thus I(u) > —oo. To see that m < 400, set u = 0. Hence, m is indeed finite.
Now, let u, be a minimising sequence such that I(u,) — m as n — oo. Such a sequence

always exists by definition of an infimum. Next, we show that w, is a bounded sequence
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in H(E). Define C; := inf,cg k(x) > 0. Then,

C C 2\* 2 _cC 2
ﬁ~ui—2un201~ui—2un:71ui+71<un——) R 7

Because u,, is a minimising sequence, [ satisfies for sufficiently large n,

CL2£2
m—l—lzl(un):/( 2"+Hui—2un>ndx
E

2¢2 1
> [ (5 50 - 20 ) s
2 T2

1 _ _
> 5/ (a*¢ + Chul) ndx — 2C7 " > C’2||un||§{(E) —2071,
E

where Cy = min{3, C;}. Thus,
|7y < (2CT T +m+1) Cy!

for sufficiently large n, where the RHS is a strictly positive constant. Thus, passing to
a subsequence (and with a slight abuse of indexing notation) u, is a bounded sequence.
Note that Assumptions 5.3.1 and 5.3.4 ensure that ﬁ,% € L},.(E;R), whence H(E) is

loc

a Banach space (Theorem 1.11 in Kufner et. al. [76]). Passing to another subsequence
(still denoted wu,,), it follows that

u, =~ u € H(E).

Step 2 (Lower Semicontinuity). By Lemma 5.7.2, I is sequentially weakly l.s.c., hence
liminf I(u,) > I(u),

n—o0

and u is indeed a minimiser.

Step 3 (Uniqueness). Uniqueness follows from strict convexity of the mapping,

(u,&) — <§ + ku? — 2u> n.

]

Theorem 5.7.2 (Regularity of the Solution). Let u : E — R, be the unique solution to

the above variational problem. Then there erists v € C*(E) such that u = v a.e.

Proof of Theorem 5.7.2. As u solves the variational problem, v € H(FE). Therefore there
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exists a function ¢ € L}, .(F) such that

/Eu( /5 2)dz for all € C=(E).

Defining v(z fmoé )dy for some xy € E, any ¢ € C°(E) satisfies (setting F = (a, b))

/E o) (a)ds = [ [/xay)dy] iz = [ [ e @pio
[ [
[ oo [ oo
:—/G/wa) dym/m %5 ¢ (x)dyd
— [ [ st @iy + / [ ey

X0 :Z
—— [ 6w letn) - el dy+ [ € o(t) ~ ety

/Ev(y)w’(y)dy=—/Eé(y)so(y)dy=/EU(@/)sO’(y)dy,

/E (0(y) — u(y)) (y)dy = 0.

As ¢ is chosen arbitrarily, this equation holds for all ¢ € C°(F), hence v = u a.e.. The

hence,

solution of the variational problem is unique up to a.e. equivalence, therefore v is also a
solution. As v is a minimiser of [ : H(E) — R,

. I(v+ep)—I(v

i L0+ ep) = I( )7

e—0 g

if it exists must be zero, where ¢ € C°(FE) is arbitrary. We now show that this limit

indeed exists. Dropping function arguments to ease notation,
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2 2 0% (¢")? 2.2
:/ ca”fp + e —— + 2k + e°kp” — 2ep | ndy
E

2 1\ 2
(_a (¥) + mp2> ndy.

=e [ (a®¢¢’ + 2rvp — 2¢) ndy + & / 5

E

Thus,

I(v+ep) —I(v) _ /

g

(CLQ(sO’)2

(a8’ + 2kvp — 2¢) ndy + 5/ 5

+ /{gpQ) ndy.
E

The compact support of ¢ ensures that all integrals are well defined. Letting ¢ — 0
/ (a*€n) ¢ +2 (kv — 1) npdy = 0,
E
hence,

/E (a%n) P'dy = — / 2 (ko — 1) eody.

E

As ¢ is arbitrary, 2 (kv — 1) 7 is the weak derivative of a?¢n, and integration by parts

)
—/2(/@1}—1)17306[3/:// 2 (kv — 1) ndsy'dy.
E E Jyo

/ {agfn - /y 2(kv—1) nds} o'dy = 0.
E Yo

Once again, as ¢ is arbitrary,

yields,

Thus,

)
a’én :/ 2 (kv —1)nds, a.e.

Yo

which, by the regularity of the model’s coefficients, implies £ € C(E), hence v € C}(FE).

Self regularisation by means of the above equation yields v € C*(E) as required. ]

5.7.2 Qualitative Verification

The proof of Theorem 5.4.1 requires a lemma that gives an a priori upper and lower
bound on the candidate value function g. The proof follows essentially by inspection of

the variational problem.
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Lemma 5.7.3. Let g be the solution to the minimisation problem (5.3.21). Then,

1 1
0< ——~ <y(y) <

< +00,
SUPgep £(5)

infsep k(s)

for ally € E. In addition, g(y) >0 for ally € E.

Proof of Lemma 5.7.53. To prove the claim, rewrite f as

a*(y)(d' (v))* IEPENT B
fy,9.9") = (W +a(y) (9(y) =7 (y)" — & 1(y)) n(y).
Now let g :== g A ¢ where ¢ = sup,cp ﬁ which is a finite, strictly positive constant by
Assumption 5.3.3. Note § € H(FE) see [124, Corollary 2.1.6]. Now assume there exists a
set ' C F such that § = c on E’. Then,

<a2 (g/)z

1) = 16) = [ (St ntg w2 =)

- /E <a2(7g/)2 +r(G—rHE— /il) n
- [ (S@r+nlia—wt - =n 1)

_ / (%2(9')2 tr(g—n T — etk (g — K o m—l)) n

a2
= / (5(9’)2 +r(g—c)(g+c— 2&‘1)) .

Now as §|g = ¢ this implies g > ¢ on E’. Recall ¢ = sup,p ﬁ = ¢ > k. Thus
k(g—c)g+c—2"1) > k(g —c)(2c—261) > 0.

Hence the integrand above is non-negative and so I(g) > I1(g), contradicting that g is the
minimiser. Thus, either no such set £’ can exist or else £’ has Lebesgue measure zero

which implies g < ¢ = sup,p ﬁ almost everywhere, but g is continuous so this bound
1

must hold on all of E. An identical argument is used to show g > inf, g PR Hence for

all y € F we have proven

1
< Infr(s) < gly) S supri(s) = o ) ST
To prove g(y) > 0 for all y € E' we proceed by contradiction. Assume there exists g € E

such that g(zo) = 0. To analyse the Taylor expansion of g around the point xy up to the

146



SEFDEs and Optimal Consumption 147

third order, we require extra regularity in g. Because ¢ satisfies the HJB equation,

The terms, 22%, igé;’jg, af(y) are C'(F;R) due to the regularity assumptions on the model

coefficients (Assumption 5.3.1). We know g € C?*(FE;R) by Theorem 5.7.2, so we may
differentiate both sides to obtain,

) ) 9 W

2r'(y) _ 4R(y)d'(y) _2ey) o 20(Y)
- (S e ) o |

) — <—2b’<y> 4b<y>a/<y>> S~ 220

which shows g € C?(E;R). Next we perform a Taylor expansion on the half open interval

[an o + 5)7

///(Oé)

6

(20)
2

9(y) = g(xo) + ¢ (w0)(y — w0) + (y —x0)* + (y — x0)°,

for some a € [xg,x9 +€). As g(y) > 0 for all y € E, ¢'(x9) = 0. Thus the HIB equation
implies that ¢”(xg) = —2/a(xg) < 0, hence

=y —=0)* | ¢"(a) 3
g(y> - CL2($C0) + 6 (y - xo) .

Now as y € (xg, zo + €),

_(y - xO)z " (y - ZU())3
9y) £ —5——+ sup |g"(s)|———
GQ(ZL'()) s€[zo,z0+e] 6
Now we fix y close enough to zy to ensure the right hand side is strictly negative, which

gives us our desired contradiction, hence no such point z exists. O

Proof of Theorem 5.4.1. Part (i) is proven by combining Theorems 5.7.1 and 5.7.2. Part
(ii) follows directly from part (i) along with Proposition 5.3.1. To prove part (iii) we
employ Theorem 3.3 in Guasoni and Wang [56] which has two conditions that need to be
satisfied. Our assumption of a unique solution to the martingale problem in part (iii) of
Theorem 5.4.1 is exactly the first condition of Theorem 3.3 in [56]. The second condition

to check is that [° g(Y;)'dt = coP — a.s., but this is an immediate consequence of the
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fact ¢ is bounded (and positive), which follows from Lemma 5.7.3. Hence

/ g(Yy)tdt > / inf k(x)dt = +o0.
0 o <€E
Thus, Theorem 3.3 in [56] applies and the proof is complete. ]

Proof of Theorem 5.4.2. Assumptions 5.3.1-5.3.4 ensure Theorem 5.4.1 applies. Thus we
need only check the martingale problem from Theorem 5.4.1 has a unique solution and
we are done. Note the coefficients of the martingale problem depend only on the final
coordinate, hence it is sufficient to prove the existence of a unique weak solution to the

scalar SDE: dY; = (ZN)(Y,:) + %) dt + a(Y;)dW;. Assumption 5.3.1 and Theorem

5.4.1 ensure both the drift and diffusion coefficients are continuous and a?(y) > 0 for
all y € E. Thus there exists a unique weak solution up to an exit time 7 of the above
scalar SDE, see [35, Proposition 2.2]. Next we show the boundary is never reached. Let

P denote the scale function for the above SDE; i.e for some ¢ € F,
Y v b(w g (w
P(y) :/ exp (—2/ a2((w)) + g((w)) dw) du.

Lemma 5.7.3 implies g(y) > 0 for all y € E. Hence

_ [ " b(w) | dlog(g(w))

P(y) = /C exp (—2/C 2(w) + o dw | du

_ [ “ b(w) ) g*(0)

- [ (‘Q/C a?(w)) 2™
Now assume y > ¢, then

NN IRV
P - | p( 2 [ >g2<u>d

V
wn
o
2
WS
o &
=
<\
<
@D
"
o]
/T\
[\
N
S
ol =
—~
2| &
S~—
oW
S
\_/
QL
I

where p is the scale function for the SDE: dZ, = b(Z,)dt + a(Z,)dW,. By Assumption
5.4.1 p(y) — o0 as y — OF,, thus P(y) — oo as y — JF,. For y < ¢ by an identical

argument we have

9°(c)
P(y) < mp(y)

By Assumption 5.4.1 p(y) - —oc0 as y — OE_, thus P(y) — —oo as y — OF_. Hence
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we have P(1 = 00) = 1, see Karatzas and Shreve [70, Chapter 5, Section C] in particular
Problem 5.27 and Theorem 5.29. Thus the SDE: dY; = (5(3@) + %) dt + a(Y;)dW,
has a unique weak solution on E which implies the martingale problem from Theorem
5.4.1 is well posed. The proof is complete.

]

Proof of Proposition 5.4.1. Assumptions 5.3.1-5.3.4 are trivially true. We now check As-
sumption 5.4.1 for each model (5.4.3)-(5.4.5) respectively. Throughout this proof ¢ > 0

denotes an arbitrary element of E. First we check model (5.4.3), the scale function in this

py) = C/CyeXp (bw —u)’ Aug) du

model is given by

2a? a?
for some C' > 0. By inspection we have p(y) — oo as y — oo and p(y) — —occ as y — —o0

as required. For model (5.4.4) the scale function is given by
LY 2bu 2 0
— 2 kR

p(y) C’/C u exp(a2 + a26)du’

for some C' > 0. The parameter restrictions on A and ¢ ensure the leading order exponent
in the exponential term is positive and so p(y) — oo as y — oo. Note as 200 > a?,
the singular term in the integrand will not be integrable at zero. Thus we also have

p(y) — —oo as y — —oo as required. For model (5.4.5) the scale function is given by

2b6

ply) =C / L exp (%(bu — 2)\\/6)) du,

for some C' > 0. The analysis for this model is identical to the previous and so the
proposition is proven.

]

5.7.3 Asymptotics

Before proving Theorem 5.5.1 we need several preparatory lemmata. Recall throughout
this section we let Assumptions 5.3.1-5.3.4 hold. First we prove Lemma 5.5.1 which
requires a result from dynamical systems and control theory known as Barbalat’s Lemma

which we recall for the readers convenience.

Lemma 5.7.4. Suppose that f : [0,00) — R is uniformly continuous and that lim;_, fot f(s)ds
exists. Then limy_, f(t) = 0.

Proof. We refer readers to [49] for the proof. O

Using a time reversal argument one can show that Barbalat’s Lemma also applies to

uniformly continuous functions defined on (—o0, 0].
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Proof of Lemma 5.5.1. Recall g must satisfy the corresponding Euler-Lagrange equation
which reads J

ay (CWn)d ) =2(s(4)g(y) — (). (5.7.3)
Now set f(y) = a*(y)n(y)g'(y) and note that f € C'([m,o0); R) N L' ([m, o0); R). Contin-
uous differentiability comes from the fact g € C?*(E;R) and the regularity assumptions on
the coefficients of the model. To see why f € L!([m, 00);R) we apply Holders inequality

and use the assumption on the integrability of a®n.

/[m,oo) 19'(y)|a*(y)n(y)dy < ( /E |g'(U)\2a2(u)77(u)du>§ ( /[mm) az(u)n(u)du) < 4o,

Now recall that |g(y)| < C by Lemma 5.7.3, thus,

D=

|F ()] = 12(k(y)g(y) — Dn(y)] < 2Ck(y)n(y) + 2n(y) < B,

where the last inequality follows from our supposition on the boundedness of k1 on U(m)
(which also implies 7 is bounded on U(m) as infsep £(y) > 0). Thus f is continuously
differentiable with a bounded derivative, which implies f is Lipschitz continuous and thus
uniformly continuous. But integrability and uniform continuity imply that f must vanish
at infinity by Barbalat’s Lemma 5.7.4. An identical argument on (—oo, —m| yields the

claim. O

Lemma 5.7.5. Let g € C*(E;R) be the unique solution to (5.3.21). Let Assumption
5.5.2 hold. Then if ¢'(y) <0 (¢'(y) > 0) for ally € [m,00) (y € (—o0, —m]) where m > 0
1s large, then,

lim g(y) =0.

ly|—o0

Proof of Lemma 5.7.5. Fix x € [m,00). The HJB equation <§g” +bg — kg = —1> en-

sures,
2z CL2 _
/ (Eg" +bg — kg + 1) Pdy = 0.

Performing integration by parts twice yields

2 /2 ~ 2z /q -
0= [ (Garvig —ng ) vty = [ (Glater ~ o o) gdy + 0(0),

Rearranging, taking absolute values and using the boundedness of g (which follows from
Lemma 5.7.3),

[y <3 [ (e + i

Employing (5.5.1) from Assumption 5.5.2 and the fact g is strictly positive and non-

)dy+a:.
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increasing to estimate the left hand side below yields,

az(l+ |z|P)

2x
o) < .
02 9(2z) < /x kgdy

Using (5.5.2) from Assumption 5.5.2 yields,

vCs

%/ (o' | Bl ) dy+ & < T2+ fal?) 4+

Combining these estimates yields

az(l+ |z|P)
Cy

4(20) < 77(53(1 e + 1.

Rearranging, this estimate implies that g(2z) — 0 as x — oo. The limit at —oo is obtained

by using the same test function, shifting the support to the interval [—2x, —z]. O

Lemma 5.7.6. Let g be the solution to the minimisation problem (5.3.21) and let As-
sumption 5.5.2 hold. Then g(y) — 0 as |y| — oc.

Proof of Lemma 5.7.6. Fix ¢ € (0,1) and choose xg such that k™! (zo) < C1(1+|zo|P)™! =
e. Letting h(z) = C1(1 + |z|P)~!, we identify three possible cases,

(i) g(zo) > h(wp) = &; (i) g(wo) = h(wo) = &; (#44) g(wo) < (o) = €.

First consider case (i7), we show g(y) < e for all y > xy . Introduce

Note that g(zg) = h(zo) = € ensures g is continuous. Now we assume there exists a set
E' C [xg,400) such that g(y) = € for y € E’. We proceed as in the proof of Lemma 5.7.3.
Thus,

I(g) = I(9) = / (%(g’)2 +rlg—e)lgt+e— 2%‘1)) 1.
Now for all y € F,
gy) > e = gly) +e>2 = g(y) +ec—2x (y) > 2 — 2k (y) > 2c — 2h(y) >0,

where the second last inequality follows by Assumption 5.5.2, and the last because h is
monotonically decreasing on [zg,00) with h(zg) = €. Thus I(g) — I(g) > 0, but this
contradicts the optimality of g and hence g(y) < e for all y > x.
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Next, consider case (iii) g(zo) < h(xg) = €. If g(y) < h(y) for all y € [z, +00)
then ¢ — 0 as y — oo, otherwise there must exist a point x; € [xg,+00) such that
g(x1) = h(z1) = €’ < . But then the argument in case (ii) yields that g(y) < &’ for all
y > x1, whence g(y) < ¢ for all y > z;.

Finally we consider case (i) g(xg) > h(zg) = €. We prove there exists an xo > zy such
that g(xs) = €, then the argument from case (iz) yields g(y) < ¢ for all y > 5.

We proceed by contradiction and suppose that g(y) > ¢ for all y € [z, 00). We show
this supposition implies that ¢'(y) < 0 for all y € [zg, 00), whence we can invoke Lemma
5.7.5 to claim ¢g(y) — 0 as y — oo, a contradiction, and so there must exist a point
x9 > xq such that g(xs) = €, as required.

To show ¢'(y) < 0 for all y € [zg,00) we once again proceed by contradiction and
assume ¢'(x) > 0 for some x € [rg,00). This implies the existence of § > 0 such that
g(y) > g(z) for all y € (x,6). Let & > & be the first point such that g(§) = g(x). Then
introducing the truncation g(y) = g(y) A g(z) will result in I(g)|;5 — 1(9)|ps = 0
contradicting optimality of g. If no such point § exists then I(g)|jz.00) — £(7)|j,00) = 0

once again contradicting optimality. Hence we must have ¢'(y) < 0 for all y € [z, +00).

Thus we have proven for any fixed ¢ > 0, g(y) < ¢ for all y > max(zg,x1,x2). The
argument to ensure g(y) < ¢ for all y < —z where = is some large positive number is
identical.

O

Lemma 5.7.7. Let g € C*(E;R) be the solution to the minimisation problem (5.3.21)
and let Assumptions 5.5.2-5.5.3 hold. Then, there exists constants Cy,Cy,q > 0 such that,
forally e E,

L < g(y) < L
(L4 yl9) — — A+ yl9)

The proof of Lemma 5.7.7 requires the maximum principle from the theory of elliptic

PDEs which we now recall for the readers convenience.

Lemma 5.7.8. Let V. C R (bounded or unbounded) be a connected open set with a
smooth (or empty) boundary. Let u € C*(V),a" b7,c € C°(V), a¥ strictly elliptic in the

interior of & and ¢ > 0, and assume that
Lu = (a"0;0; + V0; — ¢) u < 0.

Assume the infimum of u is attained in the interior of V', so that u(zy) = inf,ey u(z) for

xo € V. Then, either u(xg) > 0 or u(zg) = u(x) for allxz € V.

Proof of Lemma 5.7.8. We refer readers to [52, Theorem 3.5| for the proof. O
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Proof of Lemma 5.7.7. Assume always y € U(m) for some large m > 0. To prove the
upper bound, note that by Assumption 5.5.3, Lh < —C5 for some Cy > 0. Thus we also
have Lh < —¢ for all € € (0, ). Recall from the HIB equation that £(g) = —1, therefore

h h
£<g—9>:%—Egg—l—i-l:Oforallse(O,Cg).

By the maximum principle” (i.e, Lemma 5.7.8), if the minimum is in the interior, then
either h/e — g > inf(h/e — g) > 0 or h/e — g = C. Note that C' must be non-negative as

—nozz(c):c(g—g) <o.

As k > 0 we must also have C' > 0 and so in both cases we see h/e — g > 0. Now if
the infimum occurs at the boundary it may be at infinity or +m, first we check infinity
and recall by Assumption 5.5.2, Lemma’s 5.7.5 and 5.7.6 hold, which ensure g(y) — 0 as
ly| = oo. Hence

Now as || — m,
h(m)
. —g(m), as x | m,
"L o 2t (" o) = 4
P g(—m), asz T —m.

Now recall that ¢ is an arbitrary element of (0,C5), thus we can always ensure the right
hand side is positive for small enough . This follows from the boundedness of g. Thus,
9(y) < h(y) as required. Next we prove the lower bound. Now £h > —(C} so in particular
Lh > =4 for all § € (Cy,00). By Assumption 5.5.3,

h Lh
L (g 5) Lg 5 S + 0

Thus we invoke the maximum principle once again. By similar arguments, in the cases of
an interior minimum or a minimum at +oo that the estimate h(y) < g(y) holds. If the

infimum occurs at +m then

(v) h(z) o) = @7 e
(y) — 2 > Jim inf <g(ar) - T> - h(—m)
|| g(—m) — 5 as r — —m.

"Technically one would need to apply the maximum principle on the sets (—oo, —m) and (m,co)
separately but the resulting arguments are identical.
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Now fix 0 large so that the right hand side is positive (recall that ¢ is bounded strictly away
from zero (Lemma 5.7.3)). This gives us the estimate h(y) < g(y). With the assumed

estimates on h we have now proven for all y € U(m),

1 1
Tl ~ W= Ty

The continuity and strict positivity of g implies we can trivially extend this estimate
to the entirety of E in the case when £ = R. When F = (0,00) we need to check that
liminf, .o g(y) > 0 in order to extend our estimate to the whole of E. However this follows

by Lemma 5.7.9, which concludes the proof. O]

Lemma 5.7.9. Let g be the solution to the minimisation problem (5.3.21) when E = R..
Assume limsup, o+ £(y) < +00. Then liminf, o g(y) > 0.

Proof of Lemma 5.7.9. Fix € > 0 and define h(x) := inf,c(gq $ Our assumption that
lim sup,, o+ K(y) < +o0 ensures h(z) > 0 for all 0 < z << 1. We proceed similarly as in

the proof of Lemma 5.7.6 and identify three possible cases,

(1) g(e) > h(e); (1) g(e) = h(e); (i7) (¢) < h(e).

First consider case (i7), we show g(y) > h(e) > 0 for all y < €. Introduce,

v Jaly)vh), y<e,
9(y) =

9(y), y=>e,

where z V y = max(x,y) for z,y € R. Note that g(¢) = h(e) ensures g is continuous.
Assume there exists a set £’ C (0, ¢] such that g(y) = h(e) for y € E’. Thus,

_ a? _
1)~ 1) = [ (10 o= heNa + 1) - 267 ).
E/
Note that for all y € E', g(y) — h(e) < 0 and additionally,

g(y) < h(e) = g(y) +h(e) < 2h(e) = g(y) +h(e) — 2 (y) < 2h(e) — 26~ (y) <0,

where the last inequality follows because h(e) = inf,c (o ﬁ Thus I(g) — I(g) > 0, but

this contradicts the optimality of g and hence g(y) > h(e) > 0 for all y < e.

Next consider case (i) g(¢) > h(e) > 0. If g(y) > h(y) for all y € (0, ] then liminf, . g(y) >
0, otherwise there must exist a point £, € (0, €] such that g(e1) = h(e1) > h(e) > 0. Then
the argument in case (i) yields that g(y) > h(e;) for all y < e, but this automatically
yields g(y) > h(e) for all y <e. Thus liminf, o g(y) > 0.
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Finally in case (i) 0 < g(e) < h(e). It follows that g(y) > g(g) > 0 for all y € (0,¢]
as otherwise truncating g at g(e) would further reduce I yielding a contradiction of the

optimality of g.
Thus in all cases we see liminf, ,, g(y) > 0. O

Lemma 5.7.10. Let g € C*(E;R) be the solution to the minimisation problem (5.3.21)
and let Assumptions 5.5.1-5.5./ hold. Then, for some C > 0

C

inf ey |b(w)|

l9'(y)| <

for ally € U(m) for some large m > 0.

Proof of Lemma 5.7.10. Recall that g must satisfy the corresponding Euler-Lagrange

equation, which is

— (*(W)n(y)g'(v)) = 2 (k(y)g(y) — 1) n(y).

Integrating this expression over the interval [z,y] C U(m) N R,
y

J ) )n(s) ~ o (@)a? (@) =2 [ (s(u)g(n) ~ D n(u)du.

T

By Assumptions 5.5.2 and 5.5.3, Lemma 5.7.7 implies

(1 + [ul”)

As ¢ > p > 0, this quantity is uniformly bounded, thus this estimate yields
/ 2 (N2 Y
@ (@n(o)] <19 @)+ C [ nlwdu

By Assumption 5.5.1 we invoke Lemma 5.5.1 yielding |¢'(y)a?(y)n(y)| — 0 as y — oo.

Thus taking limits we obtain,

¢ (2)a%(2)n(z)| = C / ().

Recalling the definition of n gives,
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Assumption 5.5.4 ensures that |b(u)| > inf e fz,00) |b(w)| > 0 for all u € [z, 00). Thus,

/ > b(u) “ b(s)
=l = C/x 0t oo [B(0)2(a) (2/ aQ(s)d8> o

The substitution v = —2 [ bs) s gives®,

@(s)

¢ /OO e Yds < ¢
infwe[x,oo) |b(w)| 0 N infwe[gc,oo) |b(w)|

' (x)] <

As z is arbitrary this holds for all points in the set U(m)NR,. The argument to show the

estimate on U(m)NR_ is identical except first integrate over [—y, z| at the beginning. [

Proof of Theorem 5.5.1. By Lemma 5.7.7 there exists two constants C, Cs > 0 such that

&

S S
) =S Ty

(1+ |yl
By Lemma 5.7.10 there exists two constants C3, m > 0 such that,

C
9'(y)] < - S fory € Um).
infyery)) [b(w

For E = R, the continuity of ¢’ on [—m, m| implies that, combining these estimates one

finds some constant C' > 0 such that

g/((y)’ <C (1 G |y!q)( )’X{yeU(m)}> yecE.

9(y) inf ey |b

If E =R, one needs to exclude the possibility that limsup, ,,|¢'(y)| = oo. The proof of
Lemma 5.7.10 to yields the estimate (for some C > 0),

C

9@ i . 7 S

Plugging in the definition of 7 (assuming x < ) it follows that

|9’ (z)] < Cexp (2 /IO ;2((““)) du)

which has a finite limsup by assumption. Hence, sup,c( o |¢'(y)| < +oo which means

that also for £ = R, the estimates for g and g are combined to obtain the desired result.
O

$Note this change of variables is valid because inf e[z o0) |b(w)| > 0, this ensures b(z) does not change
sign for large = so the integral is a monotonic function of the upper limit of integration.
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Proof of Proposition 5.5.1. The proof follows in two steps, first we check Assumptions
5.3.1-5.3.4 in order to invoke Theorem 5.4.1. Now (5.5.7) ensures Assumption 5.3.1 holds
while Assumption 5.3.2 is true via a standard Girsanov argument. As vy > 1, Assumption
5.3.3 is true by definition and (5.5.8) implies Assumption 5.3.4. Hence Assumptions
5.3.1-5.3.4 are fulfilled and we can apply Theorem 5.4.1.

Step two involves checking there exists a unique solution to the martingale problem
in Theorem 5.4.1. Standard existence and uniqueness results (such as Theorem 10.2.2 in
Stroock and Varadhan [118]) requires to show that,

JAZ)I S (1412, z€eR"xR
(z,b(2)) S(A+]2), z€R"xR,

where (-,-) denotes the standard inner product on R x R. Note that in this case A(z) is
constant, so the first condition is automatically satisfied. For the second condition recall

that b depends only on the final coordinate, hence we need only check

|6n+1<y)’ 5 (1 + ‘y|)7 ) € R

(y) g'(y)
" L -

_ (v)
b@%—(” Z%J~

29'(y)
b(y) +a 9(y)

Recall

Because b is globally Lipschitz, it obeys a linear growth bound, while u is itself linear.
Thus if we can show |¢’/g| obeys a linear growth bound then the proof will be complete.

We obtain this bound by checking Assumptions 5.5.1-5.5.4 and invoking Theorem
5.5.1. Now (5.5.8) ensures k1 will be uniformly bounded. As a is constant in this model
a’n, will certainly be integrable and so Assumption 5.5.1 is satisfied. From the definition

of k it directly follows that we can find two constants C, Cy > 0 such that,
Ci(1+9%) < k(y) <Cr(1+y%), yeR

Now let ¢ be as constructed in the Appendix (A.2.1) (with obvious adjustments made
when the support is shifted to the negative half plane). Thus for all x > 0 sufficiently

large,

[ lae@r 1+ bwuilay < [ @ @]+ 5w+ b o)y

1 !
go(—+1+ +x)
X e

< C(1+a?),
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for some C' > 0. The second inequality comes from the estimates for ¢ and its derivatives

along with b being continuously differentiable and Lipschitz continuous which implies b

(and therefore lN)) has a bounded derivative and also obeys a global linear growth bound.

Hence Assumption 5.5.2 is satisfied with p = 2. Now recall k™! (y) = 1/(k1 + k2y?) where
Tzfl

k1= B/y+ (1 =1/y)r and ky == (1 — 1/7)(5Z+). Thus we set h(y) = k~1(y) and
apply L,

£(3) = 5070 + B ) - 1

_ a’Ky (3ka — K1) B QKQB(y)?/

— 1.
(k1 + kay?)® (k1 + koy?)?

Now b inherits the uniform Lipschitz continuity (and therefore a linear growth estimate)
from b and thus for large enough |y| the first two terms can be made arbitrarily small and

thus one can easily find two constants C', Cy such that,
1

-C, <L (—) < -0y
K

for y outside some large compact set containing the origin. Thus Assumption 5.5.3 is
satisfied. Now (5.5.9) is exactly Assumption 5.5.4 thus we can invoke Theorem 5.5.1 to

obtain,

g’(y)' §O<1+ 1+ [y|?

. ——X(Y) yev @ yeEk,
9(v) infueprqy o(w)] ”}>

for x > 0 sufficiently large, where x denotes the indicator function. Finally the second
part of (5.5.9) implies a linear growth bound for the right hand side for all |y| > = which,
by the continuity of ¢’/g, can extended to all of E.

O
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Appendix A

A.1 Numerics

We numerically solve the minimisation problem (5.3.21) via direct discrete approximation
and employing finite dimensional optimisation techniques. Note minimising (5.3.25) is

equivalent to minimising,

o8 a*(y)(u'(y)) 1’

fw- [ (f ) () = ) ) ).
Let £ C E be compact and II an equidistant partition of £. Then
)~ [ (M () () - =) ) n(w)dy

s (ﬁ(w)(tg;; — )" k(y;) (uj - %%))j /W n(z)de = F(uy,. .. uy),

y; €11 Yj

where we have approximated the derivative by the slope. Employing the L-BFGS opti-
misation algorithm (see [77]) to minimise F': RY — R, yields an approximate numerical
solution. To test the effectiveness of this scheme we consider the following model (which

is a special case of model (5.4.4) with 6 = 1),

r(Yy) =r; dRy = uY;dt + 0\/}7tdZt,
dY; = b(0 = Y;) dt + a\/Y; dW,, (A1.1)

where r, i, 0,b,6,a > 0 are constants. In this regime,

b(y) = b(6 —y) — Ay Fu(y)=§+<1—%) (r+y25;)7
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where \ = <1 — l) “2E and

>
C 200 2by  2\y
n(y) = =y "exp (—— - —2) :

where C' > 0 is a normalising constant. In this model an explicit solution to the HJB
equation was given in [56, Lemma 5.1] and hence we compare the numerical approximation

of the optimal consumption with the known explicit solution.

Parameter r L o b 0 a 6] p

Value 0.01 1 1 0.07 0.02 0.04 0.02 1

Table 4: Parameters for model (A.1.1).

le-044
9e-05
30
8e-05
7e-05+
6e-05
20
5e-05
4e-05
3e-05-
10

2e-05+4

1e-051 \

=~ - — e - — — = = ————— =

0e+00 4 -0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Figure 4: The difference between the exact consumption and the numerical approximation (left vertical
axis) against the state variable (horizontal axis, with P(0 < Y, < 0.8) = 0.995) with the stationary
density of Y (right vertical axis), for v = 2 (solid), v = 4 (dashed), and v = 8 (dotted).

The naive numerical scheme performs well, as illustrated by the error graph in figure 4,
which shows a maximum error of approximately 0.002% within a 99.5% confidence interval
for the stationary distribution of the state variable. We note that in some instances a

reparametrisation can increase both the speed and accuracy of the numerical scheme.
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Rewrite

I(u) :/E (M + k(y) (U(y) -~ L)2 n(y)dy

K(y)

:/E aQ(y)(u’(z;) n(y))2+ﬁ(y> (u(y)\/@_ K?ﬁ)”) dy.

Then set h = u,/n and minimise the following functional,

po [ 52 (0 - m ) vt <h<y>— ’Zf;”) &y

We discretise as above, conduct the minimisation, and then undo the parametrisation to

recover the solution to the original optimisation problem. This transformation has the
advantage of removing the scaling incurred by the weight function 7 so that gradient
descent based optimisation methods are not affected by near zero gradients induced by

the damping from 7. This reparametrisation is employed for model (5.4.3).

A.2 Bump function construction

Let x > 0 and define following function,

(32
P(y_a:)za ye[l‘?%}
—32 102 0n 100
?(y—7> +1, ye [§ 5]
1, y € [15,
ViR—Riy— g o L4\ 2 578 (A.2.1)
4z T
?(y—?> +1, ye [ 8
32
?(y—QLU)Q, NS [15?1,2%]
07 Yy ¢ [l‘, 21’]

\

It is easy to see 1 € W2Y(R;R). The first derivative is defined classically however the

second derivative is understood in the weak sense. It is not hard to obtain the estimates,

C C
Wyl <1 [ (y)] < Tl Wl <

IN

for some C' > 0 with y € [z, 2z]. Additionally one can show ®(z) = fjx Y(y)dy = 2.
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