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Abstract

Asymptotic Growth in Nonlinear Stochastic and Deterministic

Functional Differential Equations
Denis D. Patterson

This thesis concerns the asymptotic growth of solutions to nonlinear functional differential equations,
both random and deterministic. How quickly do solutions grow? How do growth rates of solutions
depend on the memory and the nonlinearity of the system? What is the effect of randomness on the
growth rates of solutions? We address these questions for classes of nonlinear functional differential
equations, principally convolution Volterra equations of the second kind.

We first study deterministic equations with sublinear nonlinearity and integrable kernels. For
such systems, we prove that the growth rates of solutions are independent of the distribution of the
memory. Hence we conjecture that stronger memory dependence is needed to generate growth rates
which depend meaningfully on the delay structure. Using the theory of regular variation, we then
demonstrate that solutions to a class of sublinear Volterra equations with non—integrable kernels grow
at a memory dependent rate.

We complete our treatment of sublinear equations by examining the impact of stochastic pertur-
bations on our previous results; we consider the illustrative and important cases of Brownian and
a—stable Lévy noise. In summary, if an appropriate functional of the forcing term has a limit L at
infinity, solutions behave asymptotically like the underlying unforced equation when L = 0 and like
the forcing term when L = 4o00. Solutions inherit properties of both the forcing term and underlying
unforced equation for L € (0,00). Similarly, we prove linear discrete Volterra equations with summable
kernels inherit the behaviour of unbounded perturbations, random or deterministic.

Finally, we consider Volterra integro—differential equations with superlinear nonlinearity and non-
singular kernels. We provide sharp estimates on the rate of blow—up if solutions are explosive, or
unbounded growth if solutions are global. We also recover well-known necessary and sufficient condi-

tions for finite-time blow—up via new methods.
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Chapter 1

Introduction and Overview

1.1 Motivation and Goals

Differential equations are ubiquitous in the modelling of complex systems in both the natural and social
sciences. Linear models are commonplace, and mathematically well-understood, but many real-world
phenomena demand sophisticated nonlinear models. Nonlinearity alone introduces substantial mathe-
matical complexity but, in many applications, we must also model the influence of past events on the
dynamics. The system possesses a “memory” of its previous states, or delays and time lags may cause
the recent past to affect the evolution of the process significantly. In this situation, the dynamical
system is said to be a functional differential equation (FDE). If all former states are important the
equation is called a Volterra equation. Finally, external chance events or uncertainty intrinsic to the
problem demand that randomness is accounted for: in this case, the evolution studied is a stochastic
functional differential equation (SFDE). The goal of this thesis is to provide a comprehensive theory
regarding the growth of solutions to highly nonlinear deterministic and stochastic FDEs. In partic-
ular, we wish to understand how rapidly solutions of such equations can grow and to determine the
relationship between the memory, the strength of dependence on the state (nonlinearity), the system’s
initial configuration, and the long—term growth rate.

According to Hale [57], FDEs have been studied in some form for over 200 years but systematic
investigations only began in earnest in the 20th century. Much of this development was application—
driven; Picard investigated hereditary effects in physics in 1908 and Volterra constructed integro—
differential models for viscoelastic problems as early as 1909. Volterra later became more focused
on hereditary effects in the interaction of species (circa 1931) and to this day population dynamics
remains an active area of application for FDEs (see e.g. Cushing [42] or Kuang [71]). From the 1940’s
onward there was a rapid advancement in the theory of FDEs with control systems and engineering
applications in mind (see Bellman and Cooke [22]). The Soviet school was particularly active during
this era with Myshkis [95] and Krasovskii [24] (among others) making important contributions. In
the 1960’s delay and functional differential equations were widely studied in the context of economic
modelling (see e.g. Samuelson [110]), but the first work in this area actually dates back to Haldane [56]
and Kalecki [65, 66] in the mid 1930’s. More modern applications in this area include the modelling
of stock and commodity prices by FDEs and SFDEs (see e.g. [4, 40, 41, 82]). Beside the applications
mentioned above, FDEs also arise naturally in models of nuclear reactors (see Levin and Nohel [76]),
heat flow, lasers, advertising policies, financial management and many more diverse areas besides;
Kolmanovskii and Myshkis [70] provide a more thorough description of precisely how FDEs arise in
each of these applied areas.

Naturally, many researchers have devoted considerable attention and effort to answering questions

concerning the existence and uniqueness of solutions to FDEs (see Gripenberg et al. [50] for a modern
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and comprehensive account). Broadly speaking, this theory is mature and more than fit for purpose
with regard to applications. Of course, knowing that solutions exist and are unique is certainly neces-
sary from a modelling perspective, but it is clearly not sufficient. We are typically interested in much
more detailed information in practical situations — this is usually referred to as the qualitative behaviour
of solutions. For example, does the population tend to an equilibrium level, at what temperature will
a metal combust, or how does the growth rate of our economy depend on past activity? For particular
models, these are all properties which can be determined analytically. Furthermore, analytical results
regarding qualitative properties can serve to guide and validate numerical investigations which often
seek to answer even more refined questions.

In this thesis, we aim to provide detailed results regarding the qualitative behaviour of growing
solutions to general classes of FDEs under minimal hypotheses. In particular, we aim for practically
useful results which allow the behaviour of solutions to be determined explicitly in terms of the problem

data. To illustrate this point, define the spaces

Cp=<2€C(0,T);R): sup M<oo , heC(0,T);RT), T>0,
t€[0,T) h(t)

and recall that a pair of spaces (A, B) is admissible with respect to the operator T if T(A) C B. Now
consider the following well-known result from the admissibility theory of nonlinear Volterra equations.

Theorem 1.1.1 (Corduneanu [39, Theorem 4.1.2]). Consider the integral equation

x(t) = h(t) +/0 k(t,s)f(s,z(s))ds, te€]0,T), (1.1.1)

for some T > 0. Suppose (Cy, Cg) is admissible with respect to the linear Volterra operator (Kz)(t) =
fg k(t,s)x(s)ds for t € [0,T), f : Cq — Cy is Lipschitz continuous in its second argument, and
h € Cqg. Then (1.1.1) has a unique solution x € Cg.

The result stated above is very general and potentially very powerful. If we can identify a suitable
pair of functions (g, G), then there exists a positive constant L such that |z(¢)| < LG(¢) for t € [0,T),
i.e. the growth or decay of the solution to (1.1.1) can be bounded in terms of G. However, our task in
reaching such a conclusion is considerable. Clearly, (g, G) must be related in some way to the problem
data, i.e. the functions h,k and f, but we are given no hint whatsoever as to how to determine the
pair (g, @) from the given data. By contrast, in this thesis, we concentrate on less general classes of
equations with features which appear to us to arise most frequently in applications. To wit, our focus
is primarily on scalar equations of convolution—-type — convolution structure is a typical feature in
models of systems which are stationary in time. This judicious specialisation allows us to formulate
sharp conclusions depending solely, and in an explicit fashion, on the problem data. Furthermore,
addressing the scalar case is clearly a necessary first step in tackling higher dimensional equations and
we believe this case is likely to contain the key steps needed for generalisation to higher dimensions.
Perhaps our most innocuous decision is that we choose to work in continuous—time. However, we do
not believe that this has a significant impact on our results and it is likely that much of our programme
has a direct analogue in discrete-time (and perhaps even on other time scales [122]). Indeed, these
claims are supported by some investigations already undertaken; in Chapter 5 we venture briefly into
discrete—time in order to investigate discrete analogues to some of our nonlinear results for linear
equations and we have also proven discrete analogues to many of our sublinear results [14]. Finally, we
choose to primarily study equations of integro—differential type, as opposed to pure integral equations
such as (1.1.1) (cf. equations (1.2.1), (1.2.2) and (1.2.3)). This choice is primarily motivated by our
desire to generalise our results to stochastic equations, although our integro—differential equations are

readily put in the form of (1.1.1) by integration.
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To paraphrase the conclusion of Theorem 1.1.1: Under appropriate conditions, if A € C¢g, then
2z € Cg. In other words, the solution to (1.1.1) inherits its asymptotic behaviour entirely from the
exogenous forcing term h; the dynamics of the solution are ultimately ambivalent to both the kernel k
and the nonlinearity f. This striking feature is generic in the literature on admissibility for Volterra
operators, particularly linear operators [37, 50]. This thesis contains new results of a similar flavour
in a nonlinear setting — we typically prove that when the forcing term £ is sufficiently large relative to
the nonlinearity and kernel (in an appropriate sense), then the long—term behaviour of the solution is
the same as that of h to leading—order. However, this immediately begs the question: what happens
when h is not “sufficiently large” to dominate the dynamics? In this case, we hope to find some
function, now depending explicitly on k and f, which describes the behaviour of the system in an
appropriate sense. In particular, we often prove that there exists a function A, depending only on k&
and f, such that |z(t)|/A(t) — 1 as t — oo; in other words, the leading—order behaviour of the solution
is given by A as t — oo. The bulk of this thesis will concentrate on results of the two types outlined
above. Furthermore, in certain advantageous situations, we can interpolate between these two cases
and describe precisely the transition from when the state-dependent term governs the dynamics to
when the exogenous perturbation dominates.

The remainder of this chapter outlines some of our main results in more detail and prepares some

necessary mathematical preliminaries.

1.2 Overview

In Chapter 2 we analyse growth rates of positive solutions to scalar nonlinear functional and Volterra

differential equations of the form

2 (t) = /H 1 (ds) fat — s)) + / pa(ds) f(a(t — 5)), ¢ > 0; (12.1)

[0.4]
a(t) =), te[-7.0, 7>0,

where p; € M([0,7];RT) and pus € M(RT;R") are finite measures. The nonlinear dependence in
(1.2.1) is assumed to be sublinear, in the sense that lim,_, . f(z)/x = 0, and we impose extra regularity
properties on a function asymptotic to the nonlinear function, f, rather than on the nonlinearity itself.
The main result of Chapter 2 reduces the analysis of growing solutions to (1.2.1) to determining the
rate of growth of solutions to the autonomous ODE obtained by concentrating all of the mass of the

measures at zero, i.e.

y'(t) = {m(RT) + p2(RT)} £ (y(2));

this contrasts markedly with the theory for linear equations in which such estimates are (in general) not
sharp. However, the aforementioned estimates on the asymptotic growth rate of solutions are implicit.
In particular, we prove that A(z(t),t) — 1 as t — oo for some appropriately chosen function A; in
general, one cannot hope to do better (see [16] and Section 2.3). However, under additional conditions
on the nonlinearity, we supply more direct asymptotic information by showing that z(t) ~ B(t) as
t — oo for some function B which is constructed explicitly from the problem data.

Chapter 3 details our investigation into memory-dependent growth in scalar Volterra equations of

the form
2(#) :/ w(ds)fe(t—s)), t>0; (0)=v >0, (1.2.2)
[0,¢]

where € M,.(RT;RT). However, in contrast to Chapter 2, we now consider the case in which

u(RT) = oo, while retaining the hypothesis that f is sublinear. A regularly varying function ¢ obeys
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the defining asymptotic relation lim,_, o, ¢(Ax)/P(x) = AP for all A > 0 and some p € R; this is a
natural generalisation of the class of power functions (see Section 1.3.3). To obtain precise results
and mitigate the technical difficulties which arise because u(R*) = oo, we assume that both M and f
are regularly varying functions, where M(t) := f[o, . u(ds). By computing the growth rate in terms of
a related nonautonomous ODE, we show that the growth rate of solutions depends explicitly on the
memory of the system through the index of regular variation of M. In particular, the stronger the
memory of the system, the slower the rate of growth of the solution. Finally, we employ a fixed point

argument to determine analogous results for a perturbed Volterra equation of the form
(1) = / j(ds)f((t— )+ h(t), >0, 2(0) =1 >0, (1.2.3)
[0,¢]

As one would expect, when h is small (in an appropriate sense), solutions to (1.2.3) inherit the asymp-
totic behaviour of the unforced equation (i.e. (1.2.2)). However, for a sufficiently large perturbation,
the solution tracks the perturbation asymptotically, even when the forcing term is potentially highly
non—monotone. Moreover, the transition between these asymptotic regimes can be precisely under-

stood in terms of the indices of regular variation of f and M.

In Chapter 4 we develop bounds on the growth rates and fluctuation sizes of unbounded solutions to
perturbed nonlinear Volterra equations such as (1.2.3). We now allow the forcing term & to be random
or deterministic but reimpose the restriction that p € M(RT;R™), as in Chapter 2. We continue to
assume that the nonlinearity is sublinear but, in contrast to Chapter 3, we no longer need to impose
regular variation in order to proceed. Our main results show that if an appropriate functional of the
forcing term and nonlinearity has a limit L at infinity, the solution to (1.2.3) behaves asymptotically

like the underlying unforced equation

y'(t) = p(RT) f(y(1) (1.2.4)

when L = 0, like the forcing term when L = 400, and inherits properties of both the forcing term
and underlying differential equation (1.2.4) for values of L € (0,00). The class of regularly varying
functions with index less than or equal to one provides a rich class of admissible nonlinearities; by
exploiting the enhanced structure of this class we provide sharp and comprehensive asymptotic results
which further illuminate our analysis for general nonlinearities. Our approach carries over in a natural
way to stochastic equations with additive noise and we treat the illustrative cases of Brownian and

a—stable Lévy noise.

Chapter 5 concerns the asymptotic behaviour of solutions of a linear convolution Volterra summa-

tion equation with an unbounded forcing term, namely

a(n+1)=> k(n—jz@)+Hmn+1), n>0; =z(0)=¢(eR. (1.2.5)
=0

In both Chapters 3 and 4, we address how large additive perturbations influence (even dominate)
the long—term dynamics of nonlinear systems with memory. In spite of the voluminous literature
regarding linear memory—dependent systems, it appears that this question has not been studied in
extensive detail in a linear setting; the more usual case when perturbations are “mild” (e.g. forcing
terms which lie in L?/IP spaces) has been the subject of intensive efforts (see [50, Theorem 7.2.3]
for a representative result in continuous—time). These “mild” perturbations are evidently of greatest
interest in applications such as engineering or systems control and have naturally attracted the most
attention but larger, even dominant, forcing is of particular interest in economic applications. Hence it

is perhaps most natural to study this problem in discrete time since (1.2.5) has the structure of classical
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time series models — models which are ubiquitous in economics and finance. We believe appropriate
continuous—time analogues to the results of Chapter 5 can also be proven, just as our continuous—
time sublinear results have discrete-time analogues [14], but our conclusions are unlikely to change
materially with the time scale. Finally, the linearity of equation (1.2.5) in the state—variable is more
mathematically tractable than the nonlinear equations studied in this thesis and we can consequently
aim for more refined conclusions. For example, in Chapters 3 and 4, proving that z/H tends to a
finite or infinite limit is considered a success, but in Chapter 5 we hope to prove that x/H (or related
quantities) have illuminating asymptotic representations or inherit other significant properties from
H.

In our study of equation (1.2.5) the kernel sequence (k(n))n>1 is summable and we ascribe growth
bounds to the exogenous perturbation sequence (H(n)),>1. If the forcing term grows at a geometric
rate asymptotically or is bounded by a geometric sequence, then the solution (appropriately scaled)
admits a convenient asymptotic representation. Moreover, we use this representation to show that
additional growth properties of the perturbation are preserved in the solution. If the forcing term
fluctuates asymptotically, then fluctuations of the same magnitude will be present in the solution. We
also connect the finiteness of time averages of the solution to (1.2.5) with those of the perturbation.
Our results, and corollaries thereof, apply to stochastic as well as deterministic equations and we
demonstrate this by studying some representative classes of examples. We conclude by extending our
theory to cover a class of nonlinear equations via a straightforward linearisation argument.

In Chapter 6 we consider the finite-time blow—up and asymptotic behaviour of solutions to the
nonlinear Volterra integro—differential equation (1.2.2). Our main contribution is to determine sharp
estimates on the growth rates of both explosive and nonexplosive solutions for a class of equations
with nonsingular kernels under relatively weak hypotheses on the nonlinearity. In this superlinear
setting we must be content with estimates of the form A(xz(t),t) — 1 as t — 7, where 7 is the
blow—up time if solutions are explosive or 7 = oo if solutions are global. Our estimates improve on
the sharpness of results in the literature and we also recover well-known blow—up criteria via new
methods in the course of our analysis. Furthermore, in the nonexplosive case, we characterise the
additive perturbations which preserve the growth rates from the unforced case, and detail precisely
how nonautonomous forcing terms can impact the growth rates of solutions. In the presence of a

blow—up, our conclusions are unaffected by continuous perturbation terms.

1.3 Mathematical Preliminaries

1.3.1 Existence and Uniqueness Theory

This section briefly describes the relevant existence and uniqueness theory for the nonlinear FDEs
considered in this thesis. Since the existence and uniqueness theory for these equations is mature, we
prefer to tackle this issue presently and focus on the asymptotic behaviour of solutions in the main
body of the thesis. The only exceptions to this policy are in Chapter 4 when we briefly address the
existence of solutions to SFDEs driven by semimartingales, and in Chapter 6 when we investigate
whether or not solutions are global in the presence of superlinear nonlinearities.

Consider the nonlinear Volterra integro—differential equation
() = / j(ds) f@(t — 8)) + h(), t>0; 2(0) = &. (1.3.1)
[0,2]
Definition 1.3.1. A function solves the initial value problem (1.3.1) if it obeys (1.3.1) almost every-

where on an interval containing zero and is absolutely continuous on that interval. A solution which

obeys (1.3.1) for almost every t > 0 is called a global solution. A solution which obeys (1.3.1) for
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almost every t € [0,T] for some T > 0 is called a local solution.
The following result is well-known and representative (see Gripenberg et al. [50, Corollary 12.3.2]).

Theorem 1.3.1 (Local Existence Theorem). Suppose pn € Mjoo(RT;RY), h € L}, (RT;R), and f €
C(R;R). Then, for each £ € R, there exists a locally absolutely continuous solution z to (1.3.1) on an
interval [0,T] for some T > 0.

Moreover, every solution to (1.3.1), defined on some interval [0,T), can be continued to a noncon-

tinuable solution on [0, Tyaz) for some Tiazy > T. If Tae < 00, then limsup, - |z(t)] = oo.

The notion of a solution described in Definition 1.3.1 is strictly weaker than the solution concept
typically used for ordinary differential equations. In particular, absolute continuity only guarantees
that solutions are differentiable almost everywhere (with respect to the Lebesgue measure). This
fact has implications for the comparison principles used throughout this work and indeed necessitates
the introduction of Dini derivatives in various arguments. One might ask: could we introduce a
stronger solution concept to circumvent these issues? This cannot be done without asking too much
regularity on the problem data. For ODEs, one usually first establishes that there is a continuous
solution to the equivalent integral equation by a fixed point argument and this continuous solution is
subsequently shown to be continuously differentiable due to the smoothing property of the solution
map. By contrast, the solution map generated by equation (1.3.1) does not allow us to conclude such

additional smoothness of solutions in general. The integrated form of (1.3.1) is given by

z(t) = x(0) —I—/O </[0 ]u(ds)f(x(u — S))) du —I—/O h(u) du, te€0,T]. (1.3.2)

Under the hypotheses of Theorem 1.3.1, if z is a continuous function obeying (1.3.2), then the first
integrand on the right—hand side of (1.3.2) is Lebesgue integrable and locally bounded. Hence z is an
absolutely continuous function on [0, T]. If we make the stronger hypothesis that g admits a continuous
kernel, i.e. pu(ds) = w(s)ds, then we can conclude from (1.3.2) that x € C*([0, T]; R).

Theorem 1.3.1 provides an adequate local existence theorem for all nonlinear FDEs considered
in this work. Furthermore, we will generally have global solutions via Theorem 1.3.1 and a trivial
comparison argument. The first half of this thesis deals with FDEs which are sublinear in the state

variable, or in other words, the nonlinear function f additionally obeys

lim @

=0.
Hence f obeys a global linear bound of the form

|f(z)] < A+ Blz|, for all x € R, for some positive constants A and B.

Therefore, whenever the initial value problem (1.3.1) has a local solution and f is sublinear, the solution
to (1.3.1) is in fact global by comparison with the appropriate linear Volterra equation.
In Chapter 6 we consider the case when the nonlinearity is positive and obeys

lim M—

N

In this situation, Theorem 1.3.1 guarantees a positive solution to (1.3.1) on some interval [0, Traz),
where T),q, depends on &, f and p in general. Given a local solution to (1.3.1) via Theorem 1.3.1
we proceed to establish whether or not the solution is global. If not, the solution exhibits finite—time

blow—up, i.e. Thar < 00 and lim, ,,— x(t) = oo, due to the positivity hypothesis.
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Uniqueness of solutions is not a major concern in any of our results as our arguments will apply
to all solutions of the equations under consideration (if indeed multiple solutions exist). However, in
many applications it is natural to insist on uniqueness of solutions and this can be guaranteed for
(1.3.1) by imposing Lipschitz type hypotheses on the nonlinearity. Uniqueness results for (1.3.1) can
be proven by specialising the theorems of Gripenberg et al. [50, Ch. 12/13]; the following result is

representative.
Theorem 1.3.2 (Uniqueness Theorem). Suppose p € Mo(RT;RT), h € L} (RT;R), and f €
C(R;R). Suppose further that f is locally Lipschitz continuous on R, i.e. for each d € RT

|f(x) = f(y)| < Kalz —yl, for allz,y € [~d,d],

for some positive constant Kgq. Then, for each & € R, there exists a unique absolutely continuous

solution x to (1.3.1) on an interval [0,T] for some T > 0.

1.3.2 Asymptotics

We begin by defining a useful equivalence relation on the space of positive continuous functions; in
essence, we consider two functions to be equivalent if they have the same leading order asymptotic

behaviour.

Definition 1.3.2. Suppose z,y € C(RT;(0,00)). = and y are said to be asymptotically equivalent if

limy 00 2(t) /y(t) = 1. We write x(t) ~ y(t) ast — oo, or sometimes x ~ y for extra brevity.

Note that z(t) ~ y(t) implies 1/x(t) ~ 1/y(t) as t — co. The following elementary lemma will be

used frequently throughout this thesis, so we record it now for future reference.

Lemma 1.3.1. If f, $ € C(R™;(0,00)) are asymptotically equivalent and obey

lim f@) = lim ) =0, lim f(z)= lim ¢(z) = oo,

Tr—r00 X Tr—r00 xT T—00 T—00

then F(x) ~ ®(x) as x — oo, where F and ® are defined by

| 1
F(:v):/l mdu, @(m):/l Wdu, x> 0. (1.3.3)

Occasionally, we employ the standard Landau “O” and “o” notation. If x and y are as above,
we write 2(t) = O(y(t)) or z is O(y), if |z(t)| < Ky(t) for some K € (0,00) and ¢ sufficiently large.
Similarly, we write z(t) = o(y(t)) or z is o(y), if z(t)/y(t) — 0 as t — occ.

1.3.3 Regular Variation

Definition 1.3.3. Suppose a measurable function ¢ : R — (0,00) obeys

lim $(A7)
T—00 ¢(J;)

=N, for all A\ >0, some p € R,

then ¢ is regularly varying at infinity with indez p, or ¢ € RV (p). We say that a function ¢ is slowly
varying at infinity if ¢ € RV (0).

Regular variation provides a natural generalisation of the class of power functions and has found
applications in a diverse array of mathematical fields, including probability theory, complex analysis,
and number theory [27]. More recently, the application of the theory of regular variation to the study

of qualitative properties of differential equations has become an active area of investigation. There is
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a burgeoning literature regarding the application of the theory of regular variation to the asymptotic
behaviour of ordinary and functional differential equations (see for example the monographs of Marié
[87], and Rehdk [103], and recent representative papers such as those of Chatzarakis et al, [34], Matucci
and Rehék [89, 90], and Takasi and Manojlovi¢ [117]). Regular variation has also been successfully
utilised in the analysis of problems in partial differential equations (see Cirstea and Radulescu [36],
and Rédulescu [102]).

We record some useful properties of regularly varying functions which will be called upon frequently
throughout this thesis.

(i.) Composition and reciprocals: If ¢ € RV (p) and v € RV (€), then ¢ o v € RV, (pf). Hence,
1/¢ € Rvoo(_p)

(ii.) Inverses and integration: If ¢ € RV (p) is invertible, then ¢~ € RV (1/p) for p # 0. Further-
more, if the function t — ¢ is given by ¢(t) = fot #(s)ds, then ¢ € RV (p +1).

(iii.) Preservation of asymptotic order: Suppose x,y € C(R™;(0,00)) obey
limg oo z(t) = +00, im0 y(t) = 400, and z(t) ~ y(t) as t — oo. If ¢ € RV (p) for any

p € R, then
o)
t=o0 d(y(t))

(iv.) Smooth approximation: If ¢ € RV (p) for p > 0, then there exists ¢ € C*(RT; (0,00)) "RV 5 (p)
such that ¢'(x) > 0 for all x > 0 and

o) el
o) Tk o)

Similarly, if h is in RV (—6) for > 0, then there exists j € C1(R™;(0,00)) which is also in
RV (—0) such that j/(t) < 0 for all ¢ > 0 and

A slightly weaker result holds for slowly varying functions at oo: if h is in RV, (0), then there
exists j € C1(R™;(0,00)) N RV (0) such that
h(t)

tlggo m =1, lim

This result is part of Theorem 1.3.3 in [27].

The following result is fundamental in the theory of regular variation and, in the present context,
serves as a key tool in the precise asymptotic analysis of growth rates of nonlinear FDEs (see Chapter

3 in particular).

Theorem 1.3.3 (Karamata’s Theorem [67]). If ¢ € RV (p) is locally bounded on [X,00) for some

X € RT, then
x7 g (x)
im —w———=0+p+1, or each o > —(1+ p).
We occasionally employ the theory of rapid variation and we now recall the definition of a rapidly

varying function.
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Definition 1.3.4. Suppose a measurable function h : R — (0,00) obeys for A > 0:

0, A<,
. h(Aa2)
1 = =
5% h(z) 1, A=l
400, A>1.

Then h is rapidly varying at infinity, or h € RV (00). If on the other hand, h : R — (0, 00) obeys for
A>0:

+oo, A<,
lim haz) _ 1 A=1
T—00 h(m) B ) -
0, A> 1.

Then we write h € RV (—00).

1.3.4 Representative Results

The following section is intended to give the reader a representative snapshot of some of the main

results of this thesis without undue emphasis on technical details.

We first consider FDEs with sublinear nonlinearity, i.e. those for which lim,_,o f(z)/x = 0. The

following theorem is a specialisation of the main result of Chapter 2.

Theorem 1.3.4 (Theorem 2.3.2). If uy € M([0,7];R"), po € M(RT;RT), f € C((0,00);(0,00)) is

increasing and obeys lim,_, o f'(x) = 0, then solutions of

2(t) = /[Oﬁ]ul(dS)f(x(tS)H [ mfa-s). 10

[0,2]

a(t) =¢(), te[-7.0]

obey

lim z(t) = o0, lim w =M,

t—o0 t—o0

where 1 € C([—7,0]; (0,00)) and M = p1([0, 7]) + po(RT).

The function F is defined in terms of f by F : x + F(z) = [;" du/f(u) and in the linear case we
would have F(z) = log(x). Thus the quantity F(z(t))/t can be thought of as a nonlinear generalisation
of the classical Lyapunov exponent and captures the leading order growth rate of the solution. Of
course, we prefer conclusions of the form x(t) ~ A(t) as t — oo for some specified function A. However,
even for a linear ODE, log(z(t))/t = M does not imply that x(t) ~ exp(Mt) as t — oo in general. As
the following result shows, it is possible to provide simple sufficient conditions for the equivalence of

these statements in the nonlinear case.

Corollary 1.3.1 (Theorem 2.3.3). Suppose that the hypotheses of Theorem 1.3.4 hold. If
limsup,_, . f(x)F(x)/x < oo, then

z(t) ~ F7Y(Mt) ast — oco.

It is natural to ask whether the conclusion of Theorem 1.3.4 is robust to the addition of forcing
terms, both deterministic and random. To this end, we study equation (1.3.1). Furthermore, since we

aim to study stochastic perturbations, it is best to formulate this problem in integral form from the
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outset. Integration of (1.3.1) yields
t
+/ Mt —s)f(z(s))ds+ H(t), t>0, (1.34)
0

where M(t) = u([0,¢]) and H(t fo s)ds. One would expect to essentially retain the asymptotic
rate of growth from (1.3.4) When H is small in an appropriate sense. The following quantity turns out

to provide the appropriate notion of “size” of the forcing term:

H{(t)

Ls(H):=lm ——M—-+———
s(H) =% M [ f(H(s)) ds

€[0,00], where M = pu(R").

The following theorem combines and specialises several of the main results from Chapter 4.

Theorem 1.3.5 (Theorems 4.3.2, 4.3.3, 4.3.6). Suppose lim,_,~, f'(x) | 0, H € C((0,00); (0,00)) and
p € M(RT;RT). If x denotes a solution to (1.3.1), then the following hold true:

o Fa) . _
LiH) =0z lim —7= =1 and - lim s =

L¢(H) € (0,00): 1§Iig£f%(f))§ligsip%gl+Lf(H) (1.3.5)
Liy(H)e(1l,00): 1< htm me((i)) < h?is;ip H((tt)) < LfL(fh;;'{) 1 (1.3.6)
e iy Fl®) _ z(t)
Li(H)=00: tli)rgoW—oo and t1—>ooH() 1.

When L(H) = 0 we retain the conclusion of Theorem 1.3.4 but when L;(H) = oo the dynamics of
the solution are inherited completely from the forcing term. In the intermediate cases when L¢(H) €
(0,00) and Ly(H) € (1,00) the solution appears to inherit characteristics of both the unforced system
and the perturbation term. Indeed, these results can be thought of as lying on a continuous spectrum in
the following sense: sending L¢(H) | 0in (1.3.5) correctly predicts the result in the case that Ly(H) =0
and likewise sending Ly (H) 1 oo in (1.3.6) correctly predicts the conclusion when L¢(H) = co. When
Ly(H) =1 there is an asymptotic balance between the competing forces of the unperturbed system
and the forcing term; this critical case can be illuminated further and resolved satisfactorily using the
theory of regular variation (see Theorem 4.3.7). Examples show that the upper and lower bonds given

n (1.3.5) and (1.3.6) can all be achieved.

When the forcing term is a Brownian driven martingale, i.e. H(t fo ), the key quantity

for capturing perturbation size is

£1) = ¢ ([ 0y oo [ (0.

Solutions are no longer positive but real-valued so we require some “symmetry at infinity” in order to

make the problem more tractable and stop the proliferation of cases. Thus we ask that

i @I
2| oo (|z])

¢ (z) L 0 as x — oo. (1.3.7)

The following result is a compendium of the results regarding Brownian driven noise from Chapter 4

and is the stochastic counterpart to Theorem 1.3.5.

Theorem 1.3.6 (Theorems 4.4.2, 4.4.3, 4.4.4 and 4.4.5). Suppose f € C((0,0); (0,00)) obeys (1.3.7),
H:tw— fo s)dB(s) where B is a Brownian motion on an appropriate probability space and o €

10



1.3. MATHEMATICAL PRELIMINARIES

C(RT;R), and p € M(RT;R"). If X denotes a solution to (1.3.1), then the following hold true:

F(|X
L¢(X)=0 (includes o € L?): H?i)sup w <1 a.s.
F(|X

L¢(X) € (0,00) and o ¢ L* : limsupM <1+ Li(%E) as.

t—00 Mt

—L¢(H) LX) X(¢) L¢(H)

2, f < < < f

Ly(X) e (1,00) and o ¢ L= : Lf(H)_l_hggggf () _h?isogp S S L)~ 1 a.s

Li(Y)=o0c and o ¢ L?: ligglf‘;(((g = -1, liirisczp;(((z)) =1a.s.

While the conclusions of Theorem 1.3.6 mirror those of Theorem 1.3.5, we are left to wonder whether
or not the conclusions are sharp (as they can be shown to be by examples in the deterministic case).
In order to resolve this question we consider a simplified instance of (1.3.8) which has a power—type
nonlinearity and an exponential kernel; this allows us to write the equation as a second—order system

which will be approximated well by a standard FEuler-Maruyama discretisation scheme.

Figure 1.3.1 shows the result of a series of numerical experiments intended to investigate the quality
of Theorem 1.3.6 when L¢(¥) = 0. In this case, extensive experimentation confirms that the upper

bound of 1 on the quantity F'(| X (¢)|)/Mt is in fact possible to achieve and hence sharp.

Fig. 1.3.1: Sample paths of F(|X(t)|)/Mt with L;(X) = 0.

1.5 . . .
— 3=0.25
—B3=05
—B=0.75
1
0-5 1 1 1
0 25,000 50,000 75,000 100,000

Time
f(z) = sgn(x)|z|?, u(ds) = e~*ds and o(t) = V.

When L¢(X) = oo we expect a decisive and positive conclusion from our numerical experiments
since Theorem 1.3.6 predicts exact upper and lower fluctuation sizes in this case. We consider the
quantity X (¢)/3(¢) multiplied by a slowly decaying scaling factor; this has the advantage of generating
convergent bounds which are more amenable to visualisation. In figure 1.3.2 we observe that the scaled

solution does indeed cleave closely to the predicted bounds.

11
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Fig. 1.3.2: Sample path of X (¢)/X(t) with L(3) = cc.

0.5 7

, il
JiiL 4

_1 L 1 I 1 | | |
10 50 250 1,000 3,000 10,000 30,000 100,000
Time
f(x) = sgn(z)y/|z] and o(t) ~ 1 as t — oco.

When L¢(X) € (1,00) numerical simulations indicate that the bounds given in Theorem 1.3.6
are not sharp in general (compare the pink line and the scaled solution in figure 1.3.3). However,
in light of our refined deterministic results which utilise the powerful theory of regular variation, we
conjecture an improved bound (the blue line in figure 1.3.3). This improved bounds depends on the
index of regular variation and is given by finding the unique positive solution to a particular nonlinear
algebraic equation. Figure 1.3.3 suggests that this conjecture may well be the optimal result but a

definitive answer to this question is a matter for future work.

Fig. 1.3.3: Sample path of X (t)/X(t) with L#(X) = 1.1.

S X0

- Z0)
—+As(t)

Ly(X) |
—F iy )

10 50 250 1,000 3,000 10,000 30,000
Time

A is the positive solution to A = A?/L;(X) + 1.

Finally, we study the bounds Theorem 1.3.6 provides on the quantity F(|X (¢)|)/Mt when L;(X) €

(0,00). Figure 1.3.4 indicates that while our result appears to have the correct order of magnitude

12
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of the solution, the linear bound 1+ L;(X) is not tight in general. In a similar spirit to figure 1.3.2,
in the special case of a regularly varying nonlinearity, it is once more possible to conjecture a tighter

bound based on our deterministic results (see Theorem 4.3.7 case (ii.)).

Fig. 1.3.4: Sample paths of F'(|X(t)|)/Mt with L;(X) = 1.

—3=10.25
3F —p3=05 |

—03=0.75

—1 +Lf(z)

1 '&Wm *xﬂw g s e |

. . . YWY

0 25,000 50,000 75,000 100,000
Time

f(z) = sgn(x)|z|’.

In sharp contrast to sublinear FDEs, solutions to superlinear FDEs (lim,_, f(z)/x = 4+00) exhibit
qualitatively different behaviour even for measures which are a.e. equal. In particular, the behaviour
of the kernel near zero is known to have a strong impact on the asymptotics of solutions and thus our
study of (1.3.2) in the superlinear regime requires the imposition of stronger hypotheses on p to yield
meaningful conclusions. Hence we suppose that p is an absolutely continuous measure so that (1.3.1)

becomes

w’(t):/o w(t — 5)f(@(s)) ds + h(t), t>0. (1.3.8)

In order to describe the asymptotics of both global and explosive solutions to (1.3.8) define the functions

e du . ,
FU(z)—[ 7\/m, >0

and

Y
FB(Z')—/I \/m, >0

Fy and Fp depend on f in an explicit fashion and hence can be computed or estimated from the

problem data. The following theorem is the main result of Chapter 6.

Theorem 1.3.7. Suppose f € C((0,00);(0,00)) is increasing with lim,_, o f(z)/x = oo,
w € C([0,00);[0,00)) with w(0) > 0 and H € C*(]0,00);[0,00)). Each positive solution z to (1.3.8)
blows up in finite—time for each x(0) > 0 if and only if

lim Fy(z) < oo. (1.3.9)

T—0o0

13
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If x blows up and u— f(u)/u is eventually increasing, then

Fp(a(t) _

li 2 . 1.3.1
#? T—t w(0) (1.3.10)

If x does not blow-up, u + f(u)/u is eventually increasing and w € L', then the following are

equivalent:
F t Fy(H(t
@) tm 20EW) L ArE i) timsup 2 D) o au.
t—o0 t t—o00 t
Furthermore,
Fy(H F
im ZEHO) e V2w(0) implies  lim Fo@®) _ g (1.3.11)
t—o0 t t—o0 t

Equation (1.3.9) provides a necessary and sufficient condition for solutions to blow—up in finite
time; this result is not new but our method of proof is different from previous work which established
this condition. The asymptotic relation (1.3.10) gives the asymptotic rate of growth at blow—up for
explosive solutions and the value of the kernel at zero appears explicitly in this identity, justifying our
earlier claim that the asymptotics are sensitive to the kernel close to zero. It is also notable that the
forcing term H does not feature in (1.3.10) whatsoever and this indicates that it has no affect on the
blow—up rate. The asymptotic relation (i.) captures the asymptotic growth rate of global solutions
when H = 0 and hence the equivalence of (i.) and (éi.) serves to characterise the class of forcing terms
which leave the unperturbed growth rate intact. Finally, (1.3.11) suggests that when the perturbation
reaches a critical size, the solution to (1.3.8) tracks the forcing term asymptotically in the sense that

x and H share the same nonlinear Lyapunov exponent.

14



Chapter 2

Growth Rates of Sublinear

Functional Differential Equations

2.1 Introduction

We study the asymptotic behaviour of unbounded solutions of the following FDE

2 (1) = /[O’T]m(ds)f(w(t—S))Jr / pa(ds) f(a(t — ), t>0; (2.1.1)

[0,2]
z(t) =¢(t), tel-7,0], 7€/(0,00),

where 1, 1o are nonnegative finite measures, f is a positive continuous function, and v is a positive
continuous function. We will assume f is sublinear, in the sense that f(z)/x — 0 as © — oo. Under
this hypothesis, solutions of (2.1.1) will grow but will not exhibit finite time blow up; more precisely
x € C([—7,00);(0,00)) but lims oo 2(f) = 0co. We may then ask whether the asymptotic growth
rates of solutions to (2.1.1) can be captured in a meaningful way. Our main results provide sufficient
conditions under which the solutions of (2.1.1) have essentially the same asymptotic behaviour as the

related autonomous ordinary differential equation

y'(t)=Mf(y(t), t>0; y(0)=1v, M:= [ ]Hl(ds) +/[ )uz(dS)- (2.1.2)
0,7 0,00
Indeed, defining F' by
|

F(x :/ ——du, x>0, 2.1.3
(x) T (2.1.3)

the sublinearity of f implies that F'(z) — oo and our most general results show that

o Fa(t)

Under strengthened conditions, (2.1.4) can be improved to give direct asymptotic information in the

form )
T
lim ———+—— =1. 2.1.5
% F-1(Mt) (2.1.5)

Chapter 2 is based on the paper [19].
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If f € C1(R*;(0,00)), the general solution to (2.1.2) is given by
y(t) = FH (Mt + F(y)), t>0.
Hence lim;—, o0 F(y(t))/Mt =1 and furthermore, if f is sublinear,

lim y(®)

i = am = b (2.1.6)

Sublinearity implies y'(t)/y(t) — 0 as t — oo and this in turn implies that y(t +¢)/y(t) > 1 ast — o
for any ¢ € R. The limit in (2.1.6) then follows by choosing ¢ = —F(1)) /M. The asymptotic results for
2 mirror those for y, and if (2.1.5) holds the solution to (2.1.1) is actually asymptotic to the solution
of the related ODE (2.1.2).

In order to determine explicit first order representations for the asymptotic behaviour of y(t) as
t — 00, it is only necessary to determine the large time behaviour of F and F~!, and this is precisely
what is needed to determine explicit first order representations for the asymptotic behaviour of x(¢)
as t — 0o0. Thus deducing the asymptotic behaviour of (2.1.1) reduces exactly to the related problem
for the ODE.

Growth estimates on the solutions of nonlinear convolution—type equations such as (2.1.1) have at-
tracted attention from a wide variety of investigators (see, for example, Lipovan [79, 80], and Schneider
[111]). In particular, the asymptotic theory of equations such as (2.1.1) is intimately related to the
upper bound estimates furnished by inequalities of the Bellman-Bihari-Gronwall type (cf. [26]) and in
some sense this chapter addresses the question of when these estimates are asymptotically sharp. The
literature on such inequalities is vast, and important results are given in several monographs (e.g.,
Lakshmikantham and Leela [73], and Pachpatte [98]). In [98], Pachpatte provides myriad examples
of differential inequalities and their applications to the qualitative theory of differential equations,
including to linear integro-differential equations similar to (2.1.1). However, these results rely on the
nonlinear function being monotonically increasing and generally only provide upper estimates on the
size of solutions. Indeed much of the literature on growth bounds and estimates involves monotone
hypotheses; these are of course natural when trying to establish uniqueness of solutions of dynamical
systems since the nonlinearity can be interpreted as a modulus of continuity, which enjoys natural

monotonicity properties.

If f is increasing, and F(x) — oo as x — 0o, immediate integration of (2.1.1) leads directly to an

upper inequality of Bihari-type, and an estimate of the form
F(z(t)) <C+ Mt, t>0

for some C' > 0. This immediately yields

SN CI0))
1
T

<1 (2.1.7)

However, this result does not indicate whether the estimate is in any sense sharp for non—trivial func-
tional differential equations; although it is certainly so for sublinear ODEs, since lim;_,, F'(y(t))/Mt =
1. It is well-known that the estimate from the Bihari-Gronwall-Bellman approach cannot be sharp
when f is linear, as exact Liapunov exponents — which do not coincide with those resulting from the
Gronwall inequality — are given by solving the characteristic equation (see e.g., [50]). Therefore, it is
of evident interest to develop corresponding lower inequalities on the solution of (2.1.1) with a view
to investigating the quality of the upper bounds generated by the standard theory. An excellent paper

which addresses such lower bounds in Volterra integral equations is that of Lipovan [78]; in the present
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work we develop suitable lower inequalities for the solutions of our equations which in fact highlight the
sharp character of the bounds achieved in [78]. We are assisted in this task by the integro—differential
character of (2.1.1). Furthermore, the standard approach does not seem to address the situation in
which f is decreasing. To a certain degree, the main new contributions of this work are to furnish
sharp lower estimates, to relax the hypothesis that f increases, and to obtain simplified but precise
limiting behaviour, rather than explicit and global bounds on the solution. Indeed, as we are in any
case studying differential systems, we find it sometimes reasonable not to integrate (2.1.1), in part to
prevent the destruction of useful information about the solution, and this leads to a different line of

attack from the aforementioned integral equation theory.

In the linear case, as noted above, the exact asymptotic behaviour is known, and the upper estimate
in (2.1.7) is not sharp in general. If f grows sufficiently more rapidly than linearly, finite time blow—up
of solutions is possible — this class of problems is the subject of Chapter 6. Presently we confine our
attention to the case when f is sublinear. A characterisation of sublinearity which seems mild is that f
is asymptotic to a function whose derivative vanishes at infinity. Sublinear equations of this type were
studied by Appleby et al. [11] with a single delay term but this analysis relies on the theory of regular
variation. Other works which give growth estimates for sublinear functional differential equations
include Graef [49], and Kusano and Onose [72] but these articles focus on equations of arbitrary order
with oscillatory solutions, leading to less general results. We impose the more general hypothesis of
asymptotic monotonicity on the nonlinear function f; both the increasing and decreasing cases are
addressed. This generality allows us to easily recover the results for the case of regular variation.
However, our analysis reveals that relaxing either the increasing or decreasing hypothesis completely
makes estimation of a sharp growth bound difficult. In the case when f is slowly varying at infinity we
can still achieve results but the unbounded delay case is challenging. Only under additional hypotheses

on f can we obtain exact asymptotics in this case.

A primary motivation for the work in this chapter is to give a platform to deduce growth and fluc-
tuation properties for deterministically and stochastically perturbed functional and Volterra equations

of the form
dX(t) = (/ wr(ds)f(X(t—s)) +/ pa(ds)f(X(t—s)) + h(t)) dt+dz(t), t>0, (2.1.8)
[0,7] [0,]

where Z is a semimartingale with appropriate asymptotic properties. Indeed, the deterministic theory
established presently forms the basis of our investigation of equations such as (2.1.8) in Chapter
4. Systems with the same qualitative features as those present in (2.1.8) find applications in the

endogenous growth theory of mathematical economics and in particular in vintage capital models.

The inclusion of general finite measures in (2.1.8) is a key feature for applications to vintage cap-
ital as it allows both demographic and structural delay effects to be captured; the work of Benhabib
and Rustichini [23] is an excellent early exemplar of how Volterra equations with general measures
can be used to model non—exponential depreciation of capital, and effects such as “learning by doing”
and time—to-build lags. These ideas, and variants thereof, have subsequently been developed in both
the economic and mathematical literature. d’Albis et al. [43] (and the references contained therein)
provide a more up to date overview of the development of such models and the associated mathemat-
ical machinery. We note that the aforementioned literature is primarily focused on models involving

equations which are linear in the state variable.

The second notable qualitative feature of equation (2.1.8) is the inclusion of a sublinear nonlinearity;
this arises naturally in economic models as a consequence of the so—called law of diminishing returns.
In the context of endogenous growth models, Jones [62] explains the crucial need to incorporate non—

unit returns to scale in order to eliminate unrealistic scale effects (see also [63]). The most common
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sublinearities in the economic literature are those of power type and our treatment of the case of regular
variation is therefore especially pertinent in this context. The work of Lin and Shampine [77] provides a
recent example of the intersection of endogenous growth theory and the theory of functional differential
equations. Building on the framework of Jones and Williams [64], Lin and Shampine present a model
of finite length patents in a decentralised economy which gives rise to a complex system of functional
differential equations with sublinear state-dependent terms. Sublinear nonlinearities are also present

in FDEs arising in population dynamics where they model overcrowding effects (see Thieme [118, 119]).

Finally, the inclusion of a deterministic state-independent term % in (2.1.8) serves to model un-
derlying trends in the external environment, while the semimartingale term models exogenous and

uncertain pertubations to the system. Interesting examples of appropriate semimartingales include

20 = [ o)dBls). Za(t) = Yalt

where B is standard Brownian motion, and Y, is an a-stable Lévy process (see Bertoin [25] for
further details). These allow us to model respectively systems subject to exogeneous, persistent
time-dependent shocks, or systems perturbed by erratic, and potentially large, shocks. The state—
independence of Z in our examples make (2.1.8) reminiscent of a continuous—time nonlinear time
series model subject to white noise perturbations (cf. Brockwell and Lindner [30], or Marquardt and
Stelzer [88]). We also note that for such stochastic systems, which are likely also subject to model
uncertainty, there is less potential for global pathwise bounds to be of value. This further supports

our emphasis on asymptotic results with less stringent requirements on the nonlinearity.

2.2 Mathematical Preliminaries and Hypotheses

The measures p; and po will obey

i€ M0, 7 RY), s € M(RT;RY), /

1 (ds) —|—/ pa(ds) =: M € (0,00). (2.2.1)
[0,7] [0,00)

Assuming M > 0 guarantees that we avoid the trivial case when the right—hand side of (2.1.1) is
identically zero. We suppose that

f € C(R";(0,00)), (2.2.2)

so that the function F' : Rt — R given by (2.1.3) is well-defined, strictly increasing, and invertible.
Throughout this chapter we assume that the initial function v is strictly positive on the initial interval
[—7,0]; this guarantees that solutions to (2.1.1) obey z(t) — co as t — co. However, this assumption
is not needed in proofs regarding the rate of growth and hence these arguments apply if it is known

independently that solutions grow to infinity.

The non-standard mixed form of (2.1.1) owes to the fact that our methods apply equally well
to both bounded delay equations and Volterra equations without a forcing term on the right-hand
side; for brevity we prove results for (2.1.1) which can be immediately applied to each special class of
equations as desired. We could rewrite (2.1.1) as a “pure” Volterra equation at the expense of adding

an exogenous forcing term by noting that delay differential equations of the form

2'(t) = / pi(ds)f(z(t —s)), t>0; z(t)=9(), tel[-70], (2.2.3)
[0,7]
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can be written as
0= [ uds) et o) +hie), 120 2(0) = b0, (2.2.4)
[0,%]

where p(E) = p1 (EN[0,7]) and h(t) = Ljo.7)(t) f[w] w1 (ds) f((t — s)). Indeed our results for (2.1.1)
are a necessary first step in understanding the growth asymptotics of unbounded solutions of more
general FDEs of the form (2.2.4) and such equations will be addressed in later chapters.

We say that f € C(RT;(0,00)) is sublinear if it is dominated by every positive linear function at

infinity, or in other words,

lim @ =0. (2.2.5)
T—o00 I
In order to prove many of our results, we request extra properties and regularity on f that are not
necessarily satisfied by sublinear functions as described by (2.2.5). However, we believe that our
choice of additional hypotheses on f are not especially restrictive, relatively natural in the context of
differential systems, and apply in a unified manner across a variety of situations. With S the class of

functions given by

S={pcCHR;(0,00)) : lim ¢'(x) =0, ¢(z)>0}, (2.2.6)
we suppose that
There exists a ¢ € S such that f(z) ~ ¢(z) as © — oo. (2.2.7)

Note that (2.2.7) implies the sublinear property (2.2.5) (see Lemma 2.6.1). Once f obeying (2.2.7)
is fixed, we select an equivalence class representative ¢ (with respect to the relation ~) from S and

associate with this ¢ the function

T du

@)= Sy

z>0. (2.2.8)
By Lemma 1.3.1, f ~ ¢ implies F' ~ ® in the framework of this chapter.

One of the principal advantages of the strengthened hypothesis (2.2.7) is that the extra regularity
requirements, i.e. monotonicity and smoothness, are not imposed directly on f but rather on the
auxiliary function ¢. This allows f to have a certain irregularity without any cost.

While (2.2.7) holds for large classes of sublinear functions that are commonly found in applications,
it is still a strictly stronger hypothesis than sublinearity, even when f is increasing. In particular, an
increasing, continuously differentiable, sublinear function f must have liminf, ., f'(x) = 0 but there

is no guarantee that limsup,_, .. f'(z) = 0 and it is even possible to have

0 = liminf f'(z) < limsup f'(x) = oco. (2.2.9)

L0 T—00

We illustrate this point more fully in Section 2.5 with some examples.

2.3 General Results

Firstly, we prove that sublinear behaviour in f implies subexponential growth in the solution, z, to
(2.1.1), in the sense that x has a zero Liapunov exponent; the proof of this fact is elementary and we

give it immediately below.

Theorem 2.3.1. Suppose py1 and po obey (2.2.1) and ¢ € C([—7,0];(0,00)). If f obeys (2.2.2) and

(2.2.5), then solutions to (2.1.1) obey z(t) — oo as t — oo, and moreover

1
lim n log z(t) = 0. (2.3.1)

t—o0
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Proof. 1t is shown later that (2.2.1), (2.2.2), and positivity of ¢ guarantee that lim; ., xz(t) = oo,
2'(t) > 0 for a.e. ¢ > 0 and x is nondecreasing. Since f is continuous and obeys (2.2.5), for every
€ > 0 there is L(e) > 0 such that 0 < f(z) < L(¢) + ex for all z > 0. For t > 7, z(t + s) < z(t) for all
—7 < 5 <0, and thus

0= [ @)L+ et + )+ [ palds) (LG + ealt - )
[—7,0] [0,¢]

< L(e)M + eMx(t), for ae. t>T.

Since limy_, o0 2(f) = 00, for each n > 0 there exists a T'(n, M) > 0 such that L(e)M/z(t) < n for all
t >T(n,M). Hence

' (t)

x(t)

Let nn = € and integrate the inequality above over the interval [Ty, t] to show that

0<

<n+eM, forae t>7+T(n,M)=T.

0 <logz(t) —logz(Ty) <e(l+ M)(t—1Ty), foreacht>T;.

Therefore | . ) T L Mt T
0< ogf() < ngt( 1)—1—6( + M)(t - 1), for each t > T3.
Take the limsup as t — oo, and then let ¢ — 0™ to complete the proof. O

By strengthening the sublinearity hypothesis on f to (2.2.7), we next show that solutions to (2.1.1)
grow like those of the autonomous ODE (2.1.2), in the sense that lim; ,o F(x(t))/Mt = 1.

Theorem 2.3.2. Suppose p1 and pe obey (2.2.1) and b € C([—7,0];(0,00)). If f obeys (2.2.2) and
(2.2.7), then solutions to (2.1.1) obey

lim z(t) = o0, lim Fla(t))

t—o00 t—00 Mt

=1 (2.3.2)

It is notable that, in contrast to linear functional differential equations with a positive measure, the
rate of growth is independent of the distribution of the mass in the measures p; and po, but depends
merely on the overall mass M = u;1([0,7]) + p2(R1). Therefore, the growth of solutions cannot be
boosted or retarded (at least in terms of the asymptotic relation prescribed in (2.3.2)) by greater weight
being allocated to more recent values of the solution.

The proof of Theorem 2.3.2 begins by establishing that limsup,_, ., F(z(t))/Mt < 1; this is essen-
tially a consequence of Bihari’s inequality. As intimated earlier, proving the required lower bound is
more challenging. Due to the hypothesis (2.2.1), our problem can effectively be reduced to the study
of delay differential inequalities of the form

2 (t) > M p(z(t — T¢)), forae. t>T.>0,

where ¢ ~ f and M. — M as ¢ — 0. The sublinearity of ¢ is now crucial in establishing that
limy 00 @(z(t —0))/d(z(t)) = 1 for each fixed 6 > 0 — this step effectively eliminates the last remnants

of the delay in our problem and a simple Bihari-type argument once more prevails.

We now state specialisations of the above result for the related delay and Volterra differential

equations.

Corollary 2.3.1. Suppose py obeys (2.2.1) with po =0 and ¢ € C([—7,0];(0,00)). If f obeys (2.2.2)
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and (2.2.7), then solutions to (2.2.3) obey

, _ . F@R)
tli)rgoz(t) oo tli>Holo Mt L
Corollary 2.3.2. Suppose g obeys (2.2.1) with p1 =0 and ¢y € (0,00). If f obeys (2.2.2) and (2.2.7),

then solutions to the Volterra integro—differential equation
o (t) = / 1a(ds) f(w(t — ), £>0; v(0) =, (2.3.3)
(0,¢]

obey
lim M =1. (2.34)

tll)r&v(t):oo, t—oo Mt

At this point it is natural to ask if we can hope to recover asymptotic behaviour similar to that of
the solution of (2.1.2) if “M = +00”. Using the previous result and a comparison argument, this can
be immediately ruled out. We present this result for the solution of a “pure” Volterra equation since

it is more natural to only consider the unbounded delay component (i.e. g3 = 0) when “M = +o00”.

Corollary 2.3.3. Let pu; and ps obey (2.2.1) but with

/ o (ds) = oo, (2.3.5)
R+

and ¥ € C([—71,0];(0,00)). If f obeys (2.2.2) and (2.2.7), then solutions to (2.3.3) obey

o PO) _

lim v(t) = oo,
t—o00 t—00 t
The result of Corollary 2.3.3 can be viewed as a continuous extension of Theorem 2.3.2 in the limit

as M — oo. This can be seen readily by writing (2.3.4) in the form

Jim () (z(t)) M,

t—o0

and by letting M — oo we obtain the conclusion of Corollary 2.3.3. Roughly speaking, Corollary 2.3.3
indicates that solutions to (2.1.1) now grow more rapidly than solutions to the ODE (2.1.2).

We expect that when the total mass of the measures is infinite, in the sense that (2.3.5) holds,
this may well give rise to phenomena not captured by relatively crude results such as Corollary 2.3.3.
Treating this issue in more detail will naturally require some additional information about the rate of
growth to infinity of the function M (¢) := f[O,t] p2(ds) (p1 = 0); this problem is the subject of Chapter
3.

The reader may view the asymptotic relation (2.3.2) as giving rather indirect information about the
asymptotic behaviour of the solution z of (2.1.1), and we might naturally desire more direct information
by determining a function a such that x(t) ~ a(t) as t — co. In the case of a linear equation (2.3.2) is
a statement concerning the Liapunov exponent of a scalar differential equation. Therefore, the direct
information we seek constitutes a type of Hartman-Wintner result (cf. Hartman [59], and Hartman
and Wintner [60] for ODEs with linear leading order terms, and Pituk [100] for FDEs with linear
leading order terms), in contrast to (2.3.2), which is a type of Hartman—Grobman result. A natural

candidate for @ in this case is a(t) = F~1(Mt), and the following Proposition makes this apparent.

Proposition 2.3.1. Suppose f obeys (2.2.7) and let F be given by (2.1.3). If a € C(RT;(0,00)) is
such that a(t) ~ F~Y(Mt) as t — oo, then

i Fla®)

=1.
t—oo Mt
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Proposition 2.3.1 shows that “direct asymptotic information” regarding the solution gives stronger
information than the relation (2.3.2). Consequently, it is reasonable to ask if we can impose easily—
checked and natural sufficient conditions on the nonlinear function f so that this can be done. The

following result gives such conditions under which Theorem 2.3.2 can be appropriately strengthened.

Theorem 2.3.3. Suppose 1 and o obey (2.2.1), f obeys (2.2.2) and (2.2.7), and let
¢ € C([=7,0; (0, 00)). If

F
lim sup f@) Flz) =L < 0, (2.3.6)
T—00 X
then solutions to (2.1.1) obey (2.3.2) and moreover
. x(t)
Jim T~ b (2.3.7)

If f is linear we know independently that z(t)/F~1(Mt) does not have zero limit once u1({0}) +
12({0}) < M, or in other words, once (2.1.1) is a true FDE. However, (2.3.6) is merely a sufficient
condition to ensure that z(t) ~ F~(Mt) as t — oo but should illustrate that the asymptotic growth
of f cannot be too fast if we hope to retain results of the form (2.3.7). This begs the question: exactly
how fast can the nonlinearity grow before the asymptotic relation (2.3.7) ceases to hold? A full answer
to this question is outside the scope of this thesis but the interested reader can consult [16] for a more
comprehensive answer.

The aforementioned caveats notwithstanding, (2.3.6) is a practically useful condition since it is

relatively sharp and does not make overly stringent restrictions on the nonlinearity. For example, if

There exists an € € (0, 1) such that z +— f(x)/z'

is asymptotic to a decreasing function ¢ € C(R™; (0, c0)), (2.3.8)

then condition (2.3.6) holds. Under (2.3.8) there is z; > 1 such that x > z; implies ¢(z)/2 <
f(z)/z'7¢ < 2¢(z). Then, as ¢(u) > ¢(z) for u < x, we get for x > z; that

x 1—¢€ xT xT
f(z) 1 du < 20(x)x 2 du < 4z75/ 1 du < %
- €

o Jo fw) T ay Plujul= , ule

This gives (2.3.6), because x — f(z)/x is bounded on [1,00), and therefore so is z — f(x)/z -
[ du/ f(u).

The validity of (2.3.6) within the class of regularly varying functions also casts light on its utility.
For example, for any f € RV (8) for 8 € (0,1), (2.3.6) holds: this is a very large class of sublinear
functions satisfying (2.2.7). However, if f € RV (1), Karamata’s Theorem yields

f(z) F(z)

lim ————= = o0,
T —00 €T

and so (2.3.6) does not hold in this case; this shows that we cannot relax (2.3.8) to allow ¢ = 0.

We make one final remark concerning condition (2.3.6). Since f(x)/z — 0 as © — oo, we have
F(z) — oo as  — oo: therefore the possibility arises that L in (2.3.6) could be zero. However, if f
obeys (2.2.7), then L > 1 and in fact

lim inf w > 1. (2.3.9)

This is readily seen: by (2.2.7), for every € € (0, 1), there is x1(e) > 0 such that (1 —€)p(x) < f(x) <
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(14 €)¢p(x) for x > x41(€), where ¢ € S and so is increasing. Hence for z1(e) < u < x we have

Flu) < (14 )p(u) < (1 +9(a) < 1 f ().
Therefore for z > x1(€)
= F(x1(e ’ . U z1(€ 1_6-7x_x1(6)
F(x) = F(x( ))+/$1(E) f(u)d 2 F(aa(e) + 1 )

Multiplying by f(z)/x, using the fact that this tends to zero as  — oo, and then taking limits as
x — 00, and then as € — 01, we arrive at (2.3.9).

Our next result shows that when f is asymptotically decreasing solutions of (2.1.1) obey x(t) ~
F~1(Mt) as t — oo with no additional hypotheses on f.

Theorem 2.3.4. Suppose p1 and pg obey (2.2.1) with ¢ € C([—,0]; (0,00)). If
f € C(RF;(0,00)) is asymptotic to a decreasing function ¢ € CH(R;(0,00)), then solutions to (2.1.1)
obey

lim z(t) = c0, lim z(t)

t—o00 t— 00 F_l(Mt) =1

We notice that there is no restriction on how rapidly f may decrease in Theorem 2.3.4, in contrast
to the restriction on sublinear increase in f in Theorem 2.3.2. Before concluding the section, we give

a simple example showing an application of Theorem 2.3.4.

Example 2.3.5. Consider the Volterra equation

20 = af o) + | g l)ds t> 0 a0) = v >0

where a >0, 0 > 0 and f : [0,00) — (0, 00) is locally Lipschitz continuous with f(x) ~e~** as x — 00
for a > 0. These conditions ensure a unique positive continuous solution (see Theorem 1.3.2), and
indeed, as [ is asymptotic to a decreasing function, we see that all the hypotheses of Theorem 2.3./

apply, with

M:a—i—/o mdu:a—&—g, F(gc)w/le"‘”oluz:fb(:zc)7 as x — oo.

It remains to determine explicitly the asymptotic behaviour of F~'(x) as * — oco. Since ®(z) =
(e** —1)/a, it follows that
1
& z) = —log(1 + ax).
«

Therefore F~1(x) ~ ®~1(z) ~ (logz)/a as x — oo (see Lemma 2.6.6), and by Theorem 2.3.4,

1 1
x(t) ~ F7H(Mt) ~ - log(Mt) ~ —logt, ast— oo, (2.3.10)

If f(x) ~ 278 as x — oo for B >0, we can carry out similar calculations to get
F~Y(z) ~ ((B+ l)x)l/(H—ﬁ) , as T — 00,

SO

1/(1+8)
z(t) ~ F~Y(Mt) ~ {(B +1) (a + 0) } /OB st — oo, (2.3.11)
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2.4 Results with Regular Variation

We now present some auxiliary results which show that our main results can readily be applied to the
case when the sublinear function f is regularly varying at infinity.

Essentially, if f is in RV (8) with 8 € (0,1), it immediately satisfies condition (2.2.7), and so
Theorem 2.3.2 and all relevant corollaries can be applied. If § < 0, then the hypothesis that f is
asymptotically decreasing in Theorem 2.3.4 is satisfied, and so Theorem 2.3.4 applies. If 8 > 1, f
is not sublinear, and we are outside the scope of this chapter. The case when 8 € {0,1} contains
subtleties which we discuss presently, but in some cases we may still apply our previous results.

Our first result is a direct application of Theorems 2.3.2 and 2.3.4, in conjunction with Theo-
rem 2.3.3.

Theorem 2.4.1. Suppose 1 and pe obey (2.2.1), and b € C([—7,0];(0,00)). If f € RV (B) with
B € (—o00,1)/{0}, then solutions to (2.1.1) obey

Am a(t) =oc, lm Foyay =
Proof. If B € (—00,0), then f is asymptotic to a decreasing function and Theorem 2.3.4 immediately
proves the claim. If 3 € (0, 1) then there exists an increasing function ¢ € C1((0,0); (0,00)) MRV o (3)
such that
i 10 1y 280
=00 () a—oo @(x)
It follows that ¢'(z) ~ 8 ¢(x)/x as © — oo and hence that ¢’ € RV(S—1). Therefore lim,_, o ¢'(z) =0
[27, Proposition 1.5.1]. Now apply Theorem 2.3.2 to show that lim;_, . F(z(t))/Mt = 1; we use

Theorem 2.3.3 to strengthen this conclusion. By Karamata’s Theorem

= A.

F
limsupM =1-0<o0.
T—00 x
Therefore applying Theorem 2.3.3 yields x(t) ~ F~1(Mt) as t — cc. O

Example 2.4.2. The following is but a simple application of Theorem 2.4.1, and the reader is invited

to consider others. Consider the Volterra equation

' (t) = af(z(t)) —|—/O Wﬂx(s))ds, t>0; z(0)=v>0,

where a >0, 0 > 0 and f : [0,00) — (0,00) is locally Lipschitz continuous with f(z) ~ z°(logz)® as
x — oo for f € (0,1), « € R. The conditions ensure a unique positive continuous solution, and indeed,
as [ € RV (B), we see that all the hypotheses of Theorem 2.4.1 apply, with

o du 1 z du
M = N € RV e — .
a+/0 (R a+9, (z) /e P log ) (z), asx— ©

It remains to determine explicitly the asymptotic behaviour of F~*(z) as x — oo. Clearly
logz
O(z) = / v L=V gy,
1
Applying L’Hépital’s rule shows that

Y 1
/ v % gy v =y e0BY gy — 0,
1 1-p
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and hence

1
F(x) ~ (logz)~“z*?, asz — oco.
1-p
Using the asymptotic relation above, it can now readily be shown that log F~1(y)/logy — 1/(1 - B) as
y — 00. Replacing this in the asymptotic relation for F leads to

e

FHy) ~ (1 - B)T7 (logy) TFy ™7, asy — oo.

Finally, by Theorem 2.4.1, we conclude that

l—a

z(t) ~ F7Y(Mt) ~ (1 — B)T=5 (a—&-;)lﬁ(logt)laﬂtllﬂ, as t — oo. (2.4.1)

Example 2.4.3. In the last example the measure exhibited power—law decay. We consider now the

same nonlinearity, but an exponentially decaying measure, i.e.

t

2’ (t) = af(z(t)) +/ e 0= f(x(s))ds, t>0; z(0)=1 >0,
0

where once again a > 0 and 6 > 0. As before, there is a unique positive continuous solution and all

the hypotheses of Theorem 2.4.1 apply, with

> 1
Mza—i—/ e du=a+ =,

0 0
so we recover exactly the same asymptotic behaviour of the solution x as in the last example (i.e.
the asymptotic relation (2.4.1) holds). Therefore, even though the past behaviour of the solution is
discounted much more rapidly in this example than in the previous one, there is no difference in the
rate of growth of the solution (to first order) because the value of M is the same in each case. Indeed,

if we were to consider the delay—differential equation
1
2'(t) = af(z(t) + g f(@(t =7)), t>0; @) =y(t)>0, te[-70],

with the same f, and 7 > 0 fized, we see once again x obeys (2.4.1). This is because the mass of the
point delta measure at T is 1/0, and the mass of the point delta measure at 0 is a, so M = a+1/0,
just as before. In this case, even though the past behaviour of the solution makes no contribution before

time t — 7, the same growth rate eventuates.

Example 2.4.4. Theorem 2.4.1 does not apply when 8 = 1. If f is sublinear, then condition (2.2.7)
holds, and Theorem 2.3.2 applies. However, as mentioned earlier, f cannot satisfy (2.3.6), and so we
cannot conclude directly that x obeys (2.3.7). Indeed, it has been shown in [12, Theorem 2.2], in the
case that f' € RV (0) (which implies f € RV (1)) with bounded delay (u2 =0), that

: z(t) e
M om ¢
where f@)
x
Jim logz A€ 0,00], C:= o s pp(ds).

Therefore, the conclusion of Theorem 2.4.1 need not hold if f(x) is of larger order than x/logz as
x — 00, and the delay is nontrivial, although z(t)/F~1(Mt) — 1 ast — oo if f(x) = o(x/logz) as
T — 00.

The determination of the asymptotic behaviour of F and F~' is more delicate when f € RV (1),
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in large part because Karamata’s theorem only shows that 1/F(x) = o(f(z)/x) as x — oco. However,
we supply a concrete example in which the asymptotic behaviour of F' can be worked out explicitly, and
Theorem 2.5.2 applies.

Consider the Volterra equation

t
() :/0 Wf(m(s))ds, £>0; 2(0) = >0,
where 8 > 0 and f : [0,00) — (0,00) s locally Lipschitz continuous with f(z) ~ z/(logx)* as x — o0
fora > 0. We see that f € RV (1) and f(z)/x — 0 asx — o0, so not only do these conditions ensure a
unique positive continuous and growing solution, but moreover they ensure that Theorem 2.3.2 applies,
with - "
M:/ édu: 1, F(x) N/ Mdu:: O(x), asx — oo.
o 1+ e

w)l+o 0 u
Clearly
(log z)*+!
O(z) = 2
()= P
and so ) wil
F(x) ~ %, as x — oo.
a+1

Therefore, by Theorem 2.3.2,
a+1
i L (og ()™ 17
t—oo t a+1 0

SO

lim

logz(t) (a+1 1/(et1)
t—oo ¢1/(a+1) '

0
Since o > 0, the growth is slower than exponential, as expected, and we may view the limit above as a

generalisation of the Liapunov exponent in this nonlinear setting.

Example 2.4.5. To illustrate the utility of only requiring asymptotic monotonicity in our earlier
results, suppose f(x) = x*[2+ sin(logy(xz 4+ 2))] with a € (0,1). f € RV () and, although f is clearly

non-monotone, it oscillates slowly enough that f'(x) > 0 for all x sufficiently large.

Theorem 2.4.1 immediately raises the question of what happens when f is regularly varying with
index zero. In this case there is no guarantee that f will be asymptotic to a monotone function and
hence we cannot rely on any of our previous work. An example emphasising the extreme oscillatory

behaviour possible within the class RV (0) is to take
1 1
f(z) = exp[In(2 + z) 3 cos(In(2 + )3 )]. (2.4.2)

In this example, liminf, o f(z) = 0 and limsup,_, ., f(z) = cc.

The following pair of results partially answer the question of how our previous conclusions can
be retained when f € RV (0). Our first result shows that when the delay is bounded we still have
x(t) ~ F~Y(Mt) as t — oo without additional hypotheses.

Theorem 2.4.6. Suppose u1 obeys (2.2.1) with pz = 0 and ¢ € C([—7,0];(0,00)). If f € RV(0),
then solutions to (2.2.3) obey

lim z(t) =00, lim =1.

t—>00 t—oo F—L(Mt)

In the case of unbounded delay the problem is much more delicate and only under additional

hypotheses have we been able to retain the asymptotic rates as before. If we assume that f is bounded
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away from zero we rule out highly irregular nonlinearities such as (2.4.2) and we can prove the following

result.

Theorem 2.4.7. Suppose ps obeys (2.2.1) with p1 =0 and ¢ > 0. If f € RV (0) is bounded away
from zero, then solutions to (2.3.3) obey

lim v(t) =00, lim v(®) =1.

t—o0 t—o0 m

Of course, the hypothesis in Theorem 2.4.7 that f is bounded away from zero (by continuity of

x — f(z), this lower bound is meaningful in the limit as © — o0) is satisfied in the case that f is

asymptotically monotone. Therefore, one can rephrase Theorem 2.4.1 to include the case that § = 0,

at the small expense of assuming the asymptotic monotonicity of f (which is automatically true when
8> 0).

It instructive to see how far our calculations can proceed in the case of unbounded delay, without

additional hypotheses. The following lemma shows that we can obtain a sharp lower bound.
Theorem 2.4.8. Suppose ug obeys (2.2.1) with 1 =0 and ¥ > 0. If f € RV (0), then solutions to
(2.3.3) obey

. v(t)
tli}lglo U(t) = 0Q, llg&lf m

Our final result demonstrates that under no additional assumptions we can at least obtain a “crude”

> 1.

upper bound on the growth rate of the solution to (2.3.3) which agrees with the lower bound provided
by Theorem 2.4.8 up to a logarithmic factor.

Theorem 2.4.9. Suppose py obeys (2.2.1) with gy =0 and ¢ > 0. If f € RV (0) is bounded away

from zero, then solutions to (2.3.3) obey

: _ log(v(t)) _
Amv() = oo, lim =0y =

2.5 Examples of Sublinearity

Before giving proofs of our results in Section 2.6.1, we close with the examples promised in Section 2.2
which show the scope of the strengthened sublinearity hypothesis, (2.2.7).

We find for the purposes of these examples it is more natural and instructive to construct an f
with the desired properties by specifying f’. We defer the justification of the following examples to
Section 2.6.4. Throughout these examples we define f’, for n € N, as follows

n(z), € (0,1]U(n+wp,n+1],
Fl(@) = { p(n) + 2e=llonmnl) -y e (0,0 + wy, /2], (2.5.1)
hy, + 2emnwn /2 0tdwn) “he) -y e (4w, /2,04 wy).

Wn

Choosing n(z) > 0 for all z > 0 and h,, > 0 for all n € N ensures that f is strictly increasing. Define
fo u)du and by construction we will have ¢ ~ f. In order to have both liminf, , f'(z) =0
and limsup,_,. f'(z) > 0 we want f’ to largely follow the behaviour of 1, which tends to zero, but to

also have high, narrow spikes inherited from h,,.

Example 2.5.1. Suppose [’ is defined by (2.5.1), = fo w)du and that n(z) 4 0 as x — oo,
0<w, <1, and h,, > ¢'(n) for alln € N. Furthermore suppose that

Tr—r 00

i i e wd(4)
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Then
(i.) liminf, .o f'(x) =0, limsup,_, . f'(x) > L.
(i.) f(x) ~ ¢(x) as ¢ — oo and hence lim,_,o f(z)/x = 0.

The function f constructed in Example 2.5.1 has “spikes” in its derivative which can grow arbitrarily
quickly but since it is asymptotic to ¢ it still obeys condition (2.2.7). When ¢ tends to a finite limit,

so does f. Moreover, we do not require that ¢ grows faster than the sums of w; h; and h; ¢'(j).

Example 2.5.2. Suppose ' is defined by (2.5.1), = fo w)du and that n(x) | 0 as © — oo,
0 <w, <1, and h,, > ¢'(n) for alln € N. Furthermore, sz , Lo and Ly are finite, suppose that

. T . _ . 7. — . () —
lim ¢(z) = L*, nh_)ngo hn, =L € (0, 00], nILrI;onJhJ Lo, 7}1_)120211)](/5 (j) = L.

ree j=1 j=1
Then
(i.) iminf, . f'(x) =0, limsup,_, . f'(z) > L.
(ii.) f(z) = L' € (0,00) as x — oo and hence lim,_, f(x)/z = 0.

In this case f is asymptotic to a constant so it once more obeys (2.2.7).

2.6 Proofs

2.6.1 Proofs with Increasing Nonlinearity

Before giving the proofs of our main results we state and prove some useful technical lemmata; the

first makes explicit the fact that (2.2.7) implies sublinearity.
Lemma 2.6.1. If f € C(R*;(0,00)) obeys (2.2.7), then f(x)/x — 0 as x — oc.

Proof. Since ¢ is increasing, either ¢(z) — 0o as © — oo or ¢(z) — L € (0,00) as x — oco. In the latter
case, asymptotic equivalence of ¢ and f yields lim,_, o f(z)/x = 0. In the first case, use L’Hopitals

rule to obtain

lim ¢(z)/x = lirrol0 ¢ (x) = 0.

Tr—r00 T—r

Thus lim, o0 f(2)/2 = lim, a0 (f(2)/6(2)) (6(z)/2) = 0. =

The proof of Proposition 2.3.1 requires the following preliminary lemma.

Lemma 2.6.2. Suppose ¢ € C(R™;(0,00)) obeys ¢(x) = o0 as x — oo, ¢'(x) > 0 for z > 0 and ¢’ (x)
is decreasing with ¢'(x) — 0 as © — co0. If b,c € C(R™T,(0,00)) obey lim;_ o0 b(t) = limy—, o0 ¢(t) = o0,
and b(t) ~ c(t) as t — oo, then ¢(b(t)) ~ ¢(c(t)) ast — oco.

Proof of Lemma 2.6.2. We start by showing that

1i£ri>sip d;gé\;;) <A for every A > 1. (2.6.1)
Let > a > 0. Then ¢(x) = [T ¢'(u)du > ¢'(x)(x — a). Thus
ligsip gb(’ﬁ((:;))x = liﬁsgp (azix)_ %) - < hinjip ( (—x;i)(a) =1. (2.6.2)
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To prove (2.6.1) we proceed as follows:

o(Ax) _ [ ¢ (w)du+d(a) [ ¢ (w)du+ [ ¢ (w)du + ¢(a)

o(z) o(z) o(x)
B fTAx ¢ (u)du @)
=T m ST

Now taking the limsup, and using (2.6.2), we have shown (2.6.1). We are now ready to prove our
claim. By hypothesis, for all € > 0, there is a T'(¢) > 0 such that

(1= e)c(t) < b(t) < (L+ )ct), t>T(e).

Monotonicity of ¢ immediately yields

(A =e)et)) _ o(b(t) _ o((1 +e)c(?))
o(e(?)) o(e()) ole) T

By (2.6.1), and the divergence of ¢, there exists 7" > T such that ¢((1 + €)c(t)) < (1 + €)%¢(c(t)) for
all t > T'. Hence limsup,_, . ¢(b(t))/#(c(t)) < 1. Reversing the roles of b and ¢ in the above argument

we have that ¢( (t))
. c
s ) =

or equivalently, lim inf; o ¢(b(t))/é(c(t)) > 1, completing the proof. O

Proof of Proposition 2.3.1. By (2.2.7), ®(z) = [ du/¢(u) obeys ®(x) ~ F(z) as v — co. Notice also
from (2.2.7) that ® is increasing with decreasing derivative. Now, we apply Lemma 2.6.2 with ¢ = ®,
so that if b and ¢ are continuous functions with b(t) — oo and b(t) ~ c(t) as t — oo, then

O(b(t)) ~ P(c(t)) as t — oo.

Therefore, it follows that ®(b(t)) ~ F(c(t)) as t — oo. Now take ¢(t) = F~1(Mt) and b(t) = a(t), so
that ®(a(t))/Mt — 1 as t — co. Since ®(z) ~ F(z) as x — oo the claim follows. O

Proof of Theorem 2.3.2. Since z is absolutely continuous, for each ¢ > 0,
t+h
z(t+h)—z(t) = / ' (u) du
t

t+h
- / (/ ia(ds) f(a(u — ) + / m(dS)f(x(u—S))> du,  (26.3)
t [0,u] [0,7]

for each h > 0. In particular,

h
x(h) — z(0) = /0 </[O,u] pa(ds) f(z(u—s)) + /[0,7] pa(ds) fax(u— s))) du. (2.6.4)

Continuity of # and positivity of z(0) mean that there exists an interval [0, ) on which x is positive.
Suppose g is the minimial time at which x equals zero. Taking h = t¢ in (2.6.4) shows that x(to) > z(0)
by nonnegativity of the right—hand side, a contradiction. Thus x is a positive function and a fortiori,
x(t) > x(0) for all ¢ > 0. The right-hand side of (2.1.1) is nonnegative for all ¢ > 0 and hence 2'(¢) > 0

for a.e. t > 0. It now follows from (2.6.3) that = is nondecreasing. Therefore lim;_, ., (t) exists.
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Suppose lim;_, o z(t) = L € [2(0), 00) and integrate (2.1.1) to obtain

z(t) = z(0) Jr/o </[0,u] pa(ds) f(z(u —s)) + /[o,r] w1 (ds) f(z(u — s))) du t>0.

Since f is continuous, for each € € (0, f(L)) there exists a Ty > 7 such that f(z(t)) > f(L) —e > 0 for
all t > Ty. Now let t > 2T and estimate as follows:

ﬂﬂzﬂ®+LR<Amwﬂwﬁww—®%ﬁ4ﬂumwﬂdu—@0du

>x(0) + /2To -/[O,u/Q] pa(ds) f(x(u —s)) du + ~/2T0 /[o,r] p1(ds) f(x(u —s)) du.

In the first integral above, u — s € [T, t] and in the second integral, since To > 7, u — s € [2Ty — 7,t] C
[Ty, t] for each t > 2T;. Hence

2(t) > 2(0) + (L) -0 [ {ua(10.w/2) + (0, 7))} du, ¢ > 2Ty, (2.6.5)

2T,
The function g : u — p2([0,u/2]) + 1 ([0, 7]) is nonnegative and measurable, and lim, o g(u) = M >
0. Since f(L)—e€ > 0, letting t — oo in (2.6.5) shows that lim;_, x(t) = 00, a contradiction. Therefore

lim;_, o0 2(t) = 00, as claimed.

Step 1: First compute the upper bound on the growth rate of the solution. If € > 0 is arbitrary,
by hypothesis, there exists x1(e) such that for all x > z1(e), (1 — e)d(z) < f(z) < (1 + €)p(x).
Since limy o0 () = o0, there exists Tj(e) such that for ¢ > Ti(e), z(t) > x1(e). Thus, for a.e.
t>T(e):=Ti(e) + 7,

s <o [

[0,7]

;uw@wxaf@>+u+«y/ ia(ds)d(x(t — $)) + R(2),

[0,6—T]
where R(t) := f(t_T 1 u2(ds) f(x(t — s)). Monotonicity of ¢ o x leads to the estimate

Jﬂﬂé(1+d<%;“nwﬂdw®)+/

[0,00)

uz(dS)ci?(x(t))) + R(t)
=(1+¢€)Mp(x(t)) + R(t), fora.e. t>T(e).

Hence

R(t)
¢(x(t))’

Estimate the final term on the right—hand side of (2.6.6) as follows:

<(1+e)M+ for a.e. t > T(e). (2.6.6)

Rt)  Jumgn2(ds)f(x(t =) [y, g p2(ds)
ox(1)) o(x (D)) S Ty few), 12T,

Since fowx is a continuous function the supremum is bounded on compact intervals, and lim;_, ., R(t) =
0. Also, because ¢ is nondecreasing and z(t) — oo as t — 00, lims—, o @(z(t)) € (0,00] and hence
lim; o0 R(t)/¢(2(t)) = 0. Thus there exists a T'(¢) > T(e) such that R(t)/¢(x(t)) < € for t > T(e) and
(2.6.6) simplifies to

< e+(1+e)M, forae. t>T(c). (2.6.7)
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Asymptotic integration shows that

*t) P@(T) , [e+A+M](t-T)

, for each t > T'(e).
t t t

Now take the limsup in the inequality above to show that

D(z(t))

lim sup <e+ (1+¢€)M,

t—o0

and then let ¢ — 07 to obtain limsup,_, ., ®(x(t))/Mt < 1. The asymptotic equivalence of F and ®
then allows us to conclude that limsup,_, . F(x(t))/Mt < 1.

Step 2: Now compute the corresponding lower bound. Define

u1=/ pa(ds), u2=/ pi2(ds).
[0,7] [0,00)

By (2.2.1), for an arbitrary e € (0,1), there exists T5(e) large enough that

uq@@mmmAQﬁM@gA@mw)

Furthermore, since limg_ o ¢'(z) = 0 there exists z3(e) such that > x5 implies ¢'(x) < ¢, for all
e > 0. Part (i) gives us the existence of a T5(e) such that z(t) > x3(e) whenever ¢ > T5(e). Take
Ty :=T + 2T (€) + 27 + 2T () + 2T3(¢) and exploit asymptotic monotonicity once more to derive the

estimate
() > 1 =) dlat—7))+ (1 —e)? pad(x(t — Tp)), for a.e. t > Ty.
Thus
PO ST | e -T)
o) =TI Toumy T e Ty o e 12T (268)
In a moment, we will show that
tlgg() W =1, foreach 6 > 0. (2.6.9)

Let n € (0,1) be arbitrary. Using (2.6.8) and applying (2.6.9) twice (with § = 7 and 0 = Ts(¢)), we
can find a T5(n, €) > Ty(e) such that

x'(t) 2
2A=nA-em+@=n) (=€) pu, forae t>T5(n,e).
P(x(t))
Perform asymptotic integration on the inequality above to show that
e(x(t)  2((T5)  (A=n)d =gt -Ts)pm  (1-m{- ©)*(t — Ts) o
t - t t t ’

for each t > T5(n, €). Take the liminf as ¢ — oo in the inequality above to obtain

lim infM >(1

t—o0

— (1= + (1 —n)(1—€)? pa,

and then let = ¢, and send € — 0" to show that liminf; ,o, ®(z(t))/t > M. The asymptotic

31



2.6. PROOFS

equivalence of ® and F yields
o Fa(t))
1 f—2 > 1.
iminf —>-

t—o0

Combining this with the corresponding limsup from Step 1 proves the theorem.

It remains to return to the deferred proof of (2.6.9). Let § > 0 be given. Since z(t — 0) < x(t) for

all t > 0, and ¢ is increasing, we immediately have that

. o(z(t —0))
hirisogp W <1.

To get the corresponding liminf, consider the absolutely continuous function a : [f,00) — R defined by

a(t) = (¢pox)(t —0) for t > . Since a is absolutely continuous,
t+6
a(t+0) —a(t) = / a'(s)ds, foreacht >0,
t

or equivalently,

-0 t46
W -1 m t ¢'(x(s — 0))a'(s — 0) ds, for each t > 6.
We claim that
1 t+6

tlim O] ¢ (x(s —0))z'(s —0)ds =0, for each 6 >0, (2.6.10)

— 00 ¢
and hence that )

lim inf ox(t — 0)) > 1.

twoo pa(t)) T
Together with the corresponding limsup, the liminf above establishes (2.6.9). To prove (2.6.10), once
more fix the value of > 0, and note that

¢'(x(s —0)) < e, for each s > Ty(e) + 6.
From (2.6.7), if s € [t,t + 0] for some t > T(¢) + 6, then
a'(s = 0) < (e+ (L+e)M) p(a(s — 0)) < (e + (1 +€)M) ¢(x(t)),
for a.e. t > T(¢) + 0. Thus, if s € [t,t + 6], for a.e. t > Tz(e) + T(e) + 0,

0< ¢ (z(s—0))2'(s—0) <ele+ (1+e)M)p(z(t)).

Hence
b [ 6 als = 0)a'(s — 6)ds < O e+ (14 M)
0< ——— ¢ (x(s—0))x'(s—0)ds < be(e+ (14+€)M),
P(x(t) Ji
for each t > Ty(e) 4+ T(¢) + 6. Finally, letting e — 0" completes the proof. O

Proof of Corollary 2.3.3. If v is a solution of (2.3.3), then v(¢) > 0 for all ¢ > 0, v is nondecreasing
and lim;_, o v(t) = co by Theorem 2.3.2 (with u; = 0). By hypothesis, for each N > 0 there exists
Ty (N) > 0 such that f[O,Tl(N)] p2(ds) > N, for all t > Ty(N). Similarly, by (4.2.1), for all € € (0,1)
there exists Ty(€) > 0 such that f(x) > (1 —€)¢p(x) for all > Ts. Since lim;_, o v(t) = 0o there exists

32



2.6. PROOFS

x(e) such that v(t) > Ty(e€) for all t > z(e). Hence, for a.e. t > T := max (277, 2T5),
VO (-0 [ (el - 9) > (1 - ONG(u(t - T))
(0,7

Hence "
v(t) >v(T)+ (1 — e)N/ o(v(s—1T))ds, foreacht>T.
T

Define the comparison solution yy for each fixed € > 0 and N > 0 by
N(1 - K
yn(t) =yn(T) + %/ o(yn(s—T))ds, foreacht>T,
T

with yn(t) = v(t)/2 for t € [0,T]. A straightforward comparison of the integral equations in question
shows that yxn(t) < v(t) for all ¢ > 0. Furthermore,

yn(t) = N(1276)¢(y1v(t —T)), foreacht>T.

Now let un(t) :=yn(t+T) for t > =T. For t > 0, t+ T > T and hence

N(1—¢)
2

N(1—¢)

Pyn (1)) = ———d(un(t = T)).

iy (t) =yt +T) = -

Fort € [-T,0], un(t) =yn({t+T) = v(t+T)/2 =: ¢ (t). Thus we have the following delay differential

equation for uy:

N(1l—e¢
uy(t) = %qﬁ(u]v(t =-T1)), t>0; un(®)=vn(t) >0, te[-T,0].
Applying Theorem 2.3.2 yields lim;_, oo F'(un(t))/t = N(1 — €)/2. This implies that lim;_, o F'(yn(t +
T))/t = N(1 — €)/2. Finally, since F is increasing and v lies above our comparison solution yy, we
N(1- F F F
020y P )t _ i POy FO0)

2 t—o00 t t — t—o00 t—00

obtain

We can now let ¢ — 0" and, since N was arbitrary, we have proven that

lim inf F(vf(t)) =00 (2.6.11)

)
t—o0

as required. O

Before the proof of Theorem 2.3.3 we establish the following useful technical result.

Lemma 2.6.3. Suppose f € C(R*;(0,00)) is asymptotically increasing and limy_, F(x) = oco. If
(2.3.6) holds, then for each € > 0 sufficiently small there exists a T(€) > 0 such that

FY((1 + e)t) 1 -

1
ST E) Ci_dmap 'F

Proof of Lemma 2.6.5. Consider u/(t) = f(u(t)), t > 0 with u(0) = 1. Then u(t) = F~!(¢) for t > 0
and lim;_,o u(t) = oco. Hence, for all t > Tj(e) we have u(t) > z1(€), where z(e) is defined by
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1—€e< f;gg <1l4e€ x> x1(€), and ¢ is an increasing function. Thus for ¢t > T;(e),

(14-€)t

(14e€)t
0<F Y (1+et)—F ) = / u'(s)ds = /t f(u(s))ds

t

(14e€)t
S+ [ olu)ds < 1+ te P+ 01,

Therefore

Fl(t)
F1((1+ o)

P(F~ (1 +e)t)) t> T (e). (2.6.12)

0<1- Fi(lteon @ =

<e(l+e)t

Now let y(t) = F7H((1+ €)t), so F(ye(t)) = (1 + €)t and y(t) = F7H (1 +€)t) > F71(t) > x1(e).

Hence

SFH (14 0)  F®)oly(d)  Flylt)fue)
R (R B () B CRs v 1 I

Thus (2.6.12) reads

F=1(t) < eF(ye(t)) f (ye(t))

0<1-— L t>T
FA+a0 = (- 9w e
By (2.3.6) there exists z3(e) > 0 such that f(x)F(z)/x < L(1+¢€) for all © > x2(€). Let Ta(e) > 0
be such that F~1(t) > x3(€), which implies y.(t) > z2(e) for all t > Ty(e). Therefore, letting T'(¢) =
1+ maX(Tl (6)7 TQ(E))a
F-1 F 1 L
bt FTO  FE ) Il
FH(1+e)t) (1—€)ye(t) (1—¢)
Thus, choosing € € (0,1/4V 3L/5), 1 — %L > 0, we obtain
e(l+¢) F=1(t)
1-— L >T
O<l-T— I<Fmsan ‘27O
Hence F (1 + o) )
€
t>T
P S 2T
as claimed. O

We are now in position to give the proof of Theorem 2.3.3.

Proof of Theorem 2.3.3. By Theorem 2.3.2, lim; o 2(t) = +o00 and lim;_, o F(z(t))/Mt = 1. The
latter limit implies that for each € € (0,1) there exists T'(¢) > 0 such that 1 —e < F(z(t))/Mt <1+¢
for all t > T'(¢). Hence

F=Y(1 — e)Mt) z(t) F7H((1+€e)Mt)
F

P10t F-1(M) om0 2T

Since f obeys (2.2.7), F(z) — o0 as * — oo. Therefore we can apply Lemma 2.6.3 to the right-hand
member of the inequality above. Doing this and then sending ¢ — 0 yields

. z(t)
lim sup ———— < 1.
el FL(MY)

The liminf is dealt with analogously. O
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2.6.2 Proofs With Decreasing Nonlinearity

This section concentrates on results in which f is asymptotic to a decreasing function, principally
Theorem 2.3.4. Before proving Theorem 2.3.4 we find it useful to prepare some estimates concerning

the auxiliary functions F' and .

Lemma 2.6.4. If ¢ € C'(R";(0,00)) is decreasing and ® is given by (2.2.8), then

. ®71(A+ Bt)
tlggo B 1, for each A€ R and B € (0,00).
Proof of Lemma 2.6.4. By construction ®~1 is a C!, positive and strictly increasing function on [0, 00)
and we can always consider it on [0,00) by taking ¢ sufficiently large. We begin by noting that since
® is the integral of a nondecreasing function it is convex. Therefore ®~! is a concave function and
®~1(0) = 1. This means that ®~! is subadditive and taking A > 0 we may write

O A+ Bt) < dHA) + ¢ H(BY).

Hence @1 (A+ Bt)/®"}(Bt) < 1+ ®1(A4)/®~(Bt) and since lim;_, o, ®~1(t) = oo taking the limsup
yields
® (A4 Bt
lim sup (4+ Bt) <1

- A .
t—00 (D_l(Bt) = >0

If A <0, by monotonicity, ®~!(A + Bt) < ®~!(Bt) and we quickly obtain

o1 (A+ Bt)
li — =<1, A€eR.
P ey S O F
Given A > 0, ®~1(A + Bt) > ®~1(Bt) and we obtain
-1
timint 2 ATB0

t—00 o-1(Bt) —

If A <0 apply the Mean Value Theorem to the C! function ®~* to find a 6; € [A + Bt, Bt] such that
&~ 1(Bt) = 1 (A+ Bt) — A(¢po®1)(6;). Note that, for ¢ sufficiently large, we can guarantee 6; > 0.
Therefore
o 1(A+Bt) 1+ A(po®@ 1) (6;)
o—1(Bt) o-1(Bt)
and hence by monotonicity of ¢ and ®~!

d~Y(A+ Bt)
o-1(Bt) ~ o-1(Bt)

Now we can use that lim; ;. ®71(#) = co to obtain

.. D YA+ Bt) . Ag(@7(0))
-~ > —_— = .
htm inf 1Bl 1+ thm o1 (B1) 1, A<O
Combining these limits gives the result for A € R and any B € (0, c0). O

Lemma 2.6.5. If ¢ € CY(RT;(0,00)) is strictly decreasing and ® is given by (2.2.8), then

PH((1+€)t) 1
1) 11—

for each € € (0,1).
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Proof of Lemma 2.6.5. Consider the differential equation defined by
w'(t) = g(w(t)), t>0; w(0)=1. (2.6.13)

We have that w(t) = ®~1(¢), t > 0 and hence

N+ et) w((@+er)  wt)+ [T w(s)ds | pthet o
10 ot e [ et

Now using the monotonicity of both the solution and of ¢ we have
etgp(w(t))

(1 +e)t) _ P(@~ (1))
-1(1) <1+ w(l) =1+et o)

For t > 0, by setting y := ®~1(¢) > 1, we obtain

tp(@'(t)  Py)oly)  dly) [Y 1 Le¥=1 1 0@y 1
-1ty oy oy /1¢>(U)d S1—6¢>(y) Yy S

Combining these estimates yields

as required. O

Lemma 2.6.6. Suppose f € C(R™;(0,00)) and that [ is asymptotic to a decreasing function ¢ €
CHR*;(0,00)). If F be given by (2.1.3) and ® is given by (2.2.8), then

F1(t)

i, o-1(t)

Proof of Lemma 2.6.6. The solution to the initial value problem
u'(t) = flut), t>0; wu(0)=1 (2.6.14)

is given by wu(t) = F~1(t) for t > 0. For every ¢ € (0,1/2) there is z1(¢) > 0 such that 1 — e <
f@)/d(x) <1+ € forall x > x1(€). Since u(t) — 0o as ¢ — oo, it follows that there exists T'(¢) > 0
such that u(t) > z1(e) for all ¢ > T'(¢). Hence

u'(t) = f(u(t) € (1 = (u(t)), (L + )p(u(t), t=T(e).

Thus
u'(t)
o(u(t))

and integration over [T'(e),t] yields, with ®* := ®(z(T'(¢))),

1—e<

<l4e€ t>T(e).

O+ (1—€)(t—T(e) < P(u(t)) <+ (1+€)(t—T(e)), t=>T(e),
and recalling that u(t) = F~1(t), we have
PO+ (1—e)(t—T(e))) < F7Ht) < @ H®* + (1 +e)(t —T(e))), t>Tl(e). (2.6.15)
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Applying Lemma 2.6.4 to the left and right—hand sides of (2.6.15) shows that

(1 - e)t) F(t) F7Ht) . (1 +e)t)
htrglogfw hggl;}f T 11?l>s<>lip S1(1) < h?ibolip W
By Lemma 2.6.5, ®~1((1 + €)t) < ®71(t)/1 — ¢, so
() 1
li — <
NPTy S 1€
and letting € — 07 gives
F(t)
lim su <1 2.6.16
e ST (2.6.16)

To deal with the liminf, write y := (1 —€)t and 5 := (1 — €)= — 1. Note that ¢ < 1/2 yields n € (0,1).
Lemma 2.6.5 (with n in the role of €) then yields

-1 _ (I)_l 1
(-an_ @) o, 1
o-1(t) o= ((L+n)y) l—e
Hence
F=1(t) 1
liminf ——~ > 2 — .
t—oo O~L(1) 1—e¢
Letting € — 0" and combining the resulting inequality with (2.6.16) yields the desired limit. O

Proof of Theorem 2.3.4. The proof of the first claim is as in Theorem 2.3.2.

Step 1: First establish the required lower bound on the solution. If € > 0 is arbitrary, by hypothesis,
there exists x1(e) such that for all x > x1(€), (1 — €)p(x) < f(z) < (1 + €)¢(x). Furthermore, there
exists T (¢) such that for ¢ > Ti(e), x(t) > x1(c). Now let T = Ty + 7 + T, where u2([0,Ts]) >
(1 = e)p2([0,00)) for t > Ty. Let t > T'(e), then t — 7 > Ty and z(t — s) > x1(€) for s € [0,7]. Hence
flzt—s)) < Q+e)o(z(t—s)) < (1+¢€)p(x(t —7)). Therefore

/[0 ] pi(ds)f(x(t—s)) < (1+¢) / ur(ds)p(z(t—1)), t>T. (2.6.17)

[0,7]

For t > T(e) and s € [0,7], f(z(t —s)) > (1 —€)p(z(t — s)) > (1 — €)p(z(t)). Thus

[ m@osat-s)=0-9 [ mdsse). (2.6.18)
[0,7]

[0,7]

Also, for t > 2T,

/’umwﬂmww»za—a/ uNMMﬂPﬂDZO—@/ 1o (d5)(x(1)).
[0,] [0,77]

(0,77

These estimates give us

2/ (t) >

(1—¢) /[O’T] pa(ds) + (1 —¢) /[O,T] Mz(dS)] Pz (1)) = Mcg(x(t)),

for almost every t > 2T. Define ® as before and let ®. = ®(x(27")). It can be shown by integration

and rearrangement that

z(t) > & H(®. + M(t — 2T)), for each t > 2T. (2.6.19)
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With &7 := &, — 2T M., it follows readily that

.. x(t) O (Mt + D)
7 > )
htm inf (M) htm inf (D)

For each fixed € > 0, apply Lemma 2.6.4 to obtain liminf; . z(t)/®"*(M.t) > 1. By construction,
(1—¢€)?M < M, < M, and thus lim. o M. = M. Now consider

-1
lim inf 7x(t) = lim inf z(t) o (Met)

tooo OL(Mt) Ttooo ®L(Mct) LML)

Letting § = M.t and A\c = M /M, > 1, we have

“L( M) ()

@ )
O-I(Mt)  B-1(\H)

where the final inequality is obtained using Lemma 2.6.5 with Ac = 1 4+ €. Since limcjg Ae = 1, we
conclude that liminf, ., 2(t)/®~1(Mt) > 1, and hence

()
it g =

Step 2: Now derive the corresponding upper bound. Use (2.6.17) to obtain

(1) < (1+e)/

[0,7]

u«ww@a—7»+/’ Jia(ds) fx(t — 5))

[0,t—2T

+/ pa(ds)f(z(t —s)), forae. t>2T.
(t—2T,1]
Use the monotonicity of ¢ and (2.6.19) to show that
PS040 [ (6o o )@+ M (e~ 7 —21)
[0,7]
w [ (@)t~ )
(t—2T.1]

+(1+6)/ p2(ds)(¢po @ 1) (@, + M (t — s — 2T))
[0,6—2T]

=:a1(t) + a2(t) + as(t), for a.e. ¢t > 3T. (2.6.20)

Integrate to show that z(t) < x(3T) + f;T{al(s) + as(s) + a3(s)} ds and estimate the first integral on
the right—hand side as follows:

/t ai(s)ds < (1;4& (@ (®, + M.(t — 7 —2T))], t>3T.
3T €

The second term can be estimated as follows

aﬂﬂ=ﬂ;ﬂﬂuﬂﬁﬁ@@—$)§/ ja(ds) - sup f(x(w)).

(t—2T,¢] u€(0,27)
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Integrating and changing the order of integration then yields

t t
/ as(s)ds < / / po (dr)ds sup  f(x(u))
3T 37 J(s—2T,s] w€[0,27

:/ (A QT+ 1) — BTV 1) pa(dr) sup  Fla(u).
[T,t] w€e[0,27]

We then take cases and find that this estimate can be reduced to

t
/ asz(s)ds < 2Tps sup f(x(u)):= Ap, t>3T.
3T u€(0,27]

The last term is then estimated as follows

t t—2T—u
/3 aals)ds = (1+0) /M iz (dw) / (60 1) (@, + M,s)ds

T—u

t—2T—u
e e)/ ug(dw)/ (60 1)(®, + M,.s)ds
(T,t—2T) 0
t—2T
< (1+e)p2/ (o ® (D, + M,s) ds.
0
Rearrange, as in the calculation of f;T a1(s)ds, to simplify this estimate to

/t az(s)ds < “Lﬂ (@' (®e + M.(t —2T))], t>3T.
3T €

Combining these three estimates yields

(1+¢€)(p1 + p2)

a(t) < z(3T) + A + &1 (®, + M.(t —2T)), t>3T.

M.
Hence
_ z(t) (1+e)M . O~L(®, + M (t —2T))
1 < 1
el TT(ME) S M. et - 1(M1)

The arguments for the limsup in Lemma 2.6.4 work for the limsup above since M, < M and hence
limsup,_, . z(t)/®~1(Mt) < (1 + €)M/M,. Therefore we may send € | 0 and the same arguments as
before yield limsup,_, ., x(t)/F~1(Mt) < 1. Combining this with our lower bound gives the desired

conclusion. O

2.6.3 Proofs of Results with Regular Variation

Proof of Theorem 2.4.6. As before, z(t) — oo as t — co. From equation (2.2.3),

Z(t) B fz(t—98)) z(t —9) ) M o
_/[OVT]#l(d) Zt—s)  2(b) S/[O’T]m(d) =3 for a.e. t >0,

because z is nondecreasing. Since lim,_, o f(z)/x = 0 there exists x1(€) such that for all z > x4 ()
we have f(z)/z < ¢/ f[o . w1(ds), for some € € (0,1/2). Similarly, there exists T'(¢) such that for all
t > T(e), z(t) > x1(e). Hence

2'(¢) €
= Tom @)

/ pui(ds) <e, forae. t>Ti(e):=T(e) + . (2.6.21)
[0,7]

39



2.6. PROOFS

Now let T' > 0 be arbitrary, take s € [0,T] and suppose t > T + Tj(€). Integrate equation (2.6.21)

from ¢t — s to t to obtain

/ti j((s)) du = log (4?1)) <es, foreacht>T + Tie).

It follows that z(t — s)/2(t) > e and hence 1 — z(t — s)/z(t) < 1 — e~ for each t > T + Ty (¢).

Therefore

t —
sup 2t~ 5) —1‘ <1l—e" for each t > T + Ty (e).
sefo,r)|  2(t)
Since e was arbitrary,
t —
lim sup At —s) - 1‘ =0, forany T > 0.
t—o0 s€[0,T) Z(t)

Consequently, for each n € (0,1/2) there exists a T(n, €) > 0 such that

2(t —s)
2(t)

Therefore 1—n < z(t—s)/2(t) < 1, s € [0,T1(€)], t > Ta(n,€). Taking n = e yields A, 5 := 2(t—s)/z(t) €
[1—¢,1] C (1/2,1] for all s € [0,T4(€)] and ¢ > T5. Thus

sup
s€10,T1 (€)]

- 1’ <mn, for each t > Ty(n,e).

p [JA0) )y |H0) |
s€[0,T1] J(z(t)) s€[0,11] f(z(t))
< sup M — 1‘ <  sup FA=(1)) — 1}, foreacht>Ts.
rei—e1] | f(2(1)) refo1/2 | f(2(1))
By the Uniform Convergence Theorem for slowly varying functions,
lim sup |L020) 1’ —0, lim sup |ZEE=3) 1‘ —0. (2.6.22)
t—o0 zer0,1/2] | f(2(1)) t—oo seromy) | f(2(1))

Estimate 2/(t)/f(2(t)) = f[o;] p1(ds) f(z(t—s))/f(2(¢)) using the identities above. By (2.6.22), 1 —¢ <
f(z(t—9))/f(2(t)) <1+4¢€for s €[0,7] and all ¢t > T3(e). Thus

(1)
(1—eM < &0 < (1+e€M, forae. t>Ts(e).

Asymptotic integration establishes that lim; o, F'(z(t))/Mt = 1. Therefore there exists a Ty(€) such
that Mt(1 —¢€) < F(2(t)) < Mt(1+ ¢) for each t > Ty(¢). Hence

F~L(Mt(1 —¢)) - 2(t) F=Y(Mt(1 +e))
P00 FME POl

Since F~! € RV (1), sending t — oo yields

o z(t) . (1)
—e< — < — < .
1—-€e< htrggjlfF_l( ) 7112501.ij_1( 7= 1+e€
Finally, let ¢ — 0" in the inequality above to obtain the claimed result. O

Proof of Theorem 2.4.7. By hypothesis there exist positive real numbers f and f such that f<flx)<
f for all z > 0. Hence

V' (t) < /[OT]ug(ds)f(v(t—s)) +/ po(ds)f, for ae. t >Th > 0.

(T2,t]
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() _f 1

O = "0 TG o009 or e 20

Now by arguments analogous to those from the proof of Theorem 2.4.6, lim; o v'(¢)/f(v(t)) < € for

a.e. t sufficiently large. It now follows readily that

flo(t=s)) _
fu(®))

Hence there exists T5(¢) such that for all t > Ts(e€), f(v(t — s))/f(v(t)) < 1+¢, for all s € [0, Ta(¢)].
Let T5(¢€) be large enough that f[ u(ds) < e for all t > Ty and then take T' = Ty (¢) + T3(¢). Thus

lim sup
1200 0<s< Ty

1‘:().

+(1+e)M, forae. t>T.

[~

7+(1+e)/ 1a(ds) < €
[0,73]

Now use asymptotic integration to show that lim sup,_, . F'(v(t))/Mt < 1. By the usual considerations,
and since F~! € RV (1), we obtain the upper bound limsup,_, . v(t)/F~1(Mt) < 1. We defer the

calculation of the required lower bound to the next theorem. O

Proof of Theorem 2.4.8. If T > 0 is arbitrary, monotonicity of the solution implies

v'(1) </[0t T]M2(ds) E}U((tt_s))) +/(t - MQ(ds)w, fora.e. t > T.

Estimation analogous to that performed at the start of the proof of Theorem 2.4.6 yields the existence
of a T (e) sufficiently large that v'(t)/v(t) < € for a.e. t > Ti(€). As in the proof of Theorem 2.4.6 it

can readily be shown that

v(t — s)

v(t)

flo(t=s)) _
fo(®))

lim  sup
t9 5[0,y (¢)]

— 1‘ =0, lim sup ‘ 1‘ =0. (2.6.23)

£700 5¢00,T(e)]
For any € € (0,1), f[o (e #(ds) = (1—€)M for some T(e) > Ti(e). Hence v'(t) > f[o (e M2(ds) f(v(t—
s)) fora.e. ¢ > T'(¢). Combine the previous a.e. inequality with (2.6.23) to ﬁnd a T™(e) such that v'(t)
(1—€)2M f(v(t)) for a.e. t > T*(e). Asymptotic integration now shows that lim inf; . F(v(t))/Mt

>
>
1. Since F'~! € RV (1), this immediately implies that liminf; ,., v(t)/F~1(Mt) > 1. O

Proof of Theorem 2.4.9. Let € € (0, 1) be arbitrary. Since f € RV (0), lim,, o f(2)/2 = 0. Therefore
there exists an X (€) such that x7¢ < f(x) < z¢ for all z > X (€). Since lim;_, o v(t) = 00, there exists
T(€) such that v(t) > X (e) for all t > T'(¢) and hence

0= [ o=+ [ ()
< /[0 o pa(ds)v(t — )¢ +/ ua(ds) f(v(t —s)), fora.e. t>T(e).

(t—Tt]

Letting h(t f(t 7 H2(ds) f(v(t—s)), h(t) < f[t—T,t] pi2(ds) supsepo 7 f(v(s)). Thus v'(t) < Mu(t)*+
h(t) for a.e. t > T'(e). Therefore

for a.e. t > T(e).
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Since h(t) — 0 as t — oo and lim;_, v(f) = 0o, there exists a Ti(€) > T'(¢) such that

(0 <e+ M, forae. t>T(e).

Asymptotic integration now shows that
o)< (1 =€) [(M+e)(t—T1)+v(T1) "], foreacht>T,
Take logarithms, divide by logt¢ and send ¢ — oo to obtain

1 t 1
lim sup ogu(t) <
oo  logt 1—c¢

Finally, let € — 0% to show that limsup,_,. log(v(t))/log(t) < 1. f € RV, (0) implies that F €
RV (1) and hence lim,_, log(F(z))/log(x) = 1. Using the lower bound from Theorem 2.4.8 there ex-
ists T such that for all € € (0,1) we have v(t) > F~1(M(1—¢€)t), t > Ty. Similarly, log(v(t))/log(t) >
log(F~1(M(1 — €)t))/log(t). Taking the liminf then shows that
~1
lim inf M > liminfM =1

t—oo  log(t) t—00 log(t)

Combining the upper and lower bounds gives the desired result. O

2.6.4 Justification of Examples

In this section we provide the relevant details to support the examples discussed in Section 2.5. The
calculations for both examples are identical except for the final few steps where differing hypotheses
are employed. We begin by stating some formulae which are derived by integrating (2.5.1). For n € N
and x € [n,n + wy,/2)

(x —n)> (2.6.24)

Hence f(n +w,/2) = f(n) +wy,n(n)/4+ (h,wy,)/4. For z € (n 4+ w, /2, w, + 1],

n(n+wy) — hy (

Wn,

F@) = Fn+ %) +ho (0 —n— %) + v-n=)" (2.6.25)

Therefore f(n + wy) = f(n 4+ wn/2) + (hpwy)/2 + (w,/4) (n(n) + n(n + wy,)) . Finally for x € (n +
Wy, n + 1)

fx)=f(n+wy) +/ n(u)du. (2.6.26)

n+wn,

It follows that

fn+1)=f(n)+ hn2wn + % (n(n) +n(n + wy)) +/ n(u)du, (2.6.27)
n—+wy,
and it can also be shown that
n . ) Jj+1
fn+1) = fm)+Y° {2“’ + 5 )+ +w) + [ _n(U)dU} : (2:6.28)
j=1 wi+J
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Example 2.5.1

By hypothesis, ¢ grows more quickly than the sums of 7(j)w; and h;w; so we only need to study the
asympotics of the final term of (2.6.28). For n € N,

S, = Z / < zi: /J .

j=1"7Jtw;

Thus S,, < flnﬂ n(u)du. (2.6.27) can be rewritten as

n+1
fin+1) < /0 n(w)du + T, = p(n+1) + T, (2.6.29)

where T,,/¢(n) — 0 as n — oo. Similarly,

n+1
Sp = / n(u)du —
1

z": /jj+wj n(u)du.

=1

Since 7 is decreasing, Y7, fjjﬂvj n(u)du < 377 win(j) and

n+1 n
S > /1 n(wydu — 3 wm(j).
j=1

Hence, from (2.6.27), we obtain the inequality
fn+1) > ¢(n+1) =Y win(j) + Tn,
j=1

where T,,/¢(n) — 0 as n — oo. Combining our upper and lower estimates for f(n + 1) yields
lim, 00 f(n+1)/d(n+ 1) = 1. Since lim,_,o n(z) =0,

dp(n+1)—¢(n) _ f:+1 n(u)du - n(n)

¢(n) ¢(n) 7 d(n)

— 0 asn — oo.

Hence lim, oo ¢(n+1)/¢(n) = 1. Thus for any x € [n(z),n(x)+ 1) our previous arguments show that

(suppressing z—dependence in n)

Likewise

fln) _ fn) ¢(n)

> = — 1 as x — 0.

p(n+1)  ¢(n)d(n+1)
Note that lim,_, o ¢'(2) = 0 since lim,_, o n(x) = 0 by hypothesis and hence by Lemma 2.6.1 ¢ is

sublinear. Therefore f is also sublinear.

We have chosen h,, so that h,, > n(n) for each n and f'(n + w,/2) = h,. Hence
limsup f'(x) > lim f'(n+w,/2) = lim h(n) = L.
=300 n—00 n—00

Also lim, o n(z) = 0 implies that liminf, ., f'(z) = 0.
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Example 2.5.2

All of the arguments from Example 2.5.1 also apply here with minor changes. In (2.6.29) we now have

T, — L € (0,00) and we can proceed as before.
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Chapter 3

Memory Dependent Growth in

Sublinear Volterra Equations

3.1 Introduction

We now investigate explicit memory dependence in the asymptotic growth rates of positive solutions

of the following scalar Volterra integro—differential equation
/(1) = / wp(ds)f(z(t—s)), t>0; z(0)=¢&>0, (3.1.1)
[0,2]

where f is a positive sublinear function (i.e. lim,_, o f(z)/z = 0) and p is a nonnegative Borel measure.

Defining
M(t) = / u(ds), t>0, (3.1.2)
[0,2]
and integrating (3.1.1) shows that (3.1.1) is equivalent to the integral equation
t
x(t) = z(0) +/ M(t—s)f(z(s))ds, t>0; z(0)=¢&>0. (3.1.3)
0
We also study the asymptotic behaviour of the perturbed Volterra equation
(1) = / p(ds)f(z(t —s))+h(t), t>0; =z(0)=£&>0. (3.1.4)
[0,2]
As with equation (3.1.1), it is useful to consider an integral form of (3.1.4), and by defining
t
H(t)= / h(s)ds, t>0, (3.1.5)
0
it follows that (3.1.4) can be written in integral form as

z(t) = z(0) +/0 M(t—s)f(z(s)ds+ H(t), t>0; x(0)=¢&>0. (3.1.6)

Chapter 3 is based on the paper [18].
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3.1. INTRODUCTION

In Chapter 2, with p a finite measure, we demonstrated that when f is sublinear and asymptotically

increasing, the solution of (3.1.1) obeys lim;_, . F(z(t))/t = p(R™) < oo, where

x
Fz) ;:/1 ﬁdu, 2> 0. (3.1.7)
In other words, the structure of the memory does not affect the asymptotic growth rate of the solution
to (3.1.1) when the total measure is finite: indeed, the entire mass of p could be concentrated at 0,
because the ordinary differential equation y'(t) = u(R™) - f(y(t)) also obeys F(y(t))/t — w(RT) as
t — o0o. This is in contrast to the linear case where the growth rate depends crucially on the structure
of the memory (cf. [50, Theorem 7.2.3]). In Chapter 2, we also showed that if lim;_,. M(t) = oo,
then lim; o F'(2(t))/t = co. This result suggests that allowing the total measure to be infinite makes
the long run dynamics more sensitive to the memory but that comparison with a non-autonomous

ordinary differential equation may be necessary in this case.

To achieve precise asymptotic results for the solutions of (3.1.1) and (3.1.4) we employ the theory
of regular variation extensively. Many of the applications of regular variation in the asymptotic theory
of linear Volterra equations deal with the situation in which it is desired to model slow decay in the
memory, as captured by a measure or kernel, or a singularity. Of course, slowly fading memory can
be described in other ways, using for instance the theory of L! weighted spaces (see e.g. [112] and for
stochastic equations, [20]). When the kernel is integrable, it is often possible to obtain precise rates
of decay in L by means of a larger class of kernels (such as the subexponential class studied in [8],
of which regularly varying kernels are a subclass). However, for singular equations, or equations with
non—integrable kernels, the full power of the theory of regular variation is often needed: in particular,
for linear equations, transform methods and the Abelian and Tauberian theorems for regular variation
are exploited (see e.g. [10, 121]). It should be stressed, though, that such methods are of greatest
utility for linear equations: indeed, there does not seem to be especial benefit gained in this work in
applying such a transform approach. Moreover, in this case, the equation is intrinsically non—linear:
f(z) is not of linear order as © — oo, and regular variation arises both in the slow decay of p and in
the sublinear growth of f. Also, it is a general theme of the works cited above that the slow decay in
the memory, combined with an appropriate type of stability, give rise to convergence at a certain rate

to equilibrium. By contrast, we study growing solutions in the present work.

With a view to applications, we believe the most interesting subclass of equations will retain the
property that the asymptotic contribution to the growth rate from a moving interval of any fixed

duration (7 > 0, say) is negligible, in the sense that

lim wu(ds) =0, for each 7 > 0. (3.1.8)
t—o0 [t t+7)
It should be noted that our proofs do not require this stipulation, but we mention it in order to

motivate shortly a stronger hypothesis on M, as defined in (3.1.2).

With (3.1.8) still in force, if 4 is absolutely continuous and admits a non—negative and continuous
density k, such that p(ds) = k(s)ds, we see that k ¢ L'(0,00) because M(t) — oo as t — oo. In
particular the property (3.1.8) is implied by k(t) — 0 as ¢ — oo. Therefore, it is perfectly possible
for k to lie in another LP space, for some p > 1. As an example, suppose that k(t) ~ t=% as t — oo
for # € (0,1): then for p > 1/0 > 1, k € LP(0,00), while k& ¢ L*(0,00). In this sense, our work
shares concerns with existing results in the literature in which the Volterra equation does not possess

an integrable kernel (see e.g. [58, 112]).

The type of fading memory property (3.1.8) we suggested was of interest motivates a stronger
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assumption on M. First, we see that (3.1.8) implies

1 118
—M(nt) = —— u(ds) — 0 as n — 0o
nT Tn j=0 7 limiT+7)

and so the non-—negativity of p implies that M (t)/t — 0 as t — oo. Since M (t) — oo as t — oo,
M is non—decreasing, and M(t)/t — 0 as t — o0, it is reasonable to suppose that M € RV (0) for
6 € [0,1]. We note that the inclusion of § = 1 in the parameter range does not lead to any problems
in the analysis, and indeed it transpires that our arguments are valid for all 8 > 0.

Analogously, the nonlinearity, f, is a positive and asymptotically increasing function such that
f(z) = oo and f(x)/x — 0 as x — oo; hence it is natural to assume that f € RV (8) for g € [0,1).
We can rule out some choices of the parameter § rapidly: if 8 > 1, f(z)/z — oo as * — oo, and if
B < 0, fis asymptotic to a decreasing function. When 5 = 0 we append the hypotheses of asymptotic
monotonicity and increase to infinity on f, as these are not necessarily satisfied by functions in RV, (0),
but otherwise the analysis is essentially the same as when 8 € (0,1). The exclusion of the case § =1 is
largely on technical grounds: informally, when 5 = 1, the inverse of the increasing function F' defined

! now belongs to the class of rapidly varying functions (see

by (3.1.7) is no longer reqularly varying; F~
Definition 1.3.4). It also can be seen from the nature of our results that the asymptotic behaviour of
solutions must be of a different form from those that hold when § < 1. For 8 < 1, no such technical
problem arises, and indeed F~! is regularly varying with index 1/(1 — 3).

The proof of our main result for (3.1.1), Theorem 3.2.1, relies principally upon comparison methods,
properties of regularly varying functions and a time change argument for delay differential equations.
We first use constructive comparison methods, similar in spirit to those employed by Appleby and
Buckwar [6] for linear equations, to establish “crude” upper and lower bounds on the solution of (3.1.1).
The more challenging construction is that of the lower bound and is completed by comparing solutions
of (3.1.1) with those of a related nonlinear pantograph equation using time change arguments inspired
by Brunner and Maset [31]. Finally, we prove a convolution lemma for regularly varying functions
(cf. [5, Theorem 3.4]) which is then used, in conjunction with straightforward comparison methods, to
sharpen the aforementioned “crude” upper and lower bounds, and show that they coincide. Another
paper which uses similar iterative methods to sharpen estimates in the growth of solutions of nonlinear
convolution Volterra equations is Schneider [111].

With M(t) := fot M (s)ds, we obtain lim; ., F(x(t))/M(t) = A(B,0), or that the growth rate of
solutions of (3.1.1) depend explicitly on both indices of regular variation, and therefore the memory
of the system (Theorem 3.2.1). The value of the parameter—dependent limit A can be determined
explicitly in terms of the Gamma function. This result is only valid for 5 € [0,1) and hence may not
hold if f is only assumed to be sublinear (i.e. lim, ,~ f(2)/x = 0). In this sense, it appears that the
imposition of the hypothesis of regular variation on f and M is intrinsic to the form of the asymptotic
behaviour deduced, rather than a being a purely technical contrivance.

The results and methods outlined above for (3.1.1) can also be used to yield sharp asymptotics
for the perturbed equation (3.1.4). If H is positive, solutions to (3.1.4) will be positive and exhibit
unbounded growth; therefore there is no need to assume pointwise positivity of h. Solutions of (3.1.4)
are no longer necessarily non—decreasing and more delicate comparison techniques are required to treat
this additional difficulty.

When H is of the same order of magnitude as the solution of (3.2.4), we establish non-trivial upper
and lower bounds on the solution and then employ a simple fixed point iteration argument to calculate
the exact asymptotic growth rate of the solution in terms of a characteristic equation (Theorem 3.3.1).
Moreover, the converse also holds: growth in the solution of (3.1.4) at a rate proportional to that of

the solution of (3.2.4) is possible only when H is of the same order as that solution. In these results,
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the parameter 6 characterises the dependence of the growth rate on the degree of memory in the
system. When the perturbation term grows sufficiently quickly, the solution tracks H asymptotically,
in the sense that lim, ,., x(t)/H(t) = 1, even when H is allowed to be highly non-monotone. Indeed,
under certain restrictions we can show that our characterisation of rapid growth in the perturbation

is necessary in order for lim;_, x(t)/H(t) = 1 to prevail.

3.2 Main Results

Throughout this chapter u obeys

€ Mipe(RT;RT), pu(RT) = lim M(t) = oo, (3.2.1)

t—o0

where the function M is defined by (3.1.2). Our first result gives precise information on the asymptotic
growth rate of the solution to (3.1.1); we defer the proof to Section 3.5.

Theorem 3.2.1. Suppose u obeys (3.2.1) with M € RV (6), 8 > 0 and f € RV (p),
B €10,1). When 8 = 0 let f be asymptotically increasing and obey lim,_,o f(x) = co. Then each
solution, x, of (3.1.1) obeys x € RV (1 +6)/(1 —5)) and

Fa) DO+ (3)
]

lim —= = =: A(B,0), 3.2.2
where T'(x) = fo t*le~tdt and M(t) = fg M(s)ds.

By Karamata’s Theorem lim;_,o, M (t)/tM(t) = 1/(1 4 ). Hence the conclusion of Theorem 3.2.1

is equivalent to

 Fla)
t—oo t M (t)

=(1+90) = B(o+1, L

r@e+nr (11t%6) 1 ( 1+ 95)

where B denotes the Beta function, which is defined by B(z,y) = fol A1 =X)L\ (cf. [97, p.142]).
Furthermore, since F~! € RV, (1/(1 — 3)), (3.2.2) is also equivalent to

% Flfx\)w)) B {1 S (6 h Teﬂﬂ) }15' (323)

Theorem 3.2.1 expresses the leading order asymptotics of the solution in terms of the functions F' and
M. The dependence of A on 8 and 6 is known explicitly and this can be used to gain some insight into
second order effects of the nonlinearity and the memory on the growth rate. The following proposition
records some properties of the function A(f,0) that are useful when interpreting the conclusion of
Theorem 3.2.1.

Proposition 3.2.1. Suppose A(3,0) is defined by (3.2.2) with B € [0,1) and 6 € [0, ).
(i.) A0,8) =1 for fized 6 € (0,00) and A(B,0) =1 for fized 8 € (0,1),
(ii.) limgy1 A(B,0) = 0 for fized 0 € (0,00) and limg_,oc A(3,0) = 0 for fized B € (0,1),
(iii.) B+ A(B,0) is decreasing, B € (0,1), 8 (fized) € (0,00),

(iv.) 0 — A(B,0) is decreasing, 6 € (0,00), B (fized) € (0,1),
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(v.) A(B,0) € (0,1) for B € (0,1) and 6 € (0, 0).

.
= 1.0
1
]
|
|
|

,“} os N(B,0)

Fig. 3.2.1: Plot of the surface A(S,9).

For each fixed 3 € (0,1), letting § = 0 yields lim; o, F(2(t))/M(t) = 1, by applying Theorem
3.2.1. In Chapter 2 we obtained this conclusion for sublinear equations of the form (3.1.3) without
regular variation but with lim;_,., M(t) = M € (0,00). Therefore Theorem 3.2.1 can be thought of
as a continuous extension of our previous results for (3.1.1) with sublinear nonlinearities and finite
measures.

For a fixed 8 € (0,1), a decrease in the value of § represents an increase in the rate of decay of the
measure p. This can be made precise by supposing that the measure p is absolutely continuous, and
specifically that u(ds) = m(s)ds for continuous m € RV, (0 — 1) with 6 € (0,1). Therefore, increasing
the value of § gives more weight to values of the solution in the past (“stronger memory”) and we
expect the growth rate of solutions of (3.1.1) to be slower than that of the related ordinary differential

equation

y'(t) = M) f(y(t)), t>0; y(0)=E>0. (3.2.4)

The equation (3.2.4), in contrast, places the entire weight M (¢) at the present time, when the solution
is largest. Hence, increasing the value of 8 (putting more weight further into the past) slows the growth
rate and it is intuitive that A(8,0) is decreasing in §. Using this comparison with (3.2.4) once more,
it is clear that Proposition 3.2.1 (v.) must hold since solutions of (3.1.1) can never grow faster than
those of (3.2.4) (if f is strictly increasing this can be seen by inspection).

For a fixed 6 € (0,00), one might expect an increase in 3 to lead to a faster rate of growth of
the solution of (3.1.1). Therefore, it may initially be surprising that A(3,0) is decreasing in 8. This
counter-intuitive result is best understood by explaining the error introduced in the approximation of
the right-hand side of (3.1.1). From (3.1.1),

2 (t) = /M p(ds) f(x(t — 5)) = /[O,t] HA) =@y

The error of our upper bound on the solution is proportional to the ratio f(z(t — s))/f(x(¢)) for
€ (0,t), or f(x(At))/f(x(t)) for A € (0,1). Since fox € RV (S(1+6)/(1—5))

L fle(M) _sase
tli)fgom =A =:7(8).

When ~(f) is close to one, the solution of (3.1.1) is close to that of (3.2.4) and hence our estimate is
sharp. However, () is decreasing and limgs; y(8) = 0. Thus the zero limit as § 1 1 in Proposition
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3.2.1 (4i.) represents the fact that the solution of (3.2.4) increases much faster in 5 than the solution
to (3.1.1), for a fixed value of 6.

3.3 Results for Perturbed Volterra Equations

We now present a result which illustrates how our precise understanding of the asymptotics of solutions
to (3.1.1) can be applied to perturbed versions of the equation, such as (3.1.4). This result applies
to perturbations of (3.1.1) that are of the same, or smaller, order of magnitude as solutions of the
ordinary differential equation (3.2.4). Our assumptions on H guarantee that lim; ,. z(t) = oo but
this limit is no longer necessarily achieved monotonically and this is reflected in the added complexity
of certain technical aspects of the proofs. The proofs of the results in this section are largely deferred
to Section 3.5.

Theorem 3.3.1. Suppose p obeys (3.2.1) with M € RV (0), 0 >0 and f € RV (8),
B €10,1). When 8 =0 let f be asymptotically increasing and obey lim,_, f(x) = co. If x denotes a
solution of (3.1.4) and H € C((0,00); (0,00)), then the following are equivalent:

. . x(t) _ g . H(t) B
(’L.) tli}n;.lo m = C S [L, OO), (’L’L.) tli}n;.lo 7}4_‘71(1& M(t)) = )\ S [0, OO), (331)
where L = {B (1 +0, ﬁt%g) /(11— B)}l/(l_ﬁ), and moreover
¢ = f_ﬁﬁ B (1 +o, llteg) ey (3.3.2)

When there is a sufficiently slowly growing forcing term H, A = 0, and we recover from (3.3.2)
exactly the asymptotic behaviour of the unperturbed equation, given by (3.2.3). Also, in the limit as
A — 07, the rate of the unperturbed equation is recovered.

Condition (éi.) on H in Theorem 3.3.1 does not cover the case when H is of larger magnitude than
the solution of the unperturbed equation (3.1.1) (or that of (3.2.4)). To deal with this case, we want
to know the growth rate of the solution when lim; .., H(t)/F~!(t M(t)) = oo. Insight can be gained
by sending A — oo in Theorem 3.3.1. For A > 0, from Theorem 3.3.1, we have

z(t) ¢V

e T T

where ¢ depends on A through (3.3.2). Since ¢ = ((A) is the unique positive solution of (3.3.2),
n = n()\) is the unique positive solution of = 1 4+ Kn®X*~! where K > 0 is the A-independent

positive quantity

K:ﬁB(lﬁ—H, 1;";).

Clearly n(\) > 1 and X — 7()) is in C! by the implicit function theorem. Moreover, by implicit
differentiation, n’(\) obeys

/ n\) —1 By\B—2
n/\{lﬂ =K(B—1)nN)PA"~=
o S (5 (Y
Therefore, as the bracket on the left-hand side is positive, A — n()) is decreasing. Hence for A > 1,
we have n(\) < 1+ Kn(1)# =1 so limsup, _, ., n(A\) < 1, and n(\) = 1 as A — oo.

In view of this discussion, one might expect that limy ,., H(t)/F~1(t M(t)) = oo implies z(t) ~
H(t) as t — oo, or less precisely that sufficiently rapid growth in H forces z(t) to grow at the rate

H(t). Therefore, it is natural to ask under what conditions we would have x(t) ~ H(t) as t — oo.
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A necessary condition for lim; ,oo x(t)/H(t) = 1 is limy 0o fot M(t — s)f(H(s))ds/H(t) = 0. This
motivates the hypothesis

M) fi FH () ds
t—00 H(t)

=0, (3.3.3)

and the following result. This result requires no monotonicity in H and as such allows for H to undergo

considerable fluctuation, a point we will illustrate further in Section 3.4 and Chapter 4.

Theorem 3.3.2. Suppose the measure u obeys (3.2.1) with M € RV (0),0 > 0 and that f €
RV (B), 8 € [0,1). When 8 = 0 let f be asymptotically increasing and obey lim,_,, f(z) = oo.
Let H be a function in C((0,00);(0,00)) satisfying (3.3.3). Then the solution, z, of (3.1.1) obeys
lim; 00 2(t)/H(t) = 1.

When H is regularly varying at infinity the hypotheses of Theorems 3.3.1 and 3.3.2 align to give
a complete classification of the asymptotics (Corollary 3.3.1). However, assuming regular variation of
H imposes considerable regularity constraints. In particular, H is then asymptotic to an increasing

function and this restricts potential applications of Theorem 3.3.2 to SFDEs.

Corollary 3.3.1. Let M € RV (0), 0 > 0 with lim;_,, M(t) = co. Suppose that f € RV (8), 8 €
[0,1). When 8 =0 let f be asymptotically increasing and obey lim,_, o f(z) = 0. If H € RV (), >

0, then the following are equivalent:
(i.) limy_,o0 M(t) [y f(H(s))ds/H(t) =0,

(ii.) limy_yoo H(t)/F~ (M ()

oo,

(iii.) limyoo [y M(t — s)f(H(s))ds/H(t) = 0.

We exclude the case a = 0, because it is covered by Theorem 3.3.1 with A = 0.
We state without proof a partial converse to Theorem 3.3.2 with H € RV o («) for @ > 0. The proof

follows from Corollary 3.3.1 and estimation arguments similar to those used throughout this chapter.

Theorem 3.3.3. Suppose the measure p obeys (3.2.1) with M € RV (0),0 > 0 and that f €
RV (B), B € [0,1). When 8 = 0 let f be asymptotically increasing and obey lim,_, ., f(x) = oo.
If x denotes a solution of (3.1.4) and H € C((0,00);(0,00)) N RV () with o > 0, then the following

are equivalent:

(i) lim M(®) fo;((:(s))ds =0, (i) lim 2 1,

While discussing the hypothesis that lim; o, H(t)/F~1(tM(t)) = oo in the context of regular
variation it is worth remarking that this hypothesis is also satisfied for H € RV (00), the so-called
rapidly varying functions (see Definition 1.3.4). If H € RV (00), then (3.3.3) holds and Theorem

3.3.2 can be applied; this fact is recorded in the following corollary.

Corollary 3.3.2. Suppose the measure p obeys (3.2.1) with M € RV, (0), 60 > 0 and that [ €
RV (8), B €10,1). When 8 =0 let f be asymptotically increasing and obey lim,_,o f(x) = c0. If x
denotes a solution of (3.1.4) and H € C((0,00);(0,00)) N RV (00) is asymptotically increasing, then
limy 00 z(t)/H(t) = 1.

Corollary 3.3.2 will also hold if H € MRy (00), a sub-class of RV, (c0), because this guarantees
that H is asymptotic to an increasing function (see [27, p.68 & p.83]).
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3.4 Examples

3.4.1 Application of Theorem 3.2.1

The main attraction of Theorem 3.2.1 is that it largely reduces the asymptotic analysis of solutions
of (3.1.1) to the computation, or asymptotic analysis, of the function F~!. This is because, under

appropriate hypotheses, Theorem 3.2.1 yields

1
1 0 1\)1-8
x(t)NF_l(tM(t)){lﬂB (9—1—1, 16+ﬂ)} , as t — oo.
In general, exact computation of F~! in closed form is not possible. The following result provides the
asymptotics of F~! for a large class of f € RV, (B) for 3 € [0, 1) using some classic results from the
theory of regular variation. Its principal appeal is that it can be applied by calculating the limit of a

readily—computed function which can be found directly in terms of f, without need for integration.
1
Proposition 3.4.1. Suppose f € RV (B), B € [0,1) is continuous and {(z) := (f(z)/z”)1=F obeys

lim Lz l(x))

Jim =7 =1 (3.4.1)

Then
1 T

T1-Bf(w)

The following examples illustrate the convenience of Proposition 3.4.1 in practice.

F(z)

F~l(z)~ (1 —5)ﬁ£(mﬁ) 2TF, as T — 00.

Example 3.4.1. Suppose f(x) ~ ax” loglog(z®) as x — oo with B € [0,1), a > 0 and o > 0. In this
case

{(x) ~ (a loglog (960‘))1%‘* , aS T — 00.
Hence

_ o Z(mﬁ(gj)) B (loglog (x@ aToP {loglog(xa)}ﬁ))ﬁ
L(z): = l(z) (log log (xa))ﬁ , x> 0.

Let loglog(xz®) = u to obtain

I_/(exp exp(u)l/“) _ <log(e“)/u +log (1 n log(a 13;&) + log(ul%)) /u)

=: (14 Gu) ™,

where limy, oo G(u) = 0. Therefore lim, oo L(x) := (x €(x))/l(x) =1 and by Lemma 3.4.1,

1

1
FYz)~(1-B)T7 {a log log (xfﬁ)}*ﬁ 275 as @ — 0.

This exzample is valid with loglog(x) replaced by ], log;_1(x), with the convention that log;(x) =
loglog,_1(x). The proof in this case is essentially the same but the resulting formulae are rather

convoluted.

Example 3.4.2. Suppose f(x) ~ x” (2 + sin(loglog(z))) as x — oo, with B € (0,1). In this case
Lz) ~ (24 sin(loglog(ac)))ﬁ , S T — 0.
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Hence

F o (2+sin(loglog(x ((x)))\ ™7
L(JC)_< 2 + sin(loglog(x)) ) .

Once more make the substitution loglog(x) = u to obtain

1
1-8

2 + sin (u + log[1 + log{2 + sin(u)}l—lﬁ/e“o
L(exp exp(u)) =

2 + sin(u)

Letting uw — oo in the above yields lim,_, L(expexp(u)) = 1 and hence Proposition 3.4.1 applies.
Therefore

Fx)~ (1 —ﬁ)ﬁ {2+sin <loglog(xﬁ))}7xﬂ, as x — oo.

3.4.2 Discrete Measures

It may appear that our inclusion of a general measure p in (3.1.1) and the hypothesis that the integral of
w is regularly varying are only compatible when p is an absolutely continuous measure. The following
proposition allows us to easily construct examples to show that our results also cover a variety of

equations involving discrete measures.

Proposition 3.4.2. Let x > 0 and d, be the Dirac measure at x on (RT,B(RT). Suppose that
6 € (0,1) and that po € RV (0 —1). Let 7 > 0 and

Lt/7]
p(ds) = > po(j7)d;-(ds). (3.4.2)
j=0

Hence

Lt/7)
M(t) = /M p(ds) = 7:20 110(J7), (3.4.3)

and M € RV (0). Furthermore, M(t) ~ M(t) := fg f(s)ds as t — oo, where fi € RV (0 — 1) is any
C1, decreasing function such that jo(s) ~ fi(s) as s — oo.

3.4.3 Perturbed Equations

Using a parametrized example we illustrate how the asymptotic behaviour of solutions to (3.1.4) can

be classified using the range of possibilities covered by the results in Section 3.3.

Example 3.4.3. For ease of exposition suppose that 5 € (0,1) and let
f@y=2" x>0, Mt)=QQ+t) -1, t>0; H@t)=(1+t)*" -1, t>0,

with 0 >0, « € R, and v > 0. Hence (3.1.4) becomes
t
z(t) = z(0) +/ (14t—5)0 —Da(s)’ds+ (1+t)*e* =1, t>0,
0

with (0) > 0. Therefore

1 0+

F7 Yt M(t)) ~ (1 —pB)1-F tl—/13, as t — oo.
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Case (i.) : 7 =0. In this case H € RV (a) and
_1 041
———— ~ (1= B)P-1t*"1-F, ast — oo.
Ifa < (0+1)/(1—p), then limy_,oo H(t)/F~2(t M(t)) = 0 and Theorem 5.3.1 yields the limit

Jim (t)/F (£ M (1))

L,

where L = {B (1 +0, 1;%?) /(11— ﬂ)}l/(l_ﬁ) .

Ifa=(041)/(1 = p), then limy_,oo H(t)/F~ 1 (t M(t)) = (1 — )/B=Y) =: X and Theorem 3.3.1
gives limy_, oo x(t)/F~H(t M(t)) = ¢, where ¢ satisfies (3.3.2).

Finally, if o > (0 +1)/(1 — B), then limy_,o, H(t)/F~1(t M(t)) = co. Then, by Corollary 3.5.1,
(3.3.3) holds and Theorem 3.3.2 yields lim;_, o x(t)/H(t) = 1.

Case (ii.) : v > 0. In this case, H € RV (00) and by Corollary 3.3.2, lim;_,oc x(t)/H(t) = 1 for
ala e R, p€(0,1) and 6 > 0.

Particularly with a view to applications to SFDEs, it is pertinent to highlight when H is required
to have some form monotonicity in Section 3.3. When A = 0 in Theorem 3.3.1 there is no monotonicity
requirement on H but A > 0 implies that H asymptotic to the monotone increasing function F~!,
modulo a constant. By contrast, Theorem 3.3.2 allows for large “fluctuations”, or irregular behaviour,

in H; the following examples illustrate this point.

Example 3.4.4. Suppose f € RV (B8) with § € (0,1), M € RV, (0) with & > 0 and H(t) =
(1+8)* (2+sin(t)) — 2, a > 0. From Karamata’s Theorem

b M) 3 F(H () ds M) fy (1 + )" (24 sin(s) — 2)) ds
e H{(t) vy (1+t)> (2+sin(t)) — 2
< Timsup e)M(t)tig 6(35%) ds.

Since .
M(t) [y 6(3s*)ds  M(t)t f(3t%)
ta 1+ ap)te
a sufficient condition for (3.3.3) to hold, and hence for Theorem 3.3.2 to apply, is « > (1+6)/(1— /).

Even more rapid variation in H is permitted; for example let H(t) = e'(2 + sin(t)) — 2. In this case

ast — oo,

asymptotic monotonicity of f and the rapid variation of et yield

lim sup
t—o0

< lim sup

M(t) [y f(H(s))ds M(t)t f(3et)
H(t) t—00 et

and once more Theorem 3.3.2 applies to yield x(t) ~ H(t) as t — oo, where x is the solution to
(3.1.6). By fizing f(x) = 2°, we can immediately see that it is possible to capture more general
types of exponentially fast oscillation in Theorem 3.3.2. Choose H(t) = e?®?
0<o_ <o) <oy <oo forallt >0, for some constants o_ and o4. Checking condition (3.3.3)

yields

, where o(t) obeys

M(t) [} f(H(s))ds M(t) tePo+t
lims o < limsup ———.
(ORI e e

The limit of the right hand side will be zero if o_ > Bo.

Finally we present an example in which condition (3.3.3) fails to hold. This example illustrates

the limitations of our results by showing that when the exogenous perturbation exhibits rapid, irreg-
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ular growth we are unable to capture the dynamics of the solution. This example is constructed by

considering an extremely ill-behaved perturbation with periodic fluctuations of exponential order.

Example 3.4.5. Choose f(z) = 2% and H(t) ~ e!0FToP®) .= [*(t), as t — oo, with a € (0,1),
B € (0,1) and p a continuous 1—periodic function such that max,ep,1] p(t) = 1 and minyejo 1) p(t) = —1.
Let t > 0 and define n(t) € N such that n(t) <t < n(t)+1. Then

S(t):= /t f(H*(s))ds = /t ePs(1+ap(s)) gq

n(t)-1 —n(t)
_ Z / (BOrt) (1+ap(w) gy 4 / Blutn(®) (1+ap(u) gy,

Let I; := fol ePluti)Ater(W) dy and S, = 27;01 I;. Then
t—n(t)
S(t) = Sp) = / eAlutn(®)(tap() gy,
0

Hence S(t) < Sp) = f eflutn®)Uter)gy = S, 11 and Sy < S(t) < Spy41-

Now estimate I; as j — oo as follows. Letting c(u) = e*1+P(W)8 gnd d(u) = B(1 + ap(u)) we have
I; = fol c(w)ed" ) du. By hypothesis 0 < ¢ = minyep,1] ¢(u) < maxy,epp,1) ¢(u) < €< oo. Hence

1 1
c/ eI gy < I; < E/ ejd(“)du, 7>0.

0 0

Therefore, for j > 1,

1
1 L j L 1 j
cl (/ eI du) <IJ <ci (/ edd(w) du) )
0 0

For any continuous, non-negative function a : [0,1] — (0, 00),

1/j

1
lim (/ a(u)jdu> = max_a(u)
j—ro0 0 u€[0,1]

and thus lim;_, o Ijl/j = maXye[o,1] e®) | Therefore

Jlgx;o 7 logI = J&%}i] d(u) = ﬁurél[%yi](l +ap(u)) =01 +a) > 0.

Since S, = 22:01 I;, this gives us lim,,_,o l0g S, /n = B(1+ o). Hence

log Sy ™ = 5(1 + ).

hm 1nf log S(t) > hm mf log Snty = hm 1nf ;

()

An analogous calculation for the limsup then yields lim;_, o log S(t)/t = \. Therefore, aslog H*(t)/t =
1+ ap(t),

lim sup % log (H*(t)> =limsup (1 +ap(t)) — 1+ a)=(1+a)(l—-F5) >0.

t—o0 S(t) t—o0

Hence limsup,_, ., H /fo ))ds = 0o, and because H(t) ~ H*(t) ast — oo and f € RV (B),
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we have limsup,_, . H /fo ))ds = oco. Similarly

H (1)
S()

lim mf log (

t—oo ¢

) ~ liminf(1+ ap(t)) — AL +a) = 1— B~ a(1+B).

Choose o > (1 = B)/(1 + ) > 0 to ensure that 1 — f — a(l 4+ 8) < 0 and

As above, this gives

We remark that because the function t — H(t /fo )) ds is of exponential order, (3.3.3) is violated
for any M € RV (0) with 6 € [0, 00).

3.5 Proofs of Main Results

We often choose to work with a monotone function approximating f; this monotone approximation

will be denoted by ¢. If f is regularly varying with a positive index, then
There exists ¢ € C*((0,00); (0,00)) such that f(x) ~ ¢(z) and ¢'(z) > 0 for all x > 0. (3.5.1)

See Section 1.3.3 for further details. The function F(z) is approximated by ®(z) := [; du/¢(u) and
@~ is the inverse function of .

The proof of Theorem 3.2.1 is decomposed into the following lemmata, the first of which provides

a precise estimate on the asymptotics of the convolution of two regularly varying functions.

Lemma 3.5.1. Suppose a € RV (p) and b € RV (o), where p > 0 and o > 0, and lim;_,+ a(t) = oo.
If 0 =0 let b be asymptotically increasing and obey lim;_, o, b(t) = co. Then

f s)b(t — s)ds 1
li 0% = M(1 =M% \=: B 1 1
A ta(t)b(t) /0 (1= (p+1041)

where B denotes the Beta function.

Proof. Let €, n € (0, 3) be arbitrary. Define

(1-m)t

I(t) = /0 a(s)b(t — s)ds = /06 a(s)b(t — s)ds + /t a(s)b(t — s)ds +/ a(s)b(t — s)ds
=1

1(t) + I(t) + I3(t), for each ¢t > 0. (3.5.2)

By making the substitution s = A, we have

ta(t) b(?) ta(t)b(t)

By the Uniform Convergence Theorem it follows that

L) [V a(s)b(t - s) ds /1’7a()\t) b= N)

. IQ(t) _ e p o
Jim 7/6 A(1 = A)7dA. (3.5.3)
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Since both a and b are positive functions it is clear that I(¢) > I5(¢) and hence

Lo () e e
lim inf @ 2/5 M (1= XN)%dA.

t—oo ta(t)b
Letting 1 and € — 07 then yields

o 1) ! .
liminf ———— > M (1= X)%dA. (3.5.4)
B Famne =
By hypothesis there exists an increasing, C! function 38 such that b(t)/3(t) — 1 as t — oco. It follows
that there exists Ty > 0 such that ¢ > T} implies b(t)/3(t) < 2. Therefore with € € (0, 3), t > 273 we
have that (1 — e)t > Ty. Suppose t > 2T} and estimate as follows

Ii(t) = /0 a(s)b(t — s)ds < 28(t) / a(s)ds = 28(t) et a(et) M_

0 etalet)
Hence, for t > 277,
L(t) B(t) alet) [3" als) s

Fald) o) = 2 0(t) alt) etaled

a € RV (p) implies that lim;_, o a(et)/a(t) = ¢’ and by Karamata’s Theorem,

) et G(S) B
lim /0 eta(et)ds =1/(1+ p).

t—o00
Thus

I (¢ 2ePT1
lim sup 1) <=

il ta()b(t) ~ T+ p (3.5.5)

Finally, consider I5(t). By construction ¢ > T; implies b(t)/6(t) < 2. Since b, 5 are continuous and
positive, with 3 bounded away from zero, supy<;<7, b(t)/8(t) = maxo<t<r, b(t)/B(t) = By < oo. Thus
there exists Bs > 0 such that b(¢) < By 8(¢) for all ¢ > 0. Therefore

t t

Iy(t) = /( a(s)b(t — 5) ds < By / a(s) Bt — ) ds < BaB(nt) / as) ds.

1-n)t (1-m)t (1—m)t
Hence
t
. Is(t) Bt Jaegeals)ds . (e s) ds
lim sup ————— < By limsu limsup ———*———— = By n? limsup ————— 3.5.6
e ta()b(t) = 2 TP ) Al T ta(t) 2 A T () (3:5.6)

The final limit on the right-hand side of (3.5.6) is calculated by once more calling upon the Uniform

Convergence Theorem as follows:

t
a(s)ds 1 1
lim Ja-peas)ds _ lim / o) )y = / APdA.
t—o0 ta(t) t—=oo J1_y a(t) 1—n

Returning to (3.5.6) and using the identity above appropriately yields

. I3(t) /1 ( 1 (1- 77)”1)
limsup ——>— < Byn° NdX = Byn°® — . 3.5.7
t~>oop ta(t) b(t) =220 1-n 21 p+ 1 p+ 1 ( )

57



3.5. PROOFS OF MAIN RESULTS

Therefore, combining (3.5.3), (3.5.5) and (3.5.7), we obtain
1

lim sup _I®) < 2¢PT1 L + /177 AP(1—A)%dA+ Ban)? APdN.
t—o0 ta’(t) b(t) - 1+ P € 1-n

Letting  and € — 07 in the above then yields

lim su _ 1) </1 AP (1= X)%dA (3.5.8)
e’ La(t)b(D) = Jy | B
Combining (3.5.8) with (3.5.4) gives the desired conclusion. O

The proof of Theorem 3.2.1 now begins in earnest by proving a “rough” lower bound on the solution
which we will later refine. Lemmas 3.5.2, 3.5.3 and 3.5.4 are all proven under the same set of hypotheses

and are presented separately for the sake of readability.

Lemma 3.5.2. Suppose pu obeys (3.2.1) with M € RV (0),0 > 0 and f € RV,(B3), 8 € [0,1). If
B =0, let f be asymptotically increasing and obey lim, o f(x) = co. Then each solution, x, of (3.1.1)
obeys

lim inf z(t)

R )~

Proof. Let € € (0,1) be arbitrary. By hypothesis there exists ¢ such that (3.5.1) holds and hence there
exists 1(€) > 0 such that f(x) > (1 — €)¢(z) for all x > z1(e). Furthermore, there exists Ty(e) > 0
such that ¢t > Ty implies z(t) > x1(e). Similarly, there exists Ti(e) > 0 such that M(t) > 0 for all
t > Tj. Since M € RV (), there exists a C! function M; such that for all € € (0,1) there exists
Ty (€) > 0 such that for all ¢ > To, M(t) > (1 —€)M1(t). Let T5 := Ty + T1 + T and estimate as follows

o= [ wasee- s [ pafee- 209 [ s

—(1-¢ /[o,(t_m/g] u(ds)p(a(t — 5) + (1 - ¢) /( )

>(1- e)/ p(ds)p(z(t — s)) > (1 — e)M(5(t — T3))¢ (x(5(t + T3))), for ae. t > 4T,
[0,(t—T5)/2]

Since M € RV (0), lim;_,oo M((t — T3)/2)/M(t — T3) = 27%. Thus there exists a positive constant C
and a time Tg > 4T3 such that

2(t) > CM(t—T)¢ (x(3(t+1T3))), forae t>Ts (3.5.9)
Furthermore, since ¢ > Ty implies t — T > Ty, there exists Cy > 0 such that
@' (t) > Co My (t — T3)o (x((t + T3)/2)), for a.e. t > Ts. (3.5.10)
Now define the C2, positive, increasing function M, (t) := f(f M (s)ds for t > 0. Let
alt) = M;7Yt) +Ts, t> M (T3). (3.5.11)

For t > M;(Ts), a(t) > a(M;(T3)) = Ts + T3 > T since a is increasing. Define Z(t) = z(a(t)) for
t > M, (T3). Note that & € AC([M(T3),0); (0,00)) and o/ (t) = 1/M;(M; *(t)). Now use (3.5.10) to
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compute as follows:

~! o ’ OO Ml(o‘(t)_Tfi) 1 o
#(0) = @2/ (a(0) 2 Z IS (ol (0l0) + T5))

=Co¢ (2(3(a(t) +T3))), forae. t> Mi(T3). (3.5.12)

Define 7(t) =t — My (M7 '(t)/2) > 0 for t > M;(T3) and note that (a(t) +7T5)/2 = a(t — 7(t)). Hence

#(t) > Co ¢ (x(3(alt) + T5)) = Co o (w(alt — () = Co ¢ (#(t — 7(t))), for ae. t > M;(T5).
(3.5.13)

Owing to the monotonicity of My, 7(t) > 0 for t > M;(T3). Furthermore, since M; € RV (6 + 1),

lim t—7(t) — lim w = lim w — (1>0+1
tooo  f oo M, (Ml_l(t))  tooo My (Ml_l(t)) 2

Thus there exists a Ty > 0 such that for all t > Ty, t — 7(t) > 2-+2) ¢, If Ty = max(Ty, My (T3)), then
#'(t) > Cop(Z(qt)), forae. t>Ty, whereq=2"0+2c(0,1). (3.5.14)

Let h € (—1,0) be arbitrary, take t > Ty + 1 and integrate (3.5.14) to obtain

t t
/ ' (s)ds=z(t)—x(t+h) > Co #(i(gs))ds, for each t > Ty + 1.
t+h t+h

Now rearrange the inequality above to show that

. A t+h _
D =20 5 S0 [ olatgs)) ds, - for cach 12 Tyt 1.
t

Take the liminf as A — 0~ to derive the differential inequality
D_&(t) > Co ¢((qt)), for each t > Ty :=Ty + 1. (3.5.15)

The following estimates are needed for a comparison argument. Since ¢ o @~ € RV, (3/(1 — 3)),

Thus there exists 9 > 0 such that for all x > x5

Next let T > 0 be so large that ®(z(¢T})/2)—x2 > 0 and let Ty = max(Ty, Ts)+1. Then ®((qT5)/2) >
®(Z(¢Ty)/2) > x5. Define

. (Co £ ®(i(qT6)/2) — w2 0(2(qTs)/2)
¢ = min (40(] B, 2T6(61 —d 2, 2T66 ) (3.5.16)
and
d= CTG — (I)(j(qTG)/2) (3517)
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Finally, define 2o = ¢qTs — d = ®(2(¢Ts)/2) — ¢T6(1 — q¢) > z2. Note that d < 0 due to (3.5.16).
Therefore 1/¢ — 1 > 0 and for any © > xo, /q+ (1/g — 1) d < x/q. Hence

oot (2+(1-1)d) (oo (2 —
<¢o(<1>1><<x> ) <¢o<1>1>gx>) <2(3)7 w2m s

Letting ¢t = (z + d)/cq in (3.5.18) and noting that (3.5.16) implies Cy/c > 4 (1/q)ﬂ/(175), we have

- =

Define the lower comparison solution, x_, by
v (t)=® Yt —d), t>qTs. (3.5.20)

Owing the monotonicity of @1, # and z_, and the identity (3.5.17),

2(qTs)

r_(t) <a_(Tg) =0 ' (cTy — d) = 5 < Z(t), for each t € [¢Ts, Tg].
Hence
a_(t) < @(t), te€ [qTs, Te). (3.5.21)
Since ®(x_(t)) = ct — d,
L) = e (G0N (et —d) = cdfw_ (1) = = E=D) & o0
20 = (00 87) (= d) = colo-(0) = & S Cooa_(at). ¢> T

By (3.5.19)

¢ da_(t)) ¢ (pod 1) (ct—d) c Cy

am = C’io(gbofl)*l)(cqtfd) < Coc 1, for each t > T.
Thus

2’ (t) < Cop(x_(qt)), for each t > Tg. (3.5.22)

Recall that D_Z(t) > Cy ¢(Z(qt)) for each t > Tg > T5, by (3.5.15). We further claim that Z(t) > z_(¢)
for each t > Tg. To see this, let
Z={t>Ts:2(t) <z_(t)}.

If the claim if false, then Z is nonempty, and by continuity of & and z_
Ts < inf Z =: t; < 0.

Furthermore, x_(t1) = Z(t1) and z_(¢) < Z(¢) for each ¢ € [Ts,¢1). Thus,for each h < 0 sufficiently
small, z_(t; + h) < Z(t1 + h) and hence

x_(t1+h)—z_(t1) S Z(ty + h) — &(t1)
h h

Now take the liminf as A — 0~ to show that
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However, by (3.5.15) and (3.5.22),
o’ (t1) = D_a_(t1) < Co d(z—(qt1)) = Co ¢(Z(qt1)) < D_Z(t1),
which is in contradiction with equation (3.5.23). Therefore Z is empty and
#t)>a_(t) =® (et —d), for each t > qTs.

Hence
z(a(t)) = (t) > @' (ct —d), for each t > ¢Tg.

From the definition of «, in (3.5.11), a~(t) = M;(t — T3) and therefore
z(t) = 2(a (1) > @ Hea t(t) —d) = D (e My (t —T3) —d), M;(t—T3) > qTs.
Hence, recalling that d < 0,
d(2(t)) > cMy(t — T3) —d > cMy(t — T3), M(t —T3) > qTs. (3.5.24)

Note that for ¢ > 2T, t/2 < t — T3. Since M is increasing this implies that M;(t/2) < M (t — T3).
Thus (3.5.24) implies

O (x(t M, (&
lim inf ,xi > lim inf ﬂ =26+ 5 0.
t—oo My (t) t— o0 M, (t)

By Karamata’s Theorem limy_,o, M (t)/tM;(t) = 1/(1 4 6). Therefore

i)
lim inf L&) >c(1+60)270FD > 0.

Finally, since ®~! € RV, (1/(1 — 8)) and M is asymptotic to M;, we conclude that

lim inf z(t)

(T O)

as required. O

Lemma 3.5.3. If the hypotheses of Lemma 3.5.2 hold, then solutions of (3.1.1) obey

. F(x(t) 1 05 + 1
h?izgp 0 SfB (9—1—1, )

Proof. Once again let ¢ satisfying (3.5.1) obey f(x)/¢(x) < (1+¢) for all x > x4 (e), for any € > 0 and
for some z1(e) > 0. Owing to the fact that lim;_, . 2(t) = oo there exists T3 (e) such that ¢ > T3 (e)
implies z(t) > z1(€). Since lim;_,oo M(t) = oo there exists T5(e) such that M(¢) > 0 for all t > Ts.
Hence, for all t > 2 max(T,Tz), (3.1.3) becomes

Jot M(t— s) f(x(s)) ds

x(t) t
¢(z(t)) o(z(t))

¢((t))

< +(1+ €t M(t), (3.5.25)

where the upper bound on the term f;l M(t — s)¢(x(s)) ds was obtained by exploiting the fact that

t — x(t) and ¢t — M(t) are non-decreasing. By Karamata’s Theorem and the regular variation of ¢, it

61



3.5. PROOFS OF MAIN RESULTS

is true that lim, oo (1 — 8)é(x)®(x)/z = 1. Thus for all € > 0 there exists z3(¢) such that

(I1+¢€)x

*@) < T B

, forall z > z5(e).
Once more the divergence of z(t) yields the existence of a T3(€) such that z(t) > za(¢) for all ¢t > T3(e).
Letting Ty = 2 max(71,T>,T5) we obtain

a(t) . (1+0alt)
EM(0) = 5)ola0) e M)

for all t > Ty.

Combining the above estimate with (3.5.25) yields

D(x(t)) - (1+€)x(0) N (1+€) o M(t —8)f(z(s))ds N (1+¢€)?
tM(t) (11— pB)e(x(t)t M(t) (1= B)o(x(t)) t M(t) (1-8)’

t Z T4(6).

Hence, letting ¢ — co and then sending € — 0T, we get

. o) 1
limsup 2376y S 75

Since 7! € RV, (1/(1 — 8)) the above estimate can be restated as

M 45T < oo

limsup —————
i ®I(EM(2)
We now seek to refine the “crude” upper bound on the growth of the solution obtained above. From

the above construction and Lemma 3.5.2 we may suppose

t
lim sup z(t)

msup Gy € (0o0) (3.5.26)

From (3.5.26) it follows that for all € > 0 there exists T5(e) > 0 such that for all t > T5(¢), z(t) <
(n+¢)®~1(t M(t)). By monotonicity of ¢ it follows that

o) o+ 921t M(1))) 6
SEEMO) ~ e@ @) L=
Since ¢ € RV (5)
lim sup $z(t)) < (n+eP.

tooo @ (PTH(EM(2)))
Thus for all € > 0 there exists Tg(e) > 0 such that for all ¢ > Tg,

$a(t)) < (L+e)(n+e) e (271t M(1))).

Integrating the previous estimate yields
t

. M(t — s)p(z(s))ds < (1+¢€)(n+€)? . M(t—s)¢ (@' (s M(s))) ds, (3.5.27)

for t > Tg(e). Since (¢ o @~ 1) (¢t M(t)) € RV (B(1+6)/(1 — B)) and M € RV (6), Lemma 3.5.1 can
be applied to obtain

M ) 6 (-1 M)

Jy M(t — )¢ (@ (s M(s))) ds B<0+16ﬁ+1>.

T (3.5.28)
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Combining (3.5.27) and (3.5.28) yields

g M= 9)d(a(s)) ds 65+ 1
e @ gy <0 0B (04157 ).

Apply the estimate above to (3.1.3) as follows:
~ lmsup D
TR ST M ()

fOTG M(t —s)f(z(s))ds (1+e€) f;ﬁ M(t — s)p(z(s)) ds

< liiri}soljp BT M(D) + li?iigp D1t M(t))
< (1+0%0+ "B <9+ . 915_+51> lim sup tM(t<pqi1(ij\l4((i§\)4(t)))

08+1Y\, 26 (27(x)
= (1+62(n+e’B <9+1, 1= 5 ) llgsogpw.

Letting ¢ — 07 and using Karamata’s Theorem to the remaining limit on the right-hand side yields

nl_leimsup@(y?f(y)B (0—1—1,96—'—1) 163 (9+1705+1>’

with y = ®~!(z) so that y — oo as  — oo. Thus

1
L x(t) 1 08 +1\)1-8
r=tmew gy < {01 T

Since ® € RV (1 — ) and ®(x) ~ F(z) as  — oo, the above upper bound can be reformulated as

F(z(t)) 1 08 + 1)

li < — R —
im sup S1-3 15

B (01,

which is the required estimate. O

Lemma 3.5.4. If the hypotheses of Lemma 3.5.2 hold, then solutions of (3.1.1) obey

.. F(z(®)) 1 06+ 1
htrgg)lf M) Zl—ﬂB<9+L 1—ﬁ>'

Proof. By Lemma 3.5.2 and Lemma 3.5.3

lim inf z(t)

it S ) =:n € (0,00).

Then for all € € (0,1) N (0,1) there exists T1(e) > 0 such that for all t > Ty n — e < x(t) /P71 (t M (t)).
Since lim;—, oo M (t) = 0o there exists Ts such that M(¢) > 0 for all ¢ > T5. Hence

z(t) > (n—e )@ (tM(t)), t>Ty:=max(Ty,Ts). (3.5.29)

Using monotonicity and regular variation of ¢ it follows from (3.5.29) that

lim inf o(z(t))
imoo (o L)(tM(1))

> (n—e)’.
Now, because ¢(z) ~ f(z) as © — oo, for all € € (0,1) N (0, 1) there exists Ty(e) > 0 such that
fla(t) > (1= eo(z(t) > (1 - €)*(n— )’ (9o @) (EM(t), t=Tule).
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Integration then yields

/ M(t—s)f(z(s))ds > (1 — €)% (n— )’ M(t —s)(po® 1) (s M(s))ds.

Ty

Hence, as in the proof of Lemma 3.5.3, applying Lemma 3.5.1 gives

it o MU = 5) () ds
t—oo t M(t) (¢ o ®=1)(t M(t))

>(1—q%n—qﬁ3<0+L95+1>.

= (3.5.30)

Now apply the estimate from (3.5.30) to (3.1.3) as follows

= limin % imin f (tis) (z(s)) ds

n=1 Hoof DLt M(t)) 2 1t%oof it (t))
_ 2 08 +1 M(t) (o ®1)(t M(t))
=(1-¢’n-o"B (9+1 1_5)11 oof ©H(t M(t))

=(1-¢?n-¢’B (9+19f+ﬂ>12“3£fW'

The limit of the final term on the right-hand side is 1/(1 — ) by Karamata’s Theorem and sending

n’ 08+ 1
o (9+1 - B).

. (1) 1 08 +1\ 77
i inf g ) = {1—53 (9“’1—5)}

Since F' € RV (1 — ), this can be rewritten in the form

.. L F(=z(t) 08 +1
htrggolftM(t) 21—5 (9-1—1 1= 6)»

€ — 07 yields

’[”:

Hence

which is the desired bound. O

As with Theorem 3.2.1, the proof of Theorem 3.3.1 is split into a series of lemmata. A final

consolidating argument then establishes the result as stated in Section 3.2.

Lemma 3.5.5. Suppose p obeys (3.2.1) with M € RV,(0),0 > 0 and f € RV (B), 8 € [0,1). If
B =0, let f be asymptotically increasing and obey lim,_, o, f(x) = co. If x denotes a solution to (3.1.4)
and H € C((0,00); (0,00)), then

1
x(t) o 1+68\ -8

Proof. With ¢ € (0,1) arbitrary and Tp(e) and Tj(€) defined as in Lemma 3.5.2, (3.1.4) admits the

initial lower estimate
z(t) >z(0)+ H(t)+ (1 —€ / Mt —s)p(z(s))ds, t>T(e):=Ty(e)+ T1(e).
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Letting y(t) = z(t + T') and noting that H(¢) > 0 for ¢t > 0 we get

y(t) > 2(0) + (1— e / M(E+T — s)é(a(s)) ds
(1—¢) / M(t — w)(z(u + T)) du
0)+(1-9) / M(t — u)o(y(w)) du, 1> T(e).
Now consider the comparison equation defined by
(1) = (1—¢) /M W(ds)b(ac(t— 5)), £>0, @.(0) = 2(0)/2 (3.5.32)

In contrast to the solution to (3.1.4), the solution to (3.5.32) is nondecreasing. Integrating (3.5.32)
using Fubini’s Theorem yields
z(0) '
xe(t) = — +(1—¢) | M{t—u)p(xe(u))du, t>0.
0
By construction z.(t) < y(¢t) = z(t+ T) for all t > 0, or z(t) > x.(t —T) for all ¢t > T. Applying
Theorem 3.2.1 to x. then yields

Flz.(t) 1 1468
t=oo t Mc(t) 1—5B<1+9’ 1—5)’

where M, (t) = (1 —¢)M(t). Hence

F(z(t)) 1—¢ 1+08
tlir?o tM(t) 1—5B<1 %, 1—5)'
Therefore
lim inf Fa(t) > lim inf 7F(x€(t — 1)) = lim inf Fla(t—-T)) (t-T)M(t-T)
t=oo tM(t) ~ tmeo  tM(t)  tweo (t—T)M(t—T) tM(t)
1—e¢ 1+6p
= 1_BB<1+9, 1—»3>’

where the final equality follows from the trivial fact that ¢t — T ~ ¢ as ¢ — oo and noting that M
preserves asymptotic equivalence because M € RV (6). Finally, letting ¢ — 0" and using the regular
variation of F~1 yields

1

2(1) 1 1468 B
it = >\ p? (He )| b

which finishes the proof. O

Lemma 3.5.6. If the hypotheses of Lemma 3.5.5 hold and

i ey~ € 0
then solutions of (3.1.4) obey
A1 \TF
lim sup 1«“9(6(3)4(15)) <U:= (Lﬁ + 1_5> , (3.5.33)
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where L is defined by (3.5.31).

Proof. We begin by constructing a monotone comparison solution which will majorise the solution of
(3.1.4) and to which Lemma 3.5.5 can be applied. Let ¢ € (0,1) be arbitrary and define Tj(e) and
T5(€) as in the proof of Lemma 3.5.3.

By hypothesis lim¢ o H(t)/F~'(¢t M(t)) = X € [0,00) and so there exists a T'(¢) > 0 such that
t > T(e) implies H(t) < (A+€)®~1(t M(t)). M € RV () implies there exists M; € C'* asymptotic to
M and Ty(e) > T such that M(t) < (1+ €)M (¢) for all t > Ty. For t > Ty, because ®~! is increasing,
O L(tM(t) < ®1(t(1+¢€) My(t)) and since @1 € RV, (1/(1 — 3)) there exists T* > Ty such that
DLt M(t)) < (14 €)@=H/A=Bd=1(¢ M,y (t)) for all t > T*.

Let ¢ = (14 €)@=/ _ 1 and note that (1 +¢*) — 1 as e — 0*. Define Ty = T* + Ty + Tp

and estimate as follows:

x(t) < x(0) + H(t) + / ’ M(t—s)f(x(s))ds+ (14+¢€) [ M(t—s)p(x(s))ds
0 T3
z(0)+ H(t) + M(t) Ty F* + (1 +¢) t M(t — s)p(x(s))ds
T;

<z(0)+ A+ e) (1 + )P M)+ (1 + €)My (t) Ty F*

+(1+e) Tt/ M(t —s)p(x(s))ds, t>Ty, (3.5.34)

where F™* := maxo<s<1; f(2(s)). Next define the constant 2* = maxo<.<7; (s) and the function

Ht) =M+ )1+ )0t M(1) + (L+ )My () Ty F* — (A +e)(1+€), t>0.

Since ®71(0) = 1 and M;(0) = 0, H(0) = 0 and H € C*((0,00);(0,00)). The initial upper estimate

(3.5.34) motivates the definition of the following upper comparison equation:

ye(t)=H'(t)+ (1 +¢) /[O ) p(ds)p(ye(t — s)) ds, t >0, ye(0) = z(0) + =" + (A + €)(1 + €").

Integration using Fubini’s theorem quickly shows that
~ t
ye(t) =z(0) + 2"+ N+ e)(1+€")+ H(E) + (1 + e)/ Mt — s)p(ye(s))ds, t>0.
0

Since y.(t) is nondecreasing it is immediately clear that x(t) < y.(t) for all ¢ € [0,T3]. A simple time
of the first breakdown argument using the estimate (3.5.34) then shows that x(t) < y.(t) for all £ > 0.
We now compute an explicit upper bound on limsup,_, . y.(t)/F~1(t M(¢)). By monotonicity,

Ye(®) <z(0) + 2" + A+ e)(1+ )P HEM(t) + (L+ )My () To F* + (1 + €)M (t) t ¢(ye(t)), t>0.
Hence, with C(t) suitably defined,

A+ e)(1+ €)1t My (1))

Ye(t)
< C(t) + tM(t) ¢(ye(t))

tM() p(ye(t)) —

+(1+e€), t>0.

A short calculation reveals that lim; o, C(t) = 0. By Karamata’s Theorem there exists a T5(e) such
that

Cye(t) _(A+9CH)  (A+eA+e(1+e)2 (M)  (1+e6)?

M) S 15 =AM o) -5 (3.5.35)
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for t > Ty := T5 + T4. By applying Lemma 3.5.5 to y. we conclude that

lim inf ye(t) =L

it S ) L€ Ol

If L € (0,00) then there exists a T5(e) such that for all t > Tg :=T5 + Ty

Pyc(t) (1+eC(1) A+e)A+e)(L+e)2 (M) (1+¢)?
<
tM(t) 1-p (L=p)t M) (1 —e) LMt M(t) 1-5
1 t 1 A 1 t 1+e)?
(190, (A+90+g0ee)e @) 1+ oo
1-3 (L=t M(t) (1 — ) LOG(@ Mt M(t)  1-p
By Karamata’s Theorem the following asymptotic equivalence holds
(L=B)tM(t) ¢ (2 (EM(t)) ~ @ (tM(t)) as t — cc.
Therefore taking the limit superior across (3.5.36) yields
, Dy(t))  (A+e)A+e)(1+e€) (1+e¢)?
1 < .
WIS (1—afLF | 1-3
By letting € — 01 and using the regular variation of ®~*
) ) 1
z(t 1 1-8
li — <=4+ — =:U.
TSP BT M) (LB ¥ ,6) v
If L = liminf, . ye(t)/® (¢t M(t)) = oo, then the construction above will yield
: Ye(t)
limsup ——————~ < 00,
e @I M(D))
a contradiction. Hence L € (0,00) and the claim is proven. O
Lemma 3.5.7. Suppose 8 € [0,1), A € [0,00) and consider the iterative scheme defined by
s 1
Tpi1 = g(xy,) = lm— 5 (1 +0, + 0;) +A n>1; =z €[L,C*], (3.5.37)
with L defined by (3.5.31), U defined by (3.5.33) and
C* := max UL—i—L (3.5.38)
= 7 5.

Then there exists a unique xoo € [L, C*] such that lim,_co Ty, = Too-

Proof. By inspection, g € C([L, 00); (0,00)). We calculate as follows

g (x) = 1f5xﬂ‘13<1+6 1+9§> >0, x>0,

and similarly
1+6p

-p
Therefore ¢'(L) = f > ¢'(x) > 0 for all x > L and |¢'(x)] < 8 < 1 for all & € [L,00). Since g is

g (x) = —p2°2B <1 + 6, ) <0, z>0.
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increasing it is sufficient check that g maps [L, C*] to [L, C*] as follows. Firstly,

B
(L) = 1L_ e ( 0, T_if) FA=L4Ne[L O] (3.5.39)

By the Mean Value Theorem there exists & € [L, C*] such that
9(C*) —g(L)

Therefore g(C*) < (C*—L)+g(L) and thus a sufficient condition for g(C*) < C*is B(C*—L)+g(L) <
38)

C*or C* > (g(L) - LB)/(1 = B) = L+ A/(1 =), using (3.5.39). Thus with C* as defined in (3.5.38
g:[L,C*] — [L,C*]. Hence (3.5.37) has a unique fixed point in [L, C*] and the claim follows. O

9

We now supply the proof of Theorem 3.3.1, as promised.

Proof of Theorem 3.5.1. Suppose that (ii.) holds, or lim; o, H(t)/F~*(t M(t)) = A € [0,00). The
idea here is to combine the crude bounds on the solution from Lemmas 3.5.5 and 3.5.6 with a fixed
point argument based on Lemma 3.5.7 to complete the proof that (i7.) implies (i.). We compute
limsup,_, ., (t)/F~(t M(t)) in detail only as the calculation of the corresponding limit inferior pro-

ceeds in an analogous manner. To begin make the following induction hypothesis

x(t) 1+08
(H,) hﬂsogpq) (M) <1+9 5)-1-/\, n >0,

and choose (o := U. (Hp) is true by Lemma 3.5.6. Suppose that (H,) holds. Thus there exists
T(€) > 0 such that z(t) < (¢, + €)@~ (¢t M(t)) for all ¢ > T'. Hence

< C’m Cn-‘rl =

]__

Sx(t)) (G + )@ (M)

@MDY~ e@ 1) o

The regular variation of ¢ thus yields lim sup,_, . ¢(z(t))/¢(®~1(t M(t))) < (¢, +¢)?. Therefore there
exists a Th(e) > 0 such that ¢ > Ty implies f(x(t)) < (14+€)[(¢n +€)? +e]d(@7 (¢ M(t))). From (3.1.6)

lim A — lims f(f M(t —s)f(x(s))ds _ H(®t)
t—:;jp O-1(t M(¢)) o t_}boljp d-1(t M (1)) 35 D-1(E M(D)

Using the upper bound derived from our induction hypothesis this becomes

x LMt — 8)p(d (s M(s
liggplj_l(fﬁaws<1+e>[<<n+e>ﬁ+e]h?igpfn <t¢_1)2(M (ﬂ() ()

+ A

Applying Karamata’s Theorem and Lemma 3.5.1

2(t) p, M(t— 5)p(® 1 (s M(s)))
lmsp v < (1 Ol 07+ dlmswe e G aT)
+ A
(149 +e)’+4 1+6p
— T B<1 9,1_B)+>\.

Letting € — 07 yields

lim sup z(

t) I 14653
t—oo FLHtM(t)) = 1—ﬂB<

1+05 1_/B>+A_<n+1a
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proving the induction hypothesis (H,+1). Hence (H,,) holds for all n, or Hence

t
lim sup 2(®)

——t < (,, foralln>0.
PP FIE M)

By Lemma 3.5.7, lim,, o ¢, = ¢, where ¢ is the unique solution in [L,U] of the “characteristic”
equation (3.3.2). Thus

a(t)

i
NP F1(0M)

<c
In the case of the corresponding limit inferior the only modification is to the induction hypothesis,
take (o := L, and the argument proceeds as above to yield liminf; o, x(t)/F~*(Mt) > ¢, completing
the proof.

Now suppose that (i.) holds, or that lim; . x(t)/F~1(t M(t)) = ¢ € [L,00). It follows that there

exists T5(e) > 0 such that for all ¢t > T,

S((¢ — )T (M (1)) < ¢l (t)) < ¢((C+ )T (t M(1))).

Hence for t > T3

; M(t —s)p((¢C — €)@ (s M(s)))ds < . M(t — s)p(x(s))ds
< [ M= )6(c + 927 (s 21(5))ds.

Using the regular variation of ¢ the above estimate can be reformulated as

(€= Jg, M(t = 5)9(@ (s M(s))ds _ Jz, Mt = 5)o(a(s))ds

51t M (D)) 51t M (D))
Jr, Mt = $)9((C + )@~ (s M(s))) ds
< A1 t > Ts.
— (C+€) (I)_l(tM(t)) ) 3
Using Lemma 3.5.1 and letting ¢ — 07 thus yields
t
Mt — d B
i Jo M= 9dls)ds P o), 1468
ST Me) T 1-p 7
Therefore assuming (i.) and taking the limit across (3.1.6) we obtain
< 1+6p3 _ H{(t)
=—_Bl1 1 —
=BT T ) T Sy
as claimed. O

We now give the proof of Theorem 3.3.2 in which the perturbation is large. The reader will note
that this proof makes much less use of properties of regular varying functions: in fact, we establish the
asymptotic result by observing that a key functional of the solution is well approximated by a linear
non—autonomous differential inequality. Indeed, this line of argument will be used in a more general

setting, and in the presence of stochastic perturbations, in Chapter 4.

Proof of Theorem 3.3.2. As always € € (0,1) is arbitrary. From (3.5.1) there exists a ¢ such that
lim f(2)/6(z) = 1, lim 2¢/()/6(x) = 8

T—00

(see e.g., [27, Theorem 1.3.3]). Therefore there exists z1(e) > 0 such that f(z) < (1 + €)¢(x) for all
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x > x1(€) and zo(e) such that ¢’ (x) < (B+¢€)¢p(x)/x for all & > xo(€). Similarly, since lim;—_, o z(t) = oo,
there exists Ty (€) > 0 such that z(t) > max(zo(€), z1(€)) for all ¢ > T} (¢). The regular variation of M
means that there exists a non-decreasing function M; € C! and Ty(€) > 0 such that (1 — €)M (t) <
M(t) < (14 €)M (t) for all t > Ts(e). Hence

(1— €)My (t) < max M(s) < (1+e)My(t), t> Ty

T,<s<t

Thus for t > Ts

(I—e)M(t) < Org?%(tM(s) < max ( max M(s), max M(s))

0<s<T, Tr<s<t

< max (02%2 M(s), (1+ e)Ml(t)> .

Therefore

maxg<s<t M(s) (IHPJLX0<5<T2 M(s) )
l-e<———=+——-+<m == 1+e€
Mi(t) M (t)

and because lim;_,o, M7(t) = oo we conclude that lim;_,. maxg<s<; M(s)/M1(t) = 1. It follows
that there exists a T3(e) > 0 such that maxo<s<; M(s) < (1 + €)M;(t) for all ¢ > T3(e). Now let
T =1+ max(Ty,T2,T3). From (3.1.6), with ¢t > 2T,

o(t) =@ / M= s)f ds+/Mt—s)f( (5)) ds
/ Mt — 5)f(w(s))ds + ( 1+€/Mt—s)¢( (s)) ds
_ / Mt — 8)f(x(s))ds + 1+e/ Mt — 5)o(x(s)) ds
F(1+e) / M= 9olals) ds
Ifse[T,t—T) thent —s>T>T, and for ¢t > 2T
2(t) < 2(0) + H(t) + /OT M(t — 5)f(a(s)) ds + (1 + €2 My (£) /t_T (x(s)) ds
#0) M) [ otats) as
Now, as T > Ty(e), maxocscr M(s) < (1 + )Mi(T) < (1 + €)M (t). Hence
2(t) < 2(0 / Mt — 8)f(x(s)) ds + (1 + €M (¢ /¢ §)ds, t3>2T.
For t > 2T > T, maxo<ser M(t — 8) = max,_r<u<t M(u) < maxocu<y M(u) < (1 + €)Mi(t). Thus
2(t) < 2(0) + H(t) + (1 + €)My (¢ / Fla(s)) ds + (1 + €2 Myt / 6(x(s))ds, t>2T. (3.5.40)
For t € [T, 2T), #(t) < max,cpo.27) 7(s) := w}(¢). Combining this with (3.5.40)

x(t) < a2i(e) + H(t) + (1 + )My (t)zh(e) + (1 + €)My (t) /T o(x(s))ds, t> 2T, (3.5.41)
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where a3 (e fo ))ds. Define the function H. by
H.(t)==zi(e)+ H(t) + (1 + e)M1(t)x5(e), t > 2T. (3.5.42)

Note that by construction lim;_, . H.(t)/H(t) = 1. Consolidating (3.5.41) and (3.5.42) yields

2(t) < Ho(t) + (1 + €)2M; (1) /Tt é(x(s))ds, t>2T. (3.5.43)

Defining

t) = /T d(x(s))ds, t>2T.

we can formulate an advantageous auxiliary differential inequality as follows. Since x is continuous
and ¢ € C1(0,00), I.(t) = ¢(x(t)), t > 2T. Moreover, lim;_,, I(t) = co. By (3.5.43),

I(t) = ¢(x(t)) < ¢ (He(t) + (L4 €)> My (t)L(t)), t>2T. (3.5.44)

By the Mean Value Theorem, for each ¢ > 2T, there exists £.(t) € [0, 1] such that

¢ (He(t) + (1+ € M(I(t)) = ¢(He) + ¢/ (H(D)&(t)(1+ )*Mi(t)Ie(t)) (1 + )* M () Ie(t).
Let ac(t) = H(t) + & (t)(1 + €)My (t)I(t) for t > 2T For t > 2T,

ae(t) > He(t) > zi(e) := Sen[gg(ﬂx(s) > xo(e€).

Therefore, with 1) € RV (8 — 1) a decreasing function asymptotic to ¢(z)/z,

¢lac(t))

o act) < 3+ 70

< (B+ (1 +9lact) < (B+ 1+ (1), t>°T.
But since ¢(z) ~ ¢(x)/x we also have (H(t))/(1 +¢€) < ¢p(Hc(t))/He(t) and hence
¢ (ac(t)) < (B4 e)(1 +¢)? ( E( ) t>2T.

Combining this estimate with (3.5.44) yields

19(H(1))

Il(t) < p(He () + (B+e)(1+e) H.(t)

Mi(t)I.(t), t>2T.
Letting a(t) = (B + €)(1 + €)* M1 (t) p(Hc(t))/Hc(t), this becomes
I(t) < p(He(t)) + ae(t) I(t), t>2T.

Applying the variation of constants formula yields

t t s
L(t) < eJr o) / e~ Jr ey i ()ds, ¢ > 2T,
T
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We reformulate this as

L) ft —f oze(u)du o(H, (s))ds . C(t) > 9T (3.5.45)

Jpo(H(s))ds — o= [rec@as gt gy ) Bc(t)’

Since C/(t) = (H.(t))e™ Jr % 5 0 Tim, .0 C.(t) = C*(€) € (0,00) or limgue Ci(t) = o0, Also,
for t > 2T,
t t t
BL(t) = () Je o e fr o [t (s))as
T

i) - 20 e HHLNE _ {1 Cadt) Jy ¢(H€(s))ds}.

Therefore, recalling the definition of a.(t) and rearranging,

é(lf):l—(ﬁ—f—e)(l—k6)4< fT UL >, t=2T.

He(t)

Letting ¢ — oo and using the hypothesis (3.3.3), and that H(t) ~ H(t) and M;(t) ~ M(t) as t — oo,
yields lim;_, oo BL(t)/CL(t) = 1, or equivalently lim;_, . C.(t)/B.(t) = 1. Hence there exists Ty such
that B.(t) > 0 for each ¢t > T4 and thus lim;, o Bc(t) = B*(e) € (0,00) or lim; o Be(t) = oo.
Furthermore, asymptotic integration shows that lim;_, ., Cc(t) = oo implies lim;_, o Be(t) = 0o and
lim; 00 Ce(t) = C*(€) implies lim¢_, o Be(t) = B*(€). Hence,

1, li 0o Ce(t) = o0,
Afe) = lim Sel) _ im0 Celt) = 00
1imt_)oo Ce(t) = C*,

t—o00 Bé(t)

Cx(e)
B* (6) ’
where the first limit is calculated using L’Hopital’s rule. Taking the limit superior across equation
(3.5.45) then yields

s JTOEONs L e (0,00
ltﬁsoop fT o(.(3))d5 ltﬁs:)op fT S(H(3)ds < A(e) € (0,00). (3.5.46)

Since H(t) ~ H(t) as t — oo and ¢ is increasing we can apply L’Hopital’s rule once more to compute

t

T¢<He<s>>ds ICA0)

lim =——~— = 1i =1,
using that qb € RV (B). A similar argument relying on the divergence of ¢(z(t)) and L'Hépital’s rule
yields f; d(z(s))ds ~ fo (s))ds as t — oo. Therefore (3.5.46) is equivalent to
fg s))ds
lim sup < A(e) € (0,00). (3.5.47)

t—o0 fo (s))ds B

Therefore there exists a A* € (0,00) such that

&
))d

lim sup fo 2(s))ds < A¥

t—o0 fo H(s))ds
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with A* independent of e. Thus there exists a Ts(€) such that

/¢ ))ds < ( A*+e/¢ ds, t>Ts(e).

Letting 7' = 1 + max (27, Ts) we apply this estimate to (3.5.43) as follows

x(t) _ H(t) | (1+0° Mi(t) [y 6(x(s))ds

H(t) H(t) H(t)
He(t) (1+€)2 My (t) (A* +€) [T ¢(H(s))ds _
<HD " O IS

Now, since H.(t) ~ H(t) as t — oo and M; ~ M, applying (3.3.3) to the above estimate yields
limsup,_, . z(t)/H(t) < 1. By positivity (3.1.6) admits the trivial bound z(t)

H(t) for all ¢ > 0 and
hence lim inf; o 2(¢)/H(t) > 1, completing the proof.

O
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Chapter 4

Growth and Fluctuation in
Perturbed Nonlinear Volterra

Equations

4.1 Introduction

Consider the scalar Volterra integro—differential equation
2 (t) = / w(ds)f(z(t —s))+h(t), t>0; =z(0)=v¢eR. (4.1.1)
0,2]

We concentrate on the behaviour of unbounded but non-explosive solutions to (4.1.1), i.e. x € C(R™;R)
but limsup,_, . |z(t)] = co. As suggested in the title we draw a distinction between when solutions
grow, lim;_, x(t) = 0o, and when solutions can be said to fluctuate asymptotically, lim inf;_, o, z(t) =
—oo and limsup,_,  z(t) = +00. When solutions grow it is natural to ask at what rate they grow and
when they fluctuate to ask if the size of these fluctuations can be captured in an appropriate sense;
this chapter investigates these types of questions for equations such as (4.1.1).

Throughout p is a measure on (R™, B(RT)) obeying
w(E) >0 forall E € B(RT), wu(RT)=M € (0,c0). (4.1.2)

Define M(t) = u([0,t]), so that lim; o, M(t) = M and let H(t) = f[o 1 h(s)ds for t > 0. From Chapter

2, we have the following sufficient condition for solutions of (4.1.1) to remain positive and grow:
feCRT;(0,0)), HeCRNR). (4.1.3)

When we do not restrict ourselves to positive solutions we ask for a degree of symmetry in the problem
to simplify the analysis. In particular, we require “asymptotic oddness” of the nonlinearity in the

following sense:

feCR;R) and lim @)l

2 ozl =1 for some ¢ € C*(R™; (0, 00)). (4.1.4)

Chapter 4 is based on the working paper [13].
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4.1. INTRODUCTION

After developing results regarding the asymptotics of unbounded solutions of (4.1.1) we extend our

deterministic analysis to consider the asymptotic behaviour of the related stochastic Volterra equation
dX(t) = / w(ds)f(X(t—s))dt+dzZ(t), t>0, (4.1.5)
[0,2]

where Z is a semimartingale. We establish a simple existence and uniqueness theorem for equation
(4.1.5) and then specialise to the cases of Brownian and Lévy noise in order to prove precise asymptotic
results.

The differential equations (4.1.1) and (4.1.5) can be viewed as perturbations of the underlying

deterministic Volterra integro-differential equation
ZNDZA]uwﬁﬂmﬂwn,t>& y(0) = ¥ (4.1.6)
0,t

When f is positive and sublinear at infinity, we know from the results of Chapter 2 that the solution
y(t) of (4.1.6) obeys y(t) — oo as t — oo and grows asymptotically like the solution of the ordinary

differential equation

S(t) = MAG(), >0 2(0) =, (4.1.7)
in the sense that Flu(t))
Yy

where F' is the function defined by

x
F(z) = /1 ﬁ du, z>0. (4.1.9)
It is natural to ask how large the forcing terms h in (4.1.1) and Z in (4.1.5) can become while
the solutions x of (4.1.1) and X of (4.1.5) continue to grow in the manner described by (4.1.8).
Furthermore, can we identify a new asymptotic regime or growth rate if the forcing terms exceed this
critical rate? Our main goal is to identify such critical rates of growth on h and Z, and to determine
precise estimates on the growth rate of solutions, or the rate of growth of the partial maxima when
solutions fluctuate.

Much of our analysis flows from the simple matter of integrating (4.1.1) to obtain the forced Volterra

integral equation

z(t) = z(0) + /Ot Mt —s)f(z(s))ds+ H(t), t>0. (4.1.10)

Since It6 stochastic “differential” equations are rigorously formulated in integral form it is perhaps

even more natural to treat (4.1.5) similarly, which results in
¢
X(t) = X(0) +/ Mt — s)f(X(s))ds + Z(1), t>0. (4.1.11)
0

The representation (4.1.10) shows that the solution to (4.1.1) is a functional of the “aggregate” be-
haviour of the forcing term h purely through H and hence it is natural to formulate asymptotic results
in terms of H. When studying the asymptotic behaviour of many forced differential systems it is
frequently the case that the “aggregate” or “average” behaviour of the forcing terms are important,
rather than more restrictive pointwise estimates. When studying stochastic equations pointwise es-
timates become unrealistically restrictive—or indeed impossible—and it is more natural and perhaps
necessary to consider average behaviour. Another issue is whether the deterministic or stochastic
character of the perturbation matters, or is it simply a question of the “size” of the perturbation. For

these reasons we have found it of interest to study deterministic and stochastic equations in parallel,
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especially because it transpires that the general form of many results in the stochastic case can be

conjectured by appealing to corresponding deterministic results.

To help the discussion we make our hypotheses more specific and outline typical results. In order
for solutions of (4.1.6) to behave similarly to those of (4.1.7), it is important that f be sublinear: for
example, we do not expect linear Volterra equations of the form (4.1.6) to share the exact exponential
rate of growth of a linear ordinary differential equation in which all the mass of y is concentrated at
zero (cf. Gripenberg et al. [50, Theorem 7.2.3]). Also, as we are interested in growing solutions, it is
quite natural that the function f should be in some sense monotone. In Chapter 2, we showed that
if f is asymptotic to a C! function ¢ which is increasing and obeys ¢'(z) — 0 as z — 0o, then the
solution of (4.1.6) obeys (4.1.8). We retain this hypothesis and occasionally strengthen it so that ¢'(z)
decays monotonically to 0 as x — oo; the implications and technical motivations for such hypotheses

are discussed in Section 4.2.

Before stating our main results precisely we give a heuristic argument as to their likely validity.
In this discussion we consider the simple (deterministic) case in which both the solution and the
perturbation are positive. If the unperturbed equation (4.1.6) is integrated as above, H = 0. In this
case, the solution of the integral equation is, roughly, of order F~!(Mt). This leads to the naive
idea that if H is of smaller order than y (i.e., than F~1(Mt)), then H on the right-hand side of
(4.1.10) could be absorbed into x on the left—-hand side, without changing the leading order asymptotic
behaviour of x. However, if H dominates y, or is of comparable order, such an outcome is improbable
and the asymptotic behaviour of x is unlikely to be determined by y. Since the asymptotic behaviour
of (4.1.6) is described well by F(y(t))/Mt — 1 as t — oo, and F~! is increasing, it is natural to seek
to characterise the forcing term as “small” or “large” according as to whether F(H (t))/Mt tends to a
small or large limit as ¢ — oo (if such a limit exists). Define the dimensionless parameter L € [0, co]
>y F(H
t
i P
In some sense L = 1 is critical; for L < 1, H is dominated by the solution of (4.1.6). But for L > 1, H

dominates the solution of (4.1.6). The cases L = 0 and L = 400 are especially decisive; in these cases

=L (4.1.12)

it is very clear whether the solution of the unperturbed equation or the perturbation dominates. A
condition which implies (4.1.12), and turns out to be very useful in classifying asymptotic behaviour,

is

m — 1D g (4.1.13)
t—00 Mfo f(H(s))ds
If L =0 in (4.1.13), then
. F@®) _ox(t)
A =y = b i gy T e

so small perturbations give rise to asymptotic behaviour as in (4.1.6), and the solution dominates the
perturbation. If L = +o0, then
F(x(t))

_ox(t) ) B
tlggo H(t) L tlglolo Mt too,

so large perturbations cause the solution to grow at exactly the same rate as H, and the solution
grows much faster than the original unperturbed Volterra equation. When the perturbation is of a

scale comparable to the solution of (4.1.6), in the sense that L € (0, 00),

L F@®) . F) ) |
< — < < — > .
1 < liminf uE S lim sup T 14+ L, htm inf 1+ (4.1.14)

t—00 P oo H(t) = ' L

Examples show that the limits in the first part of (4.1.14) are not, in general, equal to 1 or 1 + L.
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Further investigation for finite and positive L leads to better estimates, especially when L > 1. The

critical character of the case when L = 1 is demonstrated by the following result: if L € (1,00) then

Coex(t) z(t) L
1<1 f—= <1 — < — 4.1.15
SR HG S TP HY S L1 (4.1.15)
We notice that this provides sharper estimates for large L than the asymptotic bounds given for
L € (0,00) above and identifies that x is of order H. We also show by means of examples that when
L € (0,1], the limit
a(t)

S HE - T

can result, so that x can only be expected to be exactly of the order of H for L > 1 (see example 4.3.9).
However, if L € (0, 1], it is not necessarily the case that x(t)/H(t) — oo as t — oo (see Section 2.4).
Notice finally that as L — oo, equation (4.1.15) correctly anticipates that z(t)/H(t) — 1 as t — oo,
which is what pertains when L = 4-o00. To generalise the analysis above to stochastic equations, and

for notational convenience, we define the following functional

v(t)

= lim ————— I — + 1
o tl—mo M fOt f(w/(s))ds’ where M = u(R™) € (0, 00), (4.1.16)

L¢(v)

for all functions f and v € C(R™;(0,00)) such that the above limit is well defined.

4.2 Discussion of Hypotheses
We impose the following sublinearity hypothesis on the nonlinear function f:

f~®e€C"such that lim ¢(z) = o0, ¢/(x) >0 for all z € R
and ¢'(z) — 0 as |z| — oo. (4.2.1)

In some cases the following slightly stronger hypothesis is necessary:

f~¢ecC"suchthat lim é(z) = oo, ¢/'(x) >0 for all z € R

|z]— 00
and ¢'(x) | 0 as |z| — oo. (4.2.2)
If f is an increasing, sublinear function, then liminf, ,. f/(z) = 0 but it is still possible that

limsup,_,., f'(z) = oo in the “worst” case. In Chapter 2, we provided an example of such a patho-
logical f but such nonlinearities are unlikely to arise naturally in applications so condition (4.2.1)
is a relatively mild strengthening of sublinearity in this context. Assuming further that ¢’ tends to
zero monotonically, as in (4.2.2), one can establish the following lemmata which prove crucial in the

asymptotic analysis of (4.1.1) and (4.1.5).

Lemma 4.2.1. If (4.2.2) holds, then ¢ obeys

/
lim sup A <1, limsup $(Az)

rooo  O(T) rooo () <A, A€l o00). (4.2.3)

The conclusions of Lemma 4.2.3 are remarkably close to some of the key properties enjoyed by the
class of regularly varying functions with unit index (denoted RV, (1)). Namely, ¢ € RV, (1) implies
lim, 00 d(Ax)/@p(x) = A for all A > 0 and lim, 00 2 ¢'(2)/é(2) = 1. The next lemma shows that the

auxiliary function ¢ preserves asymptotic equivalence. Hence Ly (y) = Lg(7), if the limit exists.
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The connection between the “natural” size hypothesis on H, (4.1.12), and the functional condition,

(4.1.16), is supplied by the following result.

Proposition 4.2.1. Suppose ¢ € C(R™; (0, 00)) is increasing and continuous with ® defined by (1.3.3).
Let v € C(R*;(0,00)). If Ly(7y) from (4.1.16) is well defined, then

4.3 Deterministic Volterra Equations

4.3.1 Growth Results

Throughout this section we suppose that (4.1.3) holds so that 0 < z(t) — oo as t — oo, subject to a
positive initial condition. Our first result provides an easy to check sufficient condition on H which
guarantees solutions of (4.1.1) retain the rate of growth of solutions to the ordinary differential equation
(4.1.7). This sufficient condition is of a different character to conditions involving the functional L(-)
and expresses more explicitly the idea that the perturbation term, H, should be small relative to the
solution of (4.1.7).

Theorem 4.3.1. Suppose (4.1.2), (4.1.3), and (4.2.1) hold and ¢ > 0. If

. H{(t) _
tllg;lo m =0 fO'f' each € € (0, ].), (431)
then solutions of (4.1.1) obey
- F(z(t) _om(t)
b e ~b B 432

Now we formulate a sufficient condition for lim;_, ., F(x(t))/Mt = 1 to hold in terms of L;(-). Com-
pared to condition (4.3.1) such functional based conditions have much better scope for generalization.
We also prove that when the solution of (4.1.1) retains the growth rate of solutions of (4.1.7) it is of
a strictly larger order of magnitude than the perturbation term, H.

Theorem 4.3.2. Suppose (4.1.2), (4.1.3), and (4.2.1) hold and ¢ > 0. If Ly(H) = 0, then solutions
of (4.1.1) obey

. Flz@®) _ox(t)
tlggo Mt =L tlggom—oo. (4.3.3)

Note that we do not assume in Theorem 4.3.2 that H(t) — oo as t — oo; this is in the case where
L;(H) = 0. However, if Ly(H) € (0,00], then lim; ,o, H(t) = co. The rationale is as follows in the
case L¢(H) € (0,00), with the case of Ly(H) = oo being similar. By hypothesis H(t) > 0 for t > 0
and as f is a positive function, ¢ — fot f(H(s))ds is increasing. Therefore, H either tends to co or to
a finite limit. In the former case, H(t) — oo as t — oo automatically. If, to the contrary, the limit
is finite, then H(¢) tends to a finite positive limit as ¢ — oo. But this forces fot f(H(s))ds — oo as
t — 00, a contradiction.

When L (H) is nonzero but finite we expect the solution of (4.1.1) to inherit properties of both the
underlying ordinary differential equation and the perturbation term. Our next theorem investigates
results of the type (4.1.8) when Ly(H) € (0,00); we show that the growth of solutions to (4.1.1) is
at least as fast as that of solutions to the underlying ordinary differential equation and we prove an
upper bound on the growth rate. The resulting upper bound is linear in L;(H) and this is intuitively
appealing as a “larger” H should speed up growth. However, this upper estimate on the growth rate

is not sharp in general. Without additional hypotheses this upper bound is hard to improve but can
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be shown to be suboptimal for specific classes of nonlinearity, for example when f is regularly varying

with less than unit index (see Section 4.3.3).

Theorem 4.3.3. Suppose (4.1.2), (4.1.3), and (4.2.1) hold and ¢» > 0. If Ly(H) € (0,00), then
solutions of (4.1.1) obey
e FE®) F(a(t))
< — < — < .
1_11t@>1£f ; < lim sup ; <14 Ls(H)

t—o0

If (4.2.1) is strengthened to (4.2.2), solutions of (4.1.1) also obey

. x(t) 1
liminf 20 > .
e 7 L@

We note that the asymptotic lower bound on the quantity x(¢)/H (¢) in the result above agrees with
Theorem 4.3.2 as Ly(H) tends to zero, in the sense that it correctly predicts lim;_, z(t)/H(t) = o0
when L;(H) =0.

The results of this section can all be restated with positivity assumptions on f and H replaced by
(4.1.4) and

H e C(RT;R). (4.3.4)

In this case one obtains upper bounds on the rate of growth of solutions of (4.1.1) in terms of the
related ODE, i.e. results of the type limsup,_, . F'(|z(t)])/Mt < cc.

The main results of this section are all proven by comparison arguments and the careful asymptotic
analysis of the resulting differential inequalities. Since we assume positivity of H to ensure asymptotic
growth of solutions, it is straightforward to establish that lim inf; ., F'(x(t))/Mt > 1; this is proven
by a translation argument and appealing to Corollary 2.3.2. The proof of the corresponding upper

bound, limsup,_, ., F(z(t))/Mt < oo, is more involved but can be roughly summarized as follows:

Step 1: Use monotonicity and finiteness of the measure to construct the crude upper inequality
t
z(t) < H(t) + (1 + e)M/ o(x(s))ds, t>T, (4.3.5)
T
where H. includes constants and lower order terms, ¢ is a monotone function asymptotic to f

and we define I.(t) = f; é(x(s))ds for t > T.

Step 2: Using hypotheses on the size of the perturbation term try to show that H. is o(I.) (or O(I.)

respectively).

Step 3: Conclude the argument via a variation on Bihari’s inequality.

4.3.2 Fluctuation Results

The existence of the limit Ly(H) (even when it takes the value +00) is too strong a condition if we
hope to apply our deterministic arguments to related equations with stochastic perturbations. We seek

to weaken the hypothesis Lf(H) € (0,00) as follows: assume that there exists a function « such that

H(t
v € C((0,00); (0,00)) is increasing and tlim ~(t) = oo and lim sup H®)]
—00

msup o = 1. (4.3.6)

We now make hypotheses on L¢(7), as opposed to Ly(H). We take
limsup,_, o |H (¢)|/7(t) = 1, rather than positive and finite since we can always normalise this quantity
while keeping the properties of 4 unchanged. Since Lf(7) € (0, 00) forces 7 to be eventually increasing,

we simply suppose that v is always increasing for ease of exposition but there is strictly no need to
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make this assumption. Under (4.3.6) we can permit highly irregular behaviour in H as long as we can
capture some underlying regularity in the asymptotics of H via a well-behaved auxiliary function, ~.
For example, in applications to stochastic equations, H could be a stochastic process whose partial
maxima are described in terms of a deterministic function; this is the case for classes of processes
obeying so-called iterated logarithm laws for instance. The following result illustrates the immediate
utility of the hypothesis (4.3.6) for deterministic equations and furthermore details how this hypothesis

carries over to the case when Ly (y) = oo.

Theorem 4.3.4. Suppose (4.1.2), (4.1.4), (4.3.4), (4.2.2) and (4.3.6) hold. Let x denote a solution of
(4.1.1).

(a.) If L¢(7y) € (1,00), then 20 L8
imsu ()} S ASC AN
i sup V(1) [O’ Ly(H) - 1)

(b.) If Ly(7y) = oo, then

e Th AT m

Case (a.) of the result above indicates that when the perturbation is of intermediate size, in the
sense that Ly(y) € (1,00), solutions of (4.1.1) are at most the same order of magnitude as H, modulo
a multiplier. In case (b.), when the perturbation is so large that L (y) = oo, solutions of (4.1.1) have
partial maxima of exactly the same order as those of H. This conclusion is strongly hinted at in case
(a.) of Theorem 4.3.4 if one lets L;(y) — oo in that result.

The restriction Ly(y) > 1 is in fact crucial to the proof of Theorem 4.3.6 and cannot be relaxed
within the framework of the current argument. We make this comment precise at the relevant moment
during the proof itself (see remark 4.5.2). In fact, L¢(y) > 1 is not a purely technical contrivance but
is also essential to the validity of our result. In example 4.3.9 we demonstrate that when L¢(y) € (0,1]
it is possible to have lim;_,  |2(t)|/~(t) = oo.

If limsup,_, . |H(t)|/7(t) = 0 in (4.3.6) we can use the following hypothesis and the arguments

from Theorem 4.3.4 to extend the scope of the result above.

H(0)] _ 0. limsup |f((?)| - (4.3.7)

lim sup
t—oo Y+ (t)

Theorem 4.3.5. Suppose (4.1.2), (4.1.4), (4.3.4) and (4.2.2) hold. Furthermore suppose there exist
increasing functions vy € C((0,00); (0,00)) obeying
limy s 00 y4 () = 00 such that (4.3.7) holds and let x denote a solution of (4.1.1).

(a.) If Ly(v+) € (1, 00], then

) 1 )]
TSP © [ ’Lfm)] o sy =

(b.) If Ly(y+) = oo, then

=0, limsup BT _ 00, (4.3.8)

where we interpret 1/Ls(v4) =0 if Ly(y4) = oo.

In the presence of limited information about the behaviour of H, in the sense that (4.3.7) holds,
the result above tells us that the solution of (4.1.1) is roughly the same order of magnitude as H, in
the sense that x also obeys (4.3.7), when Ls(y+) = co. When Ly (v+) € (1, 00] we are still left with a
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weak conclusion and we are tempted to ask if this is an artifact of the argument used to establish it.
Example 4.3.11 shows that we cannot expect to conclude that limsup,_,  |2(¢)|/74+(t) = 0 in general.
However, in attempting to apply this Theorem 4.3.5, one would likely seek to refine their choice of v
in order to obtain a v obeying L;(v4) = oo and hence make the stronger conclusion that z is o(v4).
Theorem 4.3.5 could equally well be stated as follows: If L¢(y4) € (1, 00], then
limsup,_, o |z (¢)|/7+ () < 1/Ly(v4) and if Ly(y=) € (1, 00], then limsup,_, ., |z(t)|/7+(t) = co. These
two statements are proved independently of one another but we chose to present them as part of a
single result as we feel this is the manner in which they would prove most useful in practice; choosing
v+ and v_ “close together” can give useful bounds on the size of the solution but using either bound
in isolation only gives very crude information (see Example 4.4.8).
If we consider the case of positive, growing solutions once more we can impose hypotheses regarding
the functional Ls(-) directly on H in Theorem 4.3.4 and quickly establish the following result:

Theorem 4.3.6. Suppose (4.1.2), (4.1.3), (4.2.2) hold and that ¢ > 0. Let x denote a solution of
(4.1.1).

(a.) If Ly(H) € (1,00), then

L) () L)
= — < —= < < = .
Gri=1+ Ly(H) = lminf ) < lmsup a5 < Ly(H) -1 Gu

(b.) If Ly(H) = oo, then

at) o Fe)

ey (t) Y e Mt

(4.3.9)

Under stronger hypotheses the result above provides more refined conclusions than Theorems 4.3.4
and 4.3.5. In particular, case (a.) establishes bounds which demonstrate that z will closely track the
asymptotic behaviour of H and case (b.) establishes that when the noise term, H, is sufficiently large
x(t) ~ H(t) as t — oo. Furthermore, when z(t) ~ H(t) as t — oo, x is of a strictly larger order of
magnitude than the solution of the corresponding ordinary differential equation. We also note that
this result allows us to pick up fluctuations in the solution even when H is nonnegative. Even though
the solution grows to infinity it may not do so monotonically and the conclusion of Theorem 4.3.6
identifies upper and lower rates of growth of the solution (G H(t) and Gy H(t), respectively, when
Ly(y) € (1,00) and when Ly (y) = oo the fluctuations are entirely determined by H).

The results of this section are proven via the usual machinery of comparison and asymptotic
analysis but also rely crucially on the construction of a linear differential inequality. The key steps in

the argument can be understood as follows:

Step 1: Using (4.3.5), derive the nonlinear differential inequality
Il(t) < p(H(t) + M(1+€)I(t), t>T,

where I.(t) = [;. ¢(x(s)) ds.

Step 2: Use (4.2.2) to derive the linear differential inequality

),

I1(8) < OHL(1) + Ty

(1+e)?I(t), t>T, >T. (4.3.10)

Since we can solve this inequality directly, there is no additional loss of sharpness here.

Step 3: Careful asymptotic analysis of the solution to the inequality (4.3.10) using hypotheses on Ly (H)
yield upper bounds on the size of the solution to (4.1.1).

82



4.3. DETERMINISTIC VOLTERRA EQUATIONS

Step 4: The upper bounds achieved in Step 3 are recycled and further simple estimation yields the

conclusions shown in the results above.

The steps outlined above are also very successful in the presence of random forcing, as we will demon-

strate presently.

4.3.3 Refinements using Regular Variation

An important class of nonlinear functions obeying the hypotheses of this chapter are the class RV o (5)
for 8 € (0,1]. Hence, in this section, we outline refinements of the results presented in Sections 4.3.1
and 4.3.2 using the theory of regular variation.

Since the case of RV (1) must be dealt with separately, we require the following pair of hypotheses

on the nonlinearity:

f € RV (B) with 8 € (0,1), (4.3.11)
and
f € RV(1), zlgrgo @ =0. (4.3.12)

When (4.3.11) holds, f obeys (4.2.2) but f € RV (1) does not necessarily imply that f(x)/z — 0 as
T — 00.
The following theorem not only illustrates the power of regular variation in providing sharp asymp-

totic results, but also shows that hypotheses on Ls(-) give a comprehensive taxonomy of the behaviour
of solutions to (4.1.1).

Theorem 4.3.7. Suppose (4.1.2) and (4.1.3) hold, and let = be the unique continuous solution to
(4.1.1). If (4.3.11) holds, then

(i.) Ly(H) = 0 implies
fim ZEO) g, 20
t—00 Mt ’ t—00 H(t)

(ii.) Ly(H) € (0,00) implies

) 1 CF(a(t) -
tlinoloH(t)_1_¢B—1’ thoo Mt =

where ¢ € (1,00) is the unique solution of ( = ¢# + L;(H)Y (=9,

(tii.) Ly(H) = oo implies

If (4.3.12) holds, then

(I.) Ly(H) € [0,1] implies
tim T _ gy 20

t—oo Mt e (t)
(II.) Ly(H) € (1,00) and f(x)/x ] 0 as x — oo imply

_ox(t)  Ly(H) - F(x(t) _
S R T
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(III.) Ly(H) = 00 and f(x)/x ] 0 as x — oo imply

o) | Fle)

(t) T too Mt

In cases (i.) and (I.) the asymptotic behaviour of the underlying ODE is preserved, as in Theorem
4.3.2. When f € RV, (1) this behaviour is preserved until Ly(H) > 1, but if (4.3.11) holds this
behaviour is destroyed once Ly(H) > 0 and a new asymptotic growth rate pertains — see case (i.).

Cases (ii.), (I.), and (I1.) illustrate the limitations of Theorem 4.3.3. In particular, case (I.) shows
that it is possible to have lim;_,oc F'(z(t))/Mt = 1, for a large class of nonlinearities when Ly(H) > 0
and hence the upper bound on the limsup in Theorem 4.3.3 is not sharp in general. Indeed, cases
(#i.) and (II.) show that it is not possible to sharpen this bound without further hypotheses on the
nonlinearity since the true limits depend on the index of regular variation. Case (I1.) essentially
shows that Theorem 4.3.6 part (a.) is exact for nonlinear functions obeying (4.3.12) (but we show via
examples that this is not true in general).

Cases (i4i.) and (III.) above are special cases of Theorem 4.3.6 part (b.). However, with the
additional hypothesis of regular variation we can also prove the following converse (whose proof follows

from arguments very similar to those used in Theorems 4.3.5 and 4.3.7).
Theorem 4.3.8. Suppose (4.1.2) and (4.1.3) hold. Let x be the unique continuous solution to (4.1.1)

and suppose there is an increasing continuous function vy with y(t) = 0o as t — 0o such that

H(t) H(t)
O<hm1nf— < limsup — < +00 4.3.13
mEw =S (4:343)

If either (4.3.11) or (4.3.12) with f(x)/x | 0 as © — oo hold, then Ly(H) = oo is equivalent to
x(t) ~ H(t), as t — oo.

4.3.4 Examples

Consider the Volterra integro—differential equation given by
t
(1) = / =09 f(w(s)) ds + h(t), ¢>0; 2(0) =1 > 0.
0

In the notation of (4.1.10), M(t) = fg e *ds =1— e~ " and hence

H(t) =2 / f(z(s)) ds + / (=) f(x(s))ds, t>0. (4.3.14)

We construct examples by choosing a solution, up to asymptotic equivalence, and then using (4.3.14)
to figure out how large the perturbation term, H, must have been to generate a solution of this size.
The supporting calculations are elementary and hence omitted. For simplicity we forego any mention
of hypotheses of the form (4.3.6) in this section and concentrate on the special case v = H with H

positive.

Example 4.3.9. This example highlights the potential problems that emerge when one attempts to
address the case Ly(H) € (0,1] (resp. Ly(y)) in the context of Theorem 4.3.4. In particular, one
cannot extend the conclusion of Theorem 4.3.4 to cover Ly(H) € (0,1] without additional hypotheses
because when Ly(H) € (0,1] it is possible to have lim;_, o z(t)/H(t) = oo

Let f(x) = (z +e)/log(x +e), so

1
F(x) ~ 5 log®(z + €) and F~(z) ~ eV s 1 — oo. (4.3.15)

84



4.4. STOCHASTIC VOLTERRA EQUATIONS

Choose x(t) = exp ()\(t) +/2(t+ l)) —e=exp(P(t)) —e fort >0 and let A(t) = (1 + ) for some
a € (0,1/2). In this case H(t) ~ K P(t)** ' exp(P(t)). Furthermore, H obeys L;(H) = 1 and by

construction limy_, o, 2(t)/H(t) = co. However, we still have lim;_, o F(2z(t))/Mt = 1.

Example 4.3.10. We now show that the bounds on lim; o, x(t)/H(t) and
liminf; o F(z(t))/Mt obtained in Theorems 4.3.3 and 4.3.6 can actually be attained. Once more
suppose that f(x) = (x + e)/log(z + €).

Suppose Ly(H) € (1,00) and choose x(t) = exp( 2L (H)(t+ 1)) —e fort > 0. This gives

H(t) ~ ((Ly(H) —1)/Ly(H))exp ( 2L (H)(t+ 1)) ast — oo and

H(t)

lim —————— =L H 1, 00).
N T F(H(s))ds f(H) € (1,00)

Hence limy_, o x(t)/H(t) = Ly(H)/(Ls(H)—1), achieving the upper bound predicted by Theorem 4.3.6.
Furthermore, lim;_, o F(x(t))/Mt = 1, achieving the lower bound from Theorem 4.3.3.

Example 4.3.11. In Theorem 4.3.5 (a.), limsup,_,., H(t)/v4+(t) = 0 but if Ly(y4+) € (1,00), then
limsup,_, o (t)/v+(t) > 0 is possible. Hence there is no straightforward improvement of the conclusion
of Theorem 4.3.5 when Ly(vy) € (1,00).

Let f(x) = 2® with B € (0,1), H = 0, and v, (t) = F~Y(aMt) with a € (1,00). This implies
that x(t) ~ F~Y(Mt) as t — oo and hence limy o0 2(t) /v, (t) = a~Y=P) > 0, as required. It is
straightforward to verify that Ly(v4) = a € (1,00).

4.4 Stochastic Volterra Equations

We now study the pathwise asymptotic behaviour of solutions to (4.1.5). Our approach is to treat
(4.1.5) as a perturbed version of (4.1.1) where the forcing term is now stochastic and hence to leverage
our deterministic results as much as possible. We first establish existence of unique strong solutions
to (4.1.5). We then use the pathwise asymptotic theory for continuous Brownian martingales and
a—stable Lévy processes to show that the main results from the previous section are sufficiently general
that we can extend them to provide asymptotic estimates on the path-wise growth and fluctuation of
solutions to (4.1.5).

We work on a given probability space (Q, F,P, (F;)i>0) which is complete and has a right continuous
filtration. We ask that the nonlinear function f : R — R obeys the following local Lipschitz condition:
for each d > 0 there exists K4 > 0 such that

|f(z) — f(y)] < Kq|z —yl|, for each z and y € [—d, d], (4.4.1)
and that f obeys a global linear bound of the form
|f(x)] < K + n|z|, for each x € R, where K and 7 are positive constants. (4.4.2)

In order to leverage the framework of Métivier and Pellaumail [91] we make a slight modification to

the formulation of (4.1.5): consider the stochastic integral equation
t
X(t) = X(0) + / (/( | p(du) f(X (s =) + u({O})f(X(S—))> ds +Z(t), t=>0. (443
0 0,s
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By applying Fubini’s theorem and making a suitable change of variable (4.4.3) can be written as

X(t) = X(0) + u({0}) /[O . f(X(s=))ds + - M_(t=s)f(X(s))ds + Z(t), t=>0,  (44.4)

where X (t—) = X (limgy) and M_(t) = f(o 4 #(du). This adjustment is necessary for the functional

als,w, X) = /( ., M (X (s =)+ NI, 520 (4.4.5)

to define a predictable process (measurable with respect to the filtration generated by adapted, left
continuous processes) and hence be integrable with respect to general semimartingales (see Protter
[101] for details).

In order to define the notion of a strong solution for SEFDEs such as (4.4.4), we recall some standard
terminology from the theory of stochastic processes: a regular process is one which is adapted and has
right continuous paths with left hand limits (RCLL). A process X is called P-null if almost surely the
paths t — X (t) are identically zero functions.

Definition 4.4.1. A process X defined on [0,7) is said to be a strong solution to (4.4.4) on [0,T) with
initial value X (0) if the process

u({0}) o f(X(s=))ds + o M_(t =) f(X(s))ds + Z(1)

is well-defined on [0,7) as a regular process and differs from X (t) — X (0) by a P—null process.

We say that the solution to (4.4.4) is unique if for any two processes X and Y obeying Definition
4.4.1, X —Y is a P-null process.

Theorem 4.4.1. Let (4.1.2) hold and let Z be a cddlag semimartingale. If f: R — R is measurable
and obeys (4.4.1), and (4.4.2), then there exists a unique, strong solution to (4.4.4).

Proof. This theorem is a natural specialisation of a result of Métivier and Pellaumail [91, Theorem 5].
In order to apply the aforementioned result we must check that the functional from (4.4.5) and also
the constant functional a(s,w,X) = 1 obey the following pair of conditions: firstly for any regular

processes X and Y, for each d > 0 there exists a constant Ly > 0 such that

la(t,w, X) —a(t,w,Y)| < Lg sup |X(s)—Y(s)] (4.4.6)
0<s<t

for each t € R, supg<,;|X(s)| < d and supg<,; |Y(s)| < d. Secondly, for any regular process X
there exists C' > 0 such that

la(t, w, X)| < Coiligt (IX(s)[+1) (4.4.7)

for each ¢ € RT. When the functional a is constant the conditions above are trivially satisfied so
suppose now that a is given by (4.4.5) and proceed to verify condition (4.4.6). Let X and Y be any

two regular processes satisfying supg< ;| X(s)| < d (resp. Y), fix t € R* and estimate as follows:
la(t,w, X) —a(t,w,Y)| < p({O})[ (X (=) = F(Y(¢=))]
# [ HANFOXE )~ £ )
it

<MKy sup |X(s)—Y(s)],
0<s<t
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where we have used both (4.1.2) and (4.4.1). Now check (4.4.7); assume X is a regular process and fix
t € RT. The following inequality is a straightforward consequence of (4.1.2) and (4.4.2):

la(t, w, X)| < p({O}]f(X(¢-))] +/ w(ds)[f(X(t—s))| <C° sup ([X(s)]+1),

0<s<t

s

where C* = M K. O

Remark 4.4.1. Note that the condition (4.4.2) will always be satisfied in this section since the hypothe-
ses (4.1.4) and (4.2.2) will be imposed throughout. The assumption (4.1.2) is also present throughout
so the only additional hypothesis imposed by Theorem 4.4.1 is that of local Lipschitz continuity on the

nonlinear function f.

We pause now to consider the method by which the results of this section are proven and to illustrate
that this presents a framework for generating similar pathwise asymptotic results for a wide range of
suitable stochastic forcing terms. Our method of proof relies principally on building appropriate
comparison equations, so we are not concerned about the pathwise regularity of the solution to (4.1.5);
this allows us to treat quite irregular forcing processes. To summarise, if (4.1.5) is driven by a stochastic

process Z, our general approach is as follows:
(i.) Establish the existence and uniqueness of strong solutions.

(ii.) Prove pathwise bounds on the size of the process Z in terms of a well-behaved deterministic
function, v, on which we can formulate functional hypotheses in terms of L;(-); these bounds
should be in the spirit of (4.3.6) or (4.3.7).

(iii.) Construct an upper comparison solution (pathwise) in terms of v which majorizes the solution

to the (4.1.5); this essentially reduces the stochastic problem to a deterministic one.

(iv.) Conclude using suitable hypotheses on L(v) and the results of Section 4.3.

4.4.1 Brownian Noise

For the remainder of the chapter let X denote the unique, strong solution to (4.1.5). Furthermore,

suppose

t
Z(t) = / o(s)dB(s), B standard Brownian motion, o € C(R* R), (4.4.8)
0

and define

S(t) = \/2 (/Ot 02(3)013) log log (/Ot az(s)ds).

Analogously to the deterministic case, we classify the behaviour of solutions to (4.1.5) according to
whether the number L;(X) is zero, finite or infinite.

The existence and uniqueness of solutions of (4.1.5) is naturally simpler in the case of Brownian
noise. In particular, there is a unique, continuous (strong) solution to (4.1.5) with Brownian noise if
(4.1.2) holds and the nonlinearity is locally Lipschitz continuous with a global linear bound (see Mao
[86, Ch. 5]).

When formulating functional conditions on (4.1.5) to preserve growth of the type (4.1.8) it is
necessary to distinguish between the cases o € L?(0,00) and o ¢ L?(0,00). When o € L?(0,00) the
martingale term in (4.1.11), fot o(s)dB(s), will tend to an a.s. finite random variable and in this case
we clearly expect to retain the growth rate of solutions of (4.1.7). However, when o ¢ L?(0,00) the

martingale term is recurrent on R and has large fluctuations of order X(¢) (see Revuz and Yor [104,
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Ch. V, Ex. 1.15]). Our first result shows that when o ¢ L?(0,00) and L;(¥) = 0, the solution to
(4.1.5) cannot grow faster than that of the ordinary differential equation (4.1.7).

Theorem 4.4.2. Let (4.1.2), (4.1.4), (4.2.1), and (4.4.8) hold with lim,_, f(z) = oo.

(a) If o ¢ L*(0,00) and L¢(X) =0, then

lim sup (XD <1a.s..
t— o0 t
(b) If o € L*(0,00), then Ly(X) =0 and
F(|X(t
liﬂgp% <1a.s..

An interesting special case of Theorem 4.4.2, which is likely to be important in applications, is
when the function ¢ is a nonzero constant. In this case we can additionally show that the size of

solution to (4.1.5) becomes unbounded with probability one.
Corollary 4.4.1. Let (4.1.2), (4.1.4), (4.2.1), and (4.4.8) hold with lim,_,o f(x) =00. Ifo(t) =0 €
R/{0} for allt >0, then

limsup | X (t)| = oo a.s. and lim sup <1a.s.

t—o0 t—o0

FX@®)1)
Mt

As in the deterministic case, when the perturbation is of intermediate or critical magnitude, i.e.
L(X) € (0,00), we expect the solution to inherit characteristics of both the perturbation and the
ordinary differential equation (4.1.7). Indeed, our next result demonstrates that if the solution to
(4.1.5) grows then its growth rate is at most of the same order of size as that of the solution to (4.1.7),

possibly with a different multiplier which we can bound in terms of L;(X).

Theorem 4.4.3. Let (4.1.2), (4.1.4), (4.2.2) and (4.4.8) hold with lim, o f(x) = oo and o ¢

L%(0,00). If Lf(X) € (0,00), then

FOX(@)])
Mt

lim sup
t—o0

<1+ Lg(%) as..

When L (X) € (1,00) we show that if the the solution to (4.1.5) fluctuates, then these fluctuations
are at most of order X(¢) times a multiplier which we can bound in terms of Lz(X).

The nonnegativity of the measure p no longer plays an important role in the results above; primarily
because we are reduced to proving upper bounds on the growth rate of solutions once solutions are no
longer necessarily of one sign. For ease of exposition we have left the hypothesis (4.1.2) in place but it
could equally well be replaced by the hypothesis that u is a Borel measure with finite total variation
norm equal to M with the results above unchanged.

Theorem 4.4.4. Let (4.1.2), (4.1.4), (4.2.2) and (4.4.8) hold with lim, ,~ f(z) = oo and o ¢
L%(0,00). If Ly(%) € (1,00), then
X()

—Li(®) . : X()
) < imint 2 <1
LX) —1 =50 30 — il 20

< Lf(z) a.s.

L§(X) -1

Remark 4.4.2. Under the hypotheses of Theorem 4.4.4, we can also prove that

LX) 2-Ly(X)
lim inf S0 S L) -1 ™

X(t Li(X)—2
s., limsup ( (%) S..

T 1) Bl ) S
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Hence, when Ly(X) > 2, X is recurrent on R. This leaves open the question of recurrence, or in other

words, whether or not the process actually fluctuates, for L;(X) € (1,2).

Finally, when the perturbation term is so large that L(X) = co we expect this exogenous force to
dominate the system; our intuition is confirmed by our next result. In particular, we prove that the

solution to (4.1.5) is recurrent on R and that its fluctuations are precisely of order X.

Theorem 4.4.5. Let (4.1.2), (4.1.4), (4.2.2) and (4.4.8) hold with lim, ,o f(x) = oo and o ¢
L?(0,00). If L(X) = oo, then

X X
lim infﬂ = —1 a.s. and limsup ﬂ =1a.s.,
met s AT

and furthermore

=0a.s.. (4.4.9)

4.4.2 Lévy Noise

We now assume that the semimartingale Z in (4.1.5) is an a—stable Lévy process; the results which
follow further emphasize the fact that our methods do not rely on the path continuity of the process
in any essential way. For the readers convenience we recall the relevant definitions from the theory of

Lévy processes.

Definition 4.4.2. If Z = (Z);>0 is a Lévy process, then it’s characteristic function Fz is given by
Fz(N(t) =E[e??] =P e RT, NeR,
where ¥ : R +— C is of the form

1 ,
T(N) =iaX + 50'2)\2 + /R (1 — el 4 ix)\]l{|m\<1}) (dx), (4.4.10)

with a € R, 0 € RT and II a measure on R/{0} satisfying [p(1 A |z*)II(dz) < oco.

The number a in (4.4.10) corresponds to the linear “drift” coefficient of the Lévy process in question,
o is called the Gaussian coefficient and corresponds to the Brownian or continuous random component;
II is called the Lévy measure and represents the pure jump part of the process. A Lévy process is

uniquely specified by the triple (a, o, IT). ¥ is called the characteristic exponent of the process Z.

Definition 4.4.3. For each o € (0,2], a Lévy process with characteristic exponent U is called a stable
process with index o (a—stable for short) if W(k\) = k*WU(N\) for each k > 0, A € R%.

Stable processes are closely related to the class of stable distributions which gain their importance
as “attractors” for normalised sums of independent and identically distributed random variables. In
particular, a sum of random variables with power law decay in the tails, proportional to |z|~*~%, will
tend to a stable distribution if 0 < o < 2 and to a normal distribution if & > 2. Integrability of the
Lévy measure forces us to consider o € (0,2] and in this section we also ignore the case a = 2 since
this corresponds to the case of Brownian noise (which was considered in detail in Section 4.4.1). We
tacitly exclude the degenerate case when Z is a pure drift process (i.e. o, 1I trivial) and assume for the

remainder of this section that

Z is an a-stable process with o € (0, 2). (4.4.11)
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The interested reader can consult Bertoin [25, Ch. VIII] for further details of stable processes, including
the asympotic properties employed in the proofs of our results.
Our first result is a stochastic analogue of Theorem 4.3.2 and provides a sufficient condition to

retain growth to infinity no faster than the solution of (4.1.7) in the presence of a—stable noise.

Theorem 4.4.6. Let (4.1.2), (4.1.4), (4.2.1) and (4.4.11) hold. Iflim,_, f(x) = oo and there exists
an increasing function v € C((0,00); (0,00)) such that Ly(vy) =0 and [;~ v(s) “ds < oo, then

FOX(@)])
Mt

lim sup <1 a.s.

t—o0

The next results provides a direct stochastic analogue of Theorem 4.3.5.

Theorem 4.4.7. Let (4.1.2), (4.1.4), (4.2.2) and (4.4.11) hold with lim,_, f(x) = oo, and v €
C((0,00); (0,00)) an increasing function such that Ly(vy) € (1,00]. If [ ~(s) “ds < oo, then

~—
[t

lim sup | X(t
oo V() T Lg(v)

where we interpret 1/Ls(v) =0 if Ly(y) = oo. If [~ ~v(s)""ds = oo, then

o
2

t—o0 V(t)

4.4.3 Stochastic Examples

Example 4.4.8. To illustrate the practical utility of the results in Section 4.4.1, we present an example

with power type nonlinearity and Brownian noise, i.e. Z(t) = fg o(s)dB(s). Suppose
f(@) = sgn()lz|”, = €R, Be(0,1),

o(t) =t~ t >0, for some o > 0, and p is a measure obeying (4.1.2). Thus

[2loglogt
S(t) ~ tTY2A(t, ) as t — oo, where A(t,a) = %7 (4.4.12)
!

1
F(x) 2P as . — co.

Clearly, 3(t) — 00 as t — oo and therefore Lp(X) = limy_, o X/(t)/M f(2(t)). It is straightforward to
show that

1/2 2 —-1/2 t2a+l 1/2
() =t~ — log 1
(®) <2a+1) (Og o8 (2a+1>> +

12 9 —1/2 2041 1/2 2041 £20+1 -1
t (2a+1) <log10g <2a—|—1>) <10g<2a+1>10g10g<2a+1>> ’

fort >0 and hence

and

Ly [0 0<a<ar2-9),
! L a>(1+6)/201- ).

00
Now, by Theorem 4.4.2, we can conclude that the unique, strong solution of (4.1.5) obeys

1-5
lim sup E(X @D = lim sup X(0)]

FOIX@)) X@7 148
t—o00 Mt t—00 M(l — ﬂ)t

2(1-5)

<las,0<a<
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Stmilarly, by Theorem /.4.5,

X(t) 1+3

=1las,a>

o X(t) .
lim inf = —1 a.s. and limsup >,
2(1-5)

tooo  A(t, a)totl/2 tsoo  A(t,a)tot1/2

where the function A(t,a) is given by (4.4.12).

Example 4.4.9. Let Z be an a—stable process with index o € (0,2) and, as in the previous example,

suppose we have a power—type nonlinearity given by
f(z) = sgn()|al”, w€R, Be(0,1).

Let i be a measure obeying (4.1.2) and let the function v4 be given by

1
’Y+(t):(1+t)€, tZO, E>E>0

By construction, vy is increasing, positive and satisfies fooo v (t)”%dt < co. Furthermore,

0, l/a<e<1/(1-7),
Li(y+) =y e/M, 1/a<e=1/(1-p),
00, e >max (1/a,1/(1 - 5)).

If the interval (1/ay, 1/(1 — B)) is nonempty, then we can take 7y in the statement of Theorem 4.4.6 to
be v+ with € € (1/a, 1/(1 — ). Hence the solution of (4.1.5) obeys

iy Z X0

<1 as., when g >1—a.
t—o00 t

This essentially means that if the nonlinearity is sufficiently strong we cannot experience growth in the
solution of (4.1.5) faster than that seen in (4.1.7) with positive probability. The restriction 8 > 1—« is
intuitive in the following sense: the smaller « is the more mass there is in the tail of the Lévy measure
of Z and hence the partial mazima of Z will tend to grow faster the smaller the value of a; when «
is small we require a stronger nonlinearity (larger value of ) to retain the unperturbed growth rate.

When o« > 1, we retain the growth rate of the unperturbed equation.

If we take e =1/(1 — ), then Ly(v4+) = 1/M(1 — 8) and we can apply Theorem 4.4.7 to yield

. | X ()] M-1
h?i}sogp FA=B) < M(1-p5) a.s., when 8 >max | 1 — «, i , (4.4.13)

where we require 5 > (M —1)/M to ensure that Ly(v4) > 1. By Theorem 4.4.7,

X(t 1 1
lim sup M =0 a.s., for each e >max | —, —— | .
t—00 te a’ 1 —/8

In other words, the solution of (4.1.5) is o(t®) with probability one for e sufficiently large (in terms of
both the noise and nonlinearity). Next define the function v_ by

1
y_(t) = (1+1t)°, t>0, 0<d<—.

Note that v_ 1is positive, increasing and obeys fooo y_(t)"*dt = co. Since we aim to apply Theorem
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4.4.7 we are only interested in the case Ly(y_) € (1,00]. It is straightforward to show that

Loy [P o= -5 <1,
T Vs, 11— 8 <5< 1/a

Hence Theorem 4.4.7 yields

X -1 1 1
h?i)bololpm o a.s., when 1% <p<l—a, ie 1_ﬂ=5§a,
and Xt )
lim sup | E; ) = 00 a.s. for each § such that <d< —.
t—o00 t - «
4.5 Proofs
4.5.1 Proofs of Miscellaneous Results
Proof of Lemma 4.2.1. Suppose that z > a > 0. ¢(x) f ¢ (u)du > ¢'(z)(x — a). Thus
. ¢ (@) ¢ (z)(z—a) =z . ¢(z) — ¢(a)
lim su = limsu <limsup ————— =1, 4.5.1
PP TR T @) v S T o) 451
establishing the first part of (4.2.3). The second claim is part of Lemma 2.6.2. O

Proof of Proposition 4.2.1. Define J(¢ ) =
invertible, J'(t) = ¢(y(t)) and v(¢) = ¢~ (J

d(v(s))ds, t > 0. Then, because ¢ is increasing and

t
0
'(t)). We begin by considering the case Ly () € (0, 00), so

R CAQ))
Hm O Ly(v)M.

Thus for any € € (0,1) there exists T'(¢) > 0 such that for all ¢ > T, Ls(v)M (1—e€) < ¢~ (J'(2))/J(t) <
Ly(y)M(1+ €). Now since ¢ is increasing

¢ (Lo(MM(1 =€) J (1) < J'(t) < & (Lo(v)M(1+€)J (1)), (4.5.2a)
Lo(v)M(1—€)J(t) < ¥(t) < Lg(v) M1+ €)J(2), (4.5.2b)

for all t > T'(e). From integrating (4.5.2a) we obtain

t J/( ) s t J/( ) B
/T ST M(1I—T(s) ~ T’/T ST M+ i) =T

for all t > T'(€). If a is a positive constant, then

t 7(s)ds aJ(t) u
/T gb(a(,])(i)) B /J(T) a(Z(u) - é{@(aJ(t)) — ®(J(T))}.

With a = Lg(v)M(1 £ €), we have

1
LM~ ¢
1
LM+ ¢

{@(Lo()M(1 =€) J (1)) = ®(Lo(y)M(1 =€) J(T)} 2 t =T,

{@(Lo(MMA+€)J () = ®(Lo(v )M +€)J(T))} <t =T
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Thus

Taking limits across the final two sets of inequalities above we obtain

timinf 20 > a7 (3)(1 - ) timsup q)(vt(t))

t—00 t t—o00

< Ly(y)M(1+¢).
Letting € — 0T gives the desired result. When Ly(v) = 0 we will have
¥(t) = ¢~ (T (1) < eJ(t), t = Ti(e).
Thus J'(t) < ¢(eJ(¢t)) for all ¢ > T7(€). Integrating we obtain
O(eJ(t)) < e(t—T1) + P(eJ(Th)), t > T7.

Hence

D(eJ(t))

lim sup <limsup ———= <.
t—o0 t—o0 t

It follows immediately that lim; . ®(y(t))/t = 0. When Ly(y) = oo, we have

() = ¢ 1 (J'(t)) > NJ(t), t > To(N), N € RT.

Integrating by substitution yields ®(NJ(t)) > N(t —T1) — ®(NJ(T1)), t > T1. Hence

liminfM > liminfM >N,
t—o0 t t—o0 t
and letting N — oo completes the proof that lim;_, ., ®(y(¢))/t = co. O

4.5.2 Proofs of Results for Deterministic Volterra Equations

Proof of Theorem 4.3.1. With ® defined by (1.3.3), condition (4.2.1) and Lemma 1.3.1 imply F'(z) ~
®(x) as x — oo. Therefore, for every e € (0, 1), there exists x1(¢) such that

T E‘I)(LE) <F(x) < (14+€)®(x), x> z1(e).

Thus F~1(x) > z1(e) implies 1iﬁ¢>(F_1(x)) <z orz> F(xi(e)) = z2(e) implies F~1(z) < &~ 1((1 +

€)x). By hypothesis, for every e € (0,1) and 5 € (0, 1), there is T'(e,n) such that

Ht) <nF ' (M(1+e)t), t>T(en).
Define T} (€) = T(e,€). For t > Ty(e), H(t) < eF~Y(M(1+ ¢€)t). Now let Th(e) = w2(e)/(M(1 +¢€)) and
T3 = T1 + TQ. Hence
FU MO +et) <@ Y (M1 +e)%t), t>Ts.
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But since t > Ty > Ty, we also have H(t) < e®~1(M(1 + €)*t) < e 1 (M(1 + 3¢)t). Next, because
f(x) ~ ¢(x) as x — oo, there exists x3(e) > 0 such that
1 f(x)

—<<1+4 .
1+4e<¢(a:)< +4e, x> x4(€)

Since lim;_,o0 2(t) = 00, there is Ty(e) > 0, so x(t) > x3(e) for ¢t > Ty. Let T* = Ty +T5 and for t > T*
make the upper estimate
¢

2(t) < 2(0) + €@ (M(1+36)) +2.(e) + (1 +46)M | d(a(s))ds, (4.5.3)
-

where z,(€) = MfOT* f(x(s))ds. For t > T*, define the function z. by
t
Ze(t) =1+ 2.(e) + €@ (M1 +36)t) + (1 4+4e)M | P(2c(s))ds.

T*

By construction z(t) < z.(¢) for all ¢ > T*. Since z, is differentiable we have

2 (t) = eM(1+3€)p(D " (M(1 4 3€)t)) + (1 + 4e)M¢(z(t)), for each t > T*,

€

2e(T*) = 14+ 24 (€) + €@ H(M(1 + 36)T*) = 2. (e).
Define
2o (1) = O (A(e) + M(1+8e)(t —T*)), t > T*,

where A(e) > ®(z.(e)) + M(1 + 8€)T™. Then 2/ (t) = M(1 + 8¢)¢p(z4(t)) for t > T or 2/, (t) =
M1+ 4e)p(z4(t)) + 4Meg(2z4(t)). Since € € (0,1), we have

AMed(z4 () > 4AMed(DH(M (1 + Te)t)) > eM (1 + 3e)p(P (M (1 + 3e)t)).

Hence
2 (t) > M(1+4€)d(z4 (1) + eM(1 + 3€)p(®~H(M (1 + 3e)t)), t>T7,

and z, (T*) = ®~1(A(e)) > z«(e) = z(T*). From the preceding construction it follows that 2, (t) >
ze(t) > x(t) for all ¢ > T*. Hence, from the definition of z,

O(z(t) < A(e) + M(1+8e)(t —T*), t>T".
It follows that limsup,_, ., ®(z(t))/t < M (1 + 8¢) and letting e — 0
o(t) _ |
Mt

lim sup
t—o0

The lower bound is proved similarly and we refer the reader to Theorem 4.3.2. Since F' ~ ®, we will
have lim;_, o F'(z(t))/Mt = 1, as claimed.

We now establish the second part of (4.3.2), namely that lim;_, . x(t)/H(t) = oo. By hypothesis
and the first part of (4.3.2), for an arbitrary e € (0,1) (chosen so small that M (1 —¢€)/e > 1), there
exists Tp(e) > 0 such that

F(z(t)) > M(1 —e)t, F(H(t)) <et, t>Ty(e).

Therefore, for t > Ty(e),




4.5. PROOFS

Hence with K = K(e) = M(1—¢€)/e > 1, and with y defined by ¢/(¢) = f(y(t)) for ¢t > 0 and y(0) = 1,

we get
-1 _ —1
lim inf ﬂ > liminf w = lim inf w = lim inf y(KT).
t—o00 H(t) t—00 F_l(et) T—00 F_l(T) T—00 y(T)

We show momentarily that

lim inf y(NT) > N, for any N > 1.

T—00 y(T)
Using (4.5.4) yields

lim inf —= z(t) > limi fy(K 7) > K = M
t— 00 H(t) T—00 y(T) €

Letting € — 07 yields liminf, o z(t)/H(t) = 400, as required.

(4.5.4)

Now we return to the proof of (4.5.4). Clearly, lim; o y(t) = 0o and therefore there exists T3 (€) > 0
such that f(y(t)) > (1 —€)o(y(¢)) for all t > Ty (e). Let t > Ty (e) and N > 1. Using the monotonicity

of ¢, we get
Nt

y(Nt) = y(t) + f(y(s))ds

t

Nt
> y(t) +/t (1=e)d(y(s)) ds = y(t) + (N = (1 = €)(y(t)).

Since y(t) = F~1(t) for t > 0, we have for t > Ty (¢)

YD o EEE)
Ol 14+ (1 )N —1) )
Letting t — oo yields
.. Y(NT) .. D(2)o(x)
hglor.}f o0 21—|—(1—e)(N—1)hxn_1>1oréf7x ,

since ®(z) ~ F(x) as x — oco. Finally, as ¢ is increasing
/ rx—1
o(u) o)’

L y(NE) AN —
hggggf e >14(1—¢€)(N—-1).

SO

Letting € — 0T in the inequality above gives the desired bound (4.5.4).

Proof of Theorem 4.3.2. Firstly, with € € (0,1) arbitrary, rewrite (4.1.1) as follows:

where H.(t) = z(0) + H(t) + Mfo x(s))ds. Define I ( fT ))ds for t > T, so that

a(t) < He(t) + (1 +e)MI(t), t=T.

Hence
I(t) = ¢(2(t) < ¢ (He(t) + M(1+€)I(t)), t>T.

95

(4.5.5)

(4.5.6)



4.5. PROOFS

Note that lim;_, o I (t) = co. We claim that

lim A1)
t—00 IE (t)

=0. (4.5.7)

Suppose lim sup,_, ., H(t) < co. In this case, lim sup,_, . Hc(t) < 0o, but lim;_, o I(t) = 0o and (4.5.7)
holds.

Suppose next that limsup,_, ., H(t) = +o0o. Since f(x) ~ ¢(x) as © — oo, there is z1(e) > 0 such
that f(z) < (1 + €)¢(z) for all x > z1(€). By the continuity of f and ¢ the number K = Ky(€) given
by

Ko(e = inf M
z€(0,21()) f(x)
is well-defined, and in (0,00), even when f(0) = 0. Therefore, with K;(¢) = min(Ky(¢),1/(1 + ¢€)),
¢(x) > Ki(e) f(x) for all x > 0. Since H(t) > 0 for t > 0, the estimate

t t
[ otr)as = i [ st as
T T
holds for ¢t > T. Therefore,

Hi) 1 H@)  Jy f(H(s)ds
Jro(H(s))ds — Ki(e) [T f(H(s))ds [y f(H(s))ds

. t>T. (4.5.8)

Since f and H are positive, ¢ — fot f(H(s)) ds tends to some L € (0,00) or infinity as t — oo. Suppose
the former pertains. Then, because Ly(H) = 0, H(t) — 0 as t — oo, contradicting the hypothesis that
limsup,_, ., H(t) = co. Thus, fot f(H(s))ds — oo as t — o0, and the last quotient on the righthand
side of (4.5.8) is an indeterminate limit as t — co. But by I'Hopital’s rule, and because L;(H) =0,

=0 [1 $(H(s)) ds

To complete the proof of (4.5.7) note that positivity of H implies ¢(z(t)) > ¢(x(0) + H(t)) > ¢(H()).
Thus I(t) = f; o(z(s))ds > f; ¢(H (s))ds. Hence, because I.(t) — oo as t — oo,

o H(Y) @)+ M [ fa(s)ds  H(b)
lﬁﬁpaw‘Jﬁﬁp{ .0 *4@}
< lim sup & =0,

t=oe [7 $(H(s))ds
and (4.5.7) holds.

Equation (4.5.7) implies that for every n € (0,1) there is T"(n, €) > 0 such that Hc(t) < nl.(t) for
all t > T"(n,€). Hence for t > T"(e,€), He(t) < Mel.(t). Then for t > To =T 4+ T7,

II(t) < p(He(t) + M(1+ €)Ic(t)) < ¢(M(1+ 2¢)1(t)).

Integrating we obtain

‘_ I(s)ds
/T2 A(M (1 +2€)I(t)) <t-Tp, t=>Ts.

Integrating by substitution with u = M (1 4 2¢)I.(s) yields

O (M(1426)I.(t) — ©(M(1+2)(T2)) < M(1+2e)(t — To), t>Tb.
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Letting & = & (M (1 + 2¢)1.(1»))

1

mq’_l(‘be + M1 +2e)(t—Tz)), t>To.

I(t) <

From (4.5.5) we have z(t) < H.(t) + M (1 + €)I.(t) for t > T and for ¢ > T" we have H.(t) < Mel(t).
Hence for t > T

o(t) < Melo(t) + M(1+ €)I.(t) = M(1 + 26)I.(t) < &1 (®, + M(1 + 2€)(t — Ti)).

Therefore ®(z(t)) < ®. + M(1 + 2¢)(t — T3) and limsup,_, . ®(z(t))/t < M(1 + 2¢). Letting € — 07
we have ®(z(t))/Mt < 1 and, since F(z) ~ ®(x) as © — oo by Lemma 1.3.1, this implies

S ACI0)
1
e Mt

<1

We now proceed to compute the corresponding lower bound. Since lim; o, M(t) = M < oo, there
exists T5 > 0 such that M (¢t) > M(1 —¢), for all ¢t > Ts, with € € (0,1) arbitrary. For ¢ > 275,
T3 t
z(t) > x(0) + Mt —s)f(z(s))ds+ [ M(t—s)f(z(s))ds

0 T3
t

>x(0)+(1—¢) , M(t — s)p(x(s))ds > z(0) + (1 — €)*M . d(x(s))ds.

Letting y(t) = x(t + T') for t > 273, it is straightforward to show that

t—Ty
y(t) > 2(0) + M(1 - )? / o(y(w))du, t> T,

Now define the lower comparison solution
t—T3
() = 2" + M(1 - 6)2/ S(x(u)du, t> T,
0

and z(t) = 2* = 3 mingep o1y (t), ¢ € [0,T3]. Thus for t € [0, T3],
y(t) = x(t + T3) > 2* = 2(t) and 2* < 2(0). Now suppose that y(t) > z(t) for t € [0,T), T > T, but

T—Ts

y(T) = z(T). Then s € [0,T — T3] implies ¢(y(s)) > ¢(2(s)) and fo o(y(s))ds > fOT_T3 d(2(s))ds.
Therefore

y(T) > 2(0) + M(1 — ¢)? / T o(u(s)ds > 2(0) + M(1 - )? / U b(a(s)ds

T—Tg

> M= [ dlale)ds = (1) = (D),

0
a contradiction. Hence z(t + T3) = y(t) > z(t) for all t > 0. For t > T3, 2/(t) = M (1 — €)?¢(z(t — T3))
and thus by [19, Corollary 2], lim; o ®(2(t))/t = M(1 — €)?, under (4.2.1). Hence

lim inf 7@@@ +73))

t—o00 t—o0

> liminfw > M(1—¢)2

Thus B(x(t o2 (t
M1 - 6)2 < litminf M = lim inf @

—oco t—113 t— 00

Recall Lemma 1.3.1 and let ¢ — 0% to obtain liminf;_ o, F(z(t))/Mt > 1, proving the first limit in
(4.3.3). The proof of the second limit in (4.3.3) is identical to the proof of the same statement in
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Theorem 4.3.1. O

Proof of Theorem 4.3.3. The required lower bound, lim inf;_, o, F(x(t))/Mt > 1, can be derived exactly
as in Theorem 4.3.2. For the upper bound begin by recalling the estimate (4.5.6) from the proof of
Theorem 4.3.2:

I'(t) < ¢ (He(t) + M1+ €)I(t)), t>T,

where I(t) = f; d(x(s))ds for t > T and H(t) = x(0) + H(t) + MfOT f(xz(s)) ds.
Remark 4.5.1. The stronger hypothesis (4.2.2) can be used to improve the estimate above. We state

this improvement here for convenience. Using the mean value theorem, (4.2.2), and the first part of

Lemma 4.2.1, estimate as follows:

IL(t) < G(He(t) + ¢ (He(t) + M(1+ e)Ic(t)0:) M (1 + €) I(t)

where 0, € [0, 1] results from using the mean value theorem. The differential inequality above is now

linear in I.(t) and can be solved explicitly.

Next, since x(t) > H(t), ¢(x(t)) > ¢(H(t)) and

H(t) HA(t)  H@)  _H)_  HE) [y oH(s)ds
MI(t)  H(t) M [ ¢(x(s))ds ~ HE) M [ ¢(H(s))ds [;. (H(s))ds

Hence

i gy < P { G RO L= 50

Thus H.(t) < MLy(H)(1+ €)I(t) for t > T" > T. Combine this estimate with (4.5.6) to obtain
I{(t) < G(He(t) + M(1+ e)Ic(t)) < ¢((M + MLy(H))(1 + €)Ic(t), t=T".

Integrated the inequality above reads

t 1(s)ds . ,
/T' S+ MLy(H)(A T oL(s) = 1 =1

Make the substitution u = (M + MLy(H))(1 + €)I.(s) to obtain

O((M + MLy(H))(1 + €)Ic(t)) — ®((M + MLy(H))(1 + €)1(T")) <
(M +ML4y(H))(1+e€)(t—T").

Define ®, = (M + MLy(H))(1+ €)I.(T"), so
M1+ Ly(H))(1+e)I(t) <@ (P + (M + MLy(H))(1+€)(t —T")).
Now combine equation (4.5.5) with the inequality above as follows:

z(t) < He(t)+ M1+ €e)I.(t) < M(1+€)(1+ Ly(H))I(t)

<@ N® A+ MO+ Ly(H)A+e)(t —T),
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for all t > T". Thus
D(x(t) <P+ M1+ Ly(H))1+e)(t-T"), t>T,

and letting ¢ — oo yields limsup,_, . ®(x(t))/Mt < (1 + Ly(H))(1 + €). Recall Lemma 1.3.1 and let
€ — 0T to obtain

lim sup F(xzw(tt)) <1+ Ls(H).

t—o00
Now assume that (4.2.2) holds and show that liminf, , z(¢t)/H(t) > 14+ 1/L;(H). Since t — M (t) is
increasing there exists To(€) > 0 such that M (t) > (1 —e€)M for all t > Ta(e). Also, f(x) > (1 —€)p(x)
for all z > z1(e) and owing to the divergence of z(t) there exists T3 (€) such that z(t) > z1(e) for all
t > Ti(¢€). Therefore

t—Ty t—To
o(t) > H{t) + M(t = 8)f(x(s)) ds > H(t) + M(1 - 6)2/ 6(x(s))ds, t>Ti+Th.
T, T
Then, since z(t) > H(t) for all t > 0,
t—T5
2(t) > H(t) + M(1 — 6)2/ G(H(s))ds, t>Ti+Th,
T
and it follows immediately that
t—Ts
20 | Lp(H) ML= o 1T 6(H(s))ds
>1+ : . t>T+ T, (4.5.10)
H{(t) Ly(H) H{(t)
By hypothesis H(t) ~ Ly(H) M fo H(s))ds as t = oo and consequently
t—%ag};gtH(S) ~ qmza<)§<th M/ ¢(H(u))du = Ly(H M/ o(H

Furthermore, because ¢ preserves asymptotic equivalence (see Lemma 2.6.2),

¢>( max H<s>) ~ <Lf(H)M / t ¢<H<s>>ds) ~ G(H (1)) as t — .

t—Th<s<t

Hence .
fth ¢(H(S))d3 T2 (b (maXt_T <s<t H(S))
limsup —2——"— < limsu 2292 =T5.
Dl T O(HD) T e G(H(1)) ?
Using the facts collected above compute as follows:
Sy, 0(H(5)) Sz, 9(H(s))ds g(H (1)) S(H(1))
limsup ——2———— = limsu 2 < T5 limsu =0.
fel T H() et ¢<H<t>> Ht) — 2 ERY TH®

Similarly, because lim;_, o, H(t) = 0o, lim;_, fOTl ¢(H(s))ds/H(t) = 0. Thus

po L) M [y 6(H(9)ds
300 H(t) -

Returning to (4.5.10) and using the limit above yields

. ox(t) (1—¢)?
it 7w =1 Lm)
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Finally, let € — 0™ to give the desired conclusion. O

Proof of Theorem 4.3.4 (a.) Hypotheses (4.1.4) and (4.2.2) imply that there exists a function ¢ €
CY(RT;R*) and K(e) > 0 such that

[f(@)] < K(e) + (1 + e)é(|x|), for all z € R. (4.5.11)
Now use equation (4.5.11) to derive the following preliminary upper estimate on the size of the solution:
t
()] < |z(0)] + |H(t)|+ M K(e)t+ M(1+ e)/ o(|z(s)|)ds, t>0.
0

By L’Hopital’s rule, lim, oo ®(2)/x = lim, 00 1/¢(x) = 0 and hence lim;—, oo ®(7(t))/7(t) = 0. By
Proposition 4.2.3, and since L;(7) € (1, 00) by hypothesis,

A+Bt A+ Bto((b) _

BTG BN e00) a0 (45.12)

for any nonnegative constants A and B. Thus there exists T'(¢) > 0 such that for all ¢ > T'(¢) we have
|z(0)] + M (K(e)t < e7(t). By (4.3.6), and the previous estimate, there exists Tz(€) > T'(¢) such that
for all t > Ty (e€), |z(0)| + M K(e)t+ |H(t)| < (14 €)(t). Combining this with our initial estimate we
obtain

lz()] < (1 +€)y(t) + M(1+ 6)/0 o(|z(s)))ds, T = Ta(e).
Choose z* = maxo<s<r, ¢(|z(s)|), so that fOT2 o(Jz(s)|)ds < Ty x*. Hence
lz(t)] < Tox™ 4+ (1 +e)y(t) + M(1+€) . o(|z(s))ds, t>Th.

Define the upper comparison solution, x,, as follows:

zy(t)=14+Toaz"+(1+e)vEt) + M1 +e) | ¢(zy(s))ds

T

=7(t) + M1+ e)l(t), t=>Ts, (4.5.13)

where V. (t) = 1 + To ™ + (1 + €)v(t) and I.(t) = f;z (x4 (s))ds. By construction, |x(t)| < z4(t) for
all ¢ > T5 (this follows immediately via a “time of the first breakdown” argument). Applying the same
estimation procedures as in Theorems 4.3.2 and 4.3.3 to x4, and in particular to the quantity I.(t),

we obtain an estimate analogous to (4.5.9):
IL(t) < ¢(1e(t) + ac(t)I(t), t>Ts(e), (4.5.14)

where a.(t) = M(1+¢€)2¢(7(t))/7(t). Note once more that the hypothesis (4.2.2) is needed to obtain
the differential inequality (4.5.14). Before proceeding further with the line of argument from Theorem
4.3.3 we need to refine the estimate above. L¢(y) € (0,00) implies that lim; ., v(t) = oo and thus
limsup,_, . &(7e(t))/d(v(t)) < (1 + €) by Lemma 4.2.1. Therefore there exists a Ty(e) > T5(¢€) such
that for all t > Ty we have ¢(ve(t)) < (1 + €)?¢(v(t)). Hence

, $(1(1))
(1) < (1 9P00(0) + MO+ TIER L0, 12Ty

Ye(t) ~ (1 +€)v(t) as t — oo implies that there exists T5(e) > Tu(€) such that () > (1 —€)(1+€)v(¢)
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for all ¢ > T5. Taking reciprocals of the previous inequality and apply it to the previous estimate of
I.(t) to obtain

I(t) < (L+€)6(y(t) + M (1 +¢)®

Now let S((8))
— 2 _ M 3 Y
fem (b gh el =M TG g5 my
to obtain the consolidated estimate
I'(t) < ac d(y(1) + ac(t) I.(t), t>Ts. (4.5.15)

Let TV > T5 and solve the differential inequality above as follows

d —tass —tass —tass
e R N A

=S OB ) — 0 (L)} < ac s S OB s

Integration yields

t t s
Lte JreO% < 11y pal [ d(yls)e S gy b1,
T/
Hence
’ t —fs ac(u)du
O __ L) 42 Jr 9 (8»6 - G5 s (4.5.16)
t = . ..
Jr &(v(s))ds fo Vdse~ [1 ac(s)ds fT’ )dse™ 7, ac(s)ds

In the analysis which is required to show that the second term on the right-hand side of (4.5.16) is
bounded it emerges that the first term on the right-hand side is also bounded so we immediately focus

on the second term. Define
t . 0 t J
Ct) = ac [ dr(s)e S @ as Bty = [ p(y(s) dse Jr e
T T

and restate (4.5.16) as
!
I(t) < I(T") N Ce(t)

5 é(y(s))ds — Be(t)  Be(t)’

By inspection CZ(t) > 0, so either lim;_, o Cc(t) = 00 or lim;_,» Cc(t) = C(e€) € (0, 0). Differentiating

t>T.

B, we obtain

PP (TN T GTO)LE) W (5 B¢ S0 L G
=0 {ae () ae d(v(1)) } = C) {ae M (1—e¢) Q. Py(t) } '
Hence
Bi(t) 1 (L+eP®M [16(y(s))ds )
Cl(t) ae (1 _ 6) O{S ’Y(t) 9 t Z T . (4517)
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Therefore, for e sufficiently small,

B{(t) 1 (1+¢)?
ML T w G=dala) (4.5.18)

Remark 4.5.2. Note that the hypothesis Ly(y) > 1 implies that B(t) is eventually increasing and
hence has a limit B(e) € (0,00] at infinity. Iflim; o Ce(t) = 00 and Ly(7y) € (0,1], Be(t) is eventually
decreasing and lim;_, oo Be(t) € [0,00). In this case lim; o0 Be(t) = 0 for all € € (0,1) and we will be

unable to obtain the required estimates to continue the proof.

From (4.5.18), by asymptotic integration, the convergence and divergence of B, and C, are equivalent.

Hence
o Clt) _ (o= (14 /(1= ac L) 7, limisa Celt) = oo,
o Be(t) | ¢./B., limy 0 Ce(t) = C/(e).
In both cases I
lim sup # = K(€) < 0.

t—o0 fT’ ~v(s))ds

Therefore there exists 7' > T" such that I (t) < K(e)(1+¢) f;, #(v(s))ds for all t > T. Thus, recalling
(4.5.13),

4 (8) = 7e(t) + M(L+ ) Le(t) < (1 +2€)7(t) + M (1 +€)*K(e) - o(7(s)) ds

for t > T. Hence

. x4 (1) 27 fT ¢(v(s))d
limsu <142+ M(1+e€ ) lim su
D ) (R =G (1)
14 €)?K(e
=142+ M < 00.
Lg(7)
Therefore, since |x(t)| < x4 (¢) for all t > Ty, limsup,_, ., |z(¢)|/7(t) < co. Now let
, |z(t)]
lim su =€ |0,00), 4.5.19
msup =\ € [0.) (4.5.19)

One can compute a definite upper bound on A in terms of the problem parameters as follows. Define

fo (t — s)f(x(s))ds and estimate as above

\<M/ K(€) + (1+ )o(|2(s)])ds

<SMK()t+MT;(1+e€) eS[})lF% ] o(|z(s)]) + M(1+€) . o(|z(s)])ds, (4.5.20)

for t > Ty. Using (4.5.19) there exists a T(¢) > T, such that

- /(1) . fT (A +e€)v(s))ds _ max(1, A +e)
lim sup < M(1+ €)limsup < .
tsoo V(1) ( ) t—o00 ~(t) Ly(7)

Return to (4.1.1), take absolute values and apply the estimates above as follows

: . |z(0)] |H(t)] |J(t)] max (1, \)
A =limsu < limsu + lim sup ——— + lim su <1l+ .
sl () T imeet 4B st () toe (D) L;()

(4.5.21)
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Solving the inequalities above yields

A< max ((1+ Lp(7)/Ls(v)s Ly(v)/(Ly(y) = 1))

In fact the second quantity is always larger, so

li i
1m su
P )

O

Proof of Theorem 4.3.4 (b.) Follow the argument of Theorem 4.3.4 (a.) exactly to equation (4.5.17),

which we recall below.

B/(t) 1 (1+¢3M [76(1(s))ds

Bi(t) _ (v
Clt) ae (I—¢  acn(t)

t>T.

Now L;(y) = oo implies lim_,o B.(t)/CL(t) = 1/a. Thus 0 < C.L(t) ~ a.BL.L(t) as t — co. Recall
equation (4.5.16)

L) L) G
S o(v(s))ds — Be(t) — Be(t)’
If limy oo Ce(t) = 00, then lim; o, Be(t) = 0o and Ce(t) ~ a.B(t) as t — co. Thus, when C,(t) — oo

as t — oo,

t>1T.

. I(t)
limsup ——+— < «
t—00 fT, o(v(s))ds

Alternatively, if lim;_,o Cc(t) = C(€), limy_, o Be(t) = B(e) € (0,00), then

. I(t) I(T") + C(e)
lim su < .
S T e s)ds B

In both cases

I(t
lim sup t# < K(e) < 0.
t—o0 fT/ ¢(7(s))d8
Therefore limsup,_,. z4(t)/v(t) < oo and hence limsup, . |z(t)|/7(t) < oco. By an argument
exactly analogous to that which completes the proof of Theorem 4.3.4 case (a.) we can show that

lim 00 |J(t)]/7(t) = 0. Now write

z) _ ())+ ), . t>0. (4.5.22)

Because limsup,_, . |H(t)|/~(t) = 1, either limsup,_, . H(t)/v(t) =1, or

liminf; o H(t)/~v(t) = —1. Since lim; o J(t)/v(t) = 0, taking the limsup and liminf across (4.5.22)
gives limsup,_, . 2(t)/v(t) = 1 or liminf; o 2(t)/v(t) = —1. In both cases, limsup,_, .. |z(t)|/7(t)
1. Noting that J(t)/v(t) ~ (x(t) — H(t))/v(t) as t — oo yields the second part of the conclusion. O

Proof of Theorem 4.3.5 (a.). The argument of Theorem 4.3.4 (a.) implies that

limsup,_, o |2 (¢)|/7+(t) < co. Let Ay = limsup,_,, |z(t)|/7+(t) € [0,00) and estimate as before to
obtain limsup,_, . |[J(¢)|/7+(t) < max(1, A4)/Ls(y4). Calculating as in (4.5.21) then yields Ay <
max(1, A1)/Ls(y+). In fact, in all cases, limsup,_, o |z(t)|/7(t) € [0,1/L¢(v+)]-

For the second part of the claim, suppose to the contrary that

lim sup |z (¢)|/v-(t) = A= < oc.
t— o0
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Now argue, as in Theorem 4.3.4, that limsup,_, . |J(t)|/7=(¢) < max(1,A_)/Lg(y-), where J(t) =
fg M(t — s)f(z(s)) ds. However, by rearranging (4.1.1) and taking absolute values

H )| < |e(0)] + ()] + 1 I(@)], > 0.

Dividing across by v_ and taking the limsup yields limsup,_, . |H (¢)|/7-(t) < oo, in contradiction to
(4.3.7). Hence A_ = oo, as claimed. O

Proof of Theorem 4.3.5 (b.). As in case (a.), the proof is a consequence of Theorem 4.3.4. The stronger
conclusion, lim;_, o |2(t)|y4(t) = 0, holds because in (4.5.21) we now have limsup,_, o |H (¢)|/v+(t) =
0 and limsup,_,. |J(t)|/7+(t) = 0. The argument to show that limsup,_, . |z(t)|/7-(t) = oo is

essentially unchanged from the proof above. O

4.5.3 Proofs with Regular Variation

We divide the proof of Theorem 4.3.7 into several separate results in order to make it more manageable
for the reader. We also choose, in some instances, to state and prove results in a slightly different form

to that which appear in Theorem 4.3.7 so that the proofs may proceed more naturally.

Theorem 4.5.1. If (4.3.11), (4.1.2), and (4.1.3) hold, then the following are equivalent:

(i.) tlggon((% =(€[l,00), (i) tlg&}% =X €0,00).

Moreover,
C=¢+ A (4.5.23)

Proof of Theorem 4.5.1. Suppose that (i.) holds and rewrite (4.1.10) in the following form

H(t) z(t) 2(0) [EM(t— 8)f(x(s))ds
P~ Fon  Fon . Faam 0 20 (4.5.24)

If we can show that

- J3 M(t — ) f(x(s))ds

B
t—00 D-1(Mt) =¢

we will have proven that (i.) implies (ii.). Let € € (0,1) be arbitrary. There exists a C', monotone
function ¢ such that f(z) < (14+¢€)p(x), for all z > x1(€). Owing to the divergence of x(t), there exists
Ty(e) > 0 such that z(¢) > z1(e) for all ¢ > Ti(e). Similarly, from (i.), there exists T5(e) > 0 such
that z(t) < (¢ +¢€)® (M) for all t > Ty(e). Letting T3 := T1 + Ty /M and combining these estimates
yields

fot M(t —s)f(x(s))ds - MfOT3 flz(s))ds (1+e)M f;g o((C+ €)@ Y (Ms))ds

-I(Mt) T eTI(M1) &1 (M) , 123
Hence
! —5)f(z(s))ds 1+e)M [ €)®1(Ms))ds
fmsu Jo M(;—l()Z\J;(t)( ))d S“iii‘jp( +e) fTSgE(IC(Lt; (Ms))ds (45.25)
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To estimate the right—hand side of (4.5.25), make the substitution u = ®~1(Ms)

_ ]\/[t e)u
(1+ M [, ¢((1+ )@~ (Ms))ds  (1+e fq> MTS) %du o (15.26)
d-1(Mt) - d-1(Mt) roE .

Since ¢ € RV (), there exists Ty () such that for all u > Ty, o(({ 4 €)u)/p(u) < €+ (¢ +¢€)?. Choose
Ts := T3 + ¢(T4)/M; this estimate and equation (4.5.26) yield

Jo Mt =) f(x(s))ds _ (L+)(e+(¢+e)) {S1(Mt) — 2" (MT5)}
d—1(Mt) - o (Mt) ’

t>Ts.

Taking the limsup and letting € — 0™ we obtain

lim sup fO M(t — s)f(x(s))ds

< (P.
t—00 (I)_l(Mt) - C

We now obtain a corresponding bound for the limit inferior. Since lim; ,, M (t) = M is finite there
exists T™ so large that for any € € (0,1), (1 — )M < M(T*) < M. Using this fact, and that M (t) is

non-decreasing,

[y M(t — s)f(x(s))ds N ST Mt — 8) f(2(s))ds _(-o9M JET fa(s))ds

-1(Mt) = o-1(Mt) = o-1(Mt) ’

for t > T*. From (i.) there exists a Tg(e) > 0 such that (¢ — €)@~ (Mt) < z(t) for all t > Ts(e). As
before, there exists a Ty(€) > 0 so that f(z(t)) > (1 — €)p(x(t)) for t > Ty (e). Take T = max(Ts, T%).

Hence

Jo M(t= 9)f(x()ds _ (1= M [;" o((¢ — )" (Ms))ds

>T*+T.
B 1(M) = &1 (M) , t2 4

The right—hand side of the above equation is estimated as before and it follows that

[ M(t — ) f(x(s))ds

. . B
R e 2
and hence .
i Jo M(t —s)f(x(s))ds _ 8,
P ®-1(M1)

For the converse result we first note that by the divergence of  and the regular variation of f there

exists T > 0 and a monotone increasing function ¢ such that for any € € (0,1) we have
z(t) > lfe/Mt—s x(s))ds+ H(t), t>T. (4.5.27)
Let y(t) = z(t + T) and estimate as follows:
t ¢
y(0) 200+ (L= 0) [ M+ T~ s)pla(s)d=x(0) + (1) [ Mt - wplyw) du, =T
T 0
There exists a function z. which satisfies the equation
2L(t)=(1- 6)/ p(ds)p(ze(t —s))ds, t>0; z(0)=xz(0)/2.
[0,¢]
By the above construction z(t) = 2(0)/2+ (1 —¢) fot M(t—u)p(x(u))du for t > 0 and z.(t) < y(t) =
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z(t+T) for t > 0. Applying Corollary 2.3.2 to z. yields

gy T
Therefore,
. x(t) Lz (t=T) . r(t—=T) FYM@Et-T))
o\ s e\t T —1_
It o = B Fan R Fae— )y g L€
Letting ¢ — 07 we have proven that
L x(t)

We now rule out the possibility that limsup,_, . x(t)/F~1(Mt) = co. By (ii.) there exists Tg(e) > 0
such that for all t > Tx, H(t) < (A + €)F~'(Mt). With Ty(¢) defined as before let T = T, 4+ Ty and
estimate (4.1.10) as follows:
T t
z(t) < z(0) + H(t) + / Mt —s)f(z(s))ds+ (1 +¢€) /~ M(t — s)p(x(s))ds
0 T

<2(0) + A+ )@ N (Mt) + M T Fax + (1 + e)M/t o(x(s))ds, t>T, (4.5.29)

where Finax = supg<;<7 f(2(t)). The preceding estimate motivates the definition of the upper com-

parison equation
~ t ~
Ye) = 1+ 2(0) + (A + B~ (Mt) + MT Fona + (1+ e)M/ o(ye(s))ds, t>T.
T

By construction y,(t) is differentiable and strictly increasing and obeys z(t) < y.(t) for all t > T'. Now
compute an explicit upper bound on limsup,_, . y.(t)/F~1(Mt). Using the monotonicity of y. and
dividing by M t ¢(y.(t)) yields

ye(t) < 1+ 2(0) (A + )@ (M) N MT Fiax
Mtp(ye(t) = Mto(ye(t)) Mto(ye(t)) Mto(ye(t))

+1+e t>T. (4.5.30)

By Karamata’s Theorem there exists x2(€) > 0 such that ®(z) < (14+¢€)z/(1—5)¢(x), for all z > z5(e).
If y.(t) > z2(e) for all t > Ty(e), then (4.5.30) can be improved to

Cyet) _ (146 {1+2(0)+ MT Fuax}  (1+e)A+)@ 1 (ML) (1+¢€)?
Mt Mt(1—B)p(ye(t)) (1= B)Mtp(ye(t)) (1-p)’

for t > T + Ty. Therefore

e (10?14t 9@l (M)
s = S a—p) T T )Mt e(n (D)

Now use (ii.) and (4.5.28) to estimate the final term on the right-hand side. (4.5.28) implies that there
exists Tig(€) > 0 such that y.(t) > (1 — €)@~ (Mt) for t > Tyo(e). Hence

(14 €)(A+ €)@~ 1 (M) (14 €)(A+ €)@~ (Mt)
(1= B)M tp(ye(t)) (1 =pB)Mte((1—e)@~1(Mt))’

t > Tp.
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It immediately follows that

lim su (L+ A+ (M) < limsu (L+ )\ + )27 (M)
il (L= )M tp(ye(t)) — ot (1= B)Mt(1—€)? (@ 1(Mt))"

Karamata’s Theorem implies that

O (ML) ~ Mt (1 — B) p(® H(Mt)) as t — oo,

and thus i sup (L OO+ )P (Mt) _ (1+e)(A+e)
tvoe  (L=B)Mte(y(t)) — (1—¢F
Hence
— B(ye(t)) . (14+€¢2 (A+e)(A+e)

t—o0 Mt (1-5) (1—-¢)f
A final application of Karamata then yields

ye(t) 1462  (1+)A+e)\TF
<(aoyate)

i
P oM =

Now since z(t) < y(t) for all ¢ > 0 we may let ¢ — 0" to obtain

1

) x(t) 1 1-5
| < . 4.5.31
lgiljp@l(Mt)_(l—B_‘_/\) < 00 (4.5.31)

Finally, to show that ¢ = ¢# + A, we make the following induction hypothesis

. z(t
(H,) hiri}sup <I>1((]34t) <ny Cupr =G+ A,

1

where (o := (ﬁ + )\) -8, (Hyp) is simply (4.5.31); suppose now that (H,) holds. Thus there exists
Tio(€) > 0 such that z(t) < (¢, + €)@~ 1(Mt) for all t > Typ. Taking the limsup across (4.5.24) yields
¢

M(t— d

lim sup f:(ﬂ = lim sup fo ( s)f(x(s)) 5

o A
P Ta V) B o 1(M1) +

The term on the right-hand side is estimated as before so we only record the key asymptotic estimate.

P (Mt) o((Cnte)u) du

oy M(t— ) f(x(s))ds

) . 1 o(u) _ B
] <(1+61l - . .
itn sup 1 (M1} <(1+e) im sup S-1(M1) (I+e)(e+ (¢ t6)7)

Therefore,

. (t)
1 <P a=¢,
S T gy S Sn AT G
or (H,) implies (H,11). Hence
, x(t)
lim sup ——+— < (,, for all n > 0.
lﬁgprl(Mt) < (p, forall n

By Lemma 3.5.7, lim,,_,, ¢, = ¢, where ¢ is the unique solution in [1,00) of ¢ = ¢® + . Thus

x(t
li — < (.
S ET () < ©
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The calculation to prove that

x(t)
liminf ————— >
t—oo F-1(Mt) — ¢
is analogous to that for the limit superior. In this case the iterative scheme is started at (o = 1, the

estimation is performed as before and once more Lemma 3.5.7 yields the desired conclusion. O

Theorem 4.5.2. If (4.3.12), (4.1.2), and (4.1.3) hold, then the following are equivalent:

(i.) limsup% <1, (i) lim F(a(t))

=1.
t—00 t—oo Mt

Proof of Theorem 4.5.2 (converse and upper bound). We first prove that (i4.) implies (i.) By positivity,
x(t) > H(t) for all t > 0. Hence F(z(t))/Mt > F(H(t))/Mt and

lim sup F(H(®)) < limsup F()

—_— =1.
t— o0 Mt t—00 Mt

Now consider the claim that (i.) implies (ii.). The function t — M (t) = f[o 4 1(ds) is non-decreasing
and tends to M as t — oo. Hence

2(t) < 2(0) + H(t) + M/Ot F(a(s))ds, > 0.

By hypothesis there exists T'(¢) > 0 such that for all ¢ > T we have F(H(t)) < M(1 + €/2)t, or
H(t) < F7Y(M(1+¢/2)t). However, since ®~!(z) ~ F~!(z) as z — oo, there exists T} (¢) > T(e) such
that for all t > Ty we have F~1(M(1 +€/2)t) < (1 + €)@ 1(M(1 + ¢/2)t). Therefore for all t > T}

z(t) < 2(0) + (1 4+ )@ (M (1 +¢/2)t) + M/o flz(s))ds, t>Ti(e).

As in the proof of Theorem 4.5.1, we use the monotone, C! approximation of f, which we denote by

¢, to improve our estimate to the following:
t
)<z + 1+ Y MA+e/2t) + M1 +e) [ o(x(s))ds, t>Ts(e)>T,
T

where * = 2(0) + M T, maxo<s<t, f(2(s)). Define the upper comparison solution = as follows:
t
r () =14+2"+(1+e)@ (ML +e/2)t) + M(L+e) | d(zy(s))ds, t>Ts.
T>

Note that x4 (1) > x(T) by construction and z(t) < x4 (t) for all ¢ > Ty. Differentiating we obtain
2 (6) = ML+ )1+ €/2) (60 07Y) (M(1+¢/2)t) + M(1+d(ws (1)), ¢ > T,
By inspection, &/, (t) > M (1 + €)¢(x4(t)) and asymptotic integration will yield
i (t) >0 N (CH M +e)t), t>Ts,

where C' = ®(x(T3)). Hence ¢(xy (t)) > (po @ 1) (C+ M(1+e€)t), t > Tp. Of course, for every
€ € (0,1) thereis a T5(e) > 0 such that C' > —et/4 for all t > T3(e) Therefore, for t > Ty := max(T5, T3),

(60@71) (M(1+¢/2)1)

<ML+ + MU+ )+ /)T (1 5 3e/2)0)
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Now, because f € RV (1), @1 € RV (c0) and hence

~1
lim o~ (Az)

—————= =0, for all 1).
A= 0, for all A € (0,1)

Thus, because ¢ € RV (1),
- (6o @) (M(1+¢/2)t) _

t—oo (o ®—1) (M(1+ 3e/4)t)
It follows immediately that limsup,_, ., 2/, (£)/é(24(
limsup,_, . ®(z4(t))/Mt < 1. Now we note that z;(¢t) > z(t), for all ¢ > T, and monotonicity
of ® implies limsup,_,  ®(z(t))/Mt < 1. Since ® and F are asymptotically equivalent, we have
limsup,_, . F(z(t))/Mt < 1. O

0.

t)) < M(1+ ¢€) and asymptotic integration yields

Proof of Theorem 4.5.2 (lower bound). Since lim;_,oo M(t) = M < oo, z(t) — oo as t — oo and
f(z) ~ ¢(x) as x — oo, there exists T3 > 0 such that M (t) > M(1 —¢€) and f(z(t)) > (1 — €)p(x(t))
for all ¢t > T3, with € € (0,1) arbitrary. For ¢ > 2T,

¢

z(t) > x(0) + (1 —¢) . M(t — s)p(xz(s))ds > z(0) + (1 — 6)2M . o(x(s))ds.

Letting y(t) = x(t + T3) for t > 273, it is straightforward to show that

t—T5

y(t) > (0) + M(1 - ¢)? / o(y(u)du, t > Ts.

Now define the lower comparison solution

t—T3
A(t) =z*+M(1—e)2A 6(x(u))du, t > Ts,

and z(t) = 2* 1= Fmingegom,) 2(t), t € [0,T5]. Thus for t € [0,T3], y(t) = x(t + T3) > 2* = 2(t) and

z* < x(0). Now suppose that y(t) > z(t) for t € [0,T), T > Tj, but y(T) = 2(T). Then s € [0,T — T]
T—-Ts T-Ts

implies ¢(y(s)) > ¢(z(s)) and hence [; P(y(s))ds > [, #(=(s))ds. Therefore

_ T—Ts T—T;
y(T) > 2(0) + M(1 — ¢)? / o(y(s))ds > x(0) + M(1 — ) / 6(2(s))ds
T—Ts

2 MO- P [ b(el)ds = 2(D) = y(T)

0

a contradiction. Hence z(t + T3) = y(t) > z(t) for all t > 0. For t > T3, 2'(t) = M(1 — €)?¢(2(t — T3))
and thus by Theorem 2.3.1, lim;_, o, ®(2(¢))/t = M (1 — €)?. Hence

d T: P
lim inf M > liminfM > M(1-— €)2.
t—o00 t—00 t
Thus O(als o
M(1 — €)% < liminf o((t) = lim inf M
t—oo t— T3 t—o0 t
Since F ~ @, letting € — 07 yields lim inf; o F'(x(t))/Mt > 1. O

Theorem 4.5.3. Let (4.1.2), (4.1.3), and (4.3.12) hold with f(z)/x 1 0 asx — oco. If Ly(H) € (1,00),
then
x(t) Ly(H) - F(z()

li = lim ——* = L¢(H). 4.5.32
oo H(t)  Lp(H)— 1 t5ec Mt s(H) (45.32)
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Proof of Theorem 4.5.3. The upper bound

() _ L)
- Lf(H) -1’

lim su x
ol H (?)

is furnished by Theorem 4.3.6. To apply this result, note that f(z)/z | 0 as x — oo implies that ¢’
is asymptotically decreasing since ¢/(z) ~ ¢(x)/z ~ f(z)/z as  — oo, where ¢ is a C', monotone

approximation of f (see Section 1.3.3).

We now establish the companion lower bound

coex(t) o Ly(H)
It 7 = () =1

when L¢(H) € (1,00), which will settle the result for these values of Ly(H). We start by defining the

auxiliary parameter
t

M fo f(H(s))ds _ .
10 (M)

(0,1).
Now define the sequence {\, },>¢ as follows:
A1 =14+ar,, n>0; X=1,

and make the induction hypothesis

()
— >
(H,) hglorolf ) = A
From equation (4.1.10), positivity implies z(¢t) > H(t) and hence
liminf; o x(t)/H(t) > 1, i.e. (Hp) holds. Suppose that (H,) holds for some n > 1. With ¢ € (0,1)
arbitrary, there exists T'(¢) > 0 such that ¢ > T'(¢) implies

z(t) > (1 — A H(1). (4.5.33)

Rewrite (4.1.10) as follows
z(t) = z(0) + H(t) + /0 M(s)f(xz(t —s))ds, t>0. (4.5.34)

Before estimating the right hand side of (4.5.34) we need some preliminary estimates. f € RV (1)
guarantees the existence of a monotone increasing function ¢ € RV, (1) NC* such that f is asymptotic
to ¢ at infinity. Hence there exists z1(¢) > 0 such that for all z > x1(e) we have f(x) > (1 — €)¢(x).
Similarly, since lim;_, . x(t) = oo, there exists Ti(€) > 0 such that z(t) > z1(e) for all ¢ > Ty (e).
Finally, lim¢, oo M(t) = M € (0,00) implies that M(t) > (1 — €)M for all ¢ > Ty(e), for some
T>(e) > 0. Now, from (4.5.34), we have
t t—T,
x(t)>HE)+(1—e)M | f(z(t—s))ds=H(t)+ (1— E)M/ f(z(w)) du,
Ty 0
for ¢ > Ty(¢). Furthermore,
t—T5

x(t) > H(t) + (1 —€e)*M o(x(u))du, t>T) + Ts.

Ty
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Define T3(€) = T'(e) + T1(¢) and use (4.5.33) to obtain

z(1) oo S 2 O((1 = N, H (u))du
m>1+(1—6)MT H(t) ;

t> Tg(G) —|—T2(6).

Since ¢ € RV (1) and lim;_, oo H(t) = 00, ¢((1 — )N\ H(u)) ~ (1 — e)\yd(H (u)) as u — oo. Hence
there exists Ty(e) > 0 such that for all u > Ty(e), ¢((1— €)X, H(u)) > (1—€)?X\,¢(H (u)). Thus, letting
T5(e) = T5 + Ty,

(1) Jr, " $(H (u))du

o> 1+ (1—e)* M, HD ,

t>Ty +Ts.
H(D) > 1o+ 15

Since Ly(H) € (1,00), it follows that H is asymptotic to the increasing, continuous function y(t) =
Ly(H)M fot f(H(s))ds. Therefore, using the ideas at the end of the proof of Theorem 4.3.8, we can
show that

/t ; ¢(H(u))du=o0(H(t)), ast— oc.

Hence, lim inf, ., z(t)/H(t) > 1+ (1 — €)*a), and letting € — 07,

lim inf —+ z(t)

t—oo H(t) 21+ a2 = Anp.

We have now proven that (H,,) implies (H,1). Since o € (0,1),

1
S
Thus we conclude that liminf;, ,. x(¢t)/H(t) > 1/(1 — «) and, rewriting this in terms of L;(H),
liminf; o x(t)/H(t) > Ly(H)/(Lf(H) —1). Combining this with the corresponding upper bound
completes the proof of the first limit in (4.5.32).
Now we establish the second limit in (4.5.32) when L;(H) € (1,00). Proposition 4.2.1 implies that
limy_,oo F(H(t))/Mt = Ly(H) and it was proven above that

Ly(H)

x()wm (t), as t— 0.

Since F' € RV (0),

o PHEO) o () = D2@) ()
b = i SR = i (PO ) v g S

as required. O

Proof of Theorem 4.3.7. Before starting the proof in earnest, we make a preliminary observation which
holds throughout the proof. Note that lim; o, F(H(t))/Mt = Ls(H), when L;(H) € [0, 00), by Propo-
sition 4.2.1. If f € RV (), B8 € (0,1), then F~! € RV (1/(1 — 3)). Hence lim;_,o, F(H(t))/Mt =
Ly(H) implies A := limy o H(t)/F~1(Mt) = Ly(H)"1=#)in the notation of Theorem 4.5.1.

(i.) Ly(H) = 0: Invoking our preliminary observation we have A = 0 in Theorem 4.5.1. Hence
the only solution in [1,00) of (4.5.23) is ¢ = 1 and lim;_,, 2(t)/F~1(Mt) = 1, or equivalently
limy_y00 F(z(t))/Mt = 1. The second claimed limit, i.e. z(t)/H(t) — oo as t — oo, can be read
off from Theorem 4.3.1.

(ii.) Ly(H) € (0,00): Invoking our preliminary observation, A = L;(H)* (=5 in Theorem 4.5.1 and
(4.5.23) becomes ¢ = ¢# + L;(H)Y (=5 By Theorem 4.5.1, lim;_, , 2(t)/F~*(Mt) = ¢ becomes
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lim; oo F(x(t))/Mt = ¢*~7 upon applying F. Similarly,

lim & — lim x(t)  F~Y(Mt) _ ¢ ¢ 1

t—oo H(t) t—oo F=1(Mt) H(t) Ly(H)/=B) ~ (=¢F  1-(F

(iii.) This follows directly from Theorem 4.3.8.

(I.) Ly(H) €[0,1]: By Proposition 4.2.1, lim,_,., F(H(t))/Mt = L;(H) € [0,1] and
lim; o0 F(z(t))/Mt =1 by Theorem 4.5.2. To prove that x ~ H it is necessary to take cases.
Firstly, if Ly(H) = 0, applying Theorem 4.3.1 yields the desired conclusion. If Ly(H) € (0,1),
then the result can be deduced using the same argument as in Theorem 4.3.1 by now exploiting
the fact that F~! is rapidly varying at infinity. Finally, if L;(H) = 1, we can prove that
x(t)/H(t) — oo as t — oo using the argument in Theorem 4.5.3: we prove the induction
hypothesis
x(t)

. >
htn_l)lol.}f 7H(t) > A,

where A\,11 = 14+ A, for n > 0 and A\g = 1. Since A,, = 00 as n — oo, the claim follows directly

from the proven induction hypothesis.
(IL.) Ly(H) € (1,00): See Theorem 4.5.3.

(III.) Ly(H) = 4o00: See Theorem 4.3.6 part (b.) and note that the relevant hypotheses on f are

satisfied (see Section 1.3.3 for the requisite properties of regularly varying functions).
O

4.5.4 Proofs of Results with Brownian Noise

Proof of Theorem 4.4.2. We start with part (a), which covers the case when o & L?(0,00). Let €, n €
(0,1) be arbitrary. Rewrite (4.1.5) in integral form as follows:

X(t):X(O)+/O M(t—s)f(X(s))ds—i—/O o(s)dB(s), 1> 0.
Hence

t>0.

X(8)] < [X(0)] + / M(t— 8)[f(X(s)lds + \ / o(s)dB(s)]

Denote by € the a.s. event on which ¢ — X (¢)(w) is continuous. We now recall the law of the iterated
logarithm for continuous local martingales (see Revuz and Yor [104, Ch. V, Ex. 1.15]) which states
that if N = {N;, t > 0} is a continuous local martingale with (N, N),, = oo, then

N,
lim sup ! =1a.s.,

t—oo y/2(N, N);loglog(N,N),

where (N, N) = {{N, N):, t > 0} is the quadratic variation process. In our case,

</O‘J(s)dB(s),/Ovo(s)dB(s)>t :/Ot o (s)ds

and thus o ¢ L?(0, 00) implies lim sup,_, ., ’fot a(s)dB(s)| /X(t) =1 a.s..
Let n > 0 be arbitrary. By hypothesis there exists ¢ € C! such that

[f(@)] < K(n) + (1 +n)o(|z]), z € R. (4.5.35)
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Define H,(t) = MK(n)t+ (1 + n)Z(¢t) for ¢ > 0. With Ly(X) = 0, Proposition 4.2.1 implies
lim; 00 ®(3(t))/t = 0. Therefore, for every e € (0, 1) there exists T>(e) > 0 such that

N(t) < 7 1(et), t>Tule). (4.5.36)

Similarly, by L’Hopital’s rule,

MK (n)t _ i ME®)

B TR o) % GOTRE)

Thus, again appealing to L’Hopital’s rule, lim;_,, ®(M K (n)t)/t = 0 and moreover, for any n € (0, 1),
limy oo ® (MK (n)t/n) /t = 0. Hence for every e € (0,1) there exists T3(e, 1) such that

MKt <n® tet), t>Ts(en). (4.5.37)
Combining (4.5.36) and (4.5.37) yields
Hy(t) = MK ()t + (1 +n)3(t) < 1+ 2007 (et), ¢ = Tule,n) =Tz + .

Rearrange this inequality, let ¢ — oo, and then let € — 0T to obtain

o R (0)/(1+20)

t—o00 Mt =0

Thus, by proceeding as above, for every € € (0,1) there is Ty(e,n) > 0 such that
Hy(t) < (14 2n)® Y (eMt), t>Ty(e,n). (4.5.38)
Since ® is concave, @1 is convex and @~ (eMt) < €@~ 1(Mt) + (1 — €)@ 1(0). Therefore

limsup &~ (eMt)/®H(Mt) < e.

t—o00

Take limits in (4.5.38) to give
Hy(1)

li — < (142
msup S = (120

and then let € — 0T to yield lim;—,o H,)(t)/® 1 (Mt) = 0. Therefore, for every € € (0, 1), there exists
Tt(e,n) > 0 such that
H,(t) < e® Y (M), t>Ti(en).

Now, let T5(n) = T (n, n), so that
H,(t) < n® Y (Mt), t>Ts(n). (4.5.39)

On the other hand, because limsup,_, ’fg U(S)dB(S)‘ /X (t) = 1 a.s., there exists an almost sure event
Q5 such that for all w € Q9

Aa@mmawﬂsu+mmmt2ﬂmw»

Now let T'(n,w) = max(T1(n,w), Ts5(n)). Thus, for all w € Q* = Q; N Qy,

|quwww+éﬂm=@mX@Wwwummm,tzﬂmw
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Using the estimate (4.5.35) on f and the finiteness of lim;_, ., M (t) we have

IX(5)] <X (0)] + MK ()t + M(1+ 1) / S(1X ())ds + (1 +7)=(t)
< X§ 4+ Hy(t) + M(1+n) /tcb(lX(S)l)ds, t>T(nw), weQ, (4.5.40)
T

where X(0)* = |X(0)| + MT sup,epo 1) ¢(|X(s)]). Since t > T'(n,w) > T5(n), we have from (4.5.39)
that for all w € Q*

X(5)] < X(0)* +7@ (M) + M(L+7) /T (X (s))ds, t>T(n,w). (4.5.41)

At this point we note that we are in the same position as in the proof of Theorem 4.3.1 at equation
(4.5.3). From here a calculation exactly analogous to that which completes the proof of Theorem 4.3.1
will yield

lim sup <1a.s..

t—o0

FX(®)])
Mt

To prove part (b), let €, n € (0,1) be arbitrary and rewrite (4.1.5) in integral form as before. Take

absolute values to obtain

t>0.

X(0)] < 1X(0)] + / M(t — $)| f(X (s))lds + \ / o(s)dB(s)

7

Let 2 be as before. By the Martingale Convergence Theorem (see Revuz and Yor [104, Ch. V, Prop.
1.8]), it N = {N, t > 0} is a continuous local martingale with (N, N)s < 400, then

lim Ny € (—00,00), a.s..
t—o0

</0' U(S)dB(S)7/0.J(S)dB(S)>t = /Ot o?(s)ds

and thus o € L?(0,00) implies that lim; ,., INV; exists and is finite a.s. Therefore, as t — Nj is a.s.

In our case,

continuous, there exists an a.s. event {2 such that for all w € Q9

[ otsrme

sup
t>0

< N*(w) < 4o0.
Thus for all w € Q* =Q; N Qs and ¢t > 0,
¢
X (0] < [X(0)]+ N~ +/ M(t = s)|f(X(s))|ds.
0
Using the estimate (4.5.35) on f and the finiteness of lim;_, . M (t), we have
t
(X (@) < [X(0)] + N* + MK(n)t + M(1 +77)/ o(IX(s)))ds, t=0.
0
Lastly, define X (0)* =|X(0)| + N* and H,(t) = MK (n)t. Then we have
t
[X()] < X(0)" + Hy () + M(1 + 77)/ o(IX(s)]))ds, t=0.
0

Note that this estimate is in precisely the form of (4.5.40). It is easy to show that H,(t) = MK (n)t
obeys an estimate of the form (4.5.39) for all ¢ > T5(n). Hence for all ¢ > T'(n) = T5(n) and for all
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w € Q* the estimate
X ()] < X(0)" + 7@ (Mt) + M(1+ 1) /T S(1X (s))ds, > T(n), (4.5.42)

holds. At this point we note that we are in the same position as in the proof of part (a) after (4.5.41),

and exactly analogous calculations yield

lim sup
t—o0

Proof of Corollary 4.4.1. We first prove that limsup,_, . |X(t)] = oo a.s. by showing that X cannot
be bounded with positive probability. Suppose there exists an event A, with positive probability, such
that | X (t)] < N < oo for all £ > 0 on A. Now consider the linear SDE

dY (t) = —Y (t)dt + 0dB(t), t>0, Y(0)=0.

The solution to the SDE above is given by Y (¢) = afot e~ (=%)dB(s). Furthermore, it can be shown
that Y obeys limsup,_, . |Y(¢)] = oo a.s. and liminf; ,o, |Y(¢)] = 0 a.s. (see Appleby et al. [7,
Theorem 4.1]). Write (4.1.5) as

dX (1) = —X(O)dt + {X(s) + / t,u(ds) F(Xe_o)}dt + 0dB(t), t> 0.

Applying the variation of constants formula we obtain

X(t)=e'X(0) + /t e~ (t=9) {X(s) + /OS ,u(du)f(Xs_u)} ds + o/t e~ =) dB(s)

0 0

=e'X(0) + /Ot e (t=9) {X(s) + /05 u(du)f(Xs_u)} ds+Y(t), t>0.

With some simple estimation it follows that, on A, limsup,_,., X () = oo, a contradiction. To show
that limsup,_, ., F(|X(¢)])/Mt <1 a.s. we check o(t) = 0 € R/{0} obeys L;(X) = 0, so we can apply
Theorem 4.4.2. By L’Hopital’s rule

(1) . X'(t)

lim ————— = lim ——~—

= [V p(S(s))ds oo f(5(1)

assuming the limit on the right—hand side exists. In fact

o? o?loglog(to?)

)= log(to2)\/2to?loglog(to?)  \/2to?loglog(to?) .

(¢

Hence lim;_, o, ¥'(t) = 0 and L;(X) = 0, as required. O

Proof of Theorem 4.4.53. Let € € (0,1) be arbitrary and follow the line of argument from the proof of
Theorem 4.4.4 to obtain

IX (1) < Ac + (14 26)8(t) + M(1 +¢) /t¢(|X(s)|)ds, t>T, weqQ,
T
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where Ac = M T supc(o 1| X(s)]. Define X, as in (4.5.47), by

X(t)=1+Ac+(1+26)%()+ M(1+¢) /t d(Xc(s))ds, t>T.

Now by (4.5.45) there exists T7(¢) > T such that
t
X () <(1+3e)21)+ M1+ e)/ d(Xc(s))ds, t>Ti(e).
T

Let I.(t) = f} (X (s))ds; monotonicity yields

im 72(15) < lim —E(t)
tmo0 MI(t) ~ t=oc M [ ¢(S(s))ds

= Ly(%) € (0, 0).
Hence there exists To(€) > T; such that
Y(t) < Lo(Z)M(1+€)I(t), t>Ts.

For t > Ty, using (4.5.44), calculate as follows

IL(t) = ¢(Xe(t) < & ((143€)X(t) + M(1+€)Lc(t))
(Lp(Z)YM (1 4+ 3¢)(1 4 €)I(t) + M (1 + €)I(t))

(1 +7e)(M + Ly(X)M)I(t)) .

IN

< S

<

Integrating the previous inequality we obtain

t I(s)ds
/T2 ¢((1+76)(M+L¢(Z)M)IE(S)) <t—"T5, t>1Ts.

Hence making the substitution u = (1 + 7€)(M + Ly(X)M)I(s) yields
D ((1+7€)(M + Ly(X)M)I(t) < (t — To)(1 + 7€) (M + Ly(X)M) + @,
where ®, = & (1 + 7¢)(M + Ly()M)I.(T3)). Thus
(1+7e)(M + Lg(S)M)I(t) < @1 ((t — To)(1 + 7e)(M + Ly(Z)M) + @),

Returning to (4.5.43) and using the estimate above, we obtain,

Xe(t) < (14 36)Lo(S)M A + ) I(t) + M(1 + e)Ie(t) < (1 + Te)(M + Lo (X)M)I.(t)

<O H(t—To)(1+7e)(M+ Ly(S)M) + ), t>To.

It immediately follows that

lim sup (I’(XT:(”) < (1+ Lo(D))(1 +Te).

Let ¢ — 07 and note that by construction | X (¢)] < X.(¢) for all ¢ > T. Therefore,

. (|1 X(#)))
1 NNV
el T M

<1+ Ly(X) as.,

as required.
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Proof of Theorem 4.4.4. By L'Hépital’s rule, lim, . ®(x)/x = lim, o 1/¢(x) = 0 and hence
5 limy 00 ®(3(t))/X(t) = 0. Therefore, using Proposition 4.2.1,

- A+ Bt o A+ Bt ®(X(t))
oo N(t)  toso B(N(H)  B(H)

(4.5.45)

for any nonnegative constants A and B. Arguing as in the proof of Theorem 4.4.2, with 7" and

defined analogously, we have the initial estimate
t
| X ()] <|X(0)+MK(e)t+ (1+¢)X(t) + M(1+ e)/ o(| X (s)])ds
0

for t > T(e,w), w € Q, where P[QQ] = 1. By (4.5.45) there is T1(e,w) > T(e,w) such that for all
t > Ti(e,w) | X(0)] + MK(e)t < eX(t). Hence
¢
IX(t) <Ac+(1+202(0) + M1 +¢€) | o(|X(s))ds, t>T1, weQ, (4.5.46)

Ty

where Ac = M Ty sup,cpo. 1y #(|X(s)|). Now define the function X,(¢) for ¢ > T1 by

X(t)=1+Ac+(14+26)3(t) + M(1+e¢) Tt O (Xe(s))ds. (4.5.47)

By construction | X (¢)| < X(t) for all ¢ > Ty (e). Let I ( fT ))ds, so
II(t) = ¢(Xc(t) = p(1 + Ac + (1 + 26)2(t) + M (1 +€)I(t), t=>Ti(e).
Since ¢ is increasing and there exists To(e) > T1(¢) such that 1 + A, < €X(t),
I'(t) < ¢((1+ 36)2(t) + M(1 + €)I.(t), t>To.
By the mean value theorem there exists 6; € [0, 1] such that

I(t) < ¢((1 4 36)5(1)) + ¢ (1 + 3e) X (1)) M (1 + €)Le(t)

ML@), t> Ty, (4.5.48)

< ¢(1+36)2(1) + M(1+¢€)” (1+302()

where the final inequality follows from Lemma 4.2.1. Once more we exploit the mean value theorem

and the first part of Lemma 4.2.1 as follows:

A((1+36)3(1) = ¢(2(1)) + ¢'((t) + pe3e(t) 3eX(t),  pe € [0, 1]

, B )R
< 0(2(0) +¢/(2(0) 3e5(0) = 6(5(0) {1+ 3O
< HE))(1+4de), t>T">T. (4.5.49)
Hence (4.5.48) becomes
1(t) < (1 +4)0(5(0) + M(1 + 2 T2V EED) p g =y o e

(1+3¢) =(t)

Let
2 (1+4€) $(3(1))

(14+3¢) X(t)
Now apply the argument from the proof of Theorem 4.3.6 beginning at (4.5.14). Following this line of

ac(t)=M(1+¢€) and  H.(t) = 3(¢).
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argument shows that

< N(e) < 0.

I.(t
lim sup — (( )

oo [, ¢(5(s))ds

Returning to (4.5.47) this yields

X (t) < 14 Ac+ (1+20)5() + M1+ €)2N(e) | o(S(s))ds, t>T".

T
Therefore 0 1+ A, M(1+€e2N(e) [1. ¢(3(s))ds
so <Pt Em f SON e
Thus . X.(1) M(1+€)*N(e)
BT SR T Ly

Hence we have that limsup,_, . | X (¢)|/2(t) < oo a.s..

Suppose that limsup,_, . |X(t)|/2(t) = 0 on an event Q, of positive probability, then there exists
T(€) > 0 such that | X (t)] < eX(t) forallt > T, w € Q,. Let J(t) = fot M (t—s)f(X(s))ds and estimate

as before. For all w € ),,, we obtain

|J(t)| < MC(e)t+MT(1+e) sEépT] o1 X(s)]) + M(1+ 6)/T o(| X (s)|)ds, (4.5.50)

for t > T. Hence

s ) o Jrd(eS(s)ds _ 1+e
limsup st < M(1+ ) limsup = S0 S L0

for all w € Q, and € € (0,1). Therefore, since Ly(X) > 1, limsup,_, [J(t)|/2(t) = X € [0,1) on Q,.
It follows that there exists 7" > T such that J(t)/%(t) > —X — e for all t > T”. Consider the stochastic

integral equation

X(t) = X(0) Jr/o M(t—s)f(X(s))ds +/O o(s)dB(s), t>0.
For all t > T" and w € Q,

X(t) _X(0) | J(t) | Jyols)dB(s) _ X(0)

() Bt D) o(t) TATe

This implies that limsup,_,. X (¢)/3(t) > 1 — X — € for all w € Q, and for all e € (0,1). Hence
limsup,_, o X(¢)/2(t) > 1 —1/Ly(X) on €, and similarly
liminf, oo X(¢)/X(t) < =14 1/Ly(X) on Q,, a contradiction. Hence P[2,] = 0 and

. X ()]
1 = 00) a.s..
11trri>sogp S00) A€ (0,00)a.s

From (4.5.50) we obtain the following a.s. estimate

|J()| < MC(e)t+MT(1+¢) sup ¢(|X(s)]) + M(1+ e)/_ O((A+ €)X(s))ds,
s€[0,T) T

for t > T. If we have A € (0,1), then we can choose ¢ > 0 sufficiently small that A + ¢ < 1 and
monotonicity of ¢ and ¥ will yield limsup,_, . [J(t)|/E(t) < A/Lg(X), as before. If A € [1,00), we
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can estimate via the second part of Lemma 4.2.1. Suppose A € [1,00), then

. /@) fT $(3(s))d A+e
lim su <MA+e)(A+e) 1+e¢ ,
P < MU s L
and letting € — 0% we obtain limsup,_,  [J(t)|/X(t) < A/Ly(X) a.s.. Therefore
: X(®) : (X1 | .. |J(®)] | Jy o(s)d
limsup ——= < A <limsup ——=— + limsu + limsup —————
PN 1) Bt 5] () B ¥ () B et zu
< A +1a.s
~ Ly(%) o

Finally A < L{(X)/(Ls(X) — 1). Thus, limsup,_,., X (¢)/Z(t) < Ly(Z)/(Ls(X) — 1) a.s. and similarly
liminf; oo X(¢)/3(t) > —L¢(X)/(Ls(X) — 1) ass.. O

Proof of Theorem 4.4.5. We follow closely the line of argument from the proof of Theorem 4.4.4.
First we establish the required analogue of (4.5.45). Ly(X) = oo, so Proposition 4.2.1 implies that
lim; 00 P(3(t))/2(t) = co. Hence

hmA—i-Bt _ A+Bt fo f(2(s))d
e (D) o [T f(S(s))ds B

=0, forall A,B>0.

Now proceed with the argument from Theorem 4.4.4 to obtain

t
X (@) <Ac+ (1+2)E(t)+ M1 +¢€) [ o(|X(s)|)ds, t>T1, weQ,
T
where Ac = MTi supyeo )| X(s)|. Define X(t) as in (4.5.47) and estimate as before to obtain
lim sup,_, o f; d(Xe(s))ds/ f:ﬁ #(X(s))ds < N(e) < co. Therefore, since L (X) = oo,

. X(t) 2 .
lim su <1+2c+ M(1+¢e)*N(e)limsup ————"— =
PP S (N B s> =)

Note that | X (t)| < X(t) a.s for all t > T and let € — 0T to conclude that

. X (®)]
lim su <1la.s
el B(8)

The event on which limsup,_, ., |X(¢)|/2(¢) = 0 has probability zero by exactly the line of argument
which concludes the proof of Theorem 4.4.4. Hence limsup,_, . |X(¢)|/2(t) = XA € (0,1] a.s. and
| X ()] < (A4 €)2(t) for all ¢ > T(e) on an event of probability one. Using the notation J(t) =

f; M(t — s)f(X(s))ds, we recall the a.s. estimate (4.5.50)

[J) < MC(e)t+ MT(1+¢) sup ¢(|X(S)I)+M(1+e)/ o(|X(s)))ds, t =T.
s€[0,7) T

Using the monotonicity of ¢, an estimate of the form (4.5.49), and that Ly(X) = oo,

fm sup J§2| < M(1+0 hﬁiljpf ((/\;(32( s))ds
<M1+ ¢€)(1+2e) hirisogp fT(i)(;(;i;)) =0a.s..

Hence lim;_, o J(t)/Z(t) = 0 a.s. and the claim (4.4.9) is proven. Now we compute the value of
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lim sup,_, . X (t)/X(t) as follows:

sy X0 o XO L I0) | fyo(9)aBGs)
lim sup — = = limsu + + =1las.
Py IHOOP{ OEDI0) o)
Taking the liminf above yields lim inf; ., X (t)/X(t) = —1 a.s., concluding the proof. O

4.5.5 Proofs of Results with Stable Lévy Noise

Proof of Theorem 4.4.6. [ ~(s)”“ds < oo implies limsup,_, |Z(t)|/7(t) = 0 a.s. (see Bertoin [25,
Theorem 5, Ch. VIII]). This proof follows by applying the argument used to establish Theorem 4.4.2
with X replaced by ~ as appropriate. O

Proof of Theorem 4.4.7. Suppose 74 and v_ both satisfy the hypotheses on v with fooo i (s) %ds < 00
and [ y—(s)"“ds = oo. It follows that
1Z(t)]

Z(t
lim sup 1Z()] =0 a.s. and limsup =00 a.s.. (4.5.51)
oo V(1) oo V—(t)

We first deal with the claim that limsup, . | X (¢)|/v4(t) <1/Ls(v+) a.s. when Lg(v4) € (1,00). As
in the proof of Theorem 4.4.4, use Proposition 4.2.1 to show that

LAYBE A Bt 9(3(1)
S (D) e D1 () 14 (0)

:07

for any nonnegative constants A and B. With the estimate above in hand and the proof proceeds as
in that of Theorem 4.4.4 but we arrive at a slightly different initial upper estimate to that derived in
equation (4.5.46) since we employ (4.5.51) for the asymptotics of Z. In this case

t

IX(#)| < Ac+3evp(t) + M(1+¢€) | o(|X(s)ds, t>Ti, weEQy, (4.5.52)
T
where Ac = M T1 sup,¢jo 1, ¢(|X(s)]). Define the comparison solution
t
X(t)=14+Ac+3ev: () + M1 +¢€) | o(Xc(s))ds, t>T. (4.5.53)

T

By following exactly the steps from the proof of Theorem 4.4.4 we obtain
lim sup,;_, o | Xc(t)]/7+(t) < oo with probability one and hence

X
lim sup X (@)

< 00 a.s. 4.5.54
t—o0 'Y+(t) ( )

With the usual notation that J(t) = |, !

o M(t—s)f(X(s))ds write

X _ 1XO)] O], 120
Yo(t) T oye(t) () ()

To finally derive the required bound on limsup,_, . | X (¢)|/v+(¢) estimate |J(¢)| using (4.5.54) (as was
done in the proof of Theorem 4.4.4, for example); conclude by plugging in this estimate above and
using (4.5.51).

The proof is essentially the same when L;(y4) = co. To show that
limsup,_, . | X (¢)|/7+(t) = 0 a.s. proceed as before in applying the argument of Theorem 4.4.4 but

note now that this will give limsup,_, . X¢(t)/v4+(t) < 3¢ for the comparison solution. The conclusion
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now follows readily.

It remains to show that limsup,_, . | X (t)|/7=(t) = oo a.s.. First assume to the contrary that there
exists an event {2y with positive probability on which limsup,_, . | X (¢)|/v-(t) =: L € [0,00). First
show limsup,_, . [J(t)|/7=(t) < co on an event of positive probability; work on Qs and estimate as

follows:

()] < M / (K + (1+ 9d(|X (s))]} ds

t

<MKt+ M +e)T sup ¢(|X(s)]) + M(1+ e)QmaX(l,L)/ B(v-(s))ds, (4.5.55)
s€[0,T] T

for T sufficiently large and ¢t > T (the last inequality uses Lemma 4.2.1). Divide by v_ and take the

limsup across (4.5.55); the final term on the right—hand side can be dealt with using the hypothesis

Lf(y-) € (1,00], the first two terms are o(y—) and thus limsup,_, . |J(t)|/7-(t) < co with positive

probability. Therefore the following holds on an event of positive probability

ozl X() | [X®)] | [J0)
e ) Sh?ii‘.fp{wt) T H()}“’O’

in contradiction of the fact that limsup,_,  |Z(t)|/v—(t) = 00 a.s.. O
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Chapter 5

Growth and Fluctuation in Linear

Volterra Summation Equations

5.1 Introduction

In contrast to the focus on nonlinear differential equations in the rest of this thesis, we now determine

conditions under which the linear Volterra summation equation
n
z(n+1) = Zk(n —z(j)+Hn+1), n>0 z(0)=EeR (5.1.1)
j=0

has unbounded solutions with additional growth properties. Volterra equations, both discrete and
continuous, have found myriad applications in the field of economics and it is this area of application
we have in mind throughout this chapter. In the context of economic growth models it is especially
pertinent to analyze qualitative features of unbounded solutions, such as growth rates and fluctuation
sizes. Moreover, in applications, it is important to understand the impact of random perturbations
and hence we show how our deterministic results extend naturally to handle stochastic forcing terms.

We assume henceforth that
ke(zh) (5.1.2)

and that the unperturbed, or resolvent, equation
rin+1) =Y k(n—4)r(j), n>0 r(0) =1 (5.1.3)
j=0
has a summable solution, i.e.
r e NZT). (5.1.4)

The summability of 7 can be characterised entirely in terms of the kernel k; in particular, r € ¢*(Z")

is equivalent to the characteristic equation condition

oo

1= k()2 U+ £0,  forall z € C with [2] > 1. (5.1.5)
=0

In the important and special case that k(n) > 0 for all n > 0, the condition (5.1.5) is equivalent to

Chapter 5 is based on the paper [17].
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Z;io k(j) < 1. Hence, a useful and sharp sufficient condition for r to be summable, which does not
require sign conditions on k, is 37 [k(j)| < 1.
The summability of r is intimately related to the boundedness of the solution to (5.1.1) under

bounded perturbations. In fact, it is true that:
(a.) If r is summable, then z is bounded if and only if H is bounded,
(b.) If, for every bounded sequence H, x is bounded, then r is summable,

(see Corduneanu [37] and Perron [99]). From (a.) it is clear that if H is unbounded, then so is
x. We seek to understand how more refined properties of unbounded forcing sequences H give rise
to corresponding unboundedness properties of x and in this sense our results are related to classic
admissibility theory for Volterra equations. The right-hand side of (5.1.1) defines a linear Volterra
operator and if this operator maps a space S onto itself then S is said to be admissible with respect to
the operator (cf. [51, 52, 53, 54, 55, 115, 116]). Typical admissibility results for operators of the type
considered in this paper assert that for every H € S, we will have € S (cf. Gripenberg et al. [50,
Theorem 2.4.5]), where S is a “standard” space (such as the space of bounded, convergent, periodic,
or (P sequences). In this context, the main contribution of the present work is to expand the collection
of admissible spaces for the discrete Volterra operator defined by (5.1.1) to spaces more germane to
economic applications (as opposed to the classic theory which studies spaces more appropriate for
applications in engineering and related areas). In particular, we show that if the unbounded sequence
H has an interesting property A which characterises its growth or fluctuation, then z possesses the
property A as well; in many situations the converse also holds (cf. Appleby and Patterson [14]).

We investigate both bounds on the fluctuations of solutions, and on exact rates of growth. H
is assumed to be unbounded, but its growth bounds are characterised, in the sense that there is an

increasing sequence (a(n)),>o with a(n) — 0o as n — oo such that

H

limsupM =: A|H]. (5.1.6)
n—oo a(n)

It is already known in the case when a(n) — +o0o as n — oo (and is increasing) that A,|H| finite

implies A,|z| finite (see, for example, Gol’dengershel’ [48]). We show that the existence of finite, zero,

or infinite values of A, |z| and A,|H| are closely linked. Specifically, let a be a monotone sequence with

a(n) — oo as n — oo, and define the sequence spaces

B, = {<g<n>>n>o limsupg(n)|/a(n) < +oo} ,

n—0o0

Bu(0) = { (gm0 i sup g ) =0}

Bo(+) = {(9(n))n>o slimsup |g(n)|/a(n) € (0,00)} 7

n—oo

(o) = { (an) 0 s imsup g(o)] ) = +0}.
n—oo

We show that = € V if and ounly if H € V|, where V is one of the spaces listed above (Theorem 5.3.1).
The aforementioned analysis is relatively straightforward and we expand upon it to establish more
refined properties of solutions by asking more of the forcing sequence H and the normalising sequence
a.

Results of the type described above are especially interesting if H is a stochastic process, since they
show that the large fluctuations in H determine those in x: we cannot get “smaller” fluctuations in z
than those of H, but neither can we get larger ones. The limits zero and infinity in equation (5.1.6) are

of special interest in probability theory. We provide examples when H is a sequence of independent
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5.1. INTRODUCTION

and identically distributed random variables in which a sequence a cannot be found so that A,|H| is
nontrivial (but that bounding sequences a4 can be found so that A, |[H| =0 and A,_|H| = +00).

Moreover, we characterise an important class of asymptotic growth. Define

= n 2 g(n 00 as n — 00, A := lim 79(11—1)
Gx—{(g( Nazo < g(n)] — — 00, A:= lim e 6[071}}7 (5.1.7)

and the following equivalence relation on the space of real-valued sequences:

Definition 5.1.1. (y(n)),>0 and (2(n))n>0 are asymptotically equivalent if y(n)—z(n) — 0 asn — oco.

We write y(n) =~ z(n) as n — oo, or y = z, for short.

The space G, is related to a class of weight functions first introduced by Chover et al. [35] and later
employed by Appleby et al. [9] to calculate rates of convergence to zero of solutions to linear Volterra
convolution problems. Intuitively, we use sequences in G to scale unbounded quantities of interest
in much the same way time—series or economic growth models are detrended; we are particularly
interested in conditions under which economically relevant growth properties are preserved by this
scaling process.

In fact, z € G if and only if H € G, and both imply lim,,_, ., 2(n)/H(n) is finite, nontrivial, and
can be computed explicitly in terms of k¥ and A (Theorem 5.2.1).

We also consider a larger class of sequences which are bounded by sequences in G\. Define, for

a € Gy, the space

BGay = {(g(n))n>0 9 Og) () is bounded} . (5.1.8)

The sequence A\,g in (5.1.8) is only defined up to asymptotic equivalence but one could of course choose
(Aag)(n) = g(n)/a(n) for definiteness. With the notation outlined above, x € BG,  if and only if
H € BG,,» and the sequence A,z can be taken as

(Aaz)(n) = (N H)(n) + Zr(j))\j()\aH)(n —J), asn— oo. (5.1.9)

Jj=1

The result stated above (Theorem 5.2.2) is of particular interest if the forcing term grows in a reason-
ably regular manner, but has proportional fluctuations around a growth path given by an increasing
sequence. This allows, for example, for cyclic growth in H around an exponential trend, leading to
similar cyclic growth in 2 (Proposition 5.2.1).

On the other hand, if H is experiencing fluctuations, and the large fluctuations of H can be crudely
bounded by an increasing sequence a, the asymptotic relation (5.1.9) shows how large fluctuations in
x arise as a “weighted average” of the fluctuations in H. In a sense, if the decay in k is relatively slow,
then r tends to experience a slower decay to zero (see Appleby et al. [9]), so the weight attached to
big values of A\, H in the past tends to be larger, and so the present impact of fluctuations in H in the
past lingers longer in the fluctuations in x. This mechanism also explains how fluctuations around a
growth trend in H propagate through to those in z.

We also prove nonlinear variants of each of the growth and fluctuation results outlined above. If
the linear term x(j) in the convolution in (5.1.1) is replaced by a nonlinear term f(z(j)) such that
f(@)/x — 1 as || — oo, then the nonlinear equation thus formed inherits all the growth properties of
the underlying linearised equation.

Our proofs primarily rely on the following variation of constants formula for the convolution problem

(5.1.1) which allows z to be written directly in terms of r and H (see, for example, Elaydi [46]):
z(n) = r(n)z(0)+ > r(n—HH(), n>1. (5.1.10)
j=1
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5.2. GROWTH RATES

Since our results frequently involve the quantity x/a, where a is a sequence which captures the growth
of the unbounded forcing term, another natural line of attack (following Appleby et al. [9] and Reynolds
[105]) would be to rewrite (5.1.1) as follows:

xn+ = x(4) H(n+1)
an 7 an+1)  a(n+1)’

S
Y
o

We can now let Z(n) = z(n)/a(n) for each n > 0 and consider the nonconvolution problem given by

n
Z(n+1) Z N2())+H(n+1), n>0,
7=0

where k(n, j) = k(n—j)a(j)/a(n+1) for each n. > 0 and j € {0, ...,n}. While this alternative approach
would likely lead to more general results, it would also offer weaker, or less precise, conclusions. Hence
we prefer to exploit the convolution structure of (5.1.1) and use the formula (5.1.10), as opposed to
its nonconvolution analogue (see Vecchio [120]); we believe this approach leads to results more likely
to be of use in economic applications where it is of interest to freeze the asymptotically autonomous

structure of the equation for the purposes of fitting to data and parsimonious modelling.

5.2 Growth Rates

Before stating and discussing our main results we first provide a brief motivation for our interest in
equations such as (5.1.1) and outline connections to applications.

When H = 0, the right-hand side of (5.1.1) defines an asymptotically autonomous convolution
operator. This is particularly desirable in the context of applications where we generally wish to keep
the structure of models time independent, not least because we prefer models with time—invariant
properties amenable to statistical inference. Another feature of (5.1.1) worth remarking upon is our
decision to write “H(n+1)” as opposed to “H (n)” when denoting the forcing term. Both formulations
are common in the literature but we prefer the former because we are expressly interested in applica-
tions to random forcing sequences. In particular, if H is a stochastic process and each random variable
H(n) is F(n)-measurable (for each n > 0), then z(n) is also F(n)-measurable. Hence the value of
x(n) is not known with certainty by observers of the system until time n; this is the natural setup for
problems arising in an economic context (and indeed in most other applications).

One well-known class of economic models which has a formulation closely related to (5.1.1) is the
classic linear multidimensional Leontief input—output model (see Leontief [74, 75]). In the Leontief
model, H represents final demand, z is output or production, and the contribution of the convolution
term is known as intermediate demand. Time lags reflect the fact that there is a delay between
production and satisfaction of final demand. Due to its linear structure, and the exogenous nature of
the forcing term, (5.1.1) is also reminiscent of classic time series models. For example, with appropriate
choice of H, (5.1.1) is particularly closely related to ARMA(p, ¢) and AR(c0) models (see, for example,
Brockwell and Davis [29]). Such models are often used to capture so—called long range dependence or
long memory phenomena, which have been shown to arise in a variety of applied contexts (see Baillie
[21], and Ding and Grainger [45]). In contrast to classical analysis of time series models, we focus not
on studying the autocovariance function of solutions but on pathwise properties of solutions inherited
from the exogenous forcing term.

Our first result below characterises the rate of growth of solutions to (5.1.1) in terms of the sequence
space Gy, defined by (5.1.7).
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Theorem 5.2.1. If k € (*(Z") obeys (5.1.5) and x is the solution to (5.1.1), then the following are

equivalent:
(a.) H € Gy;
(b.) z € Gj.

Moreover, both imply that

li = 2.1
A ey~ L (5:2.1)

where

L_lle eyt Ae0,1]. (5.2.2)

When A = 0 we see that the sum in (5.2.2) collapses to zero, so that L = 1. The quantity L
in (5.2.1) is always nontrivial (and finite) because the summability of r implies from (5.1.5) that
1- Z; “ok(F)M T #£0 for A € [0,1]. When £ is positive, there is a “multiplier effect” from the input
sequence k to the output x, because L > 1 when A > 0. Equally, there is no multiplier effect if A = 0.

In Section 5.4.1 we show how Theorem 5.2.1 can be used to deal with random forcing sequences which
have appropriate structure.

Our next result is similar in spirit to Theorem 5.2.1 but deals with more general growth of the type
characterised by the space BG,, z, defined by (5.1.8).

Theorem 5.2.2. If k € (1(Z") obeys (5.1.5) and x is the solution to (5.1.1), then the following are

equivalent:
(a.) H € BG(L,A;
(b.) x € BG,x.

Moreover, when H € BG »,

n

z(n) _ )+ Y ()N AH) (0 — j), asn — oo, (5.2.3)
atn) 2
and similarly, when x € BG y,
H(n) n—1
) = Zk N Ngz)(n —§ — 1), asn — oc. (5.2.4)
a(n
7=0

One feature of the asymptotic representations in Theorem 5.2.2 is particularly noteworthy. In both
(5.2.3) and (5.2.4) the summands decay rapidly to zero if A € (0,1) and hence the first few terms
in the resolvent/kernel sequence are most important. The kernel is in principle known (or could be
approximated by time series techniques in the case that H is a stationary process), so there is no
difficulty with regard to (5.2.4). However, there seems to be limited theory for small time or transient
behaviour of the resolvent, although some global results regarding the differential resolvent are available
(see, for example, Gripenberg et al. [50, Theorem 5.4.1]). Of course, in practice, the first few terms
of (r(n))n>0 can be easily calculated by hand and this will likely provide sufficient insight in many
instances.

As we will see momentarily, the main strengths of Theorem 5.2.2 are its generality and the conve-
nient asymptotic representations (5.2.3) and (5.2.4). We now extend Theorem 5.2.2 by showing that
H € U C BG,, if and only if x € U C BG,,», where the set U is endowed with additional growth

properties.
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We first address a type of “periodic—growth” which can be thought of as modeling the effect of
economic cycles on the long term growth rate of an economy. The following definition of an almost
periodic sequence is standard in the literature (see, for example, Agarwal [2], or, for a more detailed

exposition, Corduneanu [38]).

Definition 5.2.1. A sequence ™ = (w(n))nez s almost periodic if for each € > 0 there exists an integer

X (€) such that in any set of X consecutive integers there exists an integer N such that
|7(n 4+ N) —m(n)| <e, foreachn € Z.

We write m € AP(Z) for short.

The following definition of an asymptotically almost periodic sequence is also standard (see, for

example, Henriquez [61] or Song [114]).

Definition 5.2.2. A sequence m = (w(n))n>0 s asymptotically almost periodic if there exists sequences
€ AP(Z) and (¢(n))n>0 obeying ¢p(n) — 0 as n — oo such that m(n) = 1p(n) + ¢(n) for each n > 0.
We write m € AAP(ZY) for short.

For a € G, define the space of sequences

PGa = {(9(m)nz0  (9(n)/a(n), 50 € AAP(ZT)}. (5.2.5)

We are now in a position to state the following result which characterises a type of asymptotic growth

incorporating almost periodic cycles.

Proposition 5.2.1. If k € (X(Z") obeys (5.1.5) and x is the solution to (5.1.1), then the following

are equivalent:
(a.) H € PG x;
(b) x e PGa’)\.

Moreover, when H € PG, », the almost periodic part of x/a is given by

72 (n) )+ > r()Nru(n—j), nez, (5.2.6)

Jj=1

where Hja ~ g € AP(Z). Similarly, when © € PG, x, the almost periodic part of H/a is given by
oo
mr(n) )= D k(N (n—j—1), nez, (5.2.7)
7=0

where x/a ~ 7, € AP(Z).

The result above is similar to the work of Diblik et al. [44] in which the authors prove sufficient con-
ditions for the solution of a linear nonconvolution Volterra equation to have an asymptotically periodic
solution, when scaled by an appropriate weight sequence. Moreover, they show that the solution omits
an asymptotic representation which identifies the periodic component. In the aforementioned work,
and usually in the extant literature (see, for example, Gyéri and Reynolds [55] and the references
therein), the solution essentially inherits asymptotic periodicity as a perturbation of an underlying
non—delay equation. By contrast, in our result the periodicity of the weighted solution sequence is

inherited purely from the periodic behaviour of the exogenous forcing sequence.
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Proposition 5.2.1 also holds if almost periodicity is replaced simply by standard periodicity; in
other words, if the almost periodic part of H/a is periodic, then the almost periodic part of z/a is

periodic with the same period (and vice versa).

In the same spirit as the previous result, we consider the case when the forcing sequence H in
(5.1.1) has a stable time average when appropriately scaled by a sequence in G. Given a sequence
a € G and another sequence g, define the weighted average sequence (pa9(n))n>1 by

1 9(j)
n)=— === for each n > 1.
(Hag)(n) n;aj) >

Now, for a € G, define the space of sequences

AGyp = {(g(n))n>0 : zgz% ~ (Aqg)(n) is bounded and nler;o(uag)(n) exists} .

Proposition 5.2.2. If k and the solution r of (5.1.3) are summable, and x is the solution to (5.1.1),

then the following are equivalent:
(a.) H € AGg z;
(b) x € AGay)\,

Moreover, if H € AGy x and lim,, o (1o H)(n) =: poH*, then

. o H*
lim (pex)(n) = 5 NUIER
n~>oo( )( ) 1 — Zj:O .k(]))\-]+1

Similarly, if v € AGgx and limy,_, oo (pex)(n) =: pex™, then

o0

. . +1

lim (paH)(n) = paa™ | 1= k(N7
§=0

The most natural context for the result above is when the forcing sequence H is random and an

ergodic theorem can be applied to conclude that H has stable time averages; we consider an elementary

example of this type and invite the interested reader to consider others of similar character.

Example 5.2.3. Suppose (2, B(R),P) is a probability space and (h(n))n>o0 is a stationary sequence of

random variables (not necessarily independent). In other words,
Plh(n1) € Bi,...,h(n,) € By] =Plh(ny + k) € By,...,h(n, + k) € By]

for any nonnegative integers n; < ng < ... < n,, Borel sets By, ..., B,, and positive integer k. Suppose
further that the h(n)’s are bounded on the a.s. event Q. Let H(n) = h(n)a™ for each n > 0 and some
a € (1,00). Hence we may choose (a(n))n>0 = (" )n>0 € G1/qa, s0 that (H(n)/a(n)),>o is bounded

n

on Q. By Birkhoff’s ergodic theorem, lim,_, % ijl h(j) =: uo H* exists on an event of probability

one, say Qa. Applying Proposition 5.2.2 on the a.s. event Q := Q1 N Qo yields

1l . . woH™
lim — E alz(j) = = - .
n—oom ) 1- ijo k(j)a~ @+

a.s.
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5.3 Fluctuations and Time Averages

We now explore fluctuations of the solutions to equation (5.1.1). Suppose (a(n)),>o is an increasing

sequence with a(n) — oo as n — oo. For any sequence (y(n)),>o define

Aqly| = lim sup M (5.3.1)
n—00 a(n)
Our first result illustrates the close coupling of the quantities A,|x| and A,|H| when k and r are

summable.

Theorem 5.3.1. Suppose a is an increasing sequence with a(n) — oo as n — oo. If k € (1(Z*) obeys
(5.1.5) and z is the solution to (5.1.1), then

(a.) Aolz| =0 if and only if Ao|H| = 0;
(b.) Aglz| € (0,00) if and only if Ay|H| € (0,00);
(c.) No|z| = +00 if and only if Ag|H| = +o0.

In case (a.) fluctuations in = can be no larger than the size of the fluctuations present in H, and vice
versa. Similarly, if we observe fluctuations of a certain order of magnitude in either x or H, fluctuations
of the same order must have been present in the other sequence (case (b.)). Finally, fluctuations in
the forcing sequence H must lead to fluctuations at least as large in the solution sequence x, and vice
versa. While still applicable in a deterministic setting, the result above is more natural and useful
when the forcing sequence is random and we employ Theorem 5.3.1 in this context in Section 5.4.2.

The next set of results provide bounds on time-averaged functionals of the solution to (5.1.1). The
need for results of this type arises frequently in a variety of applications, particularly when H is a

stochastic process (see Appleby and Patterson [14, Section 3.8] for sample applications).

Theorem 5.3.2. Suppose k € ¢*(Z*) obeys (5.1.5) and x is the solution to (5.1.1). If ¢ : [0,00)

[0,00) is an increasing convex function, then

1< 1<
limsupﬁzqmz(j)\) < limsupﬁ Z¢(|7’|1 [H (7)) -

Similarly,
n

timsup > G(HG)) < lmsup > 6((1+ [KDl().

j=0 j=0
We remark that the non—unit multipliers inside the argument of ¢ in the result above are not
entirely an artefact of the method of proof, although neither is our estimate sharp in general. We
illustrate this point with a short example in which the sequence H is random. As usual, we defer the

proof to the end.

Example 5.3.3. Let 0 > 0 and suppose H is a sequence of independent and identically distributed
normal random wvariables with mean zero and variance 0. Let x(0) be deterministic and suppose

r € (X(ZT). By the strong law of large numbers,

LN 2 2
nh—{r;oEZOH () =0" as.
]:

oo
Jj=n

Furthermore, if lim,, o, log(n) Yoo r%(j) = 0, then it can be shown that

RN :
Jim =37 a2() = 0 3o ) = 0% (Irl2)” as,
j=0
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where ||y denotes the £2-norm of v. In the context of this evample, applying Theorem 5.3.2 with

é(x) = 2% would enable us to conclude that

n

1
lim sup — Zx ) < (Ir]1)? hmsup ZHQ =02 (Irl)* a.s.

Since ([r]2)? < (Jr|1)? in general, usually with strict inequality, the aforementioned lack of sharpness

in the conclusion of Theorem 5.3.2 is immediately apparent.

With a slight strengthening of hypotheses on ¢ we can immediately prove a very useful corollary
regarding the finiteness of time averaged functionals of the solution to (5.1.1). We first require the

following standard definition.

Definition 5.3.1. A nonnegative measurable function ¢ is called O—regularly varying if

p(Ar) p(Az)

0 < liminf < limsup ——= < oo, for each A > 1.
a0 G(z) T aoeo O(T)

While the definition above may seem somewhat restrictive, it turns out that if ¢ is increasing and
limsup,_, ., ¢(Az)/p(x) is finite for some A > 1, then ¢ is O-regularly varying (see Bingham et al. [27,
Corollary 2.0.6, p.65]). We now state the aforementioned corollary to Theorem 5.3.2 without proof.

Corollary 5.3.1. Suppose k € (1(Z") obeys (5.1.5) and z is the solution to (5.1.1). If ¢ : [0,00)
[0,00) is an increasing, convex, and O-regularly varying function, then the following are equivalent:
(a.)
li
1mHsO%p - Z o(|z(4)
(b.)
lim sup — Zd) |H(j)

—)oon

5.4 Examples & Stochastic Perturbations

5.4.1 Growth

The space G contains many well-behaved sequences covering a wide range of growth, from very slow
to very rapid. To see this, it is useful to introduce notation for iterated logarithms and exponentials.
For any positive integer k, we define inductively the iterated logarithm log (x) = log(log,_;(x)) for
k > 2 and log;(z) = log(z) (for appropriate positive x), and the iterated exponential exp,(z) =
exp(expy_q(x)) for k > 2 and exp, (z) = exp(z) for all z > 0.
For examples in G consider a sequence asymptotic to H;(n) where
J
H(n) = [ (log;(n))"

i=1

where j is a positive integer, and ([%)f:1 are any real numbers such that the first non—zero entry in

the sequence f is positive. We also can take a sequence asymptotic to Hy(n), where 6 > 0
Hy(n) = n? Hy(n)

and there is no restriction on the sequence § in Hy. Hz(n) = n% for 6; > 0 is another example in

G1. Sequences which grow faster than positive powers of n, but slower than exponentially are also
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admissible. For instance, sequences asymptotic to

Hy(n) = exp(an®)
for « > 0 and 0 € (0,1), or even asymptotic to Hs(n) = Hy(n)Hs(n) (without restriction on 6 or
B in Hy), are also in G;. For examples of sequences in G for A € (0,1), we have sequences which
grow geometrically or are dominated by a geometric growth component. Such sequences include those
asymptotic to Hg(n) = A™" or

Hz(n) = He(n)Ha(n)Hz2(n)

where there is no restriction on 6; or 8 in Hs, nor on 6; in H4. Finally it can be seen that G contains

many sequences which grow faster than any geometric sequence. Examples include
Hg(n) = Hy(n)

where a > 0 and 05 > 1, Hg(n) = n!, and Hyg(n) = exp;(n) for any integer j > 2.

Example 5.4.1. The sequences considered so far are deterministic and growing; within the class of
growing stochastic processes some sequences reside in Gy while others do not. Consider for instance
the random walk with drift

H(n) = pn+3 Y(j), n>1

where i # 0 and the Y’s are independent and identically distributed random variables with E[Y (5)] = 0
and E[|Y (§)|] =: 1 < +oo. We further assume that

PlY(n)=c] <1 for all c € R, (5.4.1)

so that the Y'’s are meaningfully random, and are mot almost surely constant. By the strong law of

large numbers,
H
lim (n) =pu#0, a.s

n—oo N

so |H(n)| is asymptotic to the sequence |u|n which is increasing, and H is clearly in Gy, despite the
fact that the sequence |H| is not monotone increasing or even ultimately monotone. To see this, take
without loss pn > 0 and suppose that P[Y (j) < —u] > 0. This will certainly be true if each Y has a
distribution supported on all R. Therefore

P[H(n+1)— H(n) < 0] =Plu+Y(n+1) < 0] >0,

so at each step there is a constant and positive probability that H decreases. Moreover, as the events
{Y(j) < —u} are independent, it is true that

P[H(n+ 1) < H(n) for somen > m] =1, for each m € N,

so not only is H non—monotone almost surely, it is also ultimately non—-monotone almost surely.

Example 5.4.2. An example of a sequence that is not in Gy (in general) is the geometric random

walk. Suppose p > 0 above and consider the sequence
n

H(n) =exp ;m—|—ZY(j) , n>1 (5.4.2)

J=1
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where the process Y is as in FExample 5.4.1. Clearly,

H(n—1) — e HeY ()

H(n) ’
so limy, oo H(n — 1)/H(n) exists if and only if Y (n) tends to a finite limit. But as the sequence Y
consists of independent and identically distributed random wvariables, which obey the non—degeneracy
condition (5.4.1), this is impossible. Hence, the growing geometric random walk is not in G, for any

A €[0,1].

To determine the asymptotic behaviour of = for less regular forcing sequences requires further
assumptions on the data, and weaker conclusions. Here is an example of the type of result that can

be established: we work with the geometric random walk from (5.4.2) for definiteness.

Theorem 5.4.3. Suppose that u > 0 and that H is the geometric random walk given by (5.4.2). Let
x denote the solution of (5.1.1) and suppose £(0) > 0. If k is non-negative, with Z;io k(j) <1, then

xz(n) >0 for alln >0 a.s., x(n) — c0 as n — 0o a.s. and

1
lim —logz(n)=p, a.s.

n—o00 N

Proof. Consider the sequence (log H(n)),>o and apply the strong law of large numbers to obtain

1
lim —logH(n) =p, a.s.

n—o00 N

Suppose that 2* is the almost sure event on which this limit prevails. Since k£ is non—negative, we
have that 7 is summable because 3 72 k(j) < 1. Clearly we have that z(n) > 0 for all n > 0 a.s. and
furthermore that xz(n) > H(n) for all n > 1 a.s. Hence

1
liminf —logx(n) > u, a.s.
n—oo N

On the other hand, for every w € Q* and € > 0, H(n) < e*t9)™ =: h (n) for all n > N(e,w). Then we

have
n

z(n+1) <h(n+1)+ Zk(n —jz(j), n>N(ew)+1.
j=0

Define 2*(€) = maxo<;j<n(ew)+1 £(j), so that
z(n+1) <z*(e), n=0,...,N(c,w).

Hence, with H (n) := e#+9" 4 2*(e) for all n > 0, we have the inequality

2(n+1) < H(n+1)+ Y k(n—jz(j), n>0; 2(0)=&>0.
j=0

Now, consider the solution of the summation equation

n

ze(n+1)=He(n+1)+ Y k(n—jz(j), n>0; x(0)==z(0)+L
j=0

By construction, z(n) < x.(n) for all n > 0. Moreover, z. omits the representation

n

ze(n) = r()[E+1]+ ) r(n—He(j), n=>0,
j=1
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from (5.1.10). Notice now that H. is in G for A = e~ (#+). By Theorem 5.2.1,

: T (n) _ 1 .
e rew i SF k(j)e-wraGH) L(e).

Jj=0
Hence, for each w € Q* and € > 0, we have

z(n,w) <

lim sup Gon L(e).

n—oo €

Therefore )
limsup — logz(n,w) < p+e¢€, for each w € Q*.

n—oo T

Finally, letting ¢ — 0T in the equation above and combining with the limit inferior yields

1
lim —logz(n) =p, as.

n—,oo n

5.4.2 Fluctuation

We first sketch a general framework for dealing with forcing sequences comprised of independent and
identically distributed (i.i.d.) random variables and then demonstrate how Theorem 5.3.1 can be
applied in the presence of stochastic perturbations.

Suppose H is a sequence of i.i.d. random variables with common distribution function F'. For ease
of exposition assume the distribution is continuous and supported on all of R.

Since each random variable H(n) has distribution function F' we have
P[|H(n)| > Ka(n)] =1— F(Ka(n)) + F(—Ka(n)).

For each K € (0,00) and sequence (a(n))n>0, define
S(a, K) = Z{l — F(Ka(n)) + F(—Ka(n))}. (5.4.3)
n=0

Since the events {|H(n)| > Ka(n)} are independent, the Borel-Cantelli Lemma implies that

0, if S(a, K) < )
Pl|H(n)| > Ka(n) i.0] = if S(a, K) < oo
1, if S(a,K) = +oc.
Therefore, for each K > 0 such that S(a, K) < 400, there is an a.s. event 2} such that

H
Aa|H|:1imsup| (n) <K,
n—00 a(n)

+
n Q5.

Similarly, for each K > 0 such that S(a, K) = 400 we have that there is an a.s. event Q5 such that

H
Ag|H| = limsup |H ()] > K

on Q5.
n—00 a(n) - K

It is sometimes possible, for a carefully—chosen sequence a and number K, to produce a sequence
Ka(n) for which S(a, K) is either finite or infinite. This will generate upper and lower bounds on
the growth of the sequence (|H(n)|)n>0, and thereby (via Theorem 5.3.1) allow conclusions about the
growth of the fluctuations of x to be deduced.
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We now present a ubiquitous example in which one can find a sequence a for which A,|H| € (0, c0).

Example 5.4.4. Suppose that H(n) is a sequence of independent normal random variables with mean
zero and variance o > 0. If a(n) = /2logn, then it is well-known that, for each € € (0,0), we have

S(a,0+¢€) <400, S(a,0—¢€) =+o0.

Therefore, there are a.s. events QF such that

|H (n)]|

H
limsup ——= >0 —¢€, a.s. on 2, and, limsup | H ()|

n—oo \/210gn - n—oo \/QIOgTL

Now consider @ = {Necgn(0,0)2 } N {Necan(0,0) }- By construction, Q* is an almost sure event

<o+4e as on Qj‘

and

H
limsup ——=— =0, on Q" (5.4.4)
n— 00 2 logn

0 < lim sup R < 400, a.s.
n—oo V2logn
In fact, scrutiny of the proof of Theorem 5.3.1 shows that there are deterministic constants K1 and Ky
which depend on K (but not on o) such that

x(n
Kio < limsup M < Kso, a.s.
n—00 2 IOg n
In fact, we can generalise the conclusion of the previous example if (H(n)),>0 is a sequence of i.i.d.
random variables with appropriately “thin tails”. We first define the class of super—slowly varying

functions as follows:

Definition 5.4.1. A measurable function ¢ is called &-super—slowly varying (at infinity) if the limit

L€ (@)
ST

holds uniformly for some A > 0 and each § € [0,A]. We sometimes write £ € E-SSV for short.

The class of super—slowly varying functions arises naturally in extreme value theory and, in partic-
ular, in the context of inverting asymptotic relations involving slowly varying functions (see Anderson
[3], and Bojanic and Seneta [28]). The cited works, as well as the classic volume of Bingham et al. [27,
Ch. 3], give various convenient sufficient conditions for the definition above to hold; in many situations
these conditions are preferable to verifying the definition directly. For example, if ¢ is slowly varying

and £ is non—decreasing with

=1+o0(1/logé(x)), as  — oo, for some A > 1, (5.4.5)

then ¢ is &-super—slowly varying. Similarly, if ¢ is continuously differentiable, the condition (5.4.5) can

be replaced by
xl' (x)

{(x)

We employ super—slow variation here as a convenient way to capture rapid decay in the tails of the

is o(1/log&(x)) as x — oc.

distribution function which is sufficiently general that it includes most commonly used thin tailed
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distributions.

Theorem 5.4.5. Let (H(n)),>0 be a sequence of i.i.d. random variables supported on R with con-
tinuous symmetric distribution function F. Define G(x) = 1 — F(x) for each x € R. If G~*(1/x) is

u-super—slowly varying as x — oo with p : (0,00) — (1, 00) non—decreasing and obeying

- 1
- < 00, for some 6" € (0, 4], 5.4.6
> (0.4] (5.46)
then o
lim sup |H(n)] =1 a.s.

oo G (1/n)

Remark 5.4.1. Under the hypotheses of Theorem 5.4.5, G=1(1/x) is slowly varying as x — oo, since
w(x) = 00 as x — 0o is a consequence of assuming that p is non—decreasing and obeys (5.4.6). Hence
G € RVy(—0o0) and F' € RV_o(—00). We also note that symmetry in the tails of the distribution
function is not an essential feature of the result stated above and this could be relaxed in the spirit of
Theorem 5.4.8 below.

It follows that if H is a sequence of random variables satisfying the hypotheses of Theorem 5.4.5,
then applying Theorem 5.3.1 (which requires that k and r are summable) will show that the solution
to (5.1.1) obeys

|z(n)]|

: )
1 —_— 8.
0< lrrgsong—l(l/n) <00 a.s.,

generalising the conclusion of Example 5.4.4.

Example 5.4.6. We now provide some straightforward examples of common distributions and slowly
varying functions which satisfy the hypotheses of Theorem 5.4.5. For the moment let p : [0,00) +—
(1,00) be an arbitrary increasing and divergent function.

First, we take an example of a function which grows particularly rapidly within the class of slowly
varying functions but is still easily seen to be super—slowly varying (one could of course construct
a distribution function with corresponding tails). Let G=1(1/x)/exp(log®z) — 1 as x — oo, with
a € (0,1). Now check the definition of super—slow variation (with 6 = 1) directly as follows:

G (1 ap(z) a a
Jim o) Jim_exp (log® (zu(x)) — log®())

= exp (ng;o log®(zp(zx)) — loga(x)) .

Define £(x) = log®(zu(z)) — log®(z) = (logz + log u(z))* — log®(x) for x > 1. If we can choose
such that limg o0 &() , then G=1(1/x) € u-SSV. Apply the mean value theorem to & to yield

&(z) = a(logz + 0, log pu(x))* " log u(x),
for some 0, € [0,1]. From this simple estimate we can see that

11—«
lim &(x)log T

=1.
2% arlog ()

Hence we could choose p such that p(z)/ logﬁ x — 1 asx — oo with § > 1 and obtain lim,_, £(z) =0,
as required. This choice would also provide a (u,d*) pair satisfying the summability condition (5.4.6),

since

- 1

257<oo7 for each 5> 1,
nlog”(n + 1)

n=1
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by the Cauchy condensation test.
In the case of the normal distribution with variance o®, G=1(1/x)/\/20%logz — 1 as x — oco. We

once more choose 6 = 1 and in this instance we require

2
lim (l/ac,u _ V202 log( xu L4 Tim log(u(x))
reo (1/33) JUHOO V202 log(z) v=o0  log(z)

A sufficient condition for the limit above to hold is lim,_, log(u(x))/log(z) = 0. Hence we could
choose i such that ,u(x)/logﬁx — 1 as x — oo with B > 1, as in the previous example, and satisfy
both condition (5.4.6) and the requirement that G=1(1/z) € u—-SSV.

In many applications, particularly in economics and finance, it is important to understand the
behaviour of systems driven or corrupted by random noise which is characterised by slow decay in the
tails of the related distribution function — so—called “heavy tailed” distributions. Our next example

provides a simple application of our results in such a situation.

Example 5.4.7. We consider the case of a symmetric heavy tailed distribution with power law decay
in the tails. Suppose that H(n) are i.i.d. random variables such that there is « > 0 and finite ¢1,co > 0
for which

7F(x) =, lim 71 — Flo) = Co.

T—>—00 |1‘|_a T——+00 T«

If ay and a_ are sequences such that

D ap(n)™* <400, Y a_(n)""=+ox,
n=0 n=0

then S(K,a;) < 400 for all K > 0 and S(K,a_) = +oo for all K > 0. Therefore, for all K > 0,
limsup,,_, . |H(n)|/as(n) < K, on Qf. The event QT = Ngeq+ Q) has probability one and

H
lim sup [H(n)]

=0, onQt.
n—oo  A4(n)

On the other hand, for all K > 0 there is an a.s. event Q. such that
limsup,,_, . [H(n)|/a—(n) > K on Q. Consider the event Q= = Ngez+Qp. Then Q™ is an almost
sure event and we have

lim sup |H(n)] =400, on".
n—o00 a—(n)

Finally, construct the a.s. event Q* = QT N Q™ and notice that

H H
| (n)|:0’ limsup| (n)|: , on Q.

lims
imsup msup - e

n—oo  A4(n)

Applying part (a.) of Theorem 5.3.1 with a = ay and part (c.) with a = a—_, we obtain

[2(n)| =0, limsup 2l _ on QF.

= +00
n—oo A— (n) ’

lim sup
n—oo a4(n)

We now try to choose ay and a_ “close” to one another, in an appropriate sense. For every e > 0

1/ate

sufficiently small take ax(n) to be ar.(n) =n . First, from the existence of the sequences a+. we

conclude that there are a.s. events Q7 and QF such that

|z(n)|

|z(n)] +
o= =0, onQ

nl/a-i—e - €’

= +o00, on ) and limsup
n—oo

lim sup
n—oo M
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Now we seek e—independent limits. We conclude from the limits above that

1 1
] oglx(n)]

> ——¢€ onfl, and limsup
n—oo  logmn o n—oo  logmn

1
< —+e, oan.
«o

Finally, by constructing the a.s. event Q* = {Ncco+ QT } N {Neecq+ Qo }, it follows that

lim sup M = l, @.S.
N 00 logn o
While the preceding example is in some ways quite special, it is worthwhile pointing out one aspect
which is generic. If the sequence of i.i.d. random variables (H(n))n>o has a generalized power law
decay in the tails, it is not possible to find an increasing sequence (a(n)),>o tending to infinity which
characterizes the partial maxima of (H(n)),>¢ in the sense of (5.4.4). Hence there was no possible
“smarter choice” of the sequences (a4 (n))n>0 in Example 5.4.7 that could have given us information
of the same quality as in Example 5.4.4; this also demonstrates the practical merit of parts (a.) and

(c.) of Theorem 5.3.1. The following result makes the claim above precise.

Theorem 5.4.8. Let (H(n))n>0 be a sequence of i.i.d. random variables supported on R with contin-

wous distribution function F. Suppose that one of the following holds:
(i.) 1 — F € RVoo(—a) for some a > 0 and lim, oo (1 — F(x))/F(—x) = oo;
(ii.) F € RV_o(—a) for some a > 0 and lim,_,oo(1 — F(2))/F(—z) = 0;
(iii.) 1 — F € RVoo(—a) for some a > 0 and limy_,oo (1 — F(2))/F(—2x) = L € (0,00).
For each positive, increasing (deterministic) sequence (a(n))n>o0 which tends to infinity, either

H H
lim sup H(n)] =0 a.s., or limsup |H(n)] =00 a.s. (5.4.7)
n—o00 a(n) n—o0 a(n)

We emphasise the fact that a is a deterministic sequence in the result above because one could
choose the a.s. increasing random sequence a(n) = maxi<j<n |[H(j)| for each n > 0 and obtain
nontrivial limits in (5.4.7). However, understanding the stochastic process H in terms of the closely
related process (maxi<j<n |[H(j)|), >, clearly does not provide the same insight as a result such as
Theorem 5.4.5. The case when the distribution function has symmetric tails is trivially included in

case (ii1.) of the result above and hence it applies to our earlier example of power law decay.

5.5 Linearisation at Infinity

Consider the nonlinear Volterra summation equation given by

sn+1) = Hn+1)+ Y k(= i), n>1 (0)=¢ (5.5.1)
Jj=0
where f obeys
f e C(R;R). (5.5.2)

Most models of macroeconomic growth have nonlinear equations of motion for one or more state vari-
ables; however, in many cases, these equations contain a term which is linear in the state. Furthermore,
based on standard economic considerations, the nonlinear terms in these models are generally sublinear

at infinity (in the sense that lim|,|_, g(x)/2 = 0). For example, consider the seminal discrete time
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Solow model with no technological progress or population growth (see Solow [113] or, for a more mod-
ern account, Acemoglu [1]). The evolution of output per capita k is given by the nonlinear difference
equation

k(n+1) = f(k(n)) := (1 = 9)k(n) +sg(k(n)), n>0, (5.5.3)

where g obeys limg_,~ ¢'(k) = 0 (due to the Inada conditions on the aggregate production function),
d € (0,1) is the rate of depreciation per time period and s € (0,1) is the exogenous savings rate. The
structure of the nonlinearity highlighted above is, in some sense, generic and can be found in many of
the macroeconomic growth models subsequently developed from the basic Solow model. The aforemen-
tioned linear leading order behaviour is also found in analogous macroeconomic models incorporating
delays (see d’Halbis et al. [43, Example 4.2] for a neoclassical growth model with delay). Hence it is

natural, in this context, to assume that the nonlinear function f in (5.5.1) obeys

lim @ =1, lim @

T—00 I r——00 I

=1. (5.5.4)

Under the hypothesis (5.5.4), it is reasonable to conjecture that = may have similar asymptotic be-

haviour to its “linearisation at infinity”, which solves the equation

n

y(n+1)=Hn+1)+Y kn—5y@G), n>1; y0)
=0

¢. (5.5.5)

The next result goes some distance to supporting this claim. It can then be used as a lemma to establish
results on the fluctuation and growth of the solution to (5.5.1), once the growth or fluctuation of the

sequence H is sufficiently well-understood.

Theorem 5.5.1. Let x and y denote the solutions to (5.5.1) and (5.5.5) respectively. Suppose that
k € (Y(Z*) obeys (5.1.5) and that f obeys (5.5.2) and (5.5.4). If (a(n))n>0 is an increasing sequence
such that

lim su M
P < 400,
n—o00 a(n)
then
lim sup M < 400, and lim M =0.
nooo  a(n) n—00 a(n)

The result above shows that when Ay|H| € (0,00), not only is A,ly| € (0,00), but also A,|z| =
Aqly); in other words, the solutions to (5.5.1) and (5.5.5) are coupled together so that the difference
between them is always o(a(n)) as n — oo. Moreover, we have shown that x(n)/a(n) = y(n)/a(n) as
n — oo and hence we can prove a corollary of Theorem 5.5.1 which constitutes a nonlinear version of
Theorem 5.2.2.

Theorem 5.5.2. Let x denote the solution to (5.5.1), and suppose that k € (*(Z") obeys (5.1.5). If f
obeys (5.5.2) and (5.5.4), and G is defined by (5.1.7), then the following are equivalent:

(a.) H € BGqx;
(b.) © € BGq.».

Moreover, when H € BG, »,

xEZ; ~ (AH)(n) + Y r(i)N (AaH)(n - j), asn — oo, (5.5.6)

Jj=1

S
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and similarly, when x© € BG, ),

n—1
I:<(:>) ~ (Aaz)(n) = > KN T (Naz)(n — j — 1), as n — oo. (5.5.7)
j=0

Similarly, it is straightforward to generate nonlinear versions of Theorem 5.2.1, Proposition 5.2.1,
and Proposition 5.2.2 using the same line of arugment used to establish Theorem 5.5.2.
Theorem 5.5.1 has another nice corollary when H obeys the hypotheses of Theorem 5.3.1, and in

fact the solution of the nonlinear equation inherits the fluctuation bounds seen in (5.1.1).

Theorem 5.5.3. Let x denote the solution to (5.5.1) and suppose that k € (*(Z%) obeys (5.1.5).
Suppose further that f obeys (5.5.2) and (5.5.4). If (a(n))n>0 is an increasing sequence such that
A |H| € ]0,00], then

(a.) Aglz| =0 if and only if Ay|H| = 0.
(b.) Aglz| € (0,00) if and only if Ag|H| € (0,00).
(c.) Aglx| = oo if and only if Au|H| = 0.

The proof of the forward implications of (a.) and (b.) can be read off from Theorem 5.5.1. The

reverse implications can be established by rewriting H in terms of z according to
H(n+1)=x(n+1) =Y k(n—j)f(x(7), n=1,
§=0

and using (5.5.2) and (5.5.4), as well as results concerning the growth of convolutions (see Lemma 5.6.1),
to bound the right hand side. As to the proof of the last part, take as hypothesis that A,|H| = oo.
Suppose now that A,|z| < oco; then applying part (b.) gives a contradiction, so A,|H| = oo implies
Aglx| = co. If, on the other hand we take as hypothesis that A,|z| = 0o, and suppose that A,|H| < oo,

applying part (b.) again gives a contradiction. Hence A,|z| = oo implies A,|H| = oo.

5.6 Proofs

5.6.1 Proof of Theorem 5.2.1

First note that the proof of Theorem 5.2.2 does not depend on the conclusion of Theorem 5.2.1
whatsoever. If H € G, then H € BG, ) with a = H and A\, = 1. Hence Theorem 5.2.2 implies that

- z(n)
A2 H ()

= 1+ir(j)>\j. (5.6.1)
j=1

When A =0, lim,, oo x(n)/H(n) = 1. If XA € (0,1], we claim that

o) N 1
ZT(])A _1_200 k’(j))\j"'l,

=0 =0

since r € ¢1(ZT). To see this first note that both (E?’:O r(j))\j)N>0 and
(Z;V:o k(j))\j+1)N>0 are Cauchy sequences because r € (*(Z*) and k € ¢*(Z"). Furthermore, by the

same considerations, the limits of these sequences are finite. Recall that
n—1

r(n) =Y k(n—1-jr(j), n>1, r0)=1
j=0
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Suppose N > 1 and calculate as follows:

N N n-—1 N n—1
rA" =14 > k(n—1—j)r()A" =1+ > k(l)r(n — 1 — HAFIA?
n=0 n=1 j=0 n=1 =0
N N
=14 k@A ( > orn—l—1At!
=0 n=I[+1
N N—-I1+1
=14 k(AT ( > r(m))\m> .
=0 m=0

Hence

ir(j))\j =1+ (i k(l)/\l+1> (i r(m))\m) ,  when A € (0,1].

§=0 1=0 m=0

Rearrange to obtain
> : 1
N —
2T 0¥ = T e

=0

when X € (0,1].

Note that the right-hand side of the equality above is finite due to (5.1.5). Combine the calculation
above with (5.6.1) to obtain

lim z(n) _ !
n—oo H(n) T 1-— Eloio k:(l))\l"'17

when X € [0,1].

The above limit clearly implies that x € G also.

Similarly, if £ € Gy, then © € BG, » with a = z and Az = 1. By Theorem 5.2.2 and equation
(5.2.4), we have

lim
n— o0

) _y ik(j)/\j“.
) T2

By analogous considerations, the limit above suffices to prove the converse claim.

5.6.2 Proof of Theorem 5.2.2

First assume that H € BG, » and show that (5.2.3) holds; it is clear that © € BG, » follows from
(5.2.3). Since H € BG, , there is a bounded sequence ((A,H)(n))n>0 such that

. _H0)| _
[ - 2] o,
for some (a(n)),>0 € Ga. From (5.1.10), we have that
ZEZ; — Ij((g + T(Zzzgo) + a(ln) __ r(n—HHG), n>2. (5.6.2)
Hence
20— utn) = Y- rON Qa0 < |20 (r, )0+ 120
a(n) 2 a(n) a(n)
+ 3 r(n — j)H(‘]) - zn:r(l))\l(/\aH)(n -0, n>2. (56.3)
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The first two terms on the right—hand side above clearly tend to zero as n — oo and thus it remains to
show that the final term also has limit zero. Let € > 0 be arbitrary in what follows. Since H € BG, »,
there exists Ny (e) > 2 such that

a(n)

— (MNH)(n)| < e, for all n > Ny(e). (5.6.4)

Given Nj(e), since a € G and r € £*(Z7T), there exists No(e) > 1 such that

Ni—
1
) > r(n—j)H(j)| <e for all n > Ny(e) and j € {1,..., N3 + 1}. (5.6.5)
n
=1
Similarly, because r € £'(Z7), there exists N3(e) > 1 such that 3372y |r(j)| < e. Finally, since a € Gy,
there is an Ny(e) > 1 such that

a(n — j)
a(n)

First concentrate on the final term on the right—hand side of (5.6.2) and decompose as follows:

— M| <, for all n. > Ny(e).

n—1 H(] ~ H(]) ;1 =l N |
j:lr(n 7) a(n) ZZ: a(n) +a(n) j;Nlr(n ])a(J){a(j) (AaH)(J)}
n—1
S - DA, N+
a(n) P

Splitting the final term in the expression above, with n > N7 + N3 + 3, then yields

n—1 » H(j B lelr . H(j) 1 n—1 R H(j) - b
j:1r(n Do) = ; =95y * ot j;l (n—3) (J){a(j) (AGH)(j)}
1 n—Nz—2 Ns+1
i ST rn—j)al) A H)( a(n — )\ H)(n —1), (5.6.6)
Jj=N1 —

where the order of summation was reversed in the final term. Subtract

S r(DA (A H)(n — 1) from the expression above and take absolute values to obtain

n—1 . n Ny—1
ZT("_j)f((rf))_ZT(Z)AI(AGH)(”‘” <| 2 - J)f((,f) (5.6.7a)
Jj=1 =1 j=1
S oo aG) [[HG) |
+j:ZNl Ire =N e | e (AaH)(J)’ (5.6.7b)
n—N3z3—2 ()
+ Y =9 ’a(i)‘l(AaH)(j)l (5.6.7¢)
Jj=N1
Nz+1 )
T Z| ) =N (AaH)(n 1) (5.6.7d)
+ Z OIN (A H) (0 = D), (5.6.7¢)
l=N3+2

which is valid for each n > Niy + N3 + 3. Now let n > N; + Ny + N3 + Ny + 1; the term on the
right-hand side of (5.6.7a) is less than € for all n > N3 by construction (see (5.6.5)). Estimate the
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right-hand side of (5.6.7b) as follows:

a(j)
a(n)

o - o<« & v 2

Jj=N1

<eAlr|,

S rin -

Jj=N1

where we have used that a(j)/a(n) can be uniformly bounded by A > 0 and that the summation index
started at Ny (see (5.6.4)). Next estimate the term in (5.6.7¢):

n—Ng—2 . n—N3—2 oo
S lr(n—j) ) on 1) () < A4 S rtn-HI<AA Y (@) <€A,
a(n)
Jj=N1 j=N1 I=N3+2

where \, H was uniformly bounded by A > 0 and we also used the definition of N3(¢). Now note that
n — N3 —1 > N, and hence that we may estimate from (5.6.7d) as below:

N3+1

Z Ir(

The estimation of (5.6.7e) is handled by simply noting that A € [0,1], » € ¢}(Z*), and that A\ H is
bounded; thus

N3+1
(AH)(n =D <€ Y [rll(AaH)(n—1)] < eAlr]s.
=1

)y

n

Yo rONIQGHE) (=1 <A Y r()] < Ae.

I=N3+2 I=N3+2

Returning to (5.6.7), we have shown that

n—1 . n
Zr(n—j)H(J) = rONAH)(n =) <e(1+Alrly + AA+ Alry +A),

j=1 a(n) =1

for each n > Ny + Ny + N3 + Ny + 1. Letting n — oo and then € — 0 in the estimate above, we have

proven that

n—1 . n
. . H(J l —
nlgr;o g r(n — j) E r(DX (AH)(n —1)| =0, for each A € [0, 1],

and hence demonstrated that (5.2.3) holds.

For the converse result assume = € BG,, ) and note that

n—1

_ zgg ~ k(n - 1)2(0) a(ln) j:l k(n—1-j)a(), n>1
Hence, for n > 1, we have
B _ vy + 3 RGN an)n— - D] < |22~ (1) ()
() 2 o)
O b= 1= )28 - S GV a1 669
j=1 =0
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Now rewrite the final sum on the right—hand side above as follows:

ST RGN ) — G — 1) = S k(L — DN (Aa)(n — ).
7=0 =1

Substitute the expression above into (5.6.8) to obtain

n—1
) a)n) + Y ROV )0 - 1) <
§=0
2(n) | o [ = D2(0)
a(n) (Aaz)(n) +’ a(n) ‘—'_
nilk( 7]1 ik DA (\az)(n = 1)]|.
= 1=1

Compare the above estimate with (5.6.3); these estimates are exactly analogous with k(j — 1) replaced
by r(j), Aex replaced by A,H, and z replaced by H. Repeat the argument above to complete the

proof.

5.6.3 Proof of Proposition 5.2.1

We use elementary but nontrivial properties of almost periodic sequences throughout this argument;

the reader is invited to consult Corduneanu [38, Chapter 1] for the requisite proofs.
Assume H € PG, . Since H/a € AAP(Z™"),

=mg(n)+ ¢(n), for each n >0,

for some 7y € AP(Z) and (¢(n))n>o such that ¢(n) — 0 as n — co. Moreover, 7y is bounded (because
it is almost periodic). Hence we may take \,H = my in (5.1.8), or in other words PG, » C BGq .
Therefore the asymptotic representation (5.2.6) is valid by appealing to Theorem 5.2.2. Thus

=ng(n)+ Zr(j))\jﬂ'H(n — )+ ¢(n), for each n >0, (5.6.9)

Jj=1

where (cﬁ(n))n>O obeys ¢(n) — 0asn — oo. It is clear from (5.6.9) that if A = 0, then #/a € AAP(Z")
and hence that € PG, . Henceforth assume that A € (0,1]. Consider the sequence (7(n)),>0 given
by

m(n) = Z r())N g (n —j), for each n >0,
j=n+1
and note that it is well defined because 7y (n) is bounded and defined for all n € Z. Furthermore,
since r € (Y(ZT) and mp is bounded, lim, o 7(n) = 0. Thus adding 7(n) to both sides of (5.6.9)
yields
(n)

o0
Zr W rg(n—j)+®(n), foreachn >0, (5.6.10)
3=0

TL

where ®(n) = ¢(n) — m(n) for each n > 0 and hence ®(n) — 0 as n — oo. We claim that the sequence
(72(n))nez given by

Zr Wrg(n—j), nez,
7=0
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is almost periodic. To see this we require the definition of a normal sequence, which we now state:

Definition 5.6.1. (7 (n))nez is normal if for any sequence (a(l))iez C Z there exists a subsequence

(&' (D)iez, a sequence (T (n))nez, and an integer L(e) such that
Ity (n+ /(1)) —7g(n)| <e forl> L(e) and each n € Z. (5.6.11)
In other words, mg(n+ o/(1)) converges uniformly with respect to n € Z as | — 0.

A sequence is almost periodic if and only if it is normal. In order to show that m, is normal, let
(a(l))iez C Z be an arbitrary sequence. Since g is normal, there exists a subsequence (&/(1));ez,

a sequence (g (n))nez, and an integer L(e) such that (5.6.11) holds for mp. Define the sequence

(2(n)) ez by
Zr Wrg(n—j), neZ
7=0

Suppose [ > L(€) and estimate as follows
|72 (n+ o' (1)) — 7z (n)| < Z|r Wre(n—j+a' (1) —7an—j5)| < el|r|,

for each n € Z. Hence 1, € AP(Z) and, by (5.6.10), x/a € AAP(Z"). Therefore © € PG, », as

claimed.

For the converse result, assume that x € PG, y, so that there exists a € G such that x/a €
AAP(ZT). As before, we can apply Theorem 5.2.2 to show that

Z((:)) = ma(n) — Z_: k()N Himy(n —j—1) + ¢(n), for each n >0, (5.6.12)
=0

where 7, € AP(Z) and (¢(n))n>0 obeys ¢(n) — 0 as n — oo. Once more note that if A = 0, then
H/a € AAP(Z") trivially. Assume henceforth that A € (0, 1] and rewrite (5.6.12) as follows

H(n) -

o) = Zkl—l ba(n = 1)+ p(n ; Ny (n—1) + ¢(n),
for each n > 0, where 7#(l) = —k(l — 1) for each [ > 0 and k(—1) = —1. Thus 7 € ¢*(Z*) with
|F|1 = 141|k|1. The representation above is exactly analogous to that of (5.6.9) and the proof proceeds

as in the previous case (with 7 in the role of r and =, in place of 7g).

5.6.4 Proof of Proposition 5.2.2

Suppose H € AG, » with lim,_, o (paH)(n) = p,H" and note that AG, » C BG, . By Theorem
5.2.2, we may write

) (0 H) )+ 3 r N OuH) (0~ ) + R(). n> 1, (5.6.13)

j=1

where (R(n)),>0 obeys lim,, o R(n) = 0. Note that if A\ = 0 we may trivially conclude that



5.6. PROOFS

as claimed. Assume henceforth that A € (0,1]. Thus

1 - @:%iir(l))\l()\aH)(j—l)—&—%ZR(j), n > 1. (5.6.14)

=1 1=0 k=0 j=1Vk
= LS GV OGHO) + - 303~ N FOH)(R)
j=1 k=1j5=1
n n—k
= SN OGE)0) + - 3 S N (A H) ()
j=1 k=1 1=0
= SN OGE)0) + 3 pln— HIAGH)(E), n> 1,
j=1 k=1

where p(n) = 31" r(i)A" for each n > 0. Substitute the above expression into (5.6.14) to obtain

n

LS I LS RG) +

a(j)

S r(HN (AH)(0) + % > pn—k)AH)(K), n>1.  (56.15)
j=1 j=1 k=1

S|

Since r € 1(Z1), recall from the proof of Theorem 5.2.1 that

1

A = gr(m Tl kN

By similar considerations, the first two terms on the right—hand side of (5.6.15) tend to zero as n — co.

We claim that the third term also tends to a limit, namely

1 — o H*
lim — p(n—k) M\ H)(k) = = —.
nroo T ; ( 3 ) 1= isg k(A

We prove the limit above for p,H* finite but our conclusions are also true when p,H* = oo,

interpreting the relevant formulae correctly. Suppose o H™ is finite, let n > 1, and consider

3=

> pln = KYALH)E) — - p O H)(B)| = 'jb S {oln— ) = o O H)(R)]
k=1 k=1 k=1

Now, because lim,,_, o, p(n) = p*, there exists N(e) > 1 such that for all n > N(e) we have |p(n)—p*| <
¢, for an arbitrary € > 0. Define p = sup,,c;+ |p(n) — p*| and Sy = sup,,c+ |(\o H)(n)], recalling that
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Ao H is a bounded sequence. Thus

<

-~ Z{pn* =P (Aot ) (k)

LS pln— ) - p YO
k=1

+ Z{pn— — p* YA\ H)(k)

k=n—N+1

SRS

n—N 1
(AaH) ()] + |~ Z {p(n—k) = p"}(AaH)(K)
k=n—N+1
e(an)S’H_FﬁS’HN

S\m

k=1

<

)

for each n > N(e) + 1. Since it is clear that the right—hand side of the inequality above can be made

arbitrarily small for n sufficiently large we have proven that

1 n
li —~ == QAd)(k)| =
nl—>H<io ann )(k') n;p ()‘a )(k)
and therefore
1S TR o - M
ot = DO =l 53" Cu)8) = =g By

as claimed. Using the limit above and sending n — oo in (5.6.15) yields the desired conclusion.

Conversely, assume © € AG, . By Theorem 5.2.2, we can write

H(n) - Y41 .
= (Agz)(n) — Z EHN T Naz)(n —j — 1)+ R(n), n>1, (5.6.16)

=0

where (R(n))n>0 obeys lim,,_,o R(n) = 0. Once more note that the case A = 0 is trivial and assume
that A € (0,1]. Define k(—1) = —1, so that

H(n) _ Z E(HNT (Naz)(n —j — 1) + R(n)

= Xn:F(l)Al(x\ax)(n — )+ R(n), n>1,

=

(=)

where 7(l) = —k(l — 1) for each [ > 0. At this point we have a formula exactly analogous to equation
(5.6.13). Repeating the argument from the previous case we arrive at the analogue of equation (5.6.15),

namely

n n

:%Z +%ZT )N (Xaz)(0) + 125(?%-3’)(&%)(3’)7 (5.6.17)
j=1

j=1 j=1

where p(n) = Y"1 7(i)A" for n > 0. Now notice that

pn) =D FON == k(i-1XN =1- Zk(z —N=1-— 2 k()N
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for n > 1. Hence lim,, o, p(n) =1 — Z;io k(5)AM*1. By the same argument as before, we have that

Jim =3 50— D)) = o | 1= D RGN

Therefore, by sending n — oo in (5.6.17), we have

n

1 H( )
nlggoﬁz a((jj)) Zk N

j=1 =0

as required.

5.6.5 Proof of Theorem 5.3.1
A bound on convolution growth

We note that results very similar to Lemma 5.6.1 and Theorem 5.3.1 are part of the well-established
theory in the area of Volterra equations and hence the following results are in some sense “known”.
Nonetheless, providing our own proofs and formulations is most convenient from a presentational
viewpoint. Furthermore, our interest in stochastic equations (cf. Section 5.4) and linearisation (cf.
Section 5.5) strongly motivates both the results of this section and our presentational emphasis on

unifying the cases when A, |H| (resp. Aq|z|) is zero, finite, or infinite.

We first prove a preliminary lemma.

Lemma 5.6.1. Suppose that a is an increasing sequence with a(n) — 0o as n — oo and that k is
summable. If A|H| € [0,00), then

n o0

an—g N <D kG| - Aal H]. (5.6.18)

7=0

lim sup
n—oo

Proof. Since Ag|H| € [0,00), it follows for every ¢ > 0 that there is N(¢) > 0 such that
|H(n)| < (e + Ag|H)a(n), 1> Ne).

Suppose n > N(e) and estimate as follows:

n N-—-1 n
s Yo k= ) H)| < 2 3 k= d)HG) + ﬁ k(e = 9)IHG)
Jj=1 ]:1
1 N-1
< ) - lk(n — 7)| S H(j)|
et AJHD 3 - )15
j=N
1 n—1
< k(O] sup ()
a(n)l nz(;vn 1<j§JI\)T 1 J
n—N
(e + AlH)) Y kD)
=0

148



5.6. PROOFS

Since k is summable and a(n) — oo as n — oo, we have

1 n
lim sup
n—o00 (l(n) —

k(n = j)H(j)| < (e+ AdlH]) Y k().
g =0

1

Since € > 0 is arbitrary, letting € — 0T yields the result. O

5.6.6 Proof of Theorem 5.3.1

Suppose that A,|H| € [0,00). Since r is summable and A,|H| € [0,00), we have from Lemma 5.6.1
that

1 n
lim sup
n— oo a(n) —

J

r(n = HHG)| < 3 r()] - AalH].

Since r is summable and a(n) — oo as n — oo, from the representation (5.1.10) we get

|x(n

. )=, .

lim su < A |H|.

msup <3 ()] - Aal ]
7=0

Hence

Adl2] < 37 r()] - AalH]. (5.6.19)
7=0

Suppose on the other hand that A,|x| € [0, 00). Rearranging (5.1.1) yields

Hn+1)=xz(n+1)— Zk(n —Hz(j) =z(n+1) — k(n)x(0) — Zkz(n —Nz(4).
j=0 j=1
By Lemma 5.6.1 we have
1 n

lim sup
n—o00 a(n)

k(n — §)z()] < Y IkG)] - Al
j=0

j=1

Since a is increasing and k(n) — 0 as n — oo, we have

. [H(n+1)|
1 = <
ey a(n+1) —
. lz(n+ 1) | [k(n)| 1 ¢ , a(n)
1 S —
el | a 1) +a(n+1)| ()|+a(n) ;k(n D) aln+1) [’
and hence
, |H(n+1)| S
1 <A, k -A,
msup “ Ty S IIH;O\ (- Aalz|
Therefore
AolH| < Aglz] [ 14 kG | - (5.6.20)

=0

To prove part (a.) of the result, suppose that A,|H| = 0. By (5.6.19), we have that A,|z| = 0. On
the other hand, if Ay|z| =0, by (5.6.20), we have A,|H| = 0.

To prove part (b.), we start by showing that A,|H| € (0,00) implies A,|z| € (0,00). Suppose
therefore that Ay|H| € (0,00). Then by (5.6.19), we have that Ay|z| € [0,00). Suppose that A,|z| = 0.
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Then by part (a.), we have A,|H| = 0, a contradiction. Thus we must have Ay|z| € (0, 00).

To prove the converse statement, we suppose now that A,|z| € (0,00). By (5.6.20) it follows that
Ag|H| € [0,00). If we assume that A,|H| = 0, then by part (a.), we have that A,|x| = 0, which gives
a contradiction. Therefore we must have A,|H| € (0, c0).

To prove part (c.), we start by showing that A,|H| = +o0o implies Ay|z| = +00. Suppose not, so
that Ag|z| € [0, 00). Then the argument used to deduce (5.6.20) is valid and we have that A,|H| < +o0,
which is a contradiction. To prove the reverse implication, we have by hypothesis that A,|z| = 0.
Suppose now that Ag|H| < +00. Then the argument used to prove (5.6.19) is valid, and we have that

Aglz| < 400, which is a contradiction.

5.6.7 Proof of Theorem 5.3.2

Estimating from (5.1.10) we have

<> fr(n=HIHG)] < |y Zglnﬂ ]| |H(j)|, n>1. (5.6.21)
7=0

Now apply ¢ to the expression above and use Jensen’s inequality to obtain

¢(lz(m)) < ¢ | Irh Zzl O| H(j)l Sﬁzvn Do (rhlH G

for n > 1. Since r € (*(Z"), there exists an Ny(e) > 1 such that >, o |r(l)] > (1 — €)|r|; for
all n > Nj(e) and hence 1/2 o|7(D)] < 1/(1 — €)|r|y for all n > Ny(e), with € € (0,1) arbitrary.
Returning to (5.6.21), we have that

n

o)) € g o lrn = NI (rhHGD. 7> Nl

With N sufficiently large, summing over the previous inequality yields

N
> b(lz(n)]) < Z Z|7" n—j)|o (|rl1[H(5)])
n=N1 |7“\1 n=N1 j=0

N N

:mz > Irn=9)l g o (rhIHG))

j=0 | n=N1Aj
1 N
< =3 6 (IrhHG)D.

1 ‘
7=0

Adding the remaining terms to the sums on the left—hand side of the above inequality, we have

N N Ni—1
3 o(lz(n (Il |H(j) Z (| (n
n=0 7=0
Therefore
hmsup—ZqS (lz(n hmsupfz¢ Ir[+|H ()],

and letting e — 07 gives the desired conclusion.
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The second claim is proven analogously; first note that we can write

H(n)=) pln—jz(j), n=1,

=0

where p(j) = —k(j + 1), p(0) =1 and |p|1 = 1 + |k|1. Now apply the argument above with p in place

of r to complete the proof.

5.6.8 Justification of Example 5.3.3

In this section we use the standard probabilistic notation x AN (i, 02) to denote the random variable

x having a normal distribution with mean p and variance o2.

We cannot proceed by direct calculation due to the nonstationarity of (z(n))n,>o. Instead, by

extending the filtration in a suitable manner, write
xz(n) = z*(n) + R(n), foreachn >1, (5.6.22)

where z*(n) = 3.7 r(n—7)H(j) for n > 0 and R(n) = r(n)z(0) — S r(n—j)H(j) for n > 0.

j=—o00 j=—o00

Since r € £1(ZT) C £*(Z"), we can use the dominated convergence theorem to show that

E[z*(n)] =0, Var[z*(n)] = E[(z*)?(n)] = o* ZT2(Z), for each n > 0.
1=0

In fact, (z*(n))n>0 is a strongly stationary sequence, since

x*(n) LN <O, o? Zr2(l)>
1=0

for each n > 0. Hence, by Birkhoff’s ergodic theorem,

1 n 1 n oo
”lggoﬁj;x*(]) =0 as., and nl;ngoﬁj;o(x*)2(]) :02;7&(1) a.s.

From (5.6.22), we have

R ) = )
§=0

=0 =0 =0

"
*
©
<
+
| Do
8
*
<
3
(=
+
| =
R
Iny)
[ V]
(S
3
\Y
—_

Thus if we can show that lim,,_, R(n) =0 a.s. we will have proven that
ol o _ 2 — o _ 2 2
nl;rrgoﬁz;)x (J)=0 lz;r () =0(r]2)* a.s.
Jj= =

Define Ry(n) = Z?:—oo r(n — j)H(j) for each n > 0. Hence

R%*(n) = r*(n)2%(0) — 2r(n)z(0) Ry (n) + Ri(n), n > 0.

From the equality above, we see that lim,,_, . R1(n) =0 a.s. would imply that lim, . R(n) =0 a.s.,

since r(n) — 0 as n — oco. Hence it remains to prove that lim,_,o R1(n) = 0 a.s. The dominated
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convergence theorem can be used to show that

E[Ri(n)] =0, E[Ri(n)] =0 ZTZ(Z), n > 0.

l=n

In fact, Ri(n ) N (0,022, r3(1)) for each n > 0. To see this, fix n > 0 and define the sequence
RY(n) = Zg__N r(n —j) for N > 0. Clearly, RY(n) — Ri(n) a.s. as N — oo and R (n) &

(() o2 SN 12(1)) for each N > 0. By explicitly writing down the characteristic function we can
see that limy_,o RY (n) = Ry(n) is normal with mean zero and variance o2 Y ;° r2(l) for each n > 0.

By a standard Borel-Cantelli argument the side condition log(n) > 72 r(l) — 0 as n — oo can
then be used to show that R;(n) — 0 a.s. as n — oo, completing the proof (alternatively this can be
deduced from Example 5.4.4 with an appropriate choice of (a(n))n,>0 and constant K).

5.6.9 Proof of Theorem 5.4.5

From (5.4.3), we have
Z )+ G(Ka(n)),
where K > 0 is a constant, a is a positive increasing sequence which tends to infinity, and G(x) =

1 — F(z) for each z € R. Choose K = 1 and note that the symmetry of the distribution function
means that the finiteness of S(a,1) is equivalent to the finiteness of Y-, G(a(n)).

For each n > 1, take a;(n) = G71(1/n) and note that this yields an increasing, positive sequence

which tends to infinity as n — oo. Furthermore,
= = 1
nz::l G(ay(n)) = 7; -
and hence the Borel-Cantelli Lemma implies that

lim sup L
n—oo G71(1/n)

Now, because G~1(1/x) € u—SSV, there exists A > 0 such that

>1as. (5.6.23)

nlggo W =1, for each § € [0, A]. (5.6.24)

Choosing ax(n) = G~'(1/nu’" (n)) for each n > 1 once more yields a positive, increasing and divergent

sequence (where 0* is chosen to be the number in (0, A] whose existence was assumed in (5.4.6)). Thus

ZG(ag(n)) < 00,
n=1
by hypothesis. It follows from (5.6.24) that
|H ( )| : [H (n)]
lims =limsup ————F—+—
woee GI(I/n) B G g ()

Therefore, combining the above inequality with (5.6.23), we have

<1 a.s.

lim sup

——~— =1 a.s.
e G (1m)
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as claimed.

5.6.10 Proof of Theorem 5.4.8

Suppose that (i.) holds and let (a(n))n>0 be an arbitrary positive increasing sequence which tends to

infinity. In the notation of (5.4.3), we have

S(a,K) = Z {1 - F(Ka(n))+ F(a(n))}, for each K > 0.

n=1
Define G(z) =1 — F(z) for z € (—o00,00) and

N
Sn(a, K) = Z {G(Ka(n))+ F(a(n))}, for each K >0 and N > 1.
n=1

Since the summands are non-negative, limy_,o Sy (a, K) = S(a, K) either converges to a finite limit

or to +00. Now consider the following dichotomy: either

S(a, K) = oo for each K € (0, 00), (5.6.25)
or
there exists a K™ € (0,00) such that S(a, K*) < cc. (5.6.26)
If (5.6.25) holds, then
lim su 7|H(n)\ =
p = 00 a.8.,

n—oo a(n)

by a simple application of the Borel-Cantelli Lemma. We claim that if (5.6.26) holds, then
S(a, K) < oo for each K € (0, 00),

and hence that
lim su M
P
n—00 CL(’I?,)
Let K € (0,00) be arbitrary. By hypothesis, lim, . G(Ka(n))/F(—Ka(n)) = co and there exists
N; > 2 such that F(—Ka(n)) < G(Ka(n)) for all n > Ny. Thus

=0a.s

Ni—1 N
Sn(a,K) = Y {G(Ka(n)) + F(-Ka(n))} + Y {G(Ka(n)) + F(-Ka(n))}

n=1 n=N1
Ni—1 N

< Z {G(Ka(n))+ F(—Ka(n))} + 2 Z G(Ka(n)), for each N > Nj. (5.6.27)
n=1 n=N1

Using the regular variation of G, we have
lim G(K"a(n)) = lim G(Ka(n)) Gla(n)) =(K*")"*K*=:xk>0.

w5 G(Ka(n)  ns Gla(n)) G(Ka(n))

Hence for each € € (0, k) there exists an Na(€) > Ny such that for all n > Ny(e),
1 *
G(Ka(n)) < EG(K a(n)).
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Plugging the estimate above into (5.6.27) yields

N;i—1 Ny—1

Sn(a,K) < > {G(Ka(n))+ F(-Ka(n))} +2 > G(Ka(n))

n:N1

N;—-1 Ny—1

< > {G(Ka(n)) + F(-Ka(n))} +2 > G(Ka(n))

2
+ —5Sn(a, K*), for each N > Ns.
K —¢€

Finally, let N — oo in the estimate above to see that S(a, K) < oo for each K € (0, 00).

The arguments needed to tackle cases (ii.) and (iii.) are exactly analogous to those given above

and hence the details are omitted.

5.6.11 Proof of Theorem 5.5.1

If y is the solution of (5.5.5), then y is given by
y(n) =r(n)¢+ Y rin—j)H(G), n>1
j=1

where r is the solution of (5.1.3). From Theorem 5.3.1 it follows from the fact that A,|H| < 400 that

lim sup ly(n)]

n—oo  a(n)

=: Agly| < +o0.

Define z(n) = z(n) — y(n) for n > 0. Then z(0) = 0 and for n > 0 we have from (5.5.1) and (5.5.5)
that

n n

2n+1) = k(n—j)[f(x() -y =D k(n—j)()) + 2(5)],

j=0 =0
where ¢(x) := f(x) —x. By (5.5.4) we have that ¢(z)/x — 0 as |z| — oo and that ¢ is continuous.

Hence we have

zin+1)=G(n+1)+ z”: k(n—3)z(3), n>0; z(0)=0 (5.6.28)
§=0
and .
Gn+1):=Y k(n—j5)é(j), n>0. (5.6.29)
§=0

Therefore, we have from (5.1.10) and (5.6.28) that z has the representation

|
—

n n

2(n) =Y rin—jG{) => rin—1-1)G(I+1), n>1 (5.6.30)

Jj=1 l

Il
=]

We next seek to estimate G, and thereby deduce a linear summation inequality for z. Define |k|; :=
Yoo K Irh := 32720 I7(4)], and choose € > 0 so that e[k[;[ri| < 1/2. For every e > 0, by the
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properties of ¢, there exists a ®(e) > 0 such that |p(z)| < ®(e) + ¢|z| for all x € R. Hence

G (n+1\<Z|k‘n G \<Z|kn DIH{2() + elz ()}
7=0
< [kl1®(e) + EZ [k(n =)z + EZ |k(n = )y ()-
j=0 j=0

Now by defining ¢(n) = ZJ _o|r(n—=7)||k(j)|, we have

z(n+1)| <Y lr(n = DG+ 1)

1=0
n l
<Y Ir(n =D kL ®(e) + € Y k(T = 5)|2()) +€Z|k L=yl
1=0 §=0
n l
< ralk®(e) + €Y > Ir(n = DIk = 5)|ly ()]
=0 j=0
+€ZZIT(H—Z)H’€(Z = Dz()]
1=0 j=0
= [rl|k[1®(e) + €Y eln —)ly(i |+€Z c(n— )|z
7=0 j=0
Therefore we have for n > 0 the estimate
lz(n+ 1)| < [rh|kL@(e) + € c(n— i)y +e>_ eln—j)z()I-
§=0 =0
Define n
Hy(n+1) = |r|1]k[1®(e) + € ) c(n—j)ly(j)l, n=0
=0
and

n
ro(n+1) = eZc(n —r(j), n>0; re(0)=1.
=0
Let z5 be the solution of the summation equation

n

zo(n+1)=Hy(n+1)+ eZc(n —J)z2(4), n>0; 2z(0)=1.
7=0
Then |z(n)| < z2(n) for all n > 0. Moreover, zo has the representation

zo(n) =ra(n +Zrz (n—j)Hsy(j), n=>1.

j=1

(5.6.31)

(5.6.32)

To determine the asymptotic behaviour of z,, we use the representation (5.6.32). This requires knowl-

edge of the asymptotic behaviour of Hy. We also need to check that 79 is summable. Since c¢(n) > 0

for each n > 0 and

oo 1
= k —
engzoc(n) elkl1]r) < 5
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it follows that ry is summable, and of course r(n) — 0 as n — oo. Since ¢ is summable, and

Aqly| < +00, we have from Lemma 5.6.1 that

n oo

li A,
sy Sy~ < S
j=1 j=0
Therefore as
Ha(n+1) = |r|1|k[1®(€) + ec(n H—ez c(n—7)y(4)

and ¢(n) — 0 as n — oo, we have

, |H> —

lim su A

msup Z lyl.

Also, because a is increasing,

o0

) |Ha(n)|
A Ho| =1 - A,
= imenp 2O < S

n— o0 a( ) =0

Since 79 is summable and A,|Hz| < 400, applying Lemma 5.6.1 once more yields

n oo o0

1
limsupm ng( J)H> (5 Z’I‘Q VAL Hs| < Zrz EZC “Aglyl (5.6.33)

a
nreo Jj=1 7=0 7=0 7=0

We wish to identify a bound on the right hand side in terms of ¢ and quantities which are explicitly
e-independent. We start by estimating the sum of 5. Since r9(n) > 0 for all n > 0, by (5.6.31) and
the fact that r2(0) = 1 we have

ng(n)—1:ZT2 (n+1) ZZecn—j Yra(j —EZ ng(n)
n=0 n=0 n=0 5=0 n=0

Hence as > ¢(n) = |k|1|r]1,
e 1
S ) =
—~ 1 —elkfu[r[s

and combining this with (5.6.33) yields

n—oo @

1 |& 1
li — — NVHs(j)| < ———— - €lk Ayl
1m sup (71) ;rQ(n .7) 2(.7) = 17€|k|1|7"|1 6| |1|T|1 |y|

Thus by (5.6.32) and the fact that |z(n)| < z2(n), we get

lim sup |(n) L
P ey = T ek

“elkf1]r|iAalyl.
Since y, k, 7, z, and a are e-independent, letting ¢ — 07 gives

lim sup [2(m)]
n—oo CL(?’L)

:0,

which proves the result.
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5.6.12 Proof of Theorem 5.5.2

Suppose that H € BG, ». By Theorem 5.2.2, the solution y of (5.5.5) obeys

n
+Zr y)(n—j), asn— oo.
Jj=1

Furthermore, by Theorem 5.5.1, z(n)/a(n) ~ y(n)/a(n) as n — oo. Thus we immediately have that
(5.5.6) holds and hence that © € BG, x.
Conversely, suppose that x € BG, x. For each n > 0,

Hin+1) an+1) < f(z(3))

a(n+1)  a(n+1) ;}k( )(n—i-l)
_alndl) NNkr—g) o N al)
ey ]Z:;a(nﬂ){f( (7)) (g>}+;@k( DT

Hence
Hn+1 n iy .
a((n+1)) — (Aaz)(n +1) +j§k(g)x+ (Maz)(n—j —1)| <
z(n+1) n

~Ouno 0] + |35 ST a0~ S0

- j+1 - _x()
Zz(:) DN (Agz)(n— 7 —1) an—j ant1)| (5.6.34)

The first term on the right—hand side of (5.6.34) tends to zero as n — oo by hypothesis and the final
term tends to zero as n — oo by the same argument used in Theorem 5.2.2. Thus it remains to show
that

Let ¢(x) = ¢ — f(x) for each x € R and note that ¢ is continuous by hypothesis. By dint of (5.5.4),
for each € > 0 there exists a ®(e) > 0 such that

|p(x)| < ex + P(e), for each x € R.

Now estimate as follows

~ k(n—j . " k(n — 5) .
Jzz:oa n—|—1 z(j) — f(x(5))} Sj:o an 1) {elz(j)| + @(e)}
§€|k|1f+m7

where Z > 0 uniformly bounds z(j)/a(n + 1) (which is possible since z € BG,, ). Now letting n — oo

and then € | 0 in the estimate above yields the desired conclusion.
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Chapter 6

Blow—up and Superexponential

Growth in Volterra Equations

6.1 Introduction

This chapter concerns the blow—up and asymptotic behaviour of positive solutions to initial value

problems of the form

t
Z'(t) = / w(t—s)f(x(s))ds, t>0; z(0)=1>0. (6.1.1)
0
We assume that the nonlinearity, f, obeys

f € C((0,00);(0,00)), f is asymptotically increasing, lli)n;o @ = 0. (6.1.2)
The positivity and monotonicity hypotheses in (6.1.2) are natural when studying growing solutions
to (6.1.1). Moreover, f(z)/x — oo as x — oo is necessary for the existence of a solution to (6.1.1)
which blows up in finite-time (see Appendix A.1). It is well-known that the behaviour of the kernel
near zero is crucial in the analysis of blow—up problems of the type studied in this chapter [32]. In the
present work, we assume

w(0) >0, weCRMRT). (6.1.3)

Since w is assumed to be continuous in order to determine asymptotic behaviour, solutions to (6.1.1)
will be continuously differentiable, in contrast to the absolutely continuous solutions considered in
Chapters 2 and 3 of this thesis. In the notation of Chapters 2 and 3, p(ds) = w(s)ds with ds denoting
the Lebesgue measure. This hypothesis is intrinsic to the results of this chapter. For example, if (6.1.1)
contained an f(x(t)) term on the right-hand side (which would correspond to a point mass at zero
for a measure-valued kernel), the asymptotic behaviour of solutions to (6.1.1) would follow the ODE
y'(t) = f(y(t)). By contrast, we presently show that the asymptotic behaviour of solutions to (6.1.1)

is in fact analogous to that of a particular second order ODE.

There is a rich and active literature on blow—up problems in Volterra integral equations (VIEs)
(see, for example, the survey articles [107, 108], and the recent papers [69, 81]). Much of this in-
terest originally stems from the connection between VIEs and partial differential equations (PDEs)
of parabolic—type in which the source term has a highly localised spacial dependence. The following

example gives a simple and explicit illustration of the coupling between PDEs and VIEs.
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Example 6.1.1. Consider the scalar boundary value problem

ug(x,t) — Au(x,t) = §(x — zo) f (u(z, 1)), (z,t) € R x (0,00),
0, te (0,00, (6.1.4)

u(z,0) = up(z), =z €R,

where & denotes the Dirac delta function. If G denotes the Green’s function for the homogeneous PDE
(i.e. setting f =0 in (6.1.4)), then

ul, 1) = / / Gl €, $)5(€ — o) f(ulé, 5)) de ds
+/G(m,t|§,0)u0(§)d£, t>0, zeR
R

Let x = x¢ and use the sifting property of the Dirac delta to obtain

u(a:o,t):/o G(SC(),t‘Io,S)f(U(Io,S))dS+AG(I0,t|£,O)U0(£)d£, t>0. (6.1.5)

Now set v(t) = u(xg,t) and note that the Green’s function for the homogeneous PDE is given by
G(zo, tlxg,s) = G(0,t —s) = Ot — s)//4w(t — s), where O denotes the Heavyside step—function.
Thus, at xq, (6.1.4) can be reduced to the study of the Volterra integral equation

ds+ H(t), t>0,

Y AICIO)
U(t)_/o VA (t — s)

where H(t) = /e_lz/‘ltvo (x)dzx fort>0.
R

PDEs such as (6.1.4) arise in the modelling of combustion in a reactive-diffusive medium (see
[107, 108] and the references therein). In Example 6.1.1, the presence of the Dirac delta in the source
term is intended to model very intense heating narrowly concentrated at a particular point — the heating
of a combustible material via a thin wire or laser are the archetypal physical examples. In this context,
a blow—up solution represents the scenario in which the energy entering the system via the source term,
f() in (6.1.4), outweighs the ability of the medium to dissipate this energy and a literal explosion
occurs in the physical system. More complicated PDEs of parabolic type can be similarly linked with
associated VIEs. Indeed, the example above generalises to combustion models incorporating moving
heat sources, higher dimensions, and weaker localisation of the source [68, 94, 96]; in almost all cases,

the leading order behaviour in such models is governed by a nonlinear VIE of the general form
t
x(t) = z(0) + H(t) + / W(t—s)f(z(s))ds, t=>0. (6.1.6)
0

Equation (6.1.1) is a special case of (6.1.6). In particular, if W € C([0,0);[0,00)) with W(0) = 0
and H = 0, differentiation of (6.1.6) yields (6.1.1) with w = W'. Similarly, integration of (6.1.1) yields
(6.1.6) with H = 0. After analysing the unforced equation (6.1.1), we later extend our results to the
case of nontrivial H (see Section 6.4).

According to the survey of Roberts [107], research on blow—up problems of the type discussed above

has mainly sought to answer the following questions:
(1.) Under what conditions do solutions blow—up?

(2.) At what time do solutions blow—up?
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(3.) What is the asymptotic behaviour of solutions at blow—up?

Being the most fundamental, (1.) has naturally attracted the most attention and thus blow—up criteria
for both general and specialised classes of VIEs are very well understood (see, for example, [84]).
We revisit (1.) for the Volterra integro—differential equation (VIDE) (6.1.1) and prove necessary and
sufficient conditions for finite-time explosion of solutions. However, as we explain in more detail in
Section 6.2, our conditions can be recovered from existing general conditions for (6.1.6). As noted
earlier, our problem obeys (6.1.6) with W (t) = fotw(s) ds for t > 0 and H = 0. Hence, W (t) ~ w(0)t
as t — 07 and a sharp result of Brunner and Yang [32] can be applied. We still find it useful to
independently prove our own blow—up criteria for (6.1.1) in order to gain preliminary insight into the
behaviour of solutions. Moreover, our method of proof is different to that which Brunner and Yang
used to tackle the related VIE problem. We do not address (2.) — estimation of the blow-up time —
in the present work, but this is also a very active area of investigation (see [83, 85] and the references
therein) and represents an interesting open problem for general nonlinear VIEs.

Our main contribution is to provide a comprehensive answer to (3.) for equations of the form (6.1.1),
and furthermore to understand the behaviour of nonexplosive solutions. The asymptotic behaviour
of blow—up solutions has attracted considerable attention, both for VIEs and PDEs. Chadam et al.
provide one—sided growth estimates for the general nonlinear parabolic equation u; — Au = f(u) but
such results only put an upper bound on the rate of growth of solutions [33]. Roberts [106], and
Olmstead and Roberts [109] study VIEs with parametric families of nonlinearities and kernels. They
employ integral transform methods to estimate the growth rates of solutions but this work relies on
conjecturing the leading order behaviour of solutions and finding a consistent “asymptotic balance”
from the original equation, so the full proof of these conclusions remains open. Mydlarczyk provides
very good estimates on the size of solutions to (6.1.6) in the presence of a blow-up with a power—type
kernel [92, 93]. However, these estimates do not give a sharp characterisation of the asymptotic growth

rate of solutions. In particular, Mydlarczyk’s results lead to conclusions of the form

0 < liminf A(x(t)) < limsup A(z(t)) < oo,
=T~ t—T—
where A is an appropriately chosen monotone function and 7T is the blow—up time. Evtukhov and
Samoilenko also study the power kernel case but specialise to regularly varying nonlinearities, in
fact their particular interest is n—th order equations [47]. In this special case, they improve upon
Mydlarczyk’s results by proving that
lim B, (z(t)) =1, w€{T, oo},

t—w

for an appropriately chosen function B,. To the best of our knowledge, this is the most complete
result available in the extant literature.
We first outline our asymptotic growth estimates for H = 0. Under (6.1.2) and (6.1.3), we identify

a decreasing function Fg such that
lim ——* = 1/2w(0), (6.1.7)

where T is the blow—up time. Similarly, in the nonexplosive case, we identify an increasing function
Fy such that
F t
Jim F2E®) _ 2w(0), (6.1.8)

t—o0 t

under the additional assumption that w € L'(RT;R*). The functions Fg and F; depend only on f

and hence can be estimated from the problem data. Furthermore, our assumptions on the nonlinearity
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are nonparametric and allow a good deal of generality, while still yielding strong conclusions. In the
nonexplosive case, the rate of unbounded growth depends positively on the value of w(0). Interest-
ingly, in spite of the dependence of these growth rates on w, the presence of a blow—up is completely
independent of the value of w(0) and the structure of the kernel under (6.1.3).

If H € C'(]0,0);[0,00)) is nontrivial, then (6.1.7) is unchanged (since H is bounded on compact
intervals). However, in the nonexplosive case, H can impact the growth rate of solutions. When H is
sufficiently small the growth rate from (6.1.8) is preserved and we characterise these rate preserving
perturbations. For larger forcing terms the growth rate of solutions can be enhanced and if the forcing
term is sufficiently large the solution even tracks it asymptotically (in the sense that © ~ H). In
fact, results precisely identifying the influence of additive perturbations on asymptotic growth rates of

solutions are new, even for nonlinear ordinary differential equations (i.e. w = 1) [15].

6.2 Blow—up Conditions

Definition 6.2.1. A solution to (6.1.1) blows up in finite—time if there exists T € (0,00) such that
x € C([0,00);[0,00)) but lim;_,p— |x(t)| = co. The minimal such T is called the blow-up time.

The following result characterises the finite-time blow—up of solutions to (6.1.1).

Theorem 6.2.1. Suppose (6.1.2) and (6.1.3) hold. Solutions to (6.1.1) blow up in finite—time if and

only if
/°° du -
no\Jo fs)ds

Under (6.1.2), the negation of (6.2.1) is of course

/Oodiuz
n\/ o f(s)ds

and, by Theorem 6.2.1, condition (6.2.2) guarantees that solutions to (6.1.1) are global; we record

oo, for somen > 0. (6.2.1)

oo, foralln >0, (6.2.2)

condition (6.2.2) for future reference.
Theorem 6.2.1 is a special case of the following result for Volterra integro—differential equations of

Hammerstein type due to Brunner and Yang.

Theorem 6.2.2 (Brunner and Yang [32, Theorem 3.9]). Suppose ¢ > 0, h(t) > 0 fort > 0, w(t) =
t8=Ywy (t) > 0 for t >0, B> 0, and wy is bounded on every compact interval with infscio,5) wi(s) >0
for some § > 0. Suppose that G : RT x RT — R is continuous (uniformly in its second argument),

increasing in its second argument, and satisfies lim,_, oo G(0,u)/u = co. Solutions to
t
u'(t) = h(t) —|—/ w(t — s)G(s,u(s))ds, t>0; u(0)=1, (6.2.3)
0

blow—up in finite-time if and only if there exists a t* > 0 such that

/0 h(s)ds + min </0 W(t* — s)G(s,u)ds u) >0, W(t) :/0 w(s) ds, (6.2.4)

u€[0,00)

and

oo 1QA+8) g0,
/77 (G(t*,u)) o < oo, for somen > 0. (6.2.5)
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To recover Theorem 6.2. 1 from Theorem 6.2.2, set h =0, 8 =1, and G(s,u) = f(u). Thus (6.2.4)
holds if min,e(o,00) ( fo s)ds — u) > 0 and we can always choose a t* > 0 sufficiently large to
satisfy this condition since fo (s)ds = oco. Under our specialisations, condition (6.2.5) reduces to

the finiteness of the integral

*  dx
(6.2.6)
/1 vaf(z)
The following proposition, whose proof is deferred, shows that the finiteness of the integrals in (6.2.1)

and (6.2.6) are equivalent for the relevant class of nonlinear functions.

Proposition 6.2.1. If f € C((0,00); (0,00)) is increasing, then

/ < oo if and only if / (6.2.7)
\/7 W
Proof of Proposition 6.2.1. Since f is positive and increasing, we have the following estimate
/ f(s)ds > / f(s)ds > x(1—e)f(ex), z=>1,
0 €x
for each € € (0,1). Thus
N N
/ I / Ny
LS f(s) ds 1 Va(l—e)f(ex)
Now make the substitution u = ex to obtain
/N dx 1 /EN du - € /N du
v Vel —efler)  €Je [0y p0) (1=6Je Vuf(u)
Therefore
/00 dz < lies /
0o imp
1 Vaf(x) \/ f f(s
For the converse result, use the elementary estimate
/ fls)ds<zf(x), x>1.
0
Hence
N dx N da
——> ——, N>1,
s b Ve
and letting N — oo yields
/°° dx mplies /OO dx
——— = o0 impli —_— =
1 Vaf(z) Voo f(s)ds
as required. O

While the conclusion of Theorem 6.2.1 is known, unlike Theorem 6.2.2, its proof yields considerable

insight into the rate at which solutions to (6.1.1) grow, which is in fact our primary interest. The proof
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of Theorem 6.2.2 proceeds by integrating (6.2.3) to obtain an integral equation of the form
t
u(t) = u(0) + H(t) + / W(t— 5)G(s,u(s))ds, t>0.
0

The integral equation above is then discretised along a sequence (¢,),>1 upon which the solution
to (6.2.3) grows geometrically, i.e. u(t,) = R™ for each n > 1 and some R > 1. In all cases,
limy, o0 the1 — tn, = 0 and moreover, if there is a global solution, h,, = t,+1 — t,, tends to zero so fast
that > | h,, < oo, contradicting the existence of a global solution. Conversely, in the presence of a
blow—up solution, (h,),>1 is proven not to be summable using similar difference inequalities. Hence
lim,, .o t, = 00, contradicting the assumption that the solution explodes in finite—time. In both cases,
the summability of the sequence (h,,),>1 hinges on (6.2.5). Naturally, some rough rates of growth are
implicit in the constructions described above, but it is difficult to see how to obtain sharp estimates
on rates of asymptotic growth of solutions from this approach, even for the simpler equation (6.1.1).
In contrast, we exploit the enhanced differential structure of (6.1.1) and employ comparison equa-
tions of the form
t
2Z'(t) = C’/ f(z(s))ds, t>T*>0, withd>0andC >0; (6.2.8)
t—5
) =w(t), t<T",
to establish sharp blow—up conditions. The fact that comparison equations such as (6.2.8) yield sharp
blow—up criteria suggests that these bounded delay equations are promising candidates for investigating
the more subtle issue of asymptotic behaviour at blow—up for equation (6.1.1). Under very mild

continuity assumptions,
Z't) = Cf(2(t) = Cf(z(t —0)), t>T">6. (6.2.9)

Solutions of (6.1.1) and (6.2.8) will grow extremely rapidly when f(z)/z — oo as x — o0 so we
conjecture that the delayed term in (6.2.9) is negligible asymptotically. Following this line of reasoning,
we expect the second order ODE

L) = f:1), t=T" 2(T") =4 >0,

to give a good asymptotic approximation to solutions of (6.1.1); this approximation is at the heart of
our analysis and the definitions which follow are the product of our efforts to systematically exploit
this idea.

Definition 6.2.2. We say g € C((0,00);(0,00)) exhibits superexponential growth if g(z) — oo as

T — o0 and
lim 79(17 — )

=0, for each e > 0.
w00 g(x)

Continuous, positive functions which obey ¢'(x)/g(z) — oo as © — oo exhibit superexponential

growth. However, this convenient sufficient condition for superexponential growth is not necessary.

Definition 6.2.3. ¢ € C((0,00);(0,00)) preserves superexponential growth if for each function g

which exhibits superexponential growth and each € > 0, we have

o Gl — )

P elg@)

If ¢, f € C((0,00);(0,00)) obey ¢ ~ f and ¢ preserves superexponential growth, then so does f.

The following simple lemma records several important classes of nonlinear functions which preserve
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superexponential growth and frequently arise in applications.

Proposition 6.2.2. If ¢ € C([0,00);[0,00)) obeys one of the following conditions:
(i.) x — ¢(x)/x is eventually increasing,
(i.) ¢ is increasing and convez,

(iii.) ¢ € RVso(a) for some oo > 0,

then ¢ preserves superexponential growth.

Remark 6.2.1. By x — ¢(x)/x eventually increasing we mean that there exists a number X such that
x> ¢(x)/x is increasing on [X,00). For example, if ¢(x) = exp(x) for x > 0, then lim,_, o ¢(z)/x =
0o, but lim, o+ ¢(x)/z = oco! However, x — exp(z)/x is increasing on (1,00) and thus ¢(x)/x is
eventually increasing.

In the next section, we demonstrate the utility of the preceding definitions in providing precise

estimates on the rate of asymptotic growth or explosion of solutions to (6.1.1).

6.3 Growth Rates of Solutions

In order to compute rates of growth of solutions, define the functions

> du
FB(x):/z \/W7

for each = > 0, (6.3.1)

and
for each =z > 0. (6.3.2)

[T du
Fy( )*/1 7?“]”(3)(13’

Fp characterises the rate of growth to infinity of solutions which blow—up in finite time, while Fy
captures rates of growth of unbounded but nonexplosive solutions. In order to compute growth rates,
we ask that the nonlinearity preserves superexponential growth, in the sense of Definition 6.2.3. As
discussed in Section 6.3, preservation of superexponential growth is a relatively mild hypothesis satisfied

by broad classes of nonlinearities commonly found in applications (see Proposition 6.2.2).

Theorem 6.3.1. Suppose (6.1.2) and (6.1.3) hold. If (6.2.1) holds and f preserves superexponential
growth, then solutions to (6.1.1) blow up in finite—time and obey

2u(0),

where T denotes the blow—up time.

When studying the growth rate to infinity of non—explosive solutions, we further suppose that
we LYRT;RY),  ||w][pr = W. (6.3.3)

If w does not have finite L'-norm, then it can contribute to faster growth in the convolution term when
the solution is global. Assuming (6.3.3) rules this out and allows us to prove the following analogue of

Theorem 6.3.1 for non—explosive solutions.

Theorem 6.3.2. Suppose (6.1.2), (6.1.3), and (6.3.3) hold. If (6.2.2) holds and f preserves superex-
ponential growth, then solutions to (6.1.1) obey x € C ([0, 0); (0,00)) and

lim Fu(=(t) = +/2w(0). (6.3.4)

t—o0 t
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The final result of this section shows that when w(0) = 0 and (6.2.2) holds, solutions to (6.1.1) do
not blow—up in finite-time. Furthermore, the rate of growth of solutions to (6.1.1) must be strictly

slower than the case when w(0) > 0. More precisely, our new assumption on the kernel is as follows:
w € C([0,00);]0,0)), w(0)=0, w(t)>0forte (0,0 for some § > 0. (6.3.5)

Theorem 6.3.3. Suppose (6.1.2), (6.3.3), and (6.3.5) hold. If (6.2.2) holds, solutions to (6.1.1) obey
x € C([0,00);(0,00)). If f also preserves superexponential growth, then

im £2EO) (6.3.6)

t—o00 t

6.4 Extensions to Perturbed Equations

We now consider the case when a nonautonomous forcing term is added to (6.1.1), i.e.

(1) = h(t) +/O wlt — ) f(x(s)) ds, t>0; 2(0) =1 >0, (6.4.1)

and demonstrate that the results of Section 6.2 are preserved under “small” perturbations. In the
results which follow, some hypotheses in Theorem 6.2.2 which arise from the integral equation approach
are unnecessary, although we are only treating the case § = 1. In particular we do not require h to
be nonnegative and hence solutions to (6.4.1) are no longer necessarily monotone; due to the nature
of our comparison arguments this relaxation does not present any additional difficulties. Furthermore,
since our nonlinearity is not of Hammerstein type, condition (6.2.4) always holds. We assume that the

forcing term, h, obeys
t
h e C(R;R), H(t):= / h(s)ds >0 for each t > 0, (6.4.2)
0

Results regarding the finite-time blow—up of solutions require no additional hypotheses. However, for

results regarding rates of growth we ask that the nonlinearity obeys

feC((0,00);(0,00)), fisincreasing, lim @) = o0, (6.4.3)

r—o00 I

in order to simplify and shorten the proofs.
Our first result regarding solutions to the forced Volterra equation (6.4.1) shows that the blow—up

condition and rate of explosion are unchanged by forcing terms obeying (6.4.2).

Theorem 6.4.1. Suppose (6.1.2), (6.1.3), and (6.4.2) hold. If (6.2.1) holds, then solutions to (6.4.1)
blow up in finite-time. If we further suppose that f preserves superexponential growth and (6.4.3)
holds, then solutions to (6.4.1) obey

where T denotes the blow-up time.

Previously we assumed that f preserves superexponential growth when proving results regarding

the rate of growth of solutions; henceforth we replace this hypothesis with the assumption that
x+— f(x)/z is eventually increasing. (6.4.4)

By Proposition 6.2.2, f preserves superexponential growth when (6.4.4) holds. As we show presently,
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the stronger hypothesis (6.4.4) allows us to characterise the perturbation terms which preserve the
rate of growth when h = 0, i.e. the asymptotic relation (6.3.4) still holds, in the non—explosive
case. Our next result also shows that our blow—up conditions remain necessary in the presence of a

nonautonomous forcing term.

Theorem 6.4.2. Suppose (6.1.2), (6.1.3), and (6.4.2) hold. If (6.2.2) holds, then solutions to (6.4.1)
obey x € C([0,00);(0,00)). If we further suppose x — f(x)/x is eventually increasing, (6.4.3) holds,
and w obeys (6.3.3), then the following are equivalent:

(i)

lim supw < v/2w(0),
(ii.)
Jim 5 = VRO

Our next result treats the case when the solution to (6.4.1) is global and the non-autonomous

forcing term is “large”; in the sense that

lim w = K > 1/2w(0). (6.4.5)

t—o00

When (6.4.5) holds, the growth rate of the solution is essentially the same as that of the forcing term.

Theorem 6.4.3. Suppose (6.1.3), (6.2.2), (6.4.2) and (6.4.3) hold. If we further suppose x — f(x)/x
is eventually increasing, w obeys (6.3.3), and (6.4.5) holds, then
Fy(H(t))

Fi t
lim 20EO) oy, FoHO) 2w(0). (6.4.6)
t—o00 t—00 t
When the forcing term is so large that lim; o Fy (H(¢))/t = oo it is more difficult to prove precise
results. Of course, a simple extension of the argument of Theorem 6.4.3 shows limy_, o Fy(z(t))/t = oo,
but better estimates on the growth rate appear to require a stronger hypothesis. If H is asymptotic

to an increasing function H and

. N F(K{?(s))m ds

=0, for some K > 1, (6.4.7)
t—o00 H(t)

where F is given by (6.6.4), then lim,_,, Fyy(H(t))/t = oo, and we can prove the following result.

Theorem 6.4.4. Suppose (6.1.3), (6.2.2), (6.4.2) and (6.4.3) hold. If we further suppose x — f(x)/x is
eventually increasing, w obeys (6.3.3), and H is asymptotic to an increasing, superexponential function

H € C?%((0,00); (0,00)) such that (6.4.7) holds, then

tlggo x((tt)) =1. (6.4.8)

Roughly speaking, Theorem 6.4.4 gives an easy to check sufficient condition for the solution to
(6.4.1) to inherit the leading order asymptotic behaviour of the forcing term, as opposed to inheriting
the asymptotics of the unforced equation (6.1.1). However, it is not immediately clear how the crucial
hypothesis for Theorem 6.4.4, i.e. (6.4.7), relates to conditions on the size of the perturbation term
involving Fy, such as (6.4.5); the following proposition explains the connection between these different

hypotheses.
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Proposition 6.4.1. Let (6.2.2), (6.4.2) and (6.4.3) hold. If x — f(x)/x is eventually increasing and

) fot F(KH(s)Y?ds
tliglo KH(®) =ag € (0,00), for some K > 1, (6.4.9)
then Fo(H(t )
L) 1
t—o00 t Qi

Furthermore, if ax = 0, then lim_,o Fy(H(t))/t = oco. Similarly, lim;_, Fy(H(t))/t = 0 when

K = OQ.

A priori, the limit function ak in (6.4.9) depends on K. However, due to the conclusion of
Proposition 6.4.1 and the uniqueness of limits, ak is actually independent of K’; henceforth we modify
the hypothesis (6.4.9) to reflect this fact.

Our final result uses Proposition 6.4.1 to show that our hypotheses regarding the size of the forcing
term can be thought of as lying on a continuous spectrum and track the transition between the system
retaining the dynamics of (6.1.1) and the perturbation dominating the long—term behaviour. The
proof of Theorem 6.4.5 merely requires combining the conclusion of Proposition 6.4.1 with Theorems
6.4.2, 6.4.3 and 6.4.4.

Theorem 6.4.5. Let (6.1.3), (6.2.2), (6.4.2) and (6.4.3) hold. Suppose further that x — f(z)/x is
eventually increasing, w obeys (6.3.3), and H is asymptotic to an increasing, superexponential function
H e C?((0,00); (0,00)). Finally, suppose

[ F(KH(s)"/% ds

lim =Y =
t—oco KH(t)

=a€[0,00], forsome K > 1. (6.4.10)

(i.) If a« =0, then lim_, oo z(t)/H(t) = 1;

(ii.) If a € (0,00), then

lim Fu (@) = max {\/m, 1/a} ;

t—o0 t

(iii.) If & = oo, then

6.5 Examples

Before addressing the proofs of our main results we pause to provide some simple examples of their
application.

Since our results are insensitive to the structure of the memory, once w(0) is fixed, the examples
which follow do not require a functional form for w (as long as w € C((0,00);(0,00)) and w €
L'(R*;RT) in the nonexplosive case). For example, with w > 0 arbitrary, the following kernels would

be admissible in what follows:

wi(t) =w(l+t)~% a>0, t>0,

wa(t) = wexp(—t7), >0, t=0,

wylt) =w/T(t+1), 7>0, ¢>0.
where I' denotes the Gamma function.

Example 6.5.1. Suppose f(z) = (1 + z)? for x > 0 and for some 8 > 1. Choose any w obeying
(6.1.3). Note that this choice of f obeys (6.1.2) and also preserves superexponential growth; to see this
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check any of (i. —4ii.) in Proposition 6.2.2. We first check condition (6.2.1) to determine whether or

not solutions to (6.1.1) blow-up in finite—time. First note that

/Ouf(s)ds— (/Ou(1+s)5ds)1/2— (%)1/27 w0,

For n > 0 arbitrary and N > 0 sufficiently large, we have

/N du
no/Jo f(s)ds

As u— oo, ((u+ 1)1 — 1)_1/2 ~u~BHD/2 gnd (6.2.1) holds since

=B+1 /N ((w+ 1) =1)7% qu.

5 o(1-8)/2
/ w B+D/2 gy = 7%71 < o0, foreachn >0 and > 1.
g _

Therefore, by Theorem 6.2.1, solutions to (6.1.1) blow—up for every w obeying (6.1.3). It can be shown
that
2(8-1)

FB(l’) ~ 71‘(175)/2, as r — 0Q.

vVB+1
Thus, by Theorem 6.3.1, solutions to (6.1.1) obey

. x(t)1=P)/2 1 (8 + Dw(0)
lim = ,
t—T— T—t p—1 2

B>1, w(0)>0, (6.5.1)

for some T € (0,00). Furthermore, solutions to (6.4.1) will still obey (6.5.1) for any perturbation term
h obeying (6.4.2).

In this example it is possible to “invert” the asymptotic relation (6.5.1) to obtain the leading order

behaviour of the solution at blow—up. In other words, (6.5.1) can be improved to

2/(1-8)
2(t) ~ (B LB+ 1)w(0)> (T —t)0=B a5t T~

-1 2

Example 6.5.2. Now suppose f(x) = (x+e)log(xz+e) for x > 0 and let w obey (6.1.3). Once again,
it is straightforward to verify that f satisfies (6.1.2) and preserves superexponential growth. Moreover,

x> f(x)/z = (x +e)log(x + e)/x is eventually increasing.

We first check condition (6.2.1) to see if solutions to (6.1.1) blow—up in finite—time. Direct compu-

tation shows that

du

N d’Z,L N
/ WQ/ N T HerE T e ——

N >n>0.

As u — 00,

V(u+e)? (2log(u+e) — 1) — e2 ~ uy/2log(u).

Thus (6.2.1) does not hold because

N du
/77 m :\/i(\/log(N)—\/log(nD — 00, as N — oo.

Therefore, by Theorem 6.2.1, solutions to (6.1.1) are global if w obeys (6.1.3). It can also be shown
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that
Fy(z) ~2y/2log(x), asx — oo.

Hence, by Theorem 6.5.2, solutions to (6.1.1) obey

lim 1og(m§t))1/2 _ V) (6.5.2)

t—o0 2

Equation (6.5.2) is of course equivalent to saying that log(z(t)) ~ w(0)t?/4 as t — oco.

Now we consider the effect of forcing terms on the asymptotic growth rate captured by (6.5.2).
Firstly suppose h obeys (6.4.2) and H(t) ~ t* as t — oo, for some a > 0. Then

Fy(H(t 2+/2log(t>
lim sup u(H(?) :limsupw:(), a>0.
t—o0 t t—o0 t

Hence, by Theorem 6.4.2, solutions to (6.4.1) still obey (6.5.2) for any perturbation tending to infinity

no faster than a power.

Nezxt choose h obeying (6.4.2) such that H(t) ~ c1exp(t*) as t — oo, for some ¢; > 0 and some
o > 0. In this case

lim sup w = lim sup 2\/W = lim 2v2¢@/2)-1
t—o0 t t— 00 t t—00
0, a€(0,2),
={2V2, a=2,
00, a> 2.

By Theorem 6.4.2, solutions to (6.4.2) continue to obey (6.5.2) for a € (0,2). When o = 2, (6.5.2)
still holds if w(0) > 4, but if w(0) < 4, then

log(x(t)'/* _ |

lim
t—o0
Finally, when o > 2, we must resort to checking condition (6.4.7) in the hopes of applying Theorem
6.4.4. Applying L’Hoépital’s rule (with K > 1 arbitrary) and performing the necessary integration yields
L KH(t
SR as) 2ds LT de R exp(eeyer2
m = = lim = lim ————— =0,
t—00 H(t) t—00 H’(t) t—oo to—1 exp(ta)

since o — 1 > /2 for a > 2. Hence condition (6.4.7) holds for each K > 1, H is superexponential for
a > 1, and therefore Theorem 6.4.4 implies that the solution to (6.4.1) obeys

6.6 Preliminary Results and Lemmas

We first characterise the behaviour of solutions of two auxiliary equations, namely
t

y'(t) = /t w(t—s)f(y(s)ds, t>0; yt)=v¢(k), te[-40], (6.6.1)

-8
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and
=C /tfg f(z(s))ds, t>0; =z(t)=1(t), te[-60], (6.6.2)

for some C' > 0 and 6 > 0. We often use solutions to equations of the form (6.6.1) and (6.6.2) as
comparison solutions for the more complex Volterra equations (6.1.1) and (6.4.1). The hypotheses on
the nonlinearity are as before and the initial function, denoted by 1), is assumed positive throughout,
i.e.
¥ € C([-46,0]; (0,00)). (6.6.3)
The function F' given by .
F(z) = / f(s)ds, for each z >0, (6.6.4)
0

appears frequently in our proofs and inherits useful asymptotic properties from f, as noted in the

following corollary.
Corollary 6.6.1. If (6.1.2) holds, then F preserves superexponential growth.

Corollary 6.6.1 follows directly from Proposition 6.2.2 by noting that F is the integral of a positive

and increasing function, and thus is both increasing and convex itself.

Lemma 6.6.1. Let C' > 0 and § > 0, and suppose that (6.1.2) and (6.6.3) hold. If a solution to (6.6.2)
obeys z € C([—0,00); (0,00)), then z exhibits superexponential growth.

Proof of Lemma 6.6.1. Assuming z € C([—4, 00); (0,00)) and (6.6.3) implies that ¢ — 2z(¢) is increasing
for ¢ € [0,00) and hence that lim; . 2(t) = co. Suppose o € (0,9]; let ¢ > 26 and integrate (6.6.2)
from t — o to t to obtain

z2(t) —z(t—0)=C ) f(z(u)) duds

t—o Js—§

t/\(u+5)
=C / / u))dsdu, for each t > 24.
t—o—4

U)\/u

Using the positivity of z and (6.1.2) yields the lower bound

u+5)
z(t) — z(t — o) >C/ / )dsdu>C/ (t —u)f(z(u)) du,
(t—o)Vu
for each ¢ > 2J. The estimate above can (equivalently) be written as

C 1t —u)f(z(u))du

—0) 2 T ,  for each t > 2.

By (6.1.2), there exists a continuous, increasing function ¢ such that ¢(x) ~ f(z) as © — oco. Since
lim;_, 0 2(t) = o0, for each € € (0,1), there exists T'(¢) > 0 such that f(z(t)) > (1 — €)p(z(t)) for all
t > T'(e). Thus, by making the substitution a@ = ¢ —u and using the monotonicity of ¢, it can be shown
that

| = wsGtd= [ - a)da> B0 - o),

for each t > 2§ + T'(¢) + 0. Hence

1, C=90 (et =)

=0 5 t—0) t>20+T(e)+ 0o
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Since f(z)/x — o0 as © — oo and lim;—, 2(t — 0) = oo for each o € (0, 4], taking the liminf in the

inequality above shows that lim; . 2(t)/2(t — o) = oo. Therefore, by the positivity of z,

z(t — o)
t—00 z(t)

=0, for each o € (0,4]. (6.6.5)

Finally, since z is monotonically increasing, z(t — d) > z(t — o) for each o > 4, for ¢ sufficiently large.
Hence, from (6.6.5),

t—90 t—
0 = limsup &l ) > lim sup 2t - o) >0, for each o > 4.
t—o0 Z(t) t— o0 Z(t)
Thus (6.6.5) holds for all ¢ > 0 and z obeys Definition 6.2.2, as required. O

From Lemma 6.6.1 and Corollary 6.6.1, we immediately have the following useful lemma which we

record now for future use.

Lemma 6.6.2. Let C > 0 and § > 0, and suppose that (6.1.2) and (6.6.3) hold. If the solution to
(6.6.2) obeys z € C([—9,0); (0,00)), then

Pt 6)
=% (D)

b

where F is defined by (6.6.4).

Lemma 6.6.3. Let § > 0, and suppose that (6.1.2), (6.1.3), and (6.6.3) hold. If (6.2.1) holds, then

solutions to (6.6.1) blows up in finite—time.

Proof of Lemma 6.6.3. Under the stated hypotheses there is a continuous solution to (6.6.1) on a

maximal interval [—§,T) for some T > 0. Suppose T = co.

Let ¢t > § and estimate as follows:

t 0
V0= [ wtt-fu)ds = [ w - 0)d

5
> inf w(s t—u))du.
> it w(s) [ 1)

Define w(d) = inf,¢jo,5) w(s) and note that (6.1.3) guarantees w(d) > 0. Hence

Y () > w(o) /t ) ds, t26

By (6.1.2), there exists a continuous, increasing function ¢ such that for each ¢ > 0, f(y(u)) >
(1 —€)p(y(u)) for each u > Ty (e) +J. Let € € (0,1/2) and define the lower comparison solution z by

2'(t) = w(d)(1 — 2¢) t; d(z(s))ds, t>Ti(e)+0; =z(t)= @, (6.6.6)

for ¢ € [0,T1(e) + d]. By construction, z(t) < y(t) for each t € [0,71 + J]. Hence, by a simple
time of the first breakdown argument, z(t) < y(¢) for all ¢ > 0. Due to the continuity of ¢, z €

C?((Ty + 4,00); (0,00)) and because ¢ o z is increasing
2" (t) = w(8)(1 — 2¢){p(2(t)) — d(2(t — 8))} >0, for each t > Ty + 6,
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so z is convex on (17 + J,00). Using the convexity of z, we have

() =@ -2) [ o) 0 ds

> w(d)(1—26) [ o(x(s))7'(s) ds

t—5
z(t)
=w(d)(1—2¢ u) du
w120 [ ot
=w(6)(1 —2€) {®(2(t)) — ®(2(t—6))}, for each t > Ty + 26, (6.6.7)

where ®(z) = Jy #(s)ds. The function ¢ given by q(t) = z(t + Ty + &) for t > =Ty — § solves (6.6.2)
with C' = w(d)(1 — 2¢) and ¥ = y/2; thus Lemmas 6.6.1 and 6.6.2 apply to ¢, so that

at—0) o Blalt—0)

Pt q(t) T t5o0 @(q(t))

It follows readily that ~
B(a(t-9))
=00 B(2(1))

Combining the limit above with (6.6.7) yields

lim inf LI (1)*
oo B(2(t))

> w(6)(1—2¢) > 0.

It follows that there exists a T*(e) > 0 such that for each € € (0,1/2)

(Z(1))?
B(=(1))

Taking the square root across the inequality above and integrating from 7™ (¢) to some fixed ¢ > T*(¢)

—~
IS

> (1—e)w(0)(1—2¢e), t=>T"(e).

we obtain

t 2(s)ds z(t)
/T* <i>z((s));l1/2 = /(T*) @(u)_l/Q > (t— T*)\/(l —e)w(d)(1—2¢), t>T"

Since z(t) — 0o as t — oo and F(z) ~ ®(z) as x — oo, taking the liminf in the inequality above gives

/ Fu)™ Y% du = oo,
z(T™*)

in contradiction to (6.2.1). Therefore T' < oo, as claimed. O

Lemma 6.6.4. Let C > 0 and § > 0, and suppose that (6.1.2) and (6.6.3) hold. If (6.2.2) holds, then
solutions to (6.6.2) obey z € C([—0,00); (0,00)). Solutions to (6.6.1) obey y € C([—9, 0); (0,0)).

Proof of Lemma 6.6.4. First consider equation (6.6.2). By (6.6.3), there exists a maximal T € (0, o0
such that z € C([-4,T); (0,00)) and lim; ,7— z(t) = co. Suppose T € (0,00). By (6.1.2), there exists
an increasing, continuous function ¢ such that f(z) < x ¢(z) for some x > 0, for each x > 0. Define
¢r(x) = K ¢(x) for each 2 > 0 and note that

& du C~
A‘\Aﬁ¢4@ds_
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is equivalent to (6.2.2), since f ~ ¢. Let ¢ =1+ sup,co,7/2) #(s) and define the function o by

alt)
a’(t)z\/2K1/ du(u)du, t>0; aft)=1, t<0,
1

with

K71 = max (2, W) .
2 [ ¢ulu)du

Both ¢ and K are larger than 1, and (6.2.2) implies a € C((—00,00);(0,00)). In fact, due to the

continuity of ¢,, a € C?((0,00); (0,00)). Furthermore, o’(t) > 0 for t > 0 and due to our choice of ¥,
a(t) > z(t) for each t € [-§,T/2]. Now consider the function

¢
An(t) = / ¢ (a(uw))du, t>0.
t—6
Differentiating A, estimating, and using the fact that o/ (t) = K¢, (a(t)) for t > 0 yields
AL (1) = dn(a(t)) — du(alt — 0)) < Kign(a(t)) = a"(t), t>0.

Integrating from 0 to ¢ we obtain

t

0
Aa(t) = Aa(0) = [ éula(u)) du— / Gufafu) du

t—6

a(0)
<d(t) - \/2K1/1 br(u)du =o' (t) —a'(0), t>0.

Rearrangement shows that this is equivalent to

t ¥ 0
o (t) > b (au)) du + \/2K1 /1 b (u) du — /4 () du, t>0. (6.6.8)

t—6
¥ 0
\/2K1/1 ¢K(u)du—/76¢ﬁ(w)du>0

if and only if K7 > (§ ¢, (¢)))?/2 flw ¢ (u) du, which is guaranteed by our earlier choice of K;. Hence
inequality (6.6.8) implies that

Note that

o'(t) > /t_(s(b,.i(a(u))du, L0, (6.6.9)

Now suppose there is a minimal T € (T/2,T') such that a(Tp) = 2(Tp). Since a(t) > z(¢) for each
t € [-6,T/2], it must be the case that z'(Tg) > o/(Ts). Thus

TB TB

2(Tg) = / f(z(w)du < / dr(a(u))du < o/ (Tg),
Tg—6 Tg—6

where the final strict inequality follows from (6.6.9). But this implies that 2/ (Tg) < o/ (Tg) < 2/(TB),

a contradiction. Thus z(t) < a(t) for each ¢t € [—d,00) and there cannot exist a T' € (0, 00) such that

lim,_,p- z(t) = oo, since (6.2.2) ensures that « is bounded on compact intervals. Therefore we must

have T = oo, as claimed.
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Now consider (6.6.1). By hypothesis, y € C([—0,T); (0,00)) for some T > 0. For each ¢t € (0,7,
B
V0= [ w9 ds = [ s )

0
é
<2 sup w(s)/o fly(t —u)) du.

s€[0,6]
Define w(d) = sup,¢p,s5) w(s) > 0 and hence define the upper comparison solution z by
¢
2/ (t) = 2w(9) ¢r(2(s))ds, t>0; z(t)= sup ¢(u)+1, te[-40]

t—3§ u€[—46,0]

By the arguments above, z € C([—d,00); (0, 00)) and, by construction, z(t) > y(¢t) for each t € [-§,T).

Hence y cannot explode in finite—time and the claim is proven. O

Our final lemma identifies the growth rate of solutions to (6.6.2). The corresponding results for
(6.1.1) and (6.4.1) consist of carefully constructing comparison solutions using equations of the form

of (6.6.2) and then invoking this lemma.

Lemma 6.6.5. Suppose that the hypotheses of Lemma 6.6.1 hold. If f preserves superexponential
growth, then the solution z € C([—§,00); (0,00)) to (6.6.2) obeys

lim w:@

=00

Proof of Lemma 6.6.5. Due to the continuity of f, z € C?((§,00); (0,0)) and
2'(t)=Cf(z(t)) — Cf(z(t = 9)), t>0.

By Lemma 6.6.1,

z(t — 0)

oo 2(2)

= O’
and hence, because f preserves superexponential growth, we have

f(z(t = 9))

M= eay Y
Thus
lim 2 g, (6.6.10)

% CF ()

It follows from (6.1.2) that foz(t) f(u)du — oo as t — oo and hence 2/(t) — oo as t — oo by integration
of (6.6.10). Now use L’Hopital’s rule to obtain

. (2'(1)? .2
1 —_ =] — =1
=% 50 [70 f(u)du = CIG(D)
Therefore
lim *) =Vv2C

t—o00 foz(t) f(u) du
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It follows that for each € > 0 there exists 7*(¢) > 0 such that

VG —ec —2W L \BE, 13T,
S £(u) du

Suppose t > T*(e) and integrate the inequality above to yield

T

By making the substitution y = z(u) it is straightforward to show that

(V2C —e)(t — T*) (e+V2C)(t —T*), t>T*(e).

)

(V2C — e)t _tT* + FU(Zt(T*)) < FU(tZ(t)) <(e+ @)t —tT* n FU(Zt(T*))

for ¢ > T*(€). The claim follows by letting ¢ — co and then ¢ — 0% in the inequalities above. O

6.7 Proofs of Main Results

Proof of Theorem 6.2.1. Sufficiency of Conditions: Suppose (6.2.1) holds. By the usual considera-
tions, z € C([0,T); (0, 00)) for some (maximal) T € (0, c0]. Suppose T' = oo and let 7 > 0 be arbitrary.
By (6.1.3) and positivity, we have

t t t—1
"t) = t— ds = t— d t— d
v = [wt=ofaE)ds= [ wt—s )+ [ -9 ds
t
> / w(t —s)f(x(s))ds, t>r7.
t—T1
Let ¢ denote any monotone increasing, continuous function obeying f(x) ~ ¢(z) as * — oco. Since

x(t) — oo as t — oo, for each € € (0, 1) there exists T3(e) > 0 such that f(z(t)) > (1 — €)¢p(x(t)) for
each t > T} (¢). Hence

Z'(t) > (1—¢) /t_ w(t —s)p(x(s))ds, t>Ti(e)+T.

Define the lower comparison solution y by
t
y'(t)=(1- 6)/ w(t —s)p(y(s))ds, t=Ti(e)+7; y(t)=ar(t), t€[0,T1+7],
t—7

where z, obeys z’; (t) = fot w(t—s)f(zr(s))ds for t € [0,T1 + 7] and 2,(0) = x(0)/2. By construction,
y(t) < x(t) for t > 0. Let y,(t) = y(t + 7 + 11) for each t > —T1 — 7 and note that y, solves (6.6.1)
with § = 7+ 11 and ¥ = xp. Hence Lemma 6.6.3 applies to y, and there exists a T < oo such that
lim, - yr (t) = oo, contradicting the assumption that T'= co and completing the proof.

Necessity of Conditions: Suppose (6.2.2) holds. As usual, our hypotheses guarantee a well
defined solution to (6.1.1) on some maximal interval [0, 7T) with T" € (0, 00]. Assume, contrary to our
claim, that T' < co. Let ¢ € (0,T) and estimate the derivative of x for ¢ € (6,T") as follows:

t t—§
2(1) = / wlt - 8)/(x(s)) ds + / w(t — 5)f((s)) ds

/ F(x(s)) ds + M(5), (6.7.1)
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where w(8) = sup,¢jg 5 w(s) and M(5) = SUPyeo, 1] fot_é w(t — s) f(z(s)) ds. Note that

lim sup — M{(9)

=:C(§ 0,00),
i1 () [, f(x(s))ds (6) € [0, c0)

which can be observed by simply taking suprema of continuous functions over the compact interval

[0,T]. Combining the limit superior above with (6.7.1) yields

/
lim sup (t) <14+ C(§) <oo, foreachd e (0,T).

i1 w(0) [ f(a(s))ds
Thus, for each € > 0, there exists T*(e) € (4, T) such that

2(t) < (14 ¢€)(1 4 C(0))w(d) - f(x(s))ds, te[T*(e),T).

Taking € = ¢ in the estimate above gives
t
2(t) < (1+9)(1 +C(6))w(5)/ 6f(as(s))d5, te[T%(0),T).
t7

By hypothesis, there is an increasing, continuous function ¢ such that f(z) < k¢(x) for some k > 0,
for each z > 0. As before let ¢,.(x) = ¢, (z) for each x > 0. Hence

2'(t) < (1+0)(1+ C(6))w(d) /,Hs ox(z(s))ds, te[T*(0),T).

Now define the upper comparison solution z according to

(1) = (14 20)(1 + C(8))@(5) / | Gulea)ds, 120

2t)=2":=1+ sup z(u), te[-40]
w€[0,7*(0)]
By construction, x(t) < z(t) for all ¢t € [0,T). However, since z solves (6.6.2) with C' = (1 + 2§)(1 +
C(9))w(d) and ¢ = Z*, Lemma 6.6.4 implies that z € C([—4,00); (0,00)). Therefore the assumption
that T' < oo leads to a contradiction and the proof is complete. O

Proof of Theorem 6.3.1. By hypothesis there exists T € (0,00) such that x € C([0,T);(0,00)) and
lim;_,7- x(t) = co. We first show that lim; ,7— 2'(¢) = co. For an arbitrary ¢ € (0,7), construct a

lower bound on z’ of the form

z'(t) > kw(9) - d(z(u))du+M(5), te(5,T), (6.7.2)

where M(8) = infic(o 7 fgﬂs w(t — s)f(xz(s))ds, k > 0, and ¢ is monotone increasing and continuous.

We have lim;_,r- ¢(z(t)) = oo and hence

Thus the function ¢ — j:: s @(x(u)) du is increasing on some interval (7™, T') and must have a limit as

t — T—. However, if lim; ,p7- f:_a ¢(x(u)) du is finite, integration of (6.7.1) yields
z(t) < A+ Bt, fort € (T}, T),
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for some positive constants A and B. But the solution blows-up in finite—time, a contradiction.

Therefore, lim,_, 7 fttﬂs d(x(u)) du = oo and hence lim;_,7- z'(t) = 0o, as claimed.

Now let 6 € (0,T) be arbitrary and estimate as follows:

t t—o
PO = [ wt-ora@)dst [ =)

< w(0) - flz(w))du+ M) te(5,T), (6.7.3)

where w(0) = sup,¢[o 5 w(u) and M(5) = SUP¢e(0,7] f0_5 w(t — 5)f(2(s)) ds. Note that M(J) is finite
for each § € (0,T). By(673)andthefactthatx'()—>ooast—>T* Wehaveftt(S (z(u)) du — oo

ast — T, for each 6 € (0,7). Thus fo u))du — oo as t — T~ and, by applying L’Hopital’s rule,
) du — _
im ft‘s— = lim ft) = flalt = 9)) =1, foreachd € (0,7).
t—T- fo z(u))du =T~ f(z(t)
Dividing across by w( fo )) du in (6.7.3) and taking the limsup thus yields
!/
4
lim sup (1) <1, foreachde (0,T).

-7 w(8) [y fla(u))du

Letting 6 — 0T in the limit above shows that

lim sup tx’(t)
t—7- w(0) fo fz(u)) du

Similarly, we can obtain the following lower estimate on the derivative

t t
z'(t) > / w(t —s)f(z(s))ds > w(d) f(xz(uw))du, te(6,T),
t—5

t—o

where w(d) = inf,¢cjo,5) w(u) > 0. Following the same steps as above quickly reveals that

/
lim inf tx(t) >1
=T w(0) fo fla(w) du
Therefore
/
lim - (*) = 1. (6.7.4)
=17 w(0) fo f(x(s)) ds
We claim that (6.7.4) implies
/
lim z®) =1. (6.7.5)

t—T— \/2 z(t) (s) ds

Using (6.7.4), (6.7.5) is equivalent to

t
lim fo =1.
t—T— \/2’[1] fO t) f ds
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Letting I(t fo )) ds, the limit above is in turn equivalent to

- [w<>t<t>] .
=T 20(0) [ f(s) ds

However, since I(t) — oo as t — T~ and fogg(t) f(s)ds — oo as t — T, applying L’Hopital’s rule
yields

o [wOIOP L OPIOr | w(0) i fe)ds
=T~ 21(0) fow(t) f(s)ds t=T- 2w(0)a! (t) f(x(t) t—T- ' (t) ’

where the final equality follows from (6.7.4). Thus (6.7.4) implies (6.7.5), as claimed.
By (6.7.5), for each € € (0, 1), there exists T'(¢) € (0,T) such that

2'(t)

\/2w I(t f(s)ds

Let t and Ty, be such that T < t < T;, < T and integrate the inequalities above from ¢ to Ty; this

l—e< <l+e te(T,T).

yields

l

/ x(u
0

for T <t < Ty, < T. Make the substitution y = x(u) in the integral to obtain

TL
(1—6 TL—t\/Qw /

(14+¢)(Tr — t)y/2w(0),

(14 €)(TL — t)y/2w(0),

(1= e)(Ty, — t)/2w(0) < /
z(t) /fo

for T <t < Ty, <T. Now let Tr, — T~ and divide across by T — t to show that

Fo(z(t)) < (14 e)y2w(0), T<t<T.

1 /°° dy _
Elowy (J ¥ f(s)ds T 1

Letting € — 07 in the inequalities above completes the proof. O

(1—-e€)v2w(0) <

Proof of Theorem 6.3.2. By hypothesis, x € C([0,00); (0,00)). Let 6 > 0 be arbitrary and estimate as

follows:

0= [ T e — ) f(als)) ds + / t

—0

w(t —s)f(z(s))ds > / w(t —s)f(x(s))ds
t—9
) t
- / w(w) f(z(t — w)) du > w() / fla(s)ds, >3,
0 t—3§

where w(6) = inf,cjo,5yw(u) > 0. By (6.1.2), there exists a continuous, increasing function ¢ such
that, for each € € (0,1), f(z(s)) > (1 — €)¢(z(s)) for all s > T'(e¢). Hence
t
Z'(t) > (1 — e)w(d) o(x(s))ds, t>T(e)+0.

t—9

Now define the lower comparison solution z_ by
t
L0 =(1-n0) [ oG, 12T+ a0 =al)/2 tel0.T+3,
t—5
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It can be shown that z_(t) < z(t) for all ¢ > 0 and, by applying Lemma 6.6.5 to z_, we have

2(1 — e)w(d) = 1itlgi£f w < lim inf w, (6.7.6)

t—o00

for each § > 0. Letting § — 0™ and € — 07 in the inequality above, and using the continuity of w, we

Fy (z(t))
t

obtain
> \/2w(0).

lim inf
t—o0

Remark 6.7.1. Technically, Lemma 6.6.5 applies to the function t — z_(t + T + §) and gives

Fy(z—(t+T +0)) I Fy(z_(t+T+9)) — lim Fy(z—(s))

= 1m
t t—00 t+T + ) S—00 S

2ul0) = i,

and this is what we are actually using in equation (6.7.6).

We now tackle the corresponding limsup. By (6.1.2), there exists a continuous, increasing function
¢ such that, for each ¢ > 0, f(z(t)) < (1 + €)¢(x(t)) for each t > Tj(e). Furthermore, we can find a
k > 0 such that f(z) < k¢(z) for each x > 0. Let 6 > 0, and begin by estimating as follows:

t—0 t
PO = [ w-9faE)ds+ [ =)o)
t—35 t
gw(x(t—a))/o w(t — 3) ds—l—/t_aw(t—s)f(x(s))ds
< KW oa(t — 8)) + w0 / @
< EWoa(t— ) + (1 + O)w / 6(x(s))ds, t>35+Ti(e),

where w(8) = sup,,¢jg 6 w(u) > 0. Thus

2 (8) < kWo((t — 8)) + (1 + ) / bz £> Ti(e) + 0. (6.7.7)

Now make the following lower estimate on the second term in (6.7.7):

/ (x(s)) ds > w(é)/t COLE ggb(x(t _6/2)), t>Ti(e)+0.

Hence
0 < limsup —WEEE=3) _  yyy, 26V _9(alt —3)

oo () [} p(x(s))ds ~ toe 6 da(t—0/2))

where the final limit can be established by repeating verbatim the argument from Lemma 6.6.1. Com-
bining the limit above with (6.7.7) then yields

:07

<1-+e

lim sup ta;’(t)
t—oo  w() .f;s—é P(x(s)) ds

Hence, for each € > 0, there exists 7% (e,d) > 0 such that
V)< 1) [ ot 12T,
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Now fix e = § > 0, so that
t
(1) < (1 +5)2w(6)/ é(x(s))ds, t>T*(5).
t—5
Define the upper comparison solution z; by

0 = (14 0700) [ olei(s)ds, t20
t—0

zy(t)=  sup z(u)+1, te[-40].
we[0,T*(6)]

By construction, z(t) > z(t) for each ¢ > 0 and, by applying Lemma 6.6.5, we obtain

lim sup w < lim sup M < V/2(1+6)%2w(d), for each § > 0,

t—o00 t—o0 t

once more using that ¢ ~ f. Therefore, by letting § — 0%,
F t
lim sup Fu(2®) < 4/ 2w(0),
t—o0 t

and combining this with the corresponding liminf yields the result. O

Proof of Theorem 6.3.53. By (6.1.2), we can find a continuous, increasing function ¢ obeying ¢ ~ f
such that f(z) < k¢(z) for some £ > 1, for each x > 0. Let € > 0 be arbitrary and define w.(t) =

kw(t) + kee™t for t > 0. Now construct the upper comparison solution x. by letting

t
zl(t) = / we(t — 8)d(xe(s))ds, t>0; w(0)=x(0)+e.
0
By Theorem 6.2.1, 2. € C([0,00);(0,00)). Furthermore, because x.(t) > z(t) for each t > 0, z €

C([0,00); (0,00)) also. To see this suppose that z(Tg) = z.(Ts) but that z(t) < z.(t) for each
t €10,Tp) (for some Tp > 0). Hence «'(Tp) > z.(Tp) but

T
P (Ta) 2 2l () = [ wdTa -~ s)o(a(s)) ds
0
TB TB
= [ T = o) ds e [T o)) ds
0 0
> /0 ’ w(Tg — s)f(z(s))ds = 2'(Tp),

a contradiction. Note that since ¢ ~ f, we have

¢ du
FU(SL“)N/1 \/W’

By applying Theorem 6.3.2 to z., we have

as r — OQ.

lim Fulzc(t)) = /2w (0) = V2K,

t—o00 t

and by monotonicity of Fy,

Oglimsupw < lim w = V2ke.

t—o0 T t—=o0
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Letting ¢ — 07 in the inequality above yields

lim ———= =0,
t—o00 t

as required. O

Proof of Theorem 6.4.1. We first show that (6.2.1) is a sufficient condition for the finite-time blow—up
of solutions to (6.4.1). Begin, as in the proof of necessity in Theorem 6.2.1, by assuming 7' = co. Now

let 7 > 0 be arbitrary and make the lower estimate

t
z'(t) > / w(t —s)f(z(s))ds + h(t), t>r.
t—T
By (6.1.2), there exists an increasing, positive function ¢ asymptotic to f and a finite, positive constant

C' such that
f(z)

in .
ze[2(0)/2,00) $()
Hence C ¢(x) < f(x) for each x > 2(0)/2. Now let p(x) = C ¢(z) for each x > x(0)/2. Thus

C:

2/ (t) > /t_ w(t — s)p(x(s))ds + h(t), t>T,

because x(t) > x(0) > x(0)/2 for all ¢ > 0. Integration then yields

/ / w(u— s)p(x(s))dsdu+ H (t), t>T, (6.7.8)

where H( f h(s)ds. Now define the lower comparison solution y according to

/ / (u—8)p(y(s))dsdu, t>7; y(t)==(0)/2, te]l0,71]
Of course, y also obeys the delayed integro—differential equation
¢
O = [ wlt-9elu)ds tzr y®=a0)/2 te o,
t—T1
By integrating (6.4.1), note that x(t) > z(0) for each ¢ > 0 due to (6.4.2) and y(t) < z(t) for

each t € [0,7], by construction. Using the continuity of h, choose 7 > 0 sufficiently small that
fOT h(s)ds < x(0)/4 and suppose T > 7 is the minimal time such that y(Ts) = x(Tg). Thus

y(T5) = y(r /T/ w(u — 5)p(y(s)) ds du = o(Tp)
2(r) + H,(Ts) /TB/ (u — s)p(x(s)) ds du

x(0)+H(TB)f/ ds+/TB/ (u — s)p(a(s)) ds du
Zx(O)f/ d5+/TB/ (u — 8)o(y(s)) ds du
/2+/TB/ (u — 8)p(y(s)) ds du = y(T),

a contradiction. Thus y(¢) < z(t) for each ¢t > 0. At this point, following the proof of necessity in

Theorem 6.2.1 shows that T' = oo produces a contradiction and hence T € (0, 00), as required.
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We have shown z € C([0,T);(0,00)) for some T" € (0,00) with lim; ,7- z(t) = oo, so we now
proceed to show that the rate of growth of the solution as it approaches the blow—up time is the same

as that of the unperturbed equation. Since h is continuous, there exists a; > 0 such that
|h(t)] < a1, foralltel0,T].

Hence, following the line of argument from the proof of Theorem 6.3.1, we obtain the upper estimate

-5
2 (1) < ay + (0 /f ds+/ wit— 8)f(x(s))ds, te(5,T),

for each ¢ € (0,7") and with w(d) = sup,¢[o 5 w(u). Now let

t—0
a2(8) = sup / wit — 5)f(x(s)) ds

tels,T]J0

and note that as(d) is bounded for each ¢ € (0,7). Thus

z'(t) < asz(d) + w(d) - f(x(s))ds, te(s,T), (6.7.9)

where a3(d) = 1+ a; + a2(0). Similarly, once again reusing the arguments from the proof of Theorem
6.3.1, we have

2(8) > —a1 + w(o) /t_6f<x(s)>ds, te(6,T), (6.7.10)

where w(d) = inf,c[o 5 w(u). Define I(t fo ))ds for each ¢t € [0,T) and note that I is an
increasing function due to the positivity of fox. Hence lim;_,7- I(t) exists; suppose lim;_,p— I(t) =
I* € (0,00). By positivity, j;tﬂs f(z(s))ds < I(t) < I* for each t € (6,T) and thus we obtain the
inequalities

—a; < 2'(t) < az(0) +w(6)I*, te (5,T).

But by simply integrating the above inequalities we rule out the finite-time explosion of z, a contra-
diction. Therefore lim;_,p- I(t) = oo and, as in the proof of Theorem 6.3.1, it follows from L’Hépital’s
rule that
ft 5 [(a(s)) ds
t—>T— f f

Combining the fact above with (6.7.9) and (6.7.10) quickly yields

1 < liminf fl(t) , limsup f/(t) <
t=eo w(d) [y fz(s))ds t-7= w(0) [y fz(s))ds

Letting § — 0T in the inequalities above shows that

a'(t)

=00 w(0) 3 f(w(s)) ds

We are now in the same position as at equation (6.7.4) in the proof of Theorem 6.3.1. Repeating

verbatim the arguments which follow equation (6.7.4) completes the proof. O

We now establish several useful lemmas which are needed for the proof of Theorem 6.4.2.
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Lemma 6.7.1. Suppose (6.4.3) and (6.2.2) hold. Fach solution, y, to the initial value problem
y'(t)=\/Fy(t), t=0; y(0)=1, (6.7.11)

o W= 0)t)
t—o0 y(t)

obeys
=0, foreachne€ (0,1).

Proof of Lemma 6.7.1. Under the given hypotheses, the initial value problem (6.7.11) has a unique
solution y € C(]0,0); (0,0)). By L’Hopital’s rule,

lim if): lim M:oo,
r—0o0 I z—o00 2T

where the final equality is due to (6.4.3). Thus y/F(z)/z — oo as x — oo and

Therefore y exhibits superexponential growth and lim;_, . y(t —1)/y(t) = 0 (¢ = 1 in Definition 6.2.2).

By monotonicity,
1—n)t t—1 1
y(A=mt) _ y )7 P>t
y() y(1) U
for each n € (0, 1). Therefore lim;_, o y((1 —n)t)/y(t) = 0, as claimed. O

Lemma 6.7.2. Suppose a and b are continuous functions from RY to RT /{0} which obey a(t)/b(t) — 0
ast — oo. If f: R* + (0,00) is a continuous function such that x — f(x)/x is increasing for x > 0,

then
L fal)
t=oo f(b(t))

Proof of Lemma 6.7.2. By hypothesis, for each e € (0,1) there exists a T'(¢) > 0 such that

a(t) < eb(t) < b(t), t>T(e).

Thus, by the monotonicity of f(z)/z,

Therefore, for t > T'(¢),

as required. 0

Proof of Theorem 6.4.2. Firstly, we claim that (6.2.2) implies = € C([0, 00); (0,00)) in the presence of
perturbations obeying (6.4.2). Under our standing hypotheses, there exists a maximal T" € (0, co] such
that € C([0,T); (0,00)). Now follow the line of argument from the proof of necessity in Theorem
6.2.1. Suppose T < oo and estimate @’ for t € (4,T), for some § € (0,T), as follows:

t

#(0) <) [ fals)ds+ M(5) + h(t),
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where w(d) = sup ¢ sy w(s) and M(8) = SUPcfo,7] fot_é w(t—s)f(x(s))ds. Since h is continuous there
exists a; > 0 such that |h(t)| < ay for all ¢ € [0, T] and hence

2/ (t) < w(d) t; (z(s))ds + M(6) +ay, te(5,T). (6.7.12)

Beginning at equation (6.7.1), repeat the argument from the proof of necessity in Theorem 6.2.1 verba-
tim to conclude that z € C([0, 00); (0,00)). Furthermore, by (6.4.2) and a straightforward comparison

argument with an equation of the form (6.6.2), lim;_, o z(t) = cc.

We now show that (i.) implies (44.). Suppose that

li?l}sup w =Ke (O, V2w(0)> .

For each ¢ > 0, there exists 77(J) > 0 such that

H(t) < F;' (1 +0)Kt) = H(t), t>Ti(d).

Remark 6.7.2. In the case that K =0, we would have
H(t) < F;' (t) = H(t), t>Ti(6),

for each § > 0 and the proof would proceed as in the case K € (O, \/Zw(O)).

Integrating (6.4.1) yields
x(t) = x(0) + H(t) +/O W(t—s)f(z(s))ds, t>0,

where W (t) = [ w(u) du. Hence

0
z(t) < 2(0) + H(t) + . Wt —s)f(z(s))ds + ; 1 Wt —s)f(z(s))ds
t T
< x(0)+ H(t) + ; Wt —s)f(x(s))ds+W ; f(z(s))ds, t>Ti(9). (6.7.13)

Let z* = z(0) + W fOTl f(z(s)) ds and define the upper comparison solution z by
~ t

poO) =1+ )+ [ W= )i (s)ds, 12 T5()
T

By construction, z(t) < x4 (t) for t > Ty(8). Under (6.4.3), H € C'((Ty,0); (0,00)) and thus z, €
CY((Ty,0); (0,0)). Hence differentiation yields
B t
S0 = 0+ [ wlt =i @) ds 1> 1)

Since x4 is increasing, it follows that
¢
P> w(0) [ flai()ds t2Ti(6) +8
t—6
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where w(d) = inf,¢jo,5) w(u). Following the proof of Lemma 6.6.1, we then obtain

lim 2+ %) (t=9)

=0, for each § > 0.
t=oo xy(t)

Proposition 6.2.2 applies to f since x — f(z)/z is increasing and thus

o))
e o ()

Now, for ¢ > Ty (d) + 4, estimate as follows:

=0, for each § > 0.

t—4 t
A= O+ [ it ds+ [l fe ) ds
< H'(t) + W(zo(t — 8)) + @ (5) /H Flas(s)) ds, (6.7.14)

where w(J) = sup,¢p,5) w(u). As noted in earlier arguments

fl(t=0) _  flai(t=0) _ 2f(a(t—9))
S F@i(9)ds [ F(wy(s))ds — 0f(@+(t=0/2))’

and hence lim¢_, o f(z4(t — /ft s f(xy(s))ds = 0 for each § > 0. Thus, from (6.7.14), we derive

the estimate
x;(t) < H'(t) +w()(1+9) /tié flxi(s))ds, t>Ts(d)>Ti(0)+ 56,

where T5(0) is sufficiently large to guarantee that

Wf(l‘+(t—5)) < 5u(s
ft 5] ) ds

The solution to the initial value problem
y'(t) =\ Fy®t), t>0; y0)=1, (6.7.15)

is given by y(t) = F;; ' (t) for each t > 0. Furthermore,

Now express the derivatives of H in terms of y as follows:

K?(1+6)?

H'(t)=KQ1+08)y (K(1+46)t), H'({t) = 5

fy(K(1+90)t), t>T1(0).

For short we write y(t) = y(K (1 + 0)t) henceforth. Let x, be the solution to

@, (t) = H'(t) +w(6)(1+9) - f(@u(s))ds, t=T5(0);

xu(t):1+x+(T2)7 te [O,TQ]
By construction, z(t) < x4 (t) < x,(t) for t > T5(J). Differentiation yields
wy(t) = H'(t) + w(8) (1 +0) {f (zu(t)) — flzu(t —8))}, > T2(0).
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With the notation introduced above, we have

2 2 oy (t —
1(0) = S f(0) + wl0) 1+ 6o {1 - HEl o (6.7.16)
i Falt —9))
>w(6)(1+5)f(xu(t)){1— o) } t> To(5).

It is easily demonstrated that x, (¢t — 0)/z,(t) — 0 as t — oo and hence f(z,(t —9))/f(z.(t)) — 0 as
t — oo, since f obeys the hypotheses of Proposition 6.2.2. Thus

e ) o
hglorgf Faalt) = w(0)(1446), foreachd >0, (6.7.17)
and there exists T5(d) > T»(d) such that
J% > w(0)(1+6)(1—38/4)V2  t>T5(5). (6.7.18)

Let C(6) = w(8)(1 4 6)(1 — §/4)/? and calculate as follows:

d [ (2,(t)
dt{ 2

- 0(5)F(xu(t))} = {2 (t) = C(O) f(zu(t) } 2,(t) > 0, > T5(9),

using equation (6.7.18). Hence,

or equivalently

Asymptotic integration now yields

ligiogfw > 4/2C(9).
Thus there exists Ty4(d) > T5(J) such that
w > \/2C(0)\/(1 —6/4) = /2w (6)(1 +6)(1 — 6/4), t > Tyu(). (6.7.19)
Therefore
B0 _ F (L4 0)0) P (11 0)1) .
w0 w® (Ve an o)

We want to choose ¢ € (0,1) small enough that

K(1+6) < /20(8)(1 + 0)(1 — 6/4).

Since K < 4/2w(0), it is sufficient to choose ¢ small enough that

-1 2
0 < min (10—7—01/4, 1> s where o« = UI;(QO) > 1.

Hence, by applying Lemma 6.7.1, we have lim;_, o §(t)/2z,(t) = 0 for each 6 > 0 sufficiently small.
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It then follows from Lemma 6.7.2 that f(y(t))/f(z.(t)) — 0 as t — co. Combining this limit with
(6.7.16) gives

AU <w(8)(1+6)2%, t>1T5(5). (6.7.20)

Now, for ¢t > T5(9),

d [ (z,(t)?
dt{ 2

by (6.7.20). Hence

2,(1) < \/2000) (1 4+ 012 Fu(ea(t), 12 T(0)

Asymptotic integration readily yields

lim sup Lj (zu(t)

t—o00 t

< /20 (0)(1 + 2.

Now note that z(t) < x,(t) for each t > T(§). Therefore, letting 6 — 01, we have

Botel) ¢ oy

lim sup
t—o0

When K = /2w(0), define H(t) = F;'(K(1 + 6/2)t) for t > T1(5). The argument proceeds
analogously until equation (6.7.17). Now asymptotic integration can be used to show that

litminf w > /2w(0)(1 + 20), for each § > 0.
— 00

At this point we want to show that for § > 0 sufficiently small

) i _ F,;l( 20(0)(1 + 6/2)t )

i07

by applying Lemma 6.7.1. Thus it is sufficient to choose § > 0 such that

V2w(0)(146/2) < /2w(0)(1 + 26)(1 — §/4).

In fact, this is equivalent to choosing 6 € (0,1). The proof concludes as in the case K € (O7 \/2w(0)).

To prove the corresponding limit inferior, positivity of H yields the trivial lower bound
t
+/ W(t—s)f(z(s))ds, t=>0,
0
where W (t) = fg w(s) ds. Now define the lower comparison solution z_ by
t
x_(t) =x(0)/2 —|—/ Wt —s)f(z_(s))ds, t>0.
0
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It is straightforward to show that z_(¢) < z(t) for all ¢ > 0. Furthermore,

' (t) = /0 w(t—s)f(z_(s))ds, t>0.

Hence Theorem 6.3.2 applies to z_ and yields

lim Fo(e_(t) _ 2w(0).
t—o00 t
Therefore r ; F ;
i inf F2EO) S Ful@-0) s
t—00 t t—o00 t

and combining this with the corresponding limit superior establishes that

lim Fu(a(t) =4/ 2w(0),

t—o00 t

as required.
Finally, we show that (4i.) implies (i.), under our standing assumptions. By positivity, «(t) > H(¢)
for each ¢ > 0. Thus, owing to the monotonicity of Fy, Fyy(z(t)) > Fy(H(t)) for each t > 0. Therefore

Fy(H(t F t
lim sup Fu(H() < lim sup Fu(=(t)) = +/2w(0),
t—o0 t t—00 t

as required. O

Proof of Theorem 6.4.3. The existence of a global solution is guaranteed by Theorem 6.4.2. By posi-
tivity, z(t) > H(¢) for each t > 0. Hence, due to the monotonicity of Fy,

liminf £2EE) Sy FUUHE) e
t—o0 t t—o0 t

It remains to prove the corresponding limit superior. By (6.4.5), for each € € (0, 1) there is a T1(¢) > 0
such that
H(t) < F;N(K(1+e)t), t>Ti(e).
Thus, similarly to (6.7.13), we have the initial upper estimate
T t

z(t) <z(0) + F' (K(1+€)t) + W ; f(z(s))ds + ; Wt —s)f(z(s))ds, t>Ti(e).

Now let z* = z(0) + W foTl f(x(s)) ds and define the upper comparison solution
t
ri(t)=1+a" +FH (KA +et)+ [ W(t—s)f(zy(s))ds, t>Ti(e).
T

In order to streamline notation, define ¢(z) = F(z)'/? for each x > 0. Hence

x;(t):K(1+e)¢(Fgl(K(1+e)t))+/ wit = s)f(@s(s)) ds, t>Ti(e).

Th

Clearly, z is increasing on [T}, 00). Thus, by positivity and (6.1.3),

t
2, (1) > wle) / Fee(s))ds, ¢>Ti(e)+e (6.7.21)

t—e
where w(e) = inf,cpow(s). Repeating the arguments of Lemma 6.6.1 and recalling that f(x)/z
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increasing is sufficient to preserve superexponential growth, we have

b THE=0) L (=)

im =0, foreachd>0.
N R TP ()

Now make a simple upper estimate on z’, as follows:

2 (t) < K1+ e)¢ (Fy (K(L+e)t)) + Wiz (t —€)) + w(e) /ti f(zy(s))ds, (6.7.22)

for ¢ > T4 (€) + ¢, where w(e) = SUPgeo,] w(s). As in previous arguments, it is straightforward to show
that .
N () B
e [ flag(s))ds
Thus, for each n > 0, there exists T(n, €) > 0 such that
¢
Wiz (t =€) <nwle) [ flzi(s))ds, t=Ta(n,e).
t—e
Let n = ¢ and set T3(€) = T1(€) + T»(€). Hence
t
¢ (t) < K(1+¢€)o (F(jl(K(l +€)t)) + (1 + e)w(e) flzy(s))ds, t>Ts(e). (6.7.23)
t—e
Now define K. = K (1 + 2¢) and w. = (1 4 €)w(e). By Lemma 6.7.1,

i FiN(K(1+e)t)

=) =0, foreache> 0.
t—oo it (K(14 2€)t)

It follows that there exists Ty(e) > 0 such that

FiUKQ+et) 1K — %=

FOK(s200) 2K +q MO 12Tl (6.7.24)

Note that x(e) > 0 if and only if

(1+26)K?

e > 2w(e) > 2w(0).

Thus, since K > /2w(0), 0 < x(€) < 1 for each € > 0 sufficiently small. Let T'(¢) = T5(e) + T4(€) and

define the comparison solution
zt) = By (Kt —T) + Fo(a,), ¢ T(e),
where x, = 1 + F;' (K.T(€)) + 24 (T(€) + €). By definition, x.(t) > F;;'(K.t) for t > T(e). Hence

FiN(K(1+e)t) _ F;Y (K1 +e)t)
z(t) FiM(K(1+ 26)t)

k(e), t>1T(e), (6.7.25)

by equation (6.7.24).

Remark 6.7.3. We claim z — ¢(z)/x = (F(m))1/2 /x is increasing for x > 0. Define

o) _ Ju f(w)du

x? x? ’

U(z) = x>0
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Continuity of f means that ¥ € C1((0,00); (0,0)) and

wie = O 2R IW0 -,

Since x© — f(x)/x is increasing, f(u)/u < f(x)/z, for each u € [0, ). It follows that

. "y f@) 2 _ wf()
| fwans [ 2r@an= L2 - 20,

and therefore ¥'(z) > 0 for each x > 0.

Since ¢ and z — ¢(z)/x are increasing, (6.7.25) implies

¢ (Fy (K(1+0t) _ ¢la()ze(t) _ k(€)

P(ze(t)) ¢(z(t))

Therefore
¢ (F ' (K(1+e)1)) < s(e)d(xc(1)), t>T(e). (6.7.26)

By virtue of monotonicity,

ze(t) > 2 (T(e)) = xule) > (T +€) > 24 (t), te[l,T+e.

We now claim that
t
2L(t) > K(1+¢€)¢ (Fijl(K(l + e)t)) + W, f(ze(s))ds, t>T(e)+e.

t—e

By construction, z.(t) = K (1 + 2€)¢(x(t)) for each t > T(¢). Thus, for t > T(e) + e,

: I () 2w, [0
v e s T R Lyt
2we
= = ($lac(t) = dlaclt - ).

where we have used the fact that f(z) = 2¢(x)¢’(z). Positivity then yields

2We (we(t)), £ T(e) +e.

w, /ttef(mg(s))ds< 2

Therefore

we(t) = K1+ )¢ (Fy (K1 + o) —we | flac(s))ds

t—e

> Kep(ae(t) — (1+ ) K¢ (Fy (K (1+e)t)) —

2w,
K.

1 2w,
€ t P’ KE - )
o) > 5 (1.~ %) >0
for t > T'(e) + ¢, as required. Finally, we have established that z(t) < z(t) for each t > T'(¢) and hence
Fy(z(t)) < Fy(ze(t)) = K(142¢)(t —T) 4+ Fy(z«(€)) for each t > T'(¢). Taking the limsup and letting
e — 07 yields
Fy(z(t)) _ .

limsup ————= < K,
t—oo t

as claimed. O

Proof of Theorem 6.4.4. By hypothesis, there exists a T (e) > 0 such that H(t) < (1+¢€)H (t) for each
t > Ty (€). Now follow the proof of Theorem 6.4.3 with H(t) = (1 + €)H(t) down to equation (6.7.14).
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Doing so shows z(t) < z4(¢) for each ¢t > T} (€), where

o (t)=1+z"+ (1 +eH(t)+ ; W(t—s)f(z+(s))ds, t>Ti(e).

Furthermore, with w(e) := sup,¢[o,q w(s) for each € > 0, z obeys

2 (t) < (L+ QB (8) + (1+ O / Flao(s)ds, > Ta(e) > Ta(e) +e
where Ty(e) is chosen so that Wf(zy(t —€)) < ew( ft . ))ds for t > Ty(€). Tt is possible to

find such a Ty (€) since

Wf(w+( ))

im
t—o00
w( ft i ) ds

=0, foreache >0,

by the usual considerations. Now let z. be the solution to

¢
ze(t) = L+ H' () + (L+ewle) [ flae(s))ds, t>Tae), (6.7.27)
t—e
where z(t) = 1 + max,e[p,—e ) 24 (8) for t € [To — €, Tp]. By construction, x4 (t) < x(t) for each
t > Ty—e and hence x(t) < x4 (t) < x(t) for each t > Ty. Let H(t) = (1+€)H(t) and w. = (1+€)w(e),
and integrate (6.7.27) to obtain

2o(t) = 2.(Ty) + H.(t) — H.(Ty) + w/T

/i fze(w))duds, t>Ts(e).

If

exe(t)
htrgggf 0 00, (6.7.28)

then H(t)/x.(t) — 0 as t — oo and hence

fTQ fs ef dUdS

lim =1. 6.7.29
00 xe(t) (6.7.:29)
It is easily shown that z. and f oz, are superexponential. Define J(¢ ft M )) du for t > Ty (€).

Since f o x. is superexponential,

!/
t
lim J(¢) =
t=o0 f(ze(t))
Hence for every n € (0,1) there exists a Tg(n) such that

(1 =) f(ze(t)) < J'(t) < (14n)f(ze(t),

and, owing to (6.7.29), we can also ensure that Ts(n) is sufficiently large that
¢

(1- n)wE/ J(s)ds < z(t) < (1 + U)we/ J(s)ds,

T2 T2

for each t > Tg(n). Define K(t) = w, fé J(s)ds for t > Ts(e), so K'(t) = weJ(t) > 0 and K" (t) =
weJ'(t) for t > Tu(e). Thus, for t > Ty(n),

(1= mwef(xe(t)) < K" () < (1+nwef(xe(t)),
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and
(1 =nK(t) <z(t) < (1+n)K({).

Hence, for ¢ > T (n), (1 = n)wef((1 —n)K(t)) < K" (t) < wef((1+n)K(t)). Let Ky(t) = (1+n)K(?)

and calculate as follows:

G BH = U, (0) | = K0 {0 - (4w, (0)) <0

for ¢ > Ts(n). Therefore

% ;(t)Q—(Hn)weF(Kn(t))s%K;(Ts)z—(1+n>weF(Kn(T6)>, t > Ty (n),

and it follows that
. K(1)
lim sup —

Standard asymptotic integration immediately shows that

Fy(K,(t
lim sup M < V21 + n)we.
t—o00
Since z(t) < (1 +n)K(t) = K, (t) for ¢t sufficiently large, limsup,_, . Fu(z.(t))/t < /2(1 + n)w.
owing to the monotonicity of Fi;. Now let n — 0T to obtain

lim sup w < V2w,

t—o0

We have assumed (6.7.28) holds and hence there exists T(M,€) such that x.(t) > MH(t) for any

M > 1 when t > T(M,¢). Therefore

Fy(MH(t))
t

lim sup
t—o00

< V2w,

for any M > 1. Since H is e-independent and F; € RV (0), this implies

t b

lim sup
t—o0

by letting € — 0%. However, by (6.4.7), lim;_, Fyy(H(t))/t = oo, a contradiction. Thus (6.7.28)
cannot hold and we must have

1 < liminf ze(?)

minf ) =A< 0

Suppose A > 1. Hence limsup,_, ., H(t)/x(t) = 1/X € (0,1) and moreover

t s
We r(u)) duds H.(t 1
lim inf sz fs*ef( @) =1 —limsup ®) =1—-=->0.
t—o00 ;(}E(t) t—00 .’L’e(t) )\
In our previous notation this reads
t 1
lim inf () 1-—>0
t—oo x(t) A

Recalling that lim;_, o J'(t)/f(2ze(t)) = 1 independently of (6.7.28), there exists Tg(n) such that

(L =m)fze(t)) <J'(t) < fzc(t), t=Ts(n),

193



6.7. PROOFS OF MAIN RESULTS

and Ty(n) such that

K<t) > (1_1\) (1—')7) =: Ai7 tZTg(U)-

we(t) 7
Let Tho(n) = Ts(n)+To(n) so that z(t) < A,K(t) for each t > T1o(n). Therefore K" (t) < wef(ze(t)) <
we f(Ay K (t)) for t > Tig(n). If Ky(t) := AyK(t), then K] (t) = weA, K" (t) < weA, f(K,(t)) for
t > Tio(n). Thus, for t > Tio(n), K, (t) = AyK'(t) = wA,J(t) > 0. Furthermore,

d

G SEP = WA PO 0) = K0 (I0) — e SO, (0)} <0, 0= Tialo)

As before, it is now straightforward to establish that

; K(1)
imsup ———— 7
oo (F(K, (1))

<v 2’(1)6A77,

and by asymptotic integration

imsup LEE ) _ g FUARE®)

t—o0 t t—00 t

2w,

Since z.(t) < A,K(t), limsup,_, Fu(z(t))/t < /2w, forn < (A —1) A 1. Now z(t) > (A —
n)H(t) > Hc(t) for t > Tyo(n). Hence

H.(¢
lim sup M < V2w,

t—o0

and letting n — 07 yields

H Fy((1 /
lim sup M < limsup —————= (A+9H < V2w Ay = V2w

t—o00 t—o00

by monotonicity of Fy;. Thus letting ¢ — 0% gives

<V2w(0)4/ ——.

lim sup
t—o00

Fy(H(t)) A
t

However, by (6.4.7), lim;_,, Fiy(H(t))/t = oo, a contradiction. Therefore A = 1, or in other words,
liminf; o z(t)/H:(t) = 1. Hence liminf;_, o z(t )/H( =1+ e. Next define u. by

uc(t) =z (t) — (1 4+ €)H(t), t>Ts(e).
It follows that u’(t) = z(t) — (1 4+ €)H —weft i ))ds > 0 for t > Ty(e) and

ul(t) = we {f(xc(t)) — f(ze(t —€))} >0, t>Tu(e). (6.7.30)
Thus there exists T3(e) > Ts(e) such that uc(t) > 0 for t > Ty(e). Moreover, lim inf,_, o u(t)/H(t) = 0.
Next, let t > T5 be arbitrary, and for any 6 > T and t € [T, 0], define

1 _

V(t,0) =3 ul(t)? — weF (uc(t) + (L+€)H(0)) .

Assume for the moment that T' > T3 is arbitrary. Differentiate V' to obtain

%V t,0) () {ul (t) — wef (ue(t) + (L+€)H(0)) } .
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Now, from (6.7.30), u/ (t) < wef(zc(t)) = wef (ue(t) + (1 +€)H(t)). Since u.(t) > 0, monotonicity of
H and f imply that

d

ZV(0) <ucywe {f (ue®) + (1+ H®) = f (uct) + (1 + ) H(0) } <0,

for ¢t € [T, 6]. Therefore

%V(t 0) < telT,0].

Hence V (t,0) < V(T,0) for t € [T, 0]. Setting 6 =t gives V (¢,t) < V(T,t) for t > T. Thus

lu’ ()% — weF (ue(t) + (1 +e)H(t)) <

Sl Ul (T)? — weF (ue(T) + (1 +e)H(2)).

1
2
Since T' > T5(€), ue(T) > 0 and by monotonicity

Fu(T)+Q+eH(t) >F((1+eH(®), t>T.

It follows that, for all t > T,

S0 — weF (uclt) + (14 (D) <

Hence, for ¢t > T > T3(e),

SUL(0)? < SulT) +w {F (uelt) + (1 + A(0) ~ F (1 + A1)}
Fixing T' = T3(e€) yields
%ug(t)‘l < %u;(Tg)2 e {F (uet) + (1 + QH®) — F (1 +9HD)Y, t>Ts(e).  (6.7.31)

Since ue(t) > 0, ul(t) > 0 and !/ (t) > 0, for t > Tz (€), we have lim;_, oo uc(t) = co. By the mean value
theorem there exists 0, ; € [0, ue(t)] such that

1+ e)H(t)}

ae(t) = we {F (uc(t) + (1 +e)H(t)) — F ((
>wef ((1+ e)H(t)) uc(t),

= w ' (14 ) H(t) + 0e) ue(t)

and therefore lim;_, o a(t) = co. Now, for every 1 > 0, there is a Ty(n, €) > Ts(€) such that

1 -
§ue(T3) < Uae(t)7 t> T4("7a 6)'

Fix 7 = € so that Ty(e) := Ty(n, €) and recall that H.(t) = (1 + €)H(t). Thus
uL(T3)? + ae(t) = we(1+ €) {F (ue(t) + He(t)) — F (He(t)}, t>Tu(e).
Therefore

< V2w (1+ €) {F (uc(t) + H(t) — F (H. (1)} < /2w (1 + o) F(we(t))2,
for t > Ty(e), because uc(t) = x(t) — (14 €)H(t) = z(t) — Hc(t). Thus
zh(t) = ul(t) + H.(t) < V2w (1 + e)F(xc ()2 + H.(t), t>T(e). (6.7.32)

Finally, apply Theorem A.2.1 to the ordinary differential inequality (6.7.32) — this can be done rigor-
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ously in terms of the related differential equation (i.e. equality in (6.7.32)) with a trivial comparison
argument. The key hypothesis for Theorem A.2.1 is (A.2.4) and with regard to (6.7.32) this amounts
to checking that (6.4.7) holds. Thus applying Theorem A.2.1 to x. yields

lim sup xéi@ <1.
t—oo (14 €)H(t)

Since z(t) < x(t) for t > T'(¢), it follows that

t
lim sup %( ) <l+e
t—o00 t)

Send € — 0" in the estimate to show that limsup,_, . z(t)/H(t) < 1. Since liminf;, z(t)/H(t) > 1
by (6.4.2), this completes the proof.

Proof of Proposition 6.2.2. (i.) Suppose g exhibits superexponential growth and z — ¢(z)/x is in-
creasing on [X,00). By positivity, lim, o g(2)/g(z — €) = oo for each € > 0. Hence there exists
T*(e, X) > 0 such that g(z) > g(z —€) > X* for each x > T*(¢, X). Since z — ¢(z)/x is increasing,

P(g(x —€)) - P(g(x))

, 1 >T%(e, X).
o9 o) X
But the inequality above holds if and only if

¢(g(x_€)) <g('/1;_€)’ .'L'ZT*(€7X)

#(g(z)) 9()

Letting  — oo in the inequality above completes the proof of part (i.).

(#i.) If ¢ is increasing and convex, then there exists an increasing and positive function ® such that

If g exhibits superexponential growth there exists T'(¢, M) > 0 such that

0<glz—e) < &Z\j)’ x> T(e, M),

for an arbitrary M > 1. For x > T, we have

Blole — ) _ dlg(@)/M) _ 6(0) + J§ ™ B(u >du_

#(g()) #(g()) $(0) + [7) B(u

However, note that

g(z)/M g(z) (a:)
M)dy < — y)d
/0 = / Q(y/M)dy < / Y,

with the monotonicity of ® (and M > 1) clinching the final inequality. Combining this with our earlier
estimate yields
olgle =) _ #(0) + 5 f(f’(“ il > du
< (w
o) " a0+ [

x> T(e, M).
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and since M > 1 was arbitrary, this completes the proof of part (ii.).

(#4i.) First assume that g exhibits superexponential growth, so that

i 99
x1~>oo g(;c)

=0, foreache>0.

Fix € > 0. For each n > 0, there exists T*(n) > 0 such that
0 <g(x) <ng(x—e), ==T"(n)

Since ¢ € RV () for some o > 0, there exists a monotone increasing function ¢ € RV, () such that

lim, 00 ¢(x)/d(x) = 1. Hence

@) < el *=TW
Thus (9 — o)) (ng(x))
. (gl — sy P19@) o
hflsip ©(g(x)) ngOOp ©(g(x)) ’

where we have used that g(x) — oo as x — oo and that ¢ € RV (a). Now let n — 07 to see that

i PYE =€)

=0, foreache>0.
w00 p(g(x))

Finally, observe that

0= 1im PYE—9) _ plg(z —€) gz —€)) dly(z)) _ . = ¢9(z—¢))
im0 p(g(x)) e dglz—e) dlg(x) elg(x)) e (g(x))

since limg o (2)/¢(z) = 1 and g(x) = 0o as z — oo. O

Proof of Proposition 6.4.1. Suppose ax € (0,00) for some (fixed) K > 1. By (6.4.10), for each
€ € (0,1) there exists a T'(e) > 0 such that

(1—-e)KargH(t) < /tF(KH(s))l/st <(1+eKagH(t), t>T(e). (6.7.33)
0
Hence . .
e a— 2 S 1/2 S .
1) < o |, FUSH) s, 12 (T)

Define the upper comparison solution H. as the solution to the integral equation

_ I S /245 .
He(t)_HE(T)+(1_6)2KQK/TF(KHE( WW2ds, t > T(e),

1 v
H(T)=1+ sup H(u)+ sup 7/ F(KH(s))/?ds.
uel0,7(e)] weo.1(e) (1 —€)Kak Jo

By construction, H(t) < H¢(t) for each ¢t > 0. Furthermore,

H{(t) = mF(KHe(t))l/Q, t > T(e).

Integrating the equation above then yields

' KHl(s)ds t-=T
/T F(KH.(H)2 ~ (1—e2ag’ t=>T(e).

197



6.7. PROOFS OF MAIN RESULTS

Integration by substitution quickly reveals that

t—1T
Fy(KH(t)) — Fy(KH(T)) = 1= 2ax’ t > T(e).
Since Fiy € RV (0), we obtain
Fy(H(t 1
lim FuUt) _ .
t—o0 t (1—e€)2ag
Now since H(t) < H.(t) for t > 0 and Fy is increasing,
Fy(H(t Fy(H(t 1
limsupM < lim u(H(t) = .
t—00 t t— o0 t (1 — 6)2OéK
Letting ¢ — 0" then shows that
Fy(H 1
lim sup M < —
t—00 t (0724

For the corresponding limit inferior, begin by observing that (6.7.33) implies

1 ¢ n 1/2
H(t) > m/T F(KH(s))"2ds, t>T(e).

Now define the lower comparison solution H. by

H(t) = = +(1+6)12KQK/TF(KH(5))1/2ds, t > T(e).

By construction, H.(t) < H(t) for t > T(e) and an asymptotic integration argument analogous to that

employed above shows that

lim Fy(H()) = 1 .
t—o00 t (1+€)2ak
It follows readily that
F
lim inf Fuy(H(1) > L7
t—00 t QK

completing the proof when ax € (0,00). The limiting cases ag = 0 and ag = oo can be dealt with

using the argument above and formally taking limits at the appropriate moments. O
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Appendix A

Auxiliary Blow—up Results

A.1 Necessity of Superlinearity for Blow—Up

In this section we assume that the nonlinearity obeys
f € C((0,00); (0,00)) and f is increasing. (f+)

We claim that, under (f1) and (6.1.3), lim,_, o f(2)/2 = 0o is a necessary condition for the finite-time

blow—up of solutions to (6.1.1); more precisely

Theorem A.1.1. Suppose (fi) and (6.1.3) hold, and that there exists a minimal T € (0,00) such
that the unique solution to (6.1.1), x, obeys x € C([0,T); (0,00)) and lim;_,p- z(t) = co. Then

lim @ =
T—00 xT

In order to prove Theorem A.1.1, we first show that f(x)/x — oo as x — o0 is a necessary condition

for the finite—time blow—up of solutions to delay differential equations of the form (6.6.2).

Theorem A.1.2. Let C > 0 and 0. Suppose (f1) and (6.6.3) hold, and that there exists a minimal
T € (0,00) such that the unique solution to (6.6.2), z, obeys z € C([0,T); (0,00)) and lim;_,p- z(t) =
oo. Then

f(z)

lim —* =
r—o00 I

Remark A.1.1. When f obeys (f1), by Proposition 6.2.1, we have

< oo if and only if

/1 j;f(x) /1 \/m«n

Hence [ dx/+/zf(x) < oo implies that lim, o x/\/2 f(x) = 0. It follows that z/ f(x) — 0 as x — oo
and hence that lim, . x/f(x) = 0. Therefore, if

floo dx/\/xf(x) < 0o, then lim,_,o f(x)/x = 00. We record this fact for use in the proofs of Theorem
A.1.1 and Theorem A.1.2.

Proof of Theorem A.1.2. Let C, 6, and 1 be given. Either
lim Fy(N) < oo or lim Fy(N) = oo.

N—o00 N—o0

Suppose the latter holds. Since limy_,o Fiy(N) = 0o, we may apply the construction of Lemma 6.6.4
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(which does not require that f(z)/z as x — 00) to find a function « € C([—4,00); (0,00)) such that
2(t) < a(t), for eacht e [—4,T).

This contradicts the assumption that T' < oo and hence limy_, o Fyy(N) < co. But from our earlier

remark this implies that lim,_,~ f(z)/z = 00, as required. O

Proof of Theorem A.1.1. By hypothesis there exists T' € (0,00) such that z € C([0,T);(0,00)) and
lim;_,7- x(t) = oco. Hence we can apply the construction from the proof of necessity in Theorem 6.2.1
to show that

!
t
lim sup — 7(®)

t—oo  w(d) f:ﬂ; f(z(s))ds

where w(d) = sup,epo,s)w(u). Once more following the arguments from the proof of necessity in
Theorem 6.2.1, there exists a C' > 0, § > 0, and ) obeying (6.6.3) such that z solves (6.6.2) and obeys

< oo, foreachd e (0,7),

z(t) < z(t), foreachte [-§,TAT,),

where T, € (0,00] is the blow—up time of z. But T' < oo forces T, < oo, or in other words, z must
blow—up in finite time. Therefore, we may apply Theorem A.1.2 to z and conclude that f(z)/z — oo,
as claimed. O

A.2 Superlinear ODE Asymptotics

In order to keep the presentation of Chapter 6 relatively self-contained, we state without proof the

following result of Appleby and Patterson [15, Theorem 4].

Theorem A.2.1. Consider the nonlinear ordinary differential equation
()= f(z(t))+h(t), t>0; xz(0)=1y>0. (A.2.1)
Suppose that

f € C((0,00);(0,00)), [ is increasing, 11520 fi(x) =00

and x — f1(x) := f(z)/z is ultimately increasing, (A.2.2)

and
he C((0,00);R), H(t)= / h(s)ds > 0 for each t > 0. (A.2.3)
0

If the solution to (A.2.1) exists for all t € RT, H is asymptotic to an increasing function H, and

o Jo FUSH(5)) ds

=0 for some K > 1, A24

then lim;_, o x(t)/H(t) = 1.
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