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Abstract

This thesis can be split into two main components, the first of which looks at the fractal dimension, specifically,
box-counting dimension, of sets related to subordinators (non-decreasing Lévy processes). It was recently
shown in [111] that lims_,o U(6)N(t,d) = ¢ almost surely, where N(t,d) is the minimal number of boxes of
size at most § needed to cover a subordinator’s range up to time ¢, and U(9) is the subordinator’s renewal
function. The main result in this section is a central limit theorem (CLT) for N(t,6), complementing and
refining work in [111].

Box-counting dimension is defined in terms of N(t,d), but for subordinators we prove that it can also
be defined using a new process obtained by shortening the original subordinator’s jumps of size greater
than §. This new process can be manipulated with remarkable ease in comparison to N(t,d), and allows
better understanding of the box-counting dimension of a subordinator’s range in terms of its Lévy measure,
improving upon [111} Corollary 1]. We prove corresponding CLT and almost sure convergence results for the
new process.

The second main component of this thesis studies Markov processes conditioned so that their local time
must grow slower than a prescribed function. Building upon recent work on Brownian motion with constrained
local time in [8] and [78], we study whether or not the conditioned process is transient or recurrent, working
with a broad class of Markov processes.

In order to understand the local time, it is equivalent to study the inverse local time, which is itself a
subordinator. The problem at hand is effectively equivalent to determining the distribution of a subordinator
(the inverse local time) conditioned to remain above a given function. In conditioning a subordinator to
remain above a curve of the form g(t),t > 0, the process is restricted to a time-dependent region, in contrast
to previous works in which a process is conditioned to remain in a fixed region (e.g. cones in [43| and [60]).
This means that we study boundary crossing probabilities for a family of curves, and must obtain uniform
asymptotics for such a family.

The main result in this section is a necessary and sufficient condition for transience or recurrence of the
conditioned Markov process. We will explicitly determine the distribution of the inverse local time for the
conditioned process, and in the transient case, we explicitly determine the law of the conditioned Markov
process. In the recurrent case, we characterise the entropic repulsion envelope via necessary and sufficient
conditions.

Mathematics Subject Classification Primary: 60G51; 28 A80; 60J55.
Secondary: 60G75; 60F05; 60F15; 60G17; 60J25.

Keywords and key phrases Lévy processes; subordinators; fractal dimension; box-counting dimension;
limit theorems; Markov processes; local time; large deviations; regular variation.
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Chapter 1

Introduction

1.1 History & Motivating Examples

The class of Lévy processes is a rather broad generalisation - one which accounts for a wide range of common
stochastic processes including Brownian motion, Poisson processes, and everything in between. Lévy processes
are characterised as the class of stochastic processes with stationary, independent increments, whose sample
paths are right continuous with left limits. This seemingly simple definition gives rise to a very rich class of
processes, while still allowing us to extend many important results from familiar processes to a much more

general setting.

When studying mathematics, there is often a compromise to be met between the depth of a theorem and
its generality. In this regard, the depth of a theorem is a measure of complexity, while its generality describes
the scope of the result - perhaps a result which considers only a very specific special case, in contrast to a result
which can be drawn upon in a vast number of situationff] With this in mind, the study of Lévy processes
can be seen in a very positive light. Indeed, we find many beautiful and deep results in the literature which
apply to all Lévy processes (perhaps with a caveat excluding cases for which the result does not make sense

or is trivial, e.g. fractal properties of a process which does not have any meaningful structure at an arbitrarily

*See |63, Chapters 14-17], for further discussion
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small scale). Among all common classes of stochastic processes which are continuous in time/space, the Lévy
process finds this balance between depth and generality especially well. Before providing statements for some
of the most important, fundamental results on Lévy processes, let us first take a look at some history to
illustrate the significance of this family of processes. We shall also briefly discuss the applications of Lévy

processes before moving on to statements of key results.

Probability Theory The study of probability theory dates back to the 1500s and Cardano’s efforts to
analyse games of chance and gambling in Liber de ludo aleae [39], posthumously published in the 1600s.
Cardano’s gambling-motivated treatise contained preliminary statements alluding to some important results,
albeit without rigorous proofs. For instance, Cardano noted that larger sample sizes tend to yield more
accurate results for understanding a population. Eventually, this idea was captured mathematically and
formally proven by Jakob Bernoulli as a version of the law of large numbers, appearing in his 1713 book Ars

Congectandi [10].

Between the 1600s and 1800s, the foundations for what was to become modern probability theory were
gradually laid out by a number of mathematicians, most notably including: Fermat; Pascal; de Moivre;
Laplace. However, the main theme of this thesis, stochastic processes, would not appear as a concept until
the early 1900s. Thereafter, the interest in the theory of stochastic processes began to expand quite rapidly.
Let us illustrate this growth with a few examples which, in turn, motivate the study of the processes which

appear in this thesis.

Brownian Motion In 1827, botanist Robert Brown observed the motion of large particles of pollen moving
around in water, a phenomenon now understood via the ubiquitous Wiener process, more commonly referred
to as Brownian motion. The study of Brownian motion, purely from a probabilistic point of view, has its
origins in the early 1900s. This type of process now regularly appears in a vast range of situations across

pure and applied mathematics, physics, and economics.

Poisson Processes Also in the early 1900s, interest in the Poisson process developed as a means of

modelling a variety of situations: numbers of incoming phone calls in an interval of time [53]; occurences of
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insurance claims [91]; alpha particle emission [108]. While Poisson himself did not study these processes, the
name comes from the inherent relationship between Poisson processes and the Poisson distribution, which
was studied (discovered, in fact) by Poisson. The connection is that for a Poisson process of rate A, the

distribution of the process at time ¢ has Poisson distribution with parameter \t.

Lévy Processes Lévy processes were first studied as a class in the mid-1900s, capturing the attention of a
number of eminent mathematicians including Kiyosi It6, Andrey Kolmogorov, and Paul Lévy. Many results
on the aforementioned Brownian motion and Poisson process can in fact be proven in general for all Lévy
processes. This is perhaps surprising, given the differences between these processes. For instance, sample
paths of Brownian motion are continuous, whereas a Poisson process has discontinuous sample paths. How-
ever, both processes have cddldglﬂ (right-continuous with left-limits) sample paths, as do all Lévy processes.
Hence it has become apparent in recent decades that studying Lévy processes as a whole class, rather than
splitting up into individual cases, presents a highly attractive unified theory which contains a large number
of important processes. A variety of books that deal with Lévy processes have been published in recent

years: [1]; [14]; [15]; [45]; [82]; [110].

Random Walks One cannot give a satisfactory introduction to Lévy processes without mentioning random
walks. Random walks have been the subject of many interesting theoretical studies, and remain an important
topic of interest in modern probability theory. The random walk is a highly versatile mathematical tool, and
can be used to model a vast range of phenomena such as the total winnings of a gambler playing a number

of games, or the fluctuating price of a stock.

While a random walk does not actually satisfy the definition of a Lévy process, the similarity between
the two is striking. A random walk is a progressive sum of independent and identically distributed steps.
Independence of the steps corresponds to the independent increments property of Lévy processes, while the
condition that steps are identically distributed corresponds to stationarity of increments of Lévy proesses.
Thus random walks are considered to be the discrete-time analogue of Lévy processes (which exist on a

continuum of time), and vice-versa. Moreover, considering only the values taken by a Lévy process at times

TFrom the French: continue & droite, limite & gauche
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1,2,3,..., this gives rise to a random walk (though a lot of information is lost about the original Lévy

process).

Various results on random walks can be generalised to Lévy processes, and many papers consider Lévy
processes in tandem with random walks. The connection between random walks and Lévy processes is
particularly well documented in |45, Chapter 4]. Despite all the similarities between random walks and Lévy
processes, the fact that the latter is defined in a continuous setting, rather than a discrete setting, adds some
additional features of interest. One of these is the behaviour of the process at arbitrarily small scales, which
naturally leads to many interesting questions such as that of the fractal nature of the process, as will be

investigated in Chapter [2

1.2 Applications of Lévy Processes

Mathematical Finance In mathematical finance, the widely studied Black-Scholes model uses a geometric
Brownian motion to model the instantaneous log-return of a stock price. While geometric Brownian motion
is highly tractable, empirical evidence suggests that it does not adequately capture certain features of market
equity returns, such as volatility smile or asymmetry [29}37,/57},/81,/93]. Moreover, it has been observed that
the tails of Brownian motion are too light when compared with market data [61]. An alternative model

involves replacing geometric Brownian motion by an exponential of a Lévy process.

A range of Lévy processes other than Brownian motion are used in mathematical finance, each having
advantages in different scenarios. Some Lévy processes used to model the price of a stock are: normal inverse
Gaussian processes [7]; hyperbolic processes [51]; tempered stable processes (also referred to as CGMY

processes) [29, p310]; variance gamma processes [92].

Let us present an example of the kind of problem tackled in mathematical finance. It may be useful to
understand whether or not (perhaps in a given time interval) an agent will go bankrupt, or their capital will
exceed a given level. If we model the agent’s total capital by a random process, then the aforementioned
problem corresponds to determining the probability distribution of the time at which a given process crosses

a certain boundary (or multiple boundaries).
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Such boundary-crossing type problems are particularly useful for understanding barrier options. A barrier
option is a financial option which may be activated (or extinguished) upon the event of a given stock price
crossing a certain level. In Chapter Bl we shall study boundary-crossing behaviour of certain Lévy processes.
In particular, we study the probability that a process lies above a given function over a certain time interval,
which means that we are looking at the boundary-crossing behaviour for our process with regard to the
given function. For further reading on financial applications of Lévy processes, we refer to [1, Section

5.6], [26], [27], [38], [82, Section 1.3], [84], and [112].

Branching Processes In various biological systems, branching processes are used to model the number
of individuals in a population and how they are related to each other, with births and deaths occuring at
different times. The study of branching processes has its origins in the late 1800s, and the emergence of the
Galton—WatsorE process [121]. Such a process has a given number of individuals at its first time step, each
of which subsequently has a random number of offspring who are added to the population at the next time
step, and so on, where the number of offspring for each individual is independent and identically distributed

for all individuals and generations.

It is simple to modify the Galton-Watson process to exist on a continuous interval of time, rather than
discrete time increments. It is also natural to wish to generalise such branching processes to possess a contin-
uous state space, which motivated Miloslav Jifina’s work in the 1950s [68]. It is through this generalisation
to allow for a continuous state space that we see a close, intrinsic connection between branching processes

and Lévy processes.

In the 1960s, John Lamperti discovered a relationship between Lévy processes and continuous-state
branching processes (CSBPs) [85]. Moreover, in the 1970s, Lamperti derived a further relationship between
Lévy processes and positive self-similar processes [86], but we shall focus on the former relationship between
Lévy processes and CSBPs. Lamperti’s result provides a one-to-one correspondence, via a simple random
time change, between CSBPs and Lévy process which have no negative jumps (discontinuities). This has

proved highly valuable in the study of CSBPs (see e.g. [20]), and also in the study of superprocesses [87],

fMost commonly known as Galton-Watson processes, they are more recently referred to as Bienaymé-Galton-Watson pro-
cesses, due to Bienaymé’s earlier (but less well-known) works on such processes [65].
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as well as for the study of Lévy processes themselves [13]. For further reading on CSBPs one can refer

to [82, Chapter 12] and [90, Chapter 3].

Fragmentation Processes Fragmentation processes are mathematical models which describe how an
object breaks up into smaller pieces, each of which continues to break up into further, smaller pieces, and
so on. The probabilistic study of such processes dates back to the 1940s. In 1940, it was observed by N.K.
Razumovskii that the logarithm of particle sizes of minerals, under grinding, approximately followed a normal
distribution [103]. This motivated Andrey Kolmogorov to formulate a simple branching random walk model,
and subsequently prove a central limit theorem result for such processes [114], thus providing a theoretical

explanation for the phenomenon observed by Razumovskii.

The connection between fragmentation processes and Lévy processes, yielding a rigorous framework
in which to study fragmentation processes in their full generality, is a particularly recent development,
originating in Jean Bertoin’s 2001 paper [16]. The fragmentation processes considered in prior works all had
the constraints that the time taken for each particle to fracture is positive, and that the number of fragments
produced by such a fracture is finite. In order to allow for the instantaneous shattering of a piece into
infinitely many fragments, Bertoin used a construction for a fragmentation process based on a Lévy process,
the details of which can be found in the monograph [17]. Such pioneering works on fragmentation processes
have established a close link between the study of Lévy processes and the study of the fragmentation of blocks

of minerals in the mining industry, see |18] and [5§].

Polymer Physics & Local Time In Chapter Bl we shall study the large-scale properties of Markov
processes under certain constraints, motivated by problems in polymer physics which look at the large-scale
behaviour of a long polymer chain. The proofs in this chapter heavily rely upon the intrinsic connection
of certain Markov processes to corresponding non-decreasing Lévy processes, via the concept of local time.

Further discussion of polymer physics and local time shall be postponed until Sections B.I.1] and [3.1.2]
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1.3 Preliminary Definitions, Notation, & Results

In this section we shall introduce and discuss some essential definitions, notation, and key results which
form the foundations for this thesis. While it is assumed that the reader is reasonably familiar with measure
theoretical probability, some important results from measure theory (integral/limit theorems) and probability
theory (key inequalities) are included in the appendix, see Section[A2]and Section[A.3l We also include some
key results on the theory of regularly varying functions in the appendix (Section[A4]), although any discussion

of regular variation is postponed until Chapters 2] and [3

There is, of course, a vast literature providing the necessary background on probability theory and

measure theory, including for example [19}[50L[55./69].

1.3.1 Definition of a Lévy Process

Definition 1.3.1. A Lévy process, denoted by X = (X;)i>0, is a stochastic process in Euclidean space R?
which starts from 0 almost surely, has cadlag (right-continuous with left-limits) sample paths almost surely,

and has stationary, independent increments.

That is to say, for each 0 < s < ¢, the increments X; — X, and X, . — X have the same distribution,
where X’ is an independent copy of X (stationarity of increments), and for each 0 < s < t < u < v, the

increments X, — X, and X; — X are independent (independence of increments).

In terms of topology, a sample path of a Lévy process exists in the space of all cadlag functions on [0, o)

endowed with the Skorohod topology. We refer to |19, Section 16] for further details.

1.3.2 The Lévy-Khintchine Formula

The most important discovery on Lévy processes, laying the foundations for the modern study of such
processes, is the celebrated Lévy-Khintchine formula, which gives an analytic expression for the characteristic
function associated to a Lévy process in full generality, in terms of three key quantities. The characteristic

function determines the distribution of a process, giving a simple and elegant way of working with Lévy
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processes.

However, the characteristic function itself is not usually studied - the convention is to work with the

characteristic exponent, ¥, defined by the relation
E[e?t] = e N for t > 0,\ € R.

The fact that this relation holds for all ¢ > 0 follows from the fact that Lévy processes have infinitely divisible

distributions (see the upcoming Subsection [[3]), as well as the stationary, independent increments property.

The Lévy-Khintchine formula allows mathematicians to use analytic tools in order to understand prob-
abilistic or geometric properties of Lévy processes. The vast majority of results on Lévy processes are
formulated in terms expressions deriving from this formula. The Lévy-Khintchine formula was first proven
in 1934 by Lévy [89], but a much simpler proof was provided in 1937 by Khintchine |72]. We shall only state
the 1-dimensional version of the Lévy-Khintchine formula, as the Lévy processes studied in this thesis will

typically be 1-dimensional.

Theorem 1.3.2 (Lévy-Khintchine Formula). For a € R, ¢ € [0,00), for a measure IT on R\ {0} satisfying

f]R\{O} min(1, z*)II(dz) < oo, and for A € R, define the function U(\) by

A2 ;
W) = iad+ 2 4 / (1— €™ + Xzl <1y) H(dz). (1.1)
2 Ino

Then there exists a unique probability measure on the space of all cadlag functions on [0,00), endowed with
the Skorohod topology, which defines a Lévy process X = (Xy)i>0 with characteristic exponent ¥, so satisfies
E[eiMX¢] = e YN for all t > 0, € R. On the other hand, every Lévy process has a unique characteristic

exponent of the above form.

This formula has a very meaningful probabilistic interpretation. Looking at the three terms in the
characteristic exponent, one can deduce that the corresponding Lévy process is a sum of a deterministic linear
drift, a Gaussian process, and a Poisson point process. The Poisson point process contribution determines

the jumps (discontinuities) of the process, which we define now:
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1.3.3 Jumps & Poisson Point Processes

An important feature of Lévy processes is that they can instantaneously change position, or jump from one

point to another. We formally define this as follows:

Definition 1.3.3. The process (X;)i>0 has a “jump of size x at time t” if X, — X,_ = =, where X,_ denotes

limsTt Xs .

The jumps of a Lévy process all come from the Poisson point process contribution, and the distribution
of the rate and size of jumps is entirely determined by the Lévy measure, II(dz). We now explore how the

jumps of a Lévy process are connected to its Lévy measure.

Closely examining the condition fR\{O} min(1, 2?)II(dx) < oo, it becomes apparent that it is possible for
the Lévy measure to be infinite, in the sense that fR\{O} (dr) = oo (for example, I(dx) = |=|~%/2dx). Tt
is, of course, also possible for the Lévy measure to be finite. While Lévy processes can have infinitely many
infinitesimally small jumps in a finite amount of time, a process with finite Lévy measure corresponds to the

special case where the jumps of the process occur at a finite rate.

Let us first consider the case in which the Lévy measure is finite. The total number of jumps up to any
time ¢ > 0 has Poisson distribution with parameter ¢ x fR\ (0} II(dz). Onme can then deduce that the first
jump occurs at a random time 77, which is exponentially distributed with parameter fR\ (0} II(dz). The time
until the next jump also has an exponential distribution with parameter fR\ (0} II(dx), and so on for each
successive jump. The sizes of the jumps are independent, and each distributed according to the rescaled
measure

II(d
]P(XTI - XT1* € dy) = ( y)

= o T (1.2)

If the Lévy measure is infinite, then jumps occur at an infinite rate. This means that the notion of a first
jump is not well-defined, in the sense that inf{t > 0 : X; — X;_ # 0} = 0 almost surely. However, we can
still understand the behaviour of our process as an infinite sum of independent processes, each of which has
a finite Lévy measure. For a measurable subset A C R\ {0} such that [, II(dz) < oo, the first jump whose

size is in the set A occurs at an exponentially distributed time 77", with parameter / 4 I(dz). The time until
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the next jump has the same distribution, and so on for each successive jump. As in (1.2)), the size of each

jump is determined by the rescaled measure

P(Xps — Xpa_ € dy) = %. (1.3)
A

This information is especially useful for Chapter B, wherein we see that the large-scale behaviour of a Lévy
process is mostly determined by the distribution of its largest jumps. In this context, our set A is of the form

[a, 00), for a > 0.

1.3.4 Examples of Lévy Processes

Now let us take a brief look our two main motivating examples in the light of the Lévy-Khintchine formula,

and using the notion of jumps.

Brownian Motion Standard 1-dimensional Brownian motion, denoted by (By)¢>0, is defined as a stochas-

tic process in R which satisfies the following:

(i) Bo =0 almost surely;

(#) (Bt)e>o0 has independent increments;

(4ii) For each 0 < s < t, the increment B; — B, has a normal distribution with mean 0 and variance ¢t — s;
(iv) The function ¢t — By is continuous, almost surely.

From property (i), one can deduce that our 1-dimensional Brownian motion satisfies e 7*¥(}) = E[ei*P¢] =

2 . s .
et/ 2. so its characteristic exponent is given by

Comparing this with the general Lévy-Khintchine formula in (1.1]), we observe that there is no drift, and the

Lévy measure is zero, so the process has no jumps.
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Poisson Counting Process A Poisson counting process with rate parameter p > 0, denoted by (N¢)i>o,

is a stochastic process taking values in N, for which:

(i) N =0 almost surely;

(#) (Ni)i>o has independent increments;

(#i) For each 0 < s < t, the increment N, — N, has a Poisson distribution with parameter u(t — s).

From property (i), one can deduce that our Poisson counting process satisfies e *¥(V) = E[erNi] =

i . . . . .
ehtle _1), so its characteristic exponent is given by

Comparing this with (|1.1)), it is clear that there is no drift, nor is there a Gaussian component. The Poisson
counting process does have jumps, and they are each of size 1. Indeed, one can verify that the Lévy measure
is a point mass at 1, with weight . That is to say, II(dz) = pu x A;(dz), where Aq(dx) is the Dirac measure

at the point 1 (see |69} p9] for details on the Dirac measure).

So the Poisson counting process is a sum of randomly timed jumps, each of size 1. If we denote the first
jump time by 77, then T} has an exponential distribution with parameter p. The time until the next jump
is then independent of 77, and also has an exponential distribution with parameter p, and so on for each

subsequent jump.

1.3.5 Infinitely Divisible Distributions

Before defining infinite divisibility, we remark that normal and Poisson distributions are infinitely divisible. It
is well-known that these distributions can be rewritten as sums of normal/Poisson distributions, respectively,
from which one can easily verify that they are infinitely divisibile. Here we have two of the simplest examples
of infinitely divisible distributions, which correspond to two of the simplest Lévy processes: Brownian motion

and Poisson counting processes.

Definition 1.3.4. A random variable X has an infinitely divisible distribution if for each n € N, there exist
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independent and identically distributed random variables X1, ..., X,, such that X has the same distribution

as X1+ -+ X,.

The stationary independent increments definition implies that Lévy processes have infinitely divisible distri-
butions. Indeed, for each n € N,

XL Xy (Xoe = X0 )+ (Ko = X ) b oo (Kot = X )

n n

where each of these n increments are independent, with the same distribution. Conversely, every infinitely
divisible distribution gives rise to a unique Lévy process, so there is a 1:1 correspondence between Lévy

processes and infinitely divisible distributions. See [55, Chapter XVII] for further details.

1.3.6 (Strong) Markov Property

An important feature of Lévy processes is that they satisfy the Markov property, so a Lévy process is a
Markov process. Essentially, this means that the process has no memory of its past behaviour, so its future
behaviour only depends on its present state. More formally, a stochastic process satisfies the Markov property
if for each t > 0, the process (Y;)s>0 defined by Y, := X, is conditionally independent of (X)o<s<¢, given

the value of Xj.

A more restrictive property than the Markov property is the strong Markov property, which is almost the
same, only with the additional requirement we can replace t > 0 by a finite stopping time. So a process satisfies
the strong Markov property if for each finite stopping time 7', the process (Y;)s>o defined by Y := Xy
is conditionally independent of (X,)o<s<7, given the value of Xp. We refer to |14 Section I1.2] for further

details, including rigorous definitions of stopping times.

1.3.7 Definition of a Subordinator

A subordinator is the special case of a non-decreasing, real-valued Lévy process. As it is non-decreasing, a
subordinator cannot have a Gaussian component, but it can have a non-negative drift. Moreover, it is clear

that a subordinator cannot have any negative jumps, as otherwise it would not be non-decreasing. So the
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Lévy measure of a subordinator is only supported on (0, c0). However, imposing monotonicity actually adds

a further restriction on the Lévy measure.

Recall that the Lévy measure, II(dz), of a general Lévy process satisfies fR\{O}min{l,wQ}H(dx) < oo.
It turns out that the Lévy measure of a subordinator must satisfy the slightly stronger condition that
fooo min{1, z}II(dx) < oo. This extra condition is a consequence of the fact that the sample paths of a Lévy
process are of bounded variation (BV) on each compact time interval almost surely if and only if ¢ = 0 and
fR\{o} min{1, 2 }II(dx) < oo. See, for instance, |1, Section 2.3.3] for more details on bounded variation and
Lévy processes. It is straightforward to show that the sample paths of every subordinator are of BV, almost

surely, which leads to the stronger constraint on the Lévy measure. We then arrive at the following definition

for a subordinator:

Definition 1.3.5. A subordinator is a non-decreasing Lévy process (almost surely) which takes values in R,

and whose Lévy measure satisfies [~ min{1, z}11(dz) < oco.

Equivalently, one can define a subordinator as a Lévy process which takes values only in [0, 00) almost
surely, because a Lévy process can decrease if and only if it can take negative values (this is straightforward

to deduce from Definition [[33]).

1.3.8 Lévy-Khintchine Formula for Subordinators

Because subordinators are non-negative, their Laplace transform is well-defined. We can hence study the

Laplace exponent ¢ in place of the characteristic exponent ¥, where the Laplace exponent ¢ is defined by:
e 1PN = E[e_AXt], forallt > 0,A> 0.

Observe that the characteristic exponent determines the Laplace exponent via the relationship ¢(A\) = U(iA).
Then we can use the Lévy-Khintchine formula to express the Laplace exponent of a subordinator in a neat,
general form. Recalling that a subordinator has no Gaussian component, has non-negative drift, its Lévy

measure is not supported on (—oo,0), and its Lévy measure satisfies fol 2Il(dx) < oo, we deduce from (1.1
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that

d(A) =T(IN) = —aX + /000 (1 —e M )\x]l{‘x|<1}) II(dx)

= —a\— A/Ol oI (dx) + /Ooo(l — e )T (dx)

= dx + /00(1 — e M)(dx), d > 0. (1.4)
0

Hereon, the drift of a subordinator shall refer to the quantity d, as defined in (1.4]), rather than the term
“a”, which appears in (|1.1)).

A function which will be key in the following chapters is the tail of the Lévy measure of a subordinator.
This function, defined by II(y) := f(y 00) II(dx), determines the rate of occurence of jumps of size greater
than y, as a special case of the relation in (1.3). The tail function offers an alternative formulation of the

general form for the Laplace exponent of a subordinator:

H(N) = dX + /000(1 — e M)II(dz) = dX\ + /OOO e AT (2)dx. (1.5)

This version of the Lévy-Khintchine formula for subordinators will be essential for many of the computations
in Chapter B as this version allows us to bound the probabilites of various events relating to subordinators

in terms of the asymptotic behaviour of the tail function II(z).



Chapter 2

Fractal-Dimensional Properties

of Subordinators

Abstract

This chapter looks at the box-counting dimension of sets related to subordinators (non-decreasing Lévy
processes). It was recently shown in [111] that almost surely lims_,o U(6)N(t,0) = t, where N(¢,0) is the
minimal number of boxes of size at most 0 needed to cover a subordinator’s range up to time ¢, and U(0) is the
subordinator’s renewal function. Our main result is a central limit theorem (CLT) for N (¢, §), complementing

and refining work in |111].

Box-counting dimension is defined in terms of N(t,J), but for subordinators we prove that it can also
be defined using a new process obtained by shortening the original subordinator’s jumps of size greater
than §. This new process can be manipulated with remarkable ease in comparison to N(t,d), and allows
better understanding of the box-counting dimension of a subordinator’s range in terms of its Lévy measure,
improving upon [111, Corollary 1]. Further, we shall prove corresponding CLT and almost sure convergence

results for the new process.

15
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2.1 Literature Overview

2.1.1 Box-Counting Dimension

It is clear how to define the dimension of many simple mathematical objects, simply using an integer. For
example, a line is 1-dimensional, a square is 2-dimensional, and a cube is 3-dimensional. But if we attempt
to generalise this notion of dimension to more complicated sets, such as those with infinitesimally small
structure, it is harder to assign an appropriate value to determine their dimension, and the dimension is not

always an integer.

To answer these natural questions, we require the notion of fractal dimension, which generalises our
familiar notion of the dimension of a set. There are many ways to define the fractal dimension of a set, each
helpful in different contexts. In this chapter we shall focus on the boz-counting dimension. Before providing

a formal definition of box-counting dimension, we consider some simple illustrative examples.

Consider splitting a line up into pieces of length at most ¢ > 0. If we proceed to split into smaller pieces
of length at most §/2, then we require twice as many pieces. Reducing the size to §/n, we require n times

more pieces.

For a square, splitting up into squares of side length at most & > 0, then further reducing the side length

to §/2, we now require four times as many pieces. Reducing the size to §/n, we require n? times more pieces.

Similarly, for a cube split into smaller cubes, reducing the side length by a factor of 1/n requires n3 times
more pieces.

A clear pattern is emerging here: a power law. For the 1-dimensional object, we have n times more pieces.
For the 2-dimensional object, we have n? times more pieces, and for the 3-dimensional object, we have n®
times more pieces. So for a k-dimensional object split up into smaller k-dimensional “boxes” (hypercubes)

of side length 1/n, it is natural to expect the required number of these boxes to increase by a factor of n¥,

as n varies. We can make this idea rigorous through the following definition:

Definition 2.1.1. For a non-empty, bounded subset of R™, let N(0) denote the minimal number of boxes

(i.e. lines/squares/cubes/hypercubes) of side length at most & > 0 required to cover the set. The boz-counting
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dimension of the set is defined by
1
. lo(N(9))
§—0 log(1/9)

When this limit doesn’t exist, we can instead consider the limsup and liminf, which respectively define

the upper and lower box-counting dimensions.

Moreover, closely related to these are the upper/lower modified box-counting dimensions, defined as the
infimum over all suprema of upper/lower box-counting dimensions of members of countable covers of the
set. This modification allows us to consider non-compact sets. See [54, Section 3.3] for more details on

upper /lower modified box-counting dimension.

Relation to Other Notions of Dimension Alongside box-counting dimension (and its modifications),
two of the most widely used notions of fractal dimension are Hausdorff dimension (see |54, Section 2.2])
and packing dimension (see [54, Section 3.4]). It turns out that if we know the box-counting dimension
of a set, then this gives us a good insight into its Hausdorff dimension and packing dimension. With the
obvious shorthand notation, dim denoting upper notion of dimension and dim denoting lower, the following

inequalities (proven in [54, Chapter 3]) show how each of these different notions of dimension are related:

and moreover, for any subset of R”, dimp = dimy,pg.

Our Sets of Interest The main sets of interest in this chapter are the range {X, : 0 < s < t}, and the
graph {(s, Xs) : 0 < s < t}, of a subordinator (X;)s>o. The fractal dimensional study of sets such as the
range or graph of Lévy processes, and especially subordinators, has a very rich history. There are many
works which study the box-counting, Hausdorff, and packing dimensions of sets related to Lévy processes
(231|131}, /541(56} 59, (64}|73-77,[111L[113L|123]. In particular, we refer to [123, Chapters 4-5] for an account of the

study of fractal properties of the range and graph of Markov processes.

We shall now give a brief summary of some of the most significant/relevant results in the literature on
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fractal dimensional properties of subordinators.

2.1.2 Relevant Results from the Literature

Hausforff Dimension We begin by stating some results from the 1960s on the Hausdorff dimension of the

range of subordinators. We refer to [54, Section 2.2] for a precise definition of Hausdorff dimension.

Blumenthal and Getoor determined the Hausdorff dimension of the range for the special case of a stable
subordinator in |23]. For a € [0,1], a stable subordinator of index « is defined as a subordinator with Laplace
exponent ¢(A) = CA¥, for a constant C' > 0. It makes sense to first consider the special case of stable
subordinators. In this case, difficult problems can be tractable due to the fact that the distribution of the

subordinator at each fixed time is a stable distribution. Blumenthal and Getoor’s result is as follows:

Theorem 2.1.2 (Blumenthal, Getoor 1960). For a stable subordinator of index a € [0, 1], the Hausdorff

dimension of the range up to any fixed time ¢t > 0, {X, : 0 < u < t}, is almost surely equal to a.

This result was generalised by Pruitt in [101], where a formula for the Hausdorff dimension of the range

of a general subordinator is determined in terms of the asymptotic behaviour of the Laplace exponent:

Theorem 2.1.3 (Pruitt, 1969). For any subordinator, the Hausdorff dimension of its range is almost surely

equal to its “lower index”, which is defined as:
sup {a >0: lim A7%(N) = oo} .
A—00

Box-Counting Dimension The (upper and lower) box-counting dimension of the range of a general
subordinator was determined by Bertoin in [15, Theorem 5.1], and the results are again expressed in terms

of the asymptotic behaviour of the Laplace exponent:

Theorem 2.1.4 (Bertoin, 1997). For any subordinator, the upper and lower boz-counting dimensions of

its range are almost surely equal to, respectively, the upper and lower indices of its Laplace exponent:

ind(¢) = inf {a >0: /\li_>m AT%(N) = O} ;
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ind(¢) = sup {a >0: Ali_)m ATY(N) = oo} .

Prior to the recent results of Savov in [111], most works on box-counting dimension focused only on finding
the value of lims_,olog(N(t,0))/log(1/0), which defines the box-counting dimension, or the limsup/liminf
of this quantity, which determines the upper/lower box-counting dimension. However, working with N (¢, J)
itself allows precise understanding of its fluctuations around its mean, which is inaccessible at the log scale.

Savov’s main result, [111, Theorem 1.1], precisely determines the asymptotic behaviour of N(t,d) as § — 0:

Theorem 2.1.5 (Savov, 2014). Let N(¢,6) denote the minimal number of intervals of size at most ¢
needed to cover the range {X, : 0 < s < t} of any subordinator which is not a compound Poisson process.
Then for any ¢ > 0, almost surely,

lim U(§)N(t,8) = t,
6—0

where we define the passage time, Ty, of our process above the level § > 0 as
Ts:=inf {t > 0: X; > ¢},

and the renewal function is defined as U(J) := E[Tj], the expected passage time.

This is a more refined result than the previous theorem of Bertoin, which only deals with the number of
boxes at a logarithmic scale. In this chapter, we shall also work with this number of boxes explicitly, rather
than at a logarithmic scale. One of the main results in this chapter, Theorem [2.2.]] is a central limit theorem

for N(t,d), complementing the almost sure convergence result of Savov.

2.1.3 An Alternative Box-Counting Scheme

So far we have used N (¢), the minimal number of “boxes” of side length § in a cover, to define box-counting

dimension:
- log(N(3)
5—0 log(1/9)



Chapter 2: Fractal-Dimensional Properties of Subordinators 20

However, the log-scale at which box-counting dimension is defined allows other functions to be used in place
of N(§), while preserving the above limit. For example, we can replace N () by “M(8)”, defined as the
number of boxes in a “mesh” of side length § to intersect with a fractal. The following three figures illustrate

these different box-counting schemes on the Koch curve:

Figure 2.1: Koch curve

Figure 2.2: Koch curve with optimal covering; N(§) = 67
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Figure 2.3: Koch curve with mesh covering; M (§) = 103
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The inequalities N(§) < M(4) and M(6) < 3"N(4) hold for any subset of R™, which implies that
limgs_,0log(N(8))/log(1/6) = lims_0log(M(5))/log(1/6), and hence one can use N(d§) and M (J) interchange-
ably when calculating the box-counting dimension of a set. The same result holds with the limsup/liminf,

meaning the upper/lower box-counting dimension can also be defined using M (4) or N (4).

It is easy to prove that N(§) < M(J) < 3"N(J) holds for any subset of R™. Indeed, first observe that
N(6) < M(J), since the boxes in the mesh covering, of course, form a cover (but this cover is not necessarily
minimal in terms of number of boxes). On the other hand, considering an optimal covering of N(J) boxes,

one can easily verify that each box in this covering can be contained in at most 3" boxes in a mesh, and it

follows that M (§) < 3"N(0), as required.

Remark 2.1.6. In fact, the box-counting dimension of a set can be defined using any function L(J), for
which N(0) < L(6) as § — 0, where the notation means that there exist constants a, 8 € (0,00) such that
for all sufficiently small 6, aN(6) < L(6) < BN(5). A number of different definitions are used in practice,

see [54, Section 3.1] for further examples.

One of the main results in this chapter involves finding an alternative definition of box-counting dimension
to N(t,8) in Theorem 224l This allows us to understand the dimension of the range in terms of the Lévy
measure, complementing results formulated in terms of the renewal function, U(¢), such as Theorem 2211

and [111, Theorem 1.1].

Typically, it is preferable to work with quantities formulated in terms of the Laplace exponent of a
subordinator (i.e. Lévy measure and drift) than with other quantities such as the renewal function, U(d). So
for subordinators, working with our alternative box-counting scheme provides a natural, simple alternative

to dealing with N(¢,0).

2.2 Main Results

Let us briefly recall some important results and notation introduced in Chapter [Tl before stating the main

results for this chapter.

A Lévy process is a stochastic process in R? which has stationary, independent increments, and starts at
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the origin. A subordinator X := (X;);>0 is a non-decreasing real-valued Lévy process. The Laplace exponent
¢ of a subordinator X is defined by the relation e~**") = E[e=*X¢] for t,\ > 0. By the Lévy Khintchine

formula as formulated in ([1.4), ¢ can always be expressed as

p(\) = dA+/OOO(1 — e )I(dx), (2.1)

where d > 0 is the linear drift, and II is the Lévy measure, which determines the size and intensity of the
jumps (discontinuities) of X. The Lévy measure must also satisfy the condition [ (1 A 2)II(dz) < oo, with

the standard notation a A b := min{a, b}.

If the Lévy measure is infinite, in the sense that fooo II(dx) = oo, then the process will have infinitely
many (infinitesimally small) jumps in each finite time interval, almost surely. In this chapter, we shall not
study processes with finite Lévy measure, for which fooo II(dx) < oo, because such processes have only finitely

many jumps, and hence there is no interesting fractal structure.

2.2.1 A Central Limit Theorem for N(¢,0)

The first result of this chapter is our central limit theorem for the quantity N(¢,d) as 6 — oo. For a

subordinator with no drift, we require a mild regularity condition on the Lévy measure:

lim inf 1(29) >1

6—0 1(5) ’ (2.2)

where I(u) := ['II(z)dx, and II(z) := II((x,00)). The condition has many equivalent formulations,
and can also be expressed in terms of the tail function II, the Laplace exponent ¢, or the first derivative
@', see |14, Ex. IIL.7]. and [21, Section 2.1]. We emphasise that this condition is far less restrictive than
regular variation, or even O-regular variation of the Laplace exponent, because our condition is a one-sided
inequality rather than upper and lower bounds. The condition also appears naturally in the context of

the law of the iterated logarithm, see e.g. |14} p87].

Recall the definitions Ty := inf {¢t > 0: X; > §} and U(9) := E[T}] as introduced in Theorem 2.5l These

are required to formulate the central limit theorem result, which we are now ready to state.
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Theorem 2.2.1. For each driftless subordinator with Lévy measure satisfying the regularity condition (2.2)),

for any t > 0, N(t,0) satisfies the central limit theorem

N(t,8) — ta(d) a

as 6 — 0, where a(8) := U ()L, b(8) := U(8)~ % Var(Ts)2, and N'(0,1) is the standard normal distribution.

We will prove Theorem 2.2.T] in Section [Z3l Next we shall state the other main results of this chapter.

2.2.2 An Alternative Box-Counting Scheme, L(t,9)

The following definition is important, as it gives rise to a new quantity, denoted L(t,d), which is related to
N(t,d). This new quantity, L(¢, ), will be used to provide a simpler alternative definition for the box-counting

dimension of the range of a subordinator.

Definition 2.2.2. The process of §-shortened jumps, X0 .= (Xf)tzo, is obtained by shortening all jumps
of X of size larger than & to instead have size 5. That is, X° is the subordinator with Laplace exponent
% (u) = du+f05(1 — e "“II%(dx) and Lévy measure I1°(dx) = I(dz)1{z<sy +11(6)As(dx), where As denotes

a unit point mass at 0, and Il is the Lévy measure of the original subordinator X .
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The idea of shortening the jumps is simple and intuitive, as illustrated in the following figure:

Figure 2.4: Process of §-shortened jumps, X°, alongside original process X

Definition 2.2.3. For §,t > 0, the key quantity L(t,d) is defined by L(t,9) := %X’f.

We will see in Theorem 224 that L(¢,d) can replace N(¢,d) in the definition lims_,q log(N(¢,0))/log(1/d) of
the box-counting dimension of the range of X. Then we will prove almost sure convergence and CLT results

for L(t,d). Recall the notation f(z) = g(z), as defined in Remark

Theorem 2.2.4. For all 0,t > 0, for every subordinator, N(t,0) < L(t,0). In particular, by Remark 210,
L(t,8) can be used to define the boz-counting dimension of the range, i.e. lims_olog(N(t,0))/log(1/6) =

lims o log(L(t, 5))/ log(1/6).
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The following three figures illustrate our three different box-counting schemes of interest on the range of

the subordinator in Figure 2.4 above:

L] DD [ [ [Oood [T 1]

Figure 2.5: N(t,6) =19

Figure 2.6: M(t,0) =24

Figure 2.7: L(t, ) ~ 24.2

Theorem 2.2.5. For every subordinator with infinite Lévy measure, i.e. fo (dz) = o0, for allt >0,
L(t, 0
im (¢,9) =1, (2.4)
6—0 /1,(5)

almost surely, where u(8) := $(d + I1(0)), and I(8) := fO(S TI(y)dy.

Theorem 2.2.6. For every subordinator with infinite Lévy measure, for all t > 0,

L(t,5) — tu(s)

d
t%v(é) - N(07 1) (25)

as § — 0, where (u(6) := (d + 1(0)), and v(8) :== 1 [ [~ (z A (5)2H(da:)]% . Recall that a A b := min{a, b}.
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Let us conclude this results section by discussing benefits of working with L(¢,d) rather than N(¢,4).

Remark 2.2.7. Observe that for each integrable function f, with the notation a A b := min{a, b}, we have

oo ) o)
T id xT) = X 16 xT) = X XT).
/Of()H(d) /Of()H(d) / £ A 6) TI(dz)

Then applying Definition and the Lévy Khintchine formula (2.1)), it follows that for all §,¢ > 0, the

mean and variance of L(t,d) are given by

E[L(t,0)] = tu(8) = <(d + 1(9)),

1

{ /O Tl 6)2H(daz)} ’

Computing the moments of L(t,d) is remarkably simple in comparison to computing the moments of N(,4),

Var(L(t, §)) = tv(5) =

S|+ o ~+

which are not well known. We emphasise that for L(t,d), the moments are all formulated in terms of the
characteristics of the subordinator (i.e. the drift and Lévy measure), which are typically known. Most results
on Lévy processes are typically formulated in terms of their characteristics, so our results on L(t,d) fit in
naturally with a lot of work in the literature on Lévy processes. On the other hand, results on N(t,4) are

harder to reconcile with the literature, as they are formulated in terms of the renewal function, U(9).

Remark 2.2.8. Theorem 2.2.5]is formulated in terms of the characteristics of the subordinator. For N(t,d),
the almost sure behaviour in Theorem is formulated in terms of the renewal function (U(d), and in
order to write this in terms of the characteristics, the expression is more complicated than for L(t,d). For
details, see [111, Corollary 1] and |49, Prop 1], the latter of which is very powerful for understanding the

asymptotics of U(9) for subordinators with a positive drift, significantly improving upon results in [30].

Remark 2.2.9. It should also be emphasised that the results on L(t,d), Theorems and 2.2.6] hold in
full generality (excluding the trivial case of a subordinator with finite Lévy measure, which has no fractal
structure). In contrast, the CLT result for N(¢,6) in Theorem 22Tl requires a slight regularity condition to
exclude particularly poorly-behaved processes, and also for the drift to be zero. Even with this regularity

condition, it is clear that the more general proofs for L(t, ) are much shorter and rely upon less complicated
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mathematical tools. This is a strong indication that L(¢,d) is indeed the best quantity to consider for the

purposes of studying box-counting dimension of the range of a subordinator in detail.

Recall the notation f(z) =< g(z), as defined in Remark

Remark 2.2.10. From Theorem 2T.H it is known that the asymptotic behaviour of N (¢, d) is like that of
U(8)~*. It is also known, see [15, Prop 1.4], that U(6)™' =< u(8) = $(d + I(8)) for every subordinator. It is
hence natural to ask if there is a definition of box-counting dimension using a quantity which behaves like
wu(0) asymptotically, as we determine in Theorem Moreover, Theorem 2.2.4] allows us to understand

the relationship U(6)~! =< pu(d) in terms of geometric properties of subordinators.

Remark 2.2.11. Another consequence of |15, Prop 1.4] is that U(8)~! =< ¢(1/3) =< u(8). It is also possible

to understand this relationship geometrically by considering the quantity ¢(1/4). Applying (2.1), one can

16(1/6) = t% {d + /Ooox (5(1_;_)) H(dx)} ,

so that t¢(1/6) = E[Yf/é], where (Yf)tzo is the subordinator with Lévy measure (6(1 —e~*/%)/z) II(dz).

deduce that

IS E]

The new subordinator (X, );>o corresponds to an alternative truncation of jumps, but the geometric meaning

behind this truncation is not as transparent as for the truncation used in Definition 2.2.2]

2.3 Proof of Theorem [2.2.7]

In this section, we shall prove Theorem 2.2.T], the CLT result for N(¢,4). The proof begins with the Berry-
Esseen theorem, see Lemma[2.3.2] through which we find a sufficient condition for our CLT to hold. We then
proceed by finding a chain of further sufficient conditions, each of which implies the former. At the end of
this chain, we are able to show that our sufficient conditions follow from the imposed regularity condition
, and hence the CLT result is proven under this condition. This chain of sufficient conditions can be seen

through Figure [AT] (it should be noted that Figure [A-T] uses notation not defined until later in this chapter).
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2.3.1 First Sufficient Condition via Berry-Esseen Theorem

We will first work towards proving the following sufficient condition:

Lemma 2.3.1. For every subordinator with infinite Lévy measure, a sufficient condition for the convergence

in distribution [2.3), with o} := Var(Ty), is

im ZO° _ (2.6)
5—0 (2

The proof of Lemma [Z:3T] relies upon the Berry-Esseen theorem, which is stated here in Lemma 2.3.2] The
Berry-Esseen theorem is a very powerful result for studying central limit theorem type limiting behaviour,

as it provides the speed of convergence. See e.g. |55, p542] for more details.

Lemma 2.3.2. (Berry-Esseen Theorem) Let Z ~ N(0,1). There exists a finite constant ¢ > 0 such that for
every collection of #id random variables (Yi)gen with the same distribution as Y, where Y has finite mean,

finite absolute third moment, and finite non-zero variance, for alln € N and x € R,

- cE[Y ~E[V]P]

Var(Y)z\/n

Now we are ready to prove Lemma [2.3.1] then to proceed with our chain of sufficient conditions to prove
Theorem 2:2.J1 For brevity, we will only provide calculations for ¢ = 1. The proofs for different values of ¢

are essentially the same.

Recall the definitions of Ty and U(d), provided in Theorem Recall the notation a(d) := U(§)~1,
0% := Var(T5), and b(8) := U(8)~205. To prove Theorem ZZI] we shall aim to prove that for all z € R,

lim =0. (2.8)

P<W§m>—ﬁ”(2§x)

For each ¢ > 0, the inequality (2.7) in the Berry-Esseen theorem provides an upper bound on the difference
of probabilities in (2.8). Then we shall find further upper bounds through our chain of sufficient conditions,

and we will conclude by showing that these converge to zero as 6 — 0. First, we prove Lemma [Z3T] which
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requires the auxiliary Lemma 2:373 (this is stated and proven after the proof of Lemma 23.T]).

Proof of Lemma[2.31 Let Té(k) denote the kth time at which N(¢,0) increases, i.e. T( ) ;= 0 and Té(n) =

(n—1)

inf{t > T} 1 Xy > X -1 + 6}, and let Tsx, k € N, denote iid copies of Té( ), By the strong Markov
5

2

property, Té(k) and Zle T5; have the same distribution, since the nth “box” in an optimal cover is the

set [XT(n>,XT(n) + 6], and the time taken to exit this set from XT(") has the same law as the time to exit
8 5 5

[XTél) , XT§1> + 4] from X Then, with n := [a(d) + zb(J)], where [-] denotes the ceiling function,

ngl).
P (N<16>—<6> < ) = P(N(1,9) < a(d) + zb(5)), 29

and since N(1,0) only takes integer values and increases only at times X, k € N, using the fact that Ttg(")
S

has the same distribution as the sum of n iid copies of T(S(l), it follows that

BH = P(N(1,8) <n) =P (T 21) = IP’( En:TM > 1 )
i=1
< zn: (Ts; — U6 >1—nU(5)> (2.10)

1

. (zzg (Th; = U@) _1- nU<6>> |

2
77/0'5 nogs

It follows from Lemma 2333 that o2 < E[TZ] < CU(J)? for a constant C' > 0, which then implies that

b(0) = o(a(d)) as 6 — 0. Then, as § — 0, the asymptotic behaviour of n is
n = [a(0) + zb(0)] ~ a(8) + 2b(8) = a(8) + o(a(d)) ~ a(d) = U(8) .

It follows, with 2 depending on z and §, that as § — 0,

1-nU(0) 1—[a(d) +ab(d)]UG) 11— (a(d)+ab(d))U(J)
noj ([a(8) + zb(0 )])%05 (a(8) + xb(5)) %05
)

—z = (2.11)

_1—1—-ab(OUE)  —ab(§)U©B) _ —zb(OU)> _ % (2.12)
(a(0) + xb(8))2 05 U(8) 205 o5
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Now, by the triangle inequality and symmetry of the normal distribution, combining (2.10) and (2.12]), and

using the fact that lims_,o 2 = x, it follows that as § — 0, for any = € R,

‘P<W§x> ~P(Z<z)

<|P(Z>—af) —P(Z > —a)

(Ts: —U(9)) = —xﬁs> - P(Z2=-)

(2.13)

>
=1
P ( > (T3, - U9)) > xé) — P(Z>—aj) | +o(1).
nos =1

Recall that we wish to show that (2.13) converges to zero. By the Berry-Esseen Theorem and the fact that

n~U(0)~! as § — 0, it follows that as § — 0,

213) < C]E“T‘;;—W +o(1) ~ CU(5)5EHTE— U(9)°]
0’5712 g

Applying the triangle inequality, then Lemma with m = 2 and m = 3 to E[|Ts — U(6)[?], as § — 0,

R13) <

3 3
05 05

(EIT]) + 3UGE[TH] + UGVET] + UG _ o UOUE)? _ ., (U(aﬂf
- < = 8¢ 3 R
05

for some constant ¢’ < oo. Therefore if the condition (2.6) as in the statement of Lemma 2:31] holds, then

the desired convergence in distribution ([2.3)) follows, as required.

Lemma 2.3.3. For every subordinator with infinite Lévy measure, for all m > 1,

, E[T!]
1 )
o T

< 0

Proof of Lemma[2.3.3. First, by the moments and tails lemma (see Lemma [A-3.3)),

2 ] e ()
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By the definition of Ty, it follows that X, < ¢ if and only if T5 > w, and then

E[T5"] _
u(e)m

/ my™ ' P(X,u(s) < 6)dy :/ my ™ P(e” 5w > e dy.
0 0

Now, applying Markov’s inequality (Theorem [A.2.1)), the definition E[e=*X*] = ¢~*¢(M) and the fact that

U(6)o(1/9) > K for some constant K > 0 (see |15, Prop 1.4]),

&=

[75"]
@)™

oo )
< / mym—lel—yU(é)d)(l/é)dy < / ,rnym,—lel—Kydy7
0 0

-

which is finite and independent of §. Therefore the lim sup is finite, as required.

2.3.2 Proof of Theorem [2.2.7]

We shall now present the proof of Theorem 2211 which requires two lemmas. Theorem 2.2.1] is proven by a
contradiction, using the upcoming Lemma to show that the sufficient condition in Lemma holds.
The fact that Lemma is a sufficient condition for the CLT result in Theorem [Z22.1] is proven through a
chain of lemmas (see Figure [A.T]), but we shall postpone this series of proofs until after the proof of Theorem

22.7], for the sake of clarity. First, we shall introduce some important notation in Definition 2.3.41

Definition 2.3.4. Recalling from Definition [Z.2.2 that the process X° has Laplace exponent ¢°(u) = du +
f06(1 — e7"NI(dz) + (1 — eI, we define:

(i) 9(w) := 0" (u) = d + [§ ze™""11° (da),

(i1) R(u) := 6 (u) = ug(u) = J§ (1 = e™*(1 + uz)) 1 (dx),

(11i) As denotes the unique solution to g(As) = x5, ford < zs <d+ f06 21 (dx).

We refer to [67, p93] for further details on these important quantities. In fact, one can ignore the drift d in

Definition 2.3.4] since d = 0 throughout Section 23] Now we are ready to state Lemma [2.3.5] which is our

final sufficient condition in the chain of implications in Figure [A1l
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Lemma 2.3.5. For a >0, t = (14 a)U(0), and g(\s) = x5 = d/t, if

limsup dAs < oo, (2.14)
6—0

then the desired convergence in distribution (2.3)), as in Theorem[ZZ1), holds.

So in order to prove that Theorem [Z2T] holds, we just need to verify that (2.14) holds under our imposed
regularity condition (2.2)). This is made possible by the following lemma.
Lemma 2.3.6. Recall the definition I(§) := f05 TI(x)dx. The condition (2.2)) implies that for each n € (0,1),

there exists a sufficiently large integer n such that

6) 1

iminf ———~2— > —. 1
i T 1)
Proof of Lemmal2.3.80. The integral condition (2.2]) imposes that for some B > 1,
5 —
II(y)(d
lim inf 1) = limi fw = (2.16)

5—0 I(6/2) 5—0 f05/2ﬁ(y)dy_

Then, by effectively replacing 1/2 with 2" (so 1/2 is replaced by a smaller constant), we can replace B with

B", which can be made arbitrarily large by choice of n. This follows by splitting up the fraction,
.. 1) I(6) 1(27's) I(2=(»=1¢)
1 f——~— =1 f -
B0 I(2me) e <1(2—15) 1(2-25) T I(20)

L I(6) \yo . o (1(2719) (127 Dg)
=y (7t e (7)ot (e
1

=B"> -,
n

where we simply take n sufficiently large that B™ > 1/7.

O

Using Lemma [Z.3.6] for a contradiction is the step in the proof of Theorem [ZZ.T] which requires the condition

(2.2). We are now ready to prove Theorem 2271
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Proof of Theorem[Z.21l Assume for a contradiction that there exists a sequence (6,,)m>1 converging to zero,
such that lim,, e As,,0m = co. That is to say, assume that the sufficient condition in Lemma [2.3.5] does
not hold. For brevity, we shall omit the dependence of d,, on m. The assumption (for contradiction) implies

that for each fixed 1, > 0, n > =2 "% for all small enough § > 0. By Fubini’s theorem (Theorem [A3.2),

TN\

I1(6) = f06 T(y)dy = foé fyoo (dx)dy = fooo o dyll(dz) = foé acf[‘s(dx)7 SO

) AR
nI(6) + [(2775) > =22 "8 [(5) 4 [(2-75) > =2 "6 / 2119 (dz) + / 2T1(dx)
0 0

k) 27"
=T + e [+ [ ) (217)
0 0

Removing part of the first integral and noting 1 > e~ % for all 2 > 0,

4

277§
R17) > e % "95TI(0) +/ e N2 0TI (da) —l—/ e MTgTI(dx).
0

2-n¢g

Now, e~ Ns27"6 > e~ % for x > 27"). So for g()\(;) = x5 = m, where o > 0 is fixed and chosen
sufficiently large that x5 < f05 1% (d) for all § (this is possible by the relation U (8)~! < I(8)/8, see |15, p74]

for the result and Remark 2.1.6] for the notation),

) 2715
R.17) > e o2 "OSTI(6) —l—/ e Mg TI(dx) +/ e Mg TI(dx)
2—n§ 0
) I(6)

1+a)U06) = 1+ a)K’

Y

§
— eI + [ alde) 2 g(hs) =
0

where the last two inequalities respectively follow by Definition [Z22] Definition 234 (¢) with d = 0, and

the relation U(8)~! =< I(5)/5. So for a constant K > 0, for all sufficiently small § > 0, we have shown

—n )
nI(8) + 1(27"6) > 4.

Taking 1 > 0 small enough that m > 21, it follows that I(27"8) > nI(d), and hence I1(§)/I1(27"§) <
1/n. But in Lemma we showed that for each fixed n > 0, there is sufficiently large n such that
liminfs_,o I(6)/I(27™0) > 1/n, which is a contradiction, so the sufficient condition as in Lemma must

hold. O
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Remark 2.3.7. For a driftless subordinator, Theorem 2] holds under the same condition ([2.2) applied
to the function H(y) := [ «Il(dx) rather than the integrated tail function I. The integrated tail I(y) =
H(y) +yII(y) depends on the large jumps of X since II(x) = II((x,0)), but H does not depend on the large

jumps, so these conditions are substantially different.

With only minor changes, the argument as in the proof of Theorem 2.2 Tlworks with H in place of I. Under
condition (2.2)) for H in place of I, one can prove that Lemma[2.3.6lholds with H in place of I. Then we assume
for a contradiction that there exists a sequence (0,,)m>1 converging to zero, such that lim,,_, . As,, 0m = 00.

But then as in the proof of Theorem 2.2.1] one can deduce that nH(J) + H(27"0) > WH((;), which

contradicts the analogous Lemma [2.3.0] result with H in place of I.

Remark 2.3.8. Theorem [2Z.2.1] can also be proven for subordinators with a drift d > 0, under a stronger
regularity condition. For Y; := X; — dt, define ¢y as the Laplace exponent of Y. The convergence in
distribution holds whenever limsup,_,, 2%/ %¢y (z) < co. This is proven using Remark EZ3.10, the
inequality P(Y; < a) > 1 — Cth(a) for all Lévy processes (see p954] for details, including the definition

of the function h(a)), and the asymptotic expansion of U(§) as in Theorem 4].

2.3.3 Proofs of Lemmas [2.3.9], [2.3.12],

Lemmas 239 2312 and give successive sufficient conditions for Theorem Z2.] to hold (see Figure
[A). The proofs for these lemmas are facilitated by Lemma 2Z3.TT], which was proven in 1987 by Jain and

Pruitt p94]. Recall that X denotes the process with d-shortened jumps, as defined in Definition

Lemma 2.3.9. The convergence in distribution (2.3) as in Theorem holds if for some o € (0,1],

limints o [P (X0, ) <0) + P (X4 0o 29)] >0

Proof of Lemma[2.3.9 This result builds upon Lemma 2311 For all « > 0, recalling that E[T5] = U(4),
02 = Var(Ts) > Var(Ts; |Ts — U(0)| > aU(4))

> a?U(8)%[P(T5 > (14 a)U(6)) + P(Ts < (1 — a)U(6))].
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For the desired convergence in distribution (2.3) to hold, it is sufficient by Lemma 23] to show that
lims_,o U(8)3 /o2 = 0. Now,
U©)s U)s

02 = 0[BT = (Lt U 0) + B(T5 < (1 - a)U0)]

Note that Ts > t if and only if Xf < 9§ since jumps of size larger than § do not occur in either case, and
so X, = X? when T5 > t, so that P(T5 > (1 + a)U(9)) = P()N(?HOC)U((;) < 4). On the other hand, one can
verify that P(T5 < (1—«)U(0)) = P(X(Jl—a)U((S) > 0), by splitting up according to when the first jump of size
> 6§ occurs. If this jump occurs before time 1 — «, then the process passes above J, regardless of the size of
this jump, so the subordinator is unaffected by the truncation. If the large jump does not occur before time
1—aq, then X;_, = f(f_a, so again the truncation has no effect on the probability. Hence we conclude that

the desired convergence in distribution ([2.3)) holds if

liminf [P (X014 <0) +P(Xioape 2 9)] >0.

5—0

O

Remark 2.3.10. The condition in Lemmal2.3.9 is not strictly optimal, in the sense that a weaker sufficient
condition for (2.3) exists. One can verify that if there exists € € (0,1/6) for which

}i_{% U(é)Qs—% [P (Xg(6)+U(6)1+5 < (5) +P ()N(g((;)fU((;)HE > 5)} = o0,

then the convergence in distribution (2.3) follows too. However, using our method of proof, this weaker

condition does not lead to any more generality than the condition (2.2)) for driftless subordinators.
Lemma 2.3.11 (Jain, Pruitt [67, Lemma 5.2]). Recall the notation introduced in Definition [2.3.f] There

exists ¢ > 0 such that for every e >0, t > 0 and x5 > 0 satisfying d = g(o0) < x5 < g(0) =d + foé 210 (dx),

-0 (L+e)e\ _ai2e)ri
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Lemma 2.3.12. Fora >0, t = (1+a)U(9), and g(\s) = x5 = 0/t, if

limsup tR(As) < oo
6—0

then the desired convergence in distribution (2.3)), as in Theorem[ZZ1), holds.

Proof of Lemmal[Z.3.12. This result build upon Lemma[Z39 Applying inequality (2.18]) from Lemma 23 TT]
P (%} <o) = (1- (A+e)e ) —ar2eprng (2.19)
(1+a)U(s) = = e2tR(\s) : :

Now, letting lim sup;s_,o tR(As) < 0o, we will consider two separate cases:
(i) If liminfs_,o tR(As) = B > 0, then by choice of € > 0 such that % = %7 the lower bound in 1 is

larger than a positive constant as § — 0.

(ii) If liminfs_,g tR(As) = 0, then imposing € = 2¢/(tR()\s)), the lower bound in (2.19) is again larger than

a positive constant as § — 0.
The desired convergence in distribution ([2.3) then follows immediately in each case by Lemma 2.3.9]

O

Proof of Lemma[Z.3.3. This result builds upon Lemma Noting that 1 —e ¥(1 +y) <y for all y > 0,

6 ~

tR(\s) = (1 + a)U(é)/ (1 — e 2%(1 + N\sz))IT° (dx)
0
6 —
(1+a) / AszIT (dz) = (14 a)U(9) (/ 2I(dz) + 61'[(5)) As- (2.20)
0
Then by the relation U(8)I(§) < C6 for a constant C (see [15, Prop 1.4]), it follows that
@30) = (1 + )U(S)I(6)As < (1 + a)CoAs.

Hence if limsups_,; 0As < 0o, then the desired convergence in distribution ([2.3)) follows by Lemma 23121 O
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2.4 Proofs of Results on L(t, )

Now we shall prove the main results on the quantity L(t,d). Firstly, we prove Theorem [Z24] which confirms
that L(¢,0) can replace N(t,d) in the definition of the box-counting dimension of the range. This is done
by showing that L(t,d) < N(t,0), which is known to be sufficient by Remark 2ZXT.6, where we recall that the

notation notation f(z) < g(x), is defined in Remark 210

Proof of Theorem[2.24} The jumps of the original subordinator X and the process with shortened jumps
X? are all the same size, other than jumps bigger than size §. The optimal number of intervals to cover the
range, N(X,t,0), always increases by 1 at the time of each jump bigger than size J, regardless of its size, so
it follows that N(X,t,0) = N(X‘S, t,d), with the obvious notation.

Instead of counting the number N(X,t,J) of boxes needed to cover the range of X, consider counting

those needed for the range of the subordinator X (0-9)

with Lévy measure II(dz)1 ;<53 (so all jumps of
size larger than & are removed), and then adding Y;°, which counts the number of jumps of size at least §

up to time t. This new counting method corresponds to a cover which is not necessarily optimal, so that
N(X,t,6) < N(X©9 ¢ .6) +Y?.

For a bound in the other direction, consider the fact that X can have at most N(X,¢,6) — 1 large jumps of
size at least § by time ¢, so that Y, < N(X,t,6) — 1. Moreover, it is clear that N(X (%9 ¢ §) < N(X,t,5),
and hence N (X9 ¢ §) +Y? < 2N(X,t,6), so that N(X,t,6) < N(X©9 ¢.6) + V7.

Consider M (X (0’5),t,6), the number of intervals in a lattice of side length ¢ to intersect with the range of
X (09 Tt is easy to show that N (X9 ¢t §) < M(X(©9 ¢ 6), see |54, p42] for a detailed proof. Also,
M(X©9 ¢ ) = f%Xt(O’é)L since X (9 has no jumps of size larger than §. Now, observe that %Xt(o’&) =

(%Xt(o"é)} for all small enough §, and hence

1~ 1
L(X,1,0) = 5X) = SX,SO*” FY7 = M(XOD ¢.8)+ Y/

= N(X©9t6)+ YV = N(X,t,9).
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It then follows immediately (see Remark 2-T.0]) that

log(L(t,0)) _ . log(N(t,0))

550 log(1/8) a0 log(1/s)

and hence L(t,d) can be used to define the box-counting dimension of the range of a subordinator.

O

Next we will prove the CLT result for L(¢,6), working with ¢ = 1 for brevity (the proof is essentially the
same for other values of ¢t > 0). We will show convergence of the Laplace transform of ﬁé)([,(l, 0) — u(9))
to that of the standard normal distribution, which is sufficient for convergence in distribution [69, Theorem

4.3]. Recall that Z ~ A(0,1) has Laplace transform E[e=>%] = ¢*’/2,

Proof of Theorem[2.2.6. Recall that by Definition and (2.1), 6L(t,0) = X/? is a subordinator with
Laplace exponent ¢ (u) = du—l—f05(1 — e )% (dz) and Lévy measure I1°(dz) = I(dz)Liy<sy +11(8)As(dx),
where Ay denotes a unit point mass at d, and II is the Lévy measure of the original subordinator X. Therefore,
for all A > 0, the following two statements are equivalent:

o ()] 1 (2 (32)) -

Recalling the definition p(8) = §(d+1(8)), where I(6) := f05 2I1%(dz), and writing ¢° in the Lévy Khintchine

representation as in (22.1)), it follows that

M) _zs( A\ _AAEIE) AN e s
(5om) = oo s~y e @)

’()(5) 1)(5)
_ ) e
= 61}(5) —/0 (1—6 <))H6(d$)
S _ [ — e
o 5u(5)H (dz) /0(1 e 7o) (d). (2.21)
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<y—1l+4+e¥v< % for all y > 0, we obtain the bounds

Then applying the fact that y; — %

/05<25/\2jj;)2 652 GE >H5 dr) < @21) < / 252 I (dz).

Now, by the definition of v(d) as in the statement of Theorem ZZH, v(6)? = 55 f06 22T (dz), and hence

o 2,.2 2
A xr ~5 A
AT [ (dy) = 2
/0 S5zo(e)E L @) = 3

It is then sufficient, in order to show that ( - converges to 2-, to prove that

e s} (ES ~
lim /0 B0l 1% (dx) = 0. (2.22)

5—0

Again by the definition of v(4), for (2.22) to hold we require both

6
fim —do 71D (2.23)
0= ([9 2211(dx) + 62T1(6))

0 ~0. (2.24)

lim 3 — S
60 (fo x2I1(dx) + 6211(9)) 2
Squaring the expression in ([2.23)), since < ¢ within each integral, it follows that

(foé ISH(d!L‘))2 - (52(f06 mQH(dx))2 .
(J2 2211(dx) + 62T1(5))" ~ ([ a?T1(dz) + 62T1(5))°

Now, by the binomial series expansion, we have (a + b)® > 3a?b for a,b > 0, and therefore as § — 0,

2( [ 22T(dx))? 1
[2:23) < =——— >0,
3( f) 221(dx))* (s2T0(6))  3IL(9)

where we use the assumption that [ II(dz) = co, which implies that lims_,o II(§) = co. For (2.24), we again
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use that lims_,o II(0) = oo, and simply observe that as § — 0,

S3TI(5) 1

-

(f2 a2T1(da) + 6°T1(5))% ~ (200(0))%  TI(0)%

O

Next we will prove Theorem 2:2.5] the almost sure convergence result for L(t, ). Using a Borel-Cantelli argu-
ment (see Lemma [A:34] for details), we shall prove that liminfs_o L(t,8)/u(6) = limsups_,q L(t, ) /u(d) = ¢
almost surely. First, we will prove the almost sure convergence to ¢ along a subsequence §,, converging to
zero. Then, using the fact that p(d) and L(t,d) are monotone in §, we will deduce that for all 6 between 4,

and d,41, L(t,0)/1(d) also tends to t as d,, — 0, which completes the proof.

Proof of Theorem [Z.2Z:3 Tf there is a drift and the Lévy measure is finite, then as 6 — 0, L(¢,d) ~ dt/o
almost surely, and moreover p(d) ~ d/d, so the desired result, lims_,o L(t,d) /() = ¢, follows immediately.

Hence we need only consider cases with infinite Lévy measure.

Consider a monotone decreasing subsequence (d,,),>0 for which lim,_, ¢, = 0. We shall choose a spe-

cific subsequence later in the proof. Then for all ¢ > 0, by Chebyshev’s inequality (Theorem [A.2.2)) and
Remark 22.7]

L(t,6n) Var )
;P(‘wm) 1 >¢) < EO i
- 3 2H(dm)+62 (62))
N 52 7(d+f0 oTI(dz) + 6, T1(, ))
1 5%(f 22T1(dz) + §2T1(6,, ))
P
- QZ,L:g(f " 2I(d) + 6,10(6,))
1 (Jom 22T(dx) + 62T1(6,, ))
22([ dx+5H(6))
L 6n (fy" 2X1(dx) + 6,T1(6 L
=i Z TI(dz) + 6,T1(5,, )) £2 zn: f1(0n (2.25)



Chapter 2: Fractal-Dimensional Properties of Subordinators 41

where [u(8) = [;°((x A 6)/6) TI(dz) denotes the expectation of L(t,d) without the drift term, and we use
the notation a A b := min{a,b}. Then since (z A d)/J is non-decreasing as § decreases, it follows that [i(d) is
non-decreasing as § decreases. Now, lims_,q fi(d) = 0o, and [ is continuous, so for each fixed r € (0,1) there
is a decreasing sequence ¢,, such that [i(d,,) = r~" for each n. Then is finite, so by the Borel-Cantelli
lemma (see Lemma [A-34), we conclude that lim, . L(f,8,)/1(d,) = t almost surely. Next we shall prove

that this almost sure convergence holds beyond our specific subsequence, as 6 — oo.

Whether or not there is a drift, L(t,0) is obtained by changing the original subordinator’s jump sizes from y
to (yAd)/d. By monotonicity of this map, it follows that for a fixed sample path of the original subordinator,
each individual jump of the process L(t,d,+1) is at least as big as the corresponding jump of the process

L(t,d,). So L(t,0) is non-decreasing as ¢ decreases, and similarly for p(d). Hence for all 4,41 < 6 < 4,

L(taén) U(‘Sn) < L(t,5)
11062) Alnyr) = t(0)

L(t, 6n41) _ L(t, 6n41) pr(On+1)
tu((sn) tﬂ(6n+1) M((Sn) '

IN

Then by our choice of the subsequence d,,, it follows that for all §,, 11 <9 < b,

L(t,6,)

) L(t6) _ 1L(t0011)
t11(0n)

< - )
T otu(d) T v tpu(Gngr)

(2.26)

and since lim,, o L(¢, 6, )/1(65) = ¢, it follows that for all » € (0,1),

.o L(t0)
rt < liminf < lim sup
5=0  p(0) 5—0  H(0)

Taking limits as r — 1, it follows that lims_o L(¢,0)/u(d) = t almost surely.
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2.5 Extensions and Special Cases

2.5.1 Extensions: Box-Counting Dimension of the Graph

Having extensively studied the range of a subordinator, we now direct our attention to the graph of a
subordinator X up to time ¢ is the set {(s, Xs) : 0 < s < ¢}. The box-counting dimensions of the range and
graph are closely related. Indeed, the graph of any Lévy process (X;):>o can be interpreted as the range of
the bivariate Lévy process (¢, X;);>0. This is particularly evident when we consider the mesh box counting
schemes M¢(t,0), Mg(t,d), denoting graph and range respectively. The mesh box-counting scheme counts

the number of boxes in a lattice of side length § to intersect with a set.

Remark 2.5.1. For every subordinator with infinite Lévy measure or a positive drift, Ms(t,6) = [t/d] +
MEg(t,0), where |- | denotes the floor function. Indeed, Mg(t, d) increases by 1 if and only if Mg(¢, ) increases
by 1 in such a way that the new box for the graph lies directly above the previous box. For each integer n,

Mg (t,6) also increases at time nd, the new box directly to the right of the previous box.

Remark 2.5.2. It follows that the graph of every subordinator X has the same box-counting dimension as

the range of X, := ¢+ X}, the original process plus a unit drift.

Proposition 2.5.3. For every subordinator with drift d > 0, the boz-counting dimensions of the range and

graph agree almost surely.

Proof of Proposition [Z.5.3. Letting T(; o) denote the first passage time of the subordinator above ¢, consider
an optimal covering of the graph with squares of side length § as follows:

Starting with [0,d] x [0,6], at time T} := min(7(s,),d), add a new box [T, Ty + d] x [Xr,, X7, + ], and
so on. Denote the number of these boxes by Ng(t,d), and write Ng(t,d) as the optimal number of boxes

needed to cover the range.
If d > 1, then we have Ty = T(;5,oc) because X5 > dd. It follows that each time Ng(t,d) increases by 1, so
does Ng(t, ), and vice versa, so Ng(t,0) = Ng(t,d), and the box-counting dimension of the range and graph

are equal when d > 1.
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For d € (0,1), a similar argument applies with a covering of g X § rectangles rather than § x § squares.
Starting with [0, 3] x [0, 6], at time T}, add a new box [Ty, Ty + 3] x [X7,, X1, + 4], and so on. The number
of these boxes is again Ng(d,t), since X g > 6. By Remark [21.@, this covering of rectangles can still be
used to define the box-counting dimension of the range, since for k := E], writing N¢(t,6) and N{(t,0) for

the number of squares and of rectangles respectively, we have

NG (t,6) < Ng(t,0) < k N&(t,0/k).

O

Remark 2.5.4. The box-counting dimension of the graph of every subordinator is 1 almost surely, since
the sample paths of subordinators have bounded variation (BV) almost surely. See [1, Section 2.3.3] for more
details on bounded variation. The same is true for the graph of all BV functions/processes, including in
particular every Lévy process without a Gaussian component, whose Lévy measure satisfies the condition
J(1 A |z))II(dz) < co. By Proposition 2.5.3] we see that the box-counting dimension of the range of every

subordinator with a non-zero drift is 1 almost surely.

2.5.2 Special Cases: Regular Variation of the Laplace Exponent

Corollary 255 is analogous to [111, Corollary 2], with L(t,¢) in place of N(¢,d). This allows very fine
comparisons, not visible at the log-scale, to be made between subordinators whose Laplace exponents are

regularly varying with the same index.

Corollary 2.5.5. Consider a subordinator whose Laplace exponent is regularly varying at infinity, such that
d(A) ~ A*F(X) as X — oo, for a € (0,1), where F(-) is a slowly varying function. Then for all t > 0, almost
surely as § — 0,

L(t,8) ~

Proof of Corollary[2.5.3. Note that d = 0, i.e. there is no drift, when the Laplace exponent is regularly
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varying of index a € (0,1). By Theorem 228 as § — 0,
tI(s) ot [°—
L(t,0) ~ tu(o) = 5 =3 II(z)dx.
0

Since ¢ is regularly varying at 0, as @ — 0, II(z) ~ ¢(1)/T'(1 — @) (see |14, p75]). Then by Karamata’s

Theorem (see Theorem [A43]), almost surely as § — 0,
L(t,6) ~
O

Corollary 2.5.6] strengthens the result of Theorem 2.2.4] when the Laplace exponent ¢ is regularly varying.
The result can not be strengthened in general, as the relationship between u(8) and U(8)~! is “<” rather

than “~” (see |15, Prop. 1.4]), where we recall that the notation “<” is defined in Remark 2.1.0]

Corollary 2.5.6. For a subordinator with Laplace exponent ¢ regularly varying at infinity, of index o € (0, 1),

for all t > 0, almost surely as 6 — 0,

N(t,5) ~T(2 — a)T(1 + a)L(t, 5).

Corollary 250l follows immediately from Corollary 2535 and [111, Corollary 2], which says that when the
Laplace exponent ¢ is regularly varying at infinity, such that ¢(A) ~ A*F(X) for a € (0,1), where F(-) is a
slowly varying function, for all ¢ > 0, almost surely as § — 0,

N(t,5) ~ T(1 + a)t6~*F (;) .

Remark 2.5.7. For o € (0,1), I'(2 — o)T'(1 + «) takes values between 7 /4 and 1. So L(t,d) and N(t,0) are
closely related when the Laplace exponent is reqularly varying, but as 6 — 0, L(t,0) grows to infinity slightly
faster than N (t,0).



Chapter 3

Markov Processes with Constrained

Local Time

Abstract

In this chapter, we study Markov processes conditioned so that their local time must grow slower than a
prescribed function. Building upon recent work on Brownian motion with constrained local time in [8,(7§],

we study transience and recurrence for a broad class of Markov processes.

Through the notion of inverse local time, this problem is equivalent to studying a non-decreasing Lévy
process (the inverse local time process), conditioned to remain above a given level which varies in time. We
study a time-dependent region, in contrast to previous works in which a process is conditioned to remain in
a fixed region (e.g. in [43}/60]), so we must study boundary crossing probabilities for a family of curves, and

thus obtain uniform asymptotics for such a family.

Main results include necessary and sufficient conditions for transience or recurrence of the conditioned
Markov process. We will explicitly determine the distribution of the inverse local time for the conditioned
process, and in the transient case, we explicitly determine the law of the conditioned Markov process. In the

recurrent case, we characterise the entropic repulsion envelope via necessary and sufficient conditions.

45
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3.1 Introduction & Background

The study of stochastic processes under various constraints is important in a range of theoretical and applied
settings, and there have been many such studies in recent years. We shall discuss the literature on constrained

processes in more detail in Section

In this chapter, the specific constraint of interest is that we shall restrict the rate at which a certain type
of stochastic process returns to the origin. The original process is chosen to be recurrent, in the sense that
prior to applying a constraint, it (almost surely) continues to return to the origin at arbitrarily large times.
We will determine, depending on the strength of the constraint, whether or not the constrained process will
continue to return to the origin at arbitrarily large times. If the constraint is too stringent, we will see that
it is possible for the process to never return to the origin again after a certain time, in which case we say the

process is transient. The notions of transience and recurrence are formally defined in Section B3l

Let us now proceed by motivating the upcoming research through a brief discussion of some relevant
problems in polymer physics, specific to the modelling of a long polymer chain. Discussion of these problems
is included here as a means of helping the reader to establish an intuitive picture for the upcoming research
questions. Long polymer chain models are particularly relevant here because there is a remarkable similarity
between the questions we ask in this chapter and common research questions on polymers (see e.g. [8, p5]). In
particular, we will see that determining whether a process is transient or recurrent is analogous to determining
if a polymer chain is delocalised or localised, respectively. It should, however, be noted that this is just one
of many applications which justify theoretical studies such as those in this chapter and further theoretical

studies in the literature, as discussed in Section

3.1.1 Related Problems in Polymer Physics

Motivation: Study of Transience and Recurrence We shall consider a specific modelling scenario in
detail, to give a clear idea of the relevant problems of interest in polymer physics. This serves as an overall
motivation for similar problems in polymer physics. For a much more detailed account of a variety of related

polymer models, one can refer to [28}|118], for instance.
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The setting we shall consider is that of a a polymer made up of two different types of monomer, near a

boundary between two fluids. Further details on this particular example can be found in [28, Section 5].

The monomers may be attracted to or repelled by the fluids, and the different kinds of monomer will feel
a different strength of attractive or repulsive force to each fluid (e.g. hydrophobic/hydrophilic monomers, if
one fluid is water). In a number of scenarios, the polymer tends to place as many monomers in their preferred
fluid as possible, which requires it to remain near the fluid boundary. However, this reduces entropy, and
depending on the strengths of the attractive/repulsive forces involved, a phase transition may occur, wherein
entropic forces cause the polymer to move away from the boundary. The transition is from a localised phase
to a delocalised phase. The following figure depicts a polymer in the localised phase, i.e. one which remains

close to the boundary between two fluids:

Figure 3.1: Polymer at boundary between oil and water. Blue monomers are

attracted to water, yellow monomers are attracted to oil.

Polymer physicists are especially interested in the occurrence of this phase transition between the localised
phase, where the polymer remains close to the interface, and the delocalised phase, where it moves away from
the interface. The goal is often to understand when the transition occurs as underlying model parameters
vary, as in a vast number of works, e.g. [9,25,[28]35,/62,|66}/118,/119]. The problem of determining exactly

when a phase transition occurs motivates much of the work in this chapter.

Indeed, we shall study random processes constrained to avoid the origin, where the origin is analogous

to the fluid boundary. We will determine exactly how strong a constraint needs to be in order to change
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the behaviour of a given process from localised to delocalised, which corresponds to finding when this phase
transition occurs in a polymer model, as model parameters vary. Moving from the context of polymers to a
formal setting of stochastic processes, the notions of delocalisation and localisation correspond to transience

and recurrence, respectively (see Definition B3.7]).

To briefly justify the use of random models for polymers, we note that many polymers, such as fats,
contain chains of hydrophobic/hydrophilic monomers which are arranged in an erratic manner. The disorderly
nature in which such a polymer chain is formed means that a random model is particularly appropriate
for modelling purposes. Further suitable examples include surfactants, emulsifiers, and foaming agents.

See 28| Section 5] for further discussion.

Motivation: Further Questions In the example of a polymer at a boundary between fluids, determining
if a process is transient or recurrent is analagous to determining whether or not the polymer remains close

to the boundary. However, there are still many more natural questions which can be asked in each case.

For instance, in the case where a polymer moves away from the boundary, one can ask how and when the
polymer moves away. In Section for the transient case, we address the analogous theoretical question
for Markov processes by determining the distribution of the time at which the process returns to the origin
for the last time, see Theorem B.4.12 and Remark [B.4.13l We also discuss the distribution of the process after

this last return time in Remark B.4.171

For the case where a polymer remains close to the boundary, if a lot of the monomers are placed at the
boundary, then the entropy of the system is reduced, and an entropic force is felt by the polymer. This is a
repulsive force which encourages the polymer to place more of its monomers away from the boundary. We
call this phenomenon entropic repulsion. It is then natural to ask how many monomers are situated at (or
near) the boundary. We address an analogous question for recurrent Markov processes by determining the
rate of return to the origin. In Theorem B.4.22] we find the almost sure asymptotic behaviour of the rate
of growth of the local time, which determines the rate of return to the origin of the Markov process. See

Section B.1.2] for more details on the notion of local time.

This can be all seen as an extended analogy of work in this chapter, but we will not tackle specific applied
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problems on polymers. Rather, the results here add to a body of theoretical works which set out to improve

our understanding of various stochastic processes, which can then be used in a variety of modelling scenarios.

3.1.2 Local Time of a Markov Process

As discussed in Section [B.I.I] we are going to study Markov processes under a certain type of constraint.
Specifically, we shall impose a restriction on the rate at which our Markov process returns to the origin, and
then we determine exactly how strong the constraint needs to be in order to change the behaviour of a given
process from recurrent (localised) to transient (delocalised). This constraint is made rigorous through the

notion of local time, which we shall now define, after providing a formal definition of a Markov process:

Definition 3.1.1. A Markov process (My)i>0, is a R¥-valued stochastic process such that for each (almost
surely) finite stopping time T', under the conditional law P (-| My = x) = P, (-), the shifted process (Msy7)s>0
is independent of Fr and has the same as the law, P, as the process M started from x. Moreover, we impose

that M has right-continuous sample paths, My = 0, and that the origin is regular and instantaneous:

Regular means that for each (almost surely) finite stopping time T, if Mp =0, theninf{¢t >T : M; =0} =T
almost surely. Instantaneous means that for each (almost surely) finite stopping time T, if My = 0, then

inf{t >T: My #0} =T almost surely.

This definition ensures that, conditionally given the present state of the process, the future behaviour
is independent of the past behaviour (the future only depends on the present). There are many different
definitions for Markov processes in the literature. The above definition is particularly helpful because it
ensures that our process is homogeneous in time (although it does not necessarily have to be homogeneous
in space). We have further imposed that the origin is regular and instantaneous so that the behaviour of the
process is suitably interesting, in the sense that the structure of the local time has a fractal nature (there is
non-trivial structure at an arbitrarily small scale). Hereon, (M});>o shall always denote a Markov process in

the above sense.

Local Time: Discrete State Space While we are going to constrain the local time of a process on a

continuous state space, it is first helpful to introduce the notion of local time in the simpler discrete setting.



Chapter 3: Markov Processes with Constrained Local Time 50

The local time (at 0) of a Markov process (M;);>o on a discrete state space is the process (L;);>0, defined by

t
Lt 2:/ IL{Ms:O}ds.
0

The local time (here equivalent to occupation time) simply records how long M spends at 0, in the sense that
L, is the total time spent at 0, up to time ¢. The following figure demonstrates how the local time grows

relative to the position of its associated Markov process, with matching time axes:

»
>

t

Figure 3.2: Local time (L¢)¢>0 of a Markov process (My):>0 on a discrete state space

Local Time: Continuous State Space This chapter concerns Markov processes on a continuous state
space, and many such processes (e.g. Brownian motion) only spend an infinitesimally small period of time
at any single point. That is to say, for many Markov processes of interest (on a continuous state space), the
set of times at which it visits the origin will have zero Lebesgue measure (almost surely). Hence a subtly
different definition is required to capture something non-trivial, which is still analogous to the notion of local
time of a process on a discrete state space, see the upcoming Definition Informally, the local time can

be thought of as a rescaled measure of how much time the Markov process (M;):>o spends near the origin.
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Connection to Lévy Processes The local time process (L;);>0 is not usually studied directly. Instead,
it is generally best to work with its inverse. The inverse local time process, (X)s>0, is defined for s > 0
by X := inf{u > 0: L, > s}. Remarkably, for all Markov processes in the sense of Definition B.I.1] the
(right-continuous) inverse local time process is in fact a subordinator. The jumps of the inverse local time

subordinator correspond to ezcursions of (My);>o away from 0, which we shall now define:

An excursion interval of a Markov process (away from the origin) is defined as an interval of time,

(g9,d) C [0,00), such that My # 0 for all s € (g,d), and (g, d) is maximal (locally).

The value of the local time remains constant when M is in an excursion interval, and increases otherwise.
In our cases of interest, the fact that we have imposed that the origin is regular and instantaneous (see
Definition BI.T]) ensures that there are inifinitely many excursions of infinitesimally small size (almost surely).
This ensures that the behaviour of the Markov process is suitably interesting, in the sense that there is non-
trivial behaviour at an arbitrarily small scale (in both time and space). At the level of the inverse local time
subordinator, this condition ensures that the subordinator has infinitely many infinitesimally small jumps in

each finite window of time (almost surely).

For a Markov process (on a continuous state space) in the sense of Definition B.IT] the following figure
illustrates the relationship between the Markov process and its local time, with matching time axes. Some

large excursion intervals are highlighted in red:
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A\

Figure 3.3: Local time of Markov process on a continuous state space, large excursions coloured in red

XA
S

\

Figure 3.4: Inverse of local time, jumps correspond to excursions in Figure 3.3

Remark 3.1.2. Throughout this chapter, we will assume that the inverse local time subordinator has zero

drift. Consider the result Corollary IV.6], which states that for each Markov process in the sense of
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Definition [31.1, there exists a constant d > 0 such that its local time can be characterised for all t > 0 by

t
st:/ ]].{1\/[5:0}618.
0

It follows that the inverse local time (X);>0 has linear drift d > 0, see (14, Theorem IV.8]. So for our Markov

processes of interest, set of times at which the process takes the value 0 will have zero Lebesgue measure.

We direct the reader to [14, Chapter IV] for a more detailed introduction to local time, including proof
of the fact that the inverse local time process is always a (possibly killed) subordinator |14, Theorem IV.8],
where a killed subordinator takes the value infinity from an independent exponentially distributed random
time onwards (this corresponds to transience of the Markov process). One can refer to e.g. [69, Chapter 19]
or [104, Chapter VI] for discussion of the importance of the study of local time, with particular emphasis on

connections to semimartingales and stochastic calculus.

3.2 Literature Overview

We are going to study the asymptotic behaviour of a Markov process whose local time is constrained to grow
slower than f, an increasing function. Underlying this work is the problem of determining how the local
time behaves. As the (right-continuous) inverse of the local time process is a subordinator, our study of the
behaviour of the local time process is in fact equivalent to studying a subordinator conditioned to grow faster

than the inverse function f~!, i.e. conditioned to remain in a specific region in space and time.

This chapter is hence related to a number of works on stochastic processes conditioned to remain in a
certain fixed region, such as processes conditioned to stay in a cone [43}[60,[83], or in a Weyl chamber [41,/80].
We highlight the fact that our subordinator is conditioned to remain in a region which varies in time, whereas

the aforementioned works consider fixed regions, as appears to be the case for all works prior to [78] and [6].

We thus say that our constraint is a weak constraint, in constrast to strong constraints such as condi-
tioning a process to avoid a point, where the constraint does not change (see e.g. [11,24,33]). When our
conditioned Markov process is transient, the constraint varies for only a finite window of time, whereas when

our conditioned Markov process is recurrent, the constraint varies over all time. So our results and methodol-
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ogy, especially in the recurrent case, offer a significant contrast to many prior works which deal with a strong

constraint.

Many works, e.g. [2-4}22,|40L/42}/46,[70L|71}/88,/941/100L/120], do consider a time-dependent region, in the
sense that they study the time at which a process will first cross a specific boundary. However, in this chapter
we study the boundary crossing probability for a family of curves, and study the time at which this crossing
occurs (the function f~! forms our boundary of interest). Moreover, we study these asymptotics, uniformly
among such a family of curves in Lemma [3.5.3] and we consider the deeper problem of determining the law

of a subordinator conditioned to remain in this time-dependent region.

Remark 3.2.1. Our weak constraint is a weak repellence constraint, in the sense that the process is repelled
away from the origin (without the constraint, the process would typically spend more time at the origin). This
links back to our previous discussion of polymer models in Section[T1.1. Many processes with imposed weak

repellence are studied in works related to polymer physics, see e.g. [9,|28,162,|115-118,/122].

The work in this chapter is also similar, in spirit, to various other works on Brownian motion |79,(98}(105]
107], Lévy processes [11}12,[241|32}33,/48,(97,/125L/126], and more general diffusions [106,[109] with restricted

path behaviour.

3.2.1 Relevant Results from the Literature

Let us briefly summarise some important results from the literature on constrained Markov processes. We
begin by considering the example of a process conditioned to avoid the origin. It is important to note here
that the event {M; # 0, for all ¢ > 0} typically has zero probability. When we talk about conditioning upon
this event, the terminology is somewhat informal, but is made rigorous by taking limits, see . In this
chapter, we use the limiting procedure to make sense of a Markov process with constrained local time, since

the imposed constraint typically has zero probability.

Processes Conditioned to Avoid Zero For a 1-dimensional process with continuous sample paths,
such as Brownian motion, this condition ensures that the process stays on one side of a boundary (i.e. the

process is conditioned to stay positive/negative). The analogous polymer model for this type of process is
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a polymer constrained to stay on one side of an interface, which acts like a hard wall, see [28] Section 3.4].
This contrasts the previous setting of a polymer at a boundary between fluids (see Section BIT]), where the

polymer is allowed to cross the boundary, although it may be discouraged from crossing too often.

In 1975, Pitman studied the distribution of a 1-dimensional Brownian motion conditioned to avoid zero
(i.e. to stay positive or negative), and found a remarkable connection with Bessel processes [98]. For d € N,
we define a Bessel process of order d as the real-valued process (de))tzm given by Bt(d) := |W¢|, where W,

is a d-dimensional Brownian motion, and | - | is the standard Euclidean norm. Pitman’s result is as follows:

Pitman (1975) A 1-dimensional Brownian motion, (B;);>0, conditioned to stay positive is equal in distri-
bution to a Bessel process of order 3. In particular, the process (B; — 2B,):>0 has the same distribution as

a Bessel process of order 3, where B denotes the running infimum, B, := inf{B, : 0 < s < ¢}.

A natural generalisation of this result, to allow for a 1-dimensional Brownian motion with a linear drift,

was then found by Pitman and Rogers in [99].

Pitman, Rogers (1981) Let (B}');>0 be a 1-dimensional Brownian motion with a linear drift y. Then
B* conditioned to stay positive is equal in distribution to |W;|, where (W;);>¢ is a 3-dimensional Brownian
motion with a linear drift of absolute value |p|. The conditioned process again has the same distribution as

(B} — 2BY)t>0, with the notation as above, but applied to the Brownian motion with a drift.

For a more general Lévy process with jumps, avoiding the origin is no longer equivalent to staying positive
or negative, as the process can jump over the origin without visiting it. This means that the problem of
conditioning to avoid the origin becomes much harder. However, for a 1-dimensional Lévy process with no
jumps in the negative direction (a spectrally positive Lévy process), conditioning to stay negative is still a
tractable problem, thanks to the simplifying assumption that there are no negative jumps. The distribution

of a spectrally positive Lévy process conditioned to stay negative was determined by Bertoin in |11].

Bertoin (1992) Let (X;):>0 be a spectrally positive Lévy process. Then X conditioned to stay negative

has the same distribution as the process

(X — 2X — Jp)io,
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where X; := sup{X, : 0 < s < t} denotes the running maximum of the process X, while Y; denotes the
continuous part of X (i.e. X with its jumps removed), and finally J is the process of all jumps of the original

process across its previous maximum, defined by

Je=Y Lix,sx. (X — Xo),

s<t

with the standard notation X, := lim,4s X.

There is a striking similarity between this result and the previous results (Pitman 1975), (Pitman, Rogers,
1981). The fact that the process (J;);>0 is needed reflects the fact that this is a much more difficult problem
for a process with jumps. A spectrally positive Lévy process conditioned to stay negative is equivalent to
a spectrally negative Lévy process (with no positive jumps) conditioned to stay positive, as we can simply

consider the dual process, (—X;);>0, which is spectrally positive.

The more difficult problem of determining the distribution of a Lévy process conditioned to avoid the
origin, where the process has positive and negative jumps, has recently been addressed by Panti, see |97,

Theorem 2.6] for further details. We refer to [34] for more on Lévy processes conditioned to stay positive.

Brownian Motion with Constrained Local Time The aforementioned results are closely related to
the work in this chapter. However, this chapter specifically builds upon two works on Brownian motion with

constrained local time, [8,/78]. In these works, the inverse local time subordinator is stable with index 1/2.

Let us first discuss the work of Benjamini and Berestycki [8], in which a 1-dimensional Brownian motion
is conditioned so that its local time at the origin, (L;);>0, satisfies L; < f(¢) for all ¢ > 0 for a given function

f, and then a sufficient condition for the constraint to yield a transient process is found.

Benjamini, Berestycki (2011) Consider a 1-dimensional Brownian motion conditioned so that its local

time (L¢)¢>o satisfies Ly < f(¢) for all ¢ > 0. If the following integral converges,

/oo f(s) ds < 00, (3.1)

3
2

then (under some regularity conditions on the function f) any resultant process which arises as a weak
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subsequential limit of the conditioning is a transient process.

Remark 3.2.2. The local time (at 0) of an unconditioned 1-dimensional Brownian motion (almost surely)
grows proportionally to \/t as t — oo (this can be verified using e.g. Brownian scaling, see [S, p2]). The
unconditioned process is known to be recurrent, but inspecting the criterion in it follows that restricting
the local time so that Ly < f(t) = v/tlog(t)™1¢ for some € > 0, the conditioned process then becomes
transient. Remarkably, a very minor restriction on the local time results in a significant change to the

conditioned process, compared with the original Brownian motion.

It was then proven by Kolb and Savov that the criterion in (3.1)) is in fact a necessary and sufficient for

transience of the conditioned Brownian motion, see |78, Theorem 3].

Kolb, Savov (2016) Consider a 1-dimensional Brownian motion conditioned so that its local time (L;);>0
satisfies Ly < f(t) for all t > 0 (under some regularity conditions). The conditioned process is transient if

and only if the integral in (3.1)) converges. The conditioned process is recurrent otherwise.

In the transient case, an explicit formulation for the distribution of the conditioned Brownian motion is
found, see |78| Section 3]. In the recurrent case, understanding the distribution of the conditioned Brownian
motion is much harder. However, in the recurrent case, Kolb and Savov determine a very deep result about
the rate of growth of the inverse local time L;, as ¢ — oco. Note that in the transient case, the conditioned
Brownian motion never visits the origin again after a certain finite time. The local time never grows beyond
this time, which corresponds to ezplosion of the inverse local time, i.e. reaching an infinite value in a finite

time. Hence one can only make sense of the long-term rate of growth of the local time in the recurrent case.

Entropic Repulsion For conditioned Brownian motion in the recurrent case where floo f(s)/83/%ds = oo,
the conditioned process typically doesn’t use all of its allowance of local time, in the sense that while L; < f(t)
is required, it does not usually come close to the boundary at which L; = f(¢). This phenomenon is related
to entropic effects, which cause the process to stay far away from breaking the constraint to allow for more
fluctuations. The term entropic repulsion is used to describe this kind of situation, borrowing the term from
physics (see e.g. [36]). In fact, the most likely way for the conditioned Brownian motion process to satisfy an

imposed condition is for it to satisfy an even stronger condition, in the sense that L; = o(f(t)) as t — co.
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This is made rigorous by Kolb and Savov in |78, Theorem 4] through their characterisation of the entropic
repulsion envelope. Consider the set of non-decreasing functions w such that lim;_, o, w(t) = oo, for which
limg 0o Q(X; > w(t)f~1(t)) = 1, where Q(-) denotes the probability measure obtained by conditioning on
L; < f(t) for all t > 0. The set of such functions is called the entropic repulsion envelope for the function f,
and is denoted by

Ry := {w : lim w(t) = oo, w is non-decreasing, tlgxolo QX > w(t)f () = 1} .

t—o0

Kolb and Savov’s result is as follows:

Kolb, Savov (2016) If the conditioned process as above is recurrent, then (under some regularity conditions)

the entropic repulsion envelope for the function f is given by:

FETHw(R) 1
weE R < lim ———=ds =0.
h—o0 h fﬁl(s)

This chapter specifically builds upon Kolb and Savov’s work in |78], which itself builds upon Benjamini
and Berestycki’s work in [§]. In particular, we shall provide results analogous to those in [78], but for a much
broader class of processes than Brownian motion. It was conjectured in 78, Remark 9] that such analogous
results hold when the Lévy measure of the inverse local time process (see the upcoming Section BI.2)) has
a regularly varying tail function, which we confirm in this chapter. We shall extend further beyond this

conjecture by including a much more general setting, see Definition 3.4.8]

3.2.2 Brief Exposition of the Main Result: Necessary and Sufficient Condition

Now we provide a brief exposition of the main result, before introducing some key definitions. Starting with
a recurrent Markov process, we constrain its local time (L;);>o so that L, < f(¢) for all ¢, using a limiting
procedure. The following necessary and sufficient condition tells us if the constraint is strong enough to

change the behaviour of the process from recurrent to transient: it is transient if

/100 f(@)II(dz) < oo, (3.2)
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and the process remains recurrent otherwise. Here II(dx) denotes the Lévy measure of the inverse local
time subordinator (see the upcoming Section BI.2]). For a large class of subordinators and functions f, our
criterion ([3.2)) can be understood in terms of the rate of growth of the inverse local time (X;)s>0 as s — 0o,

as it is known |14, Theorem II1.13] that if E[X;] = oo, f~! is increasing, and t — f~1(t)/t is increasing,

00 Xs
f(@)II(dx) < 0o <= lim ——— = 0, almost surely.
[ femtas) A1)

So the boundary choice of f, at which the conditioned process changes from recurrent to transient, coincides

with the boundary at which X, grows to infinity faster or slower than f~1(s).

Remark 3.2.3. In constraining the local time of a Markov process, the extent to which our constraint affects
the process varies over time, depending on the past behaviour of the process. For instance, if at a certain
time, the Markov process has used little of its allowance of local time, then the local time can subsequently
grow very rapidly for a short period. This is not possible if the full allowance of local time has been used,
and we remark that the conditioned process M is hence no longer Markovian. Still, as for a Markov process,

exactly one of transience and recurrence holds here (see Proposition[5.4.14), Proposition[34.19).

Remark 3.2.4. The conditioned process is no longer homogeneous in time unless f is linear, in which case
the inverse local time subordinator conditioned to grow faster than f=1(t) = at+b is equivalent to a spectrally

positive Lévy process with drift —a conditioned to stay above 0, as dealt with in [11].

The remainder of the chapter is structured as follows: Section B3] provides key definitions; Section
B4 outlines the statements of the main results and the conditions under which they hold, including the
necessary and sufficient conditions for transience/recurrence, the distribution of the conditioned process, and
the characterisation of the entropic repulsion envelope; Section contains the proofs of the main results;
Sections 3.6l B7), and B8 contain the proofs of 3 key lemmas required for the main results; Section 3.9 contains

the proofs of the remaining auxiliary lemmas.

3.3 Key Definitions

We shall provide some definitions, following conventions of |14, Chapter IV].
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Definition 3.3.1. A process Y is transient under the law P(-) if P-almost surely, sup{t > 0 : Y; = 0} is
finite, or recurrent if this supremum is infinite. By Kolmogorov’s 0-1 law [69, Theorem 2.13], exactly one of

transience or recurrence holds for Markov processes in the sense of Definition [T 1.1l

Definition 3.3.2. For a Markov process, and for an arbitrary choice of ¢ € (0,00), let l1(x) denote the

length of the first excursion interval (away from zero) of length | > x > 0, and define

1/P(l1(a) > ¢), 0<a<eg,
P(a) :=

P(l1(c) > a), a>c.

Let gy, (a) be the start time of the nth excursion of length I > a > 0, write Ny (t) := sup{n € N: g,(a) < t}.

Then the local time process, (Li)i>0, of M at zero is defined by Ly := lim,—,o0 Ny (t)/P(a),t > 0.

See 14, Chapter IV] for more details on the definition of local time. A subordinator is defined to be a
non-decreasing real-valued stochastic process with stationary independent increments, started from 0. The
right-continuous inverse local time process, defined by X; := inf{s > 0 : L, > t}, is a subordinator. The

jumps of (X;)¢>0 correspond to excursions of (M;):>o away from zero.

The Laplace exponent ¢ of a subordinator X is defined by e~ ?(\) = E[e=**1], A > 0. By the Lévy-

Khintchine formula (1.4), ¢ can always be written
p(N) = dA +/ (1 — e )II(dz),
0

where d > 0 is the linear drift, and II is the Lévy measure, which determines the size and rate of the jumps
of X, and satisfies fooo(l A x)I(dx) < oco. For our purposes in this chapter, d = 0, so we aim to formulate

our results in terms of the measure II(dz). We refer to [14L[15/45] for background on subordinators.

Next, we define some important classes of functions with which we shall work.

Definition 3.3.3 (Regular Variation and Related Properties).

1. A function h : R = R is reqularly varying at oo with index o € R if for all A > 0, limy_, o, h(At)/h(t) =
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A*. We refer to [21] for background on regular variation.

2. A function L : R — R is slowly varying at oo if limy—, oo L(AL)/L(t) = 1 for each A > 0. A function h,
reqularly varying at oo of index «, can always be written as h(x) = x*L(x), where L is slowly varying

at 0o, see [21).

3. The lower index, B(h), of a function h : R — R is the supremum of 8 € R for which there exists C > 0

so that for all A > 1, h(A\z)/h(x) > (14 0(1))CA?, uniformly in X € [1,A], as © — oo, see [21, p68].

4. A function h is CRV at oo if limy_y1 limy o0 A(AL)/R(t) = 1. The class of CRV functions lies between

extended regularly varying functions and O-regularly varying functions. See [44)] for details.

5. A function h : R — R is O-regularly varying at oo if for each X > 0, both limsup,_, . h(At)/h(t) < oo
and liminf, o, h(At)/h(t) > 0. See [{4)] for further details.

3.4 Statements of Main Results

We aim to constrain the local time so that Ly < f(t) for all ¢ > 0, where f : [0,00) — (0,00) is increasing,
f(0) € (0,1), and limy_,, f(t) = co. This work concerns the behaviour of our process as ¢ — oo, which
is unaffected by the condition on f(0). Before stating our main results, we define the regularity conditions

under which these results hold.

3.4.1 Regularity Conditions

We shall impose regularity conditions on the function f, its inverse function g := f~! (extended so that for
z € [0, £(0)), g(x) = 0), and the tail II(z) := I(z,00) in two main cases of interest. Our conditions are
imposed on the inverse local time subordinator rather than directly on the Markov process. Now let us define

the main cases of interest for our results:
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Definition 3.4.1 (Case (i)). We impose on our subordinator that the drift is zero, and the tail II(z) =
I (z, 00) is reqularly varying at oo with index —a € (—1,0), so I(z) = x=*L(z) for L slowly varying at oo.
We further impose there exist B, N > 0 such that the function z — =™ L(z) is non-decreasing on (B, 00).

We impose that f(0) € (0,1), limy_,o0 f(t) = 00, f is differentiable, tf'(t)II(t) decreases to 0 ast — oo (so

f is increasing), the inverse g := f~1 satisfies limy o0 g(t +¢)/g(t) = 1 for all € > 0, and there exists some

value B > (14 2a)/(2a + a?) > 1 such that

(g
Jim #TT (10*‘; G B) = 0. (3.3)

Remark 3.4.2. Case (@) includes stable subordinators, and subordinators whose Lévy measures have similarly
well-behaved tail asymptotics. Thus the set of Markov processes corresponding to case () includes Bessel
processes, stable Lévy processes of index a € (1,2), and other Markov processes with similarly well-behaved
asymptotics. Considering T(z) = 2~ log(z)®, with f(t) = 1/2 + t*log(e + 1), so g(t) ~ t*/*log(t)~"/* as
t — oo, fory < =6 —af and o € (0,1), one can verify that this class of examples is included in case (d).

Remark 3.4.3. The results for case () in the upcoming Section [3.7.9 do not make use of the assumption

that f is differentiable or that tf'(t)II(t) decreases to 0 ast — co. We can also weaken the assumption (3.3))

by replacing B by 1, and all the proofs in Section[3.7.9 are still valid, as is that of Lemma[351l

Remark 3.4.4. For all results in this chapter, we can replace the condition “tf'(t)II(t) decreases to 07 by
a weaker combination of two conditions: limy_ . tf' (t)II(t) = 0; there exists k > 0 such that t* f'(t)II(t)

decreases to zero ast — co. We use the condition “tf'(t)I1(t) decreases to 0” for brevity.

Definition 3.4.5 (Case (ia)). Under the assumptions of case (), define “case (ia)” by imposing f, [’ are

[O-regularly varying at oo, the densities fi(x)dx := P(Xy € dx) and u(x)dx := l(dx) exist, u has bounded

increase and bounded decrease (see Definition[A.5), and there exist constants a,xo € (0,00), such that for

all t € (0,00) and x > g(t) + xo, where g = f1,

fi(z) < atu(z). (3.4)

Remark 3.4.6. If 11 is[reqularly varying at oo and the density f; exists, then (3.4) holds for each fized t and
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x> xz(t), where x(t) may depend on t (see e.g. [124, Theorem 1]). Here we further impose a bound on z(t),
so that holds uniformly among sufficiently many x and t for us to prove Theorem[3.].29 For a stable
subordinator of index o € (0, 1), the density f; exists (see [14, p227]) and holds for all functions g = f~!
satisfying the conditions for case (id) (see Corollary[3.4.23), so case (id) includes stable subordinators.

Remark 3.4.7. Imposing that [ and ' are[O-reqularly varying at oo is by no means a restrictive condition.

It effectively removes particularly fast-growing functions, e.g. f(t) ~ et as t — oo, for which conditioning
upon {X; > f~L(t),t > 0} does not have much of an interesting effect as t — oo, since the rate of growth of

X is typically extremely fast compared with that of f=1(t).

Definition 3.4.8 (Case (ii)). We impose on our subordinator that the drift is zero, and the tail function

TI(x) = I(x, 00) is CRV at oo, with lower index B(IT) > —1.
We impose that f(0) € (0,1), f is increasing, and that there exists € > 0 such that for g :== f=1,

lim t+°TI (g(t)) = 0. (3.5)

t—o0

Remark 3.4.9. In Definition[53.1.8, we impose B(I1) > —1, which is equivalent to imposing that the function
f; TI(y)dy has positive increase as x — oo (see [21, Section 2.1] for a definition). This has many equivalent

formulations (14}, Ex. II1.7], [21, Section 2.1], and appears naturally in a range of contexts (5, p2/, [14}, p87].

Remark 3.4.10. Considering TI(x) = =% log(z)?, § > 0, with f(t) = 1/2 +t/@+7) 7 >0, one can verify

that this class of examples is included in case ().

Now let us introduce some notation required to formulate our results. Recall that f : [0,00) — (0,00) is
increasing, f(0) € (0,1), and g := f~! is the inverse of f, where we take g(x) = 0 for x € [0, f(0)). The
event O, corresponds to bounding the inverse local time until time u (or equivalently, bounding the local

time until time g(u)). We will study the asymptotics of P(O,,) as u — oo, and those of the integral ®(s) of
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this probability.

We shall also study the event O, for the process X(©® with truncated Lévy measure (dr)1{ze(0,a)}5

O, x0.0) = {Xgo’a) >g(s),V0<s< u} . (3.8)

The time of our subordinator’s first jump of size larger than x > 0, or in the interval (a, ) for b > a > 0, are

respectively denoted by

AT =inf{t>0:X; — X;— >z}, (3.9)

Al —inf {t > 0: X, — X, € (a,b)}. (3.10)

In Theorem B:4.16] and Proposition [3.4.19, we determine that I(f) < oo is a necessary and sufficient condition

for transience of the conditioned process (when such a process exists), where
(oo}
I(f) == / f(z)II(dz). (3.11)
1

Remark 3.4.11. The necessary and sufficient condition I(f) < oo arises naturally in a number of contexts,
including rate of growth of subordinators [14, Theorem III.13] and spectrally negative Lévy processes [93,
Theorem 3J.
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For h < t, by the stationary independent increments property, the conditional event {X; > ¢(¢)| X}, = y} is
the same as {X;_p > g(t)—y} = {Xe—r > g((t—h)+h)—y}, in the sense that they have the same probability.

h
This new boundary for X to stay above is given by gZ(-), with O, @Z(s) corresponding to O,, ®(s).

gy(t) :=g(t+h)—y, (3.12)
OZZ ={X; > gz(s),V 0<s<u}, (3.13)
h(s) = ’ ZL . .

Dy (s) /0 P(Oy")d (3.14)

p(t) = —I(g(t)), (3.15)

o(t)
o
py (t) - (I()? (t))

(g (t))- (3.16)

The law of our conditioned process will be found by taking limits. Recall the notation and - For

the measure Q(-) := limy_oo P(-|O;), for all By, C O, B, € Fy,, where (Fy)u>0 is the natural filtration of X,

Q(Xy € dy; Br) == tlirgloP(Xh € dy; By|Oy) = tlifgloP(Xh € dy; By; Op|Oy)

i P (O¢| X1 € dy; Br; On) P (X), € dy; B; Oh)
= l1im
t—00 (Ot)

POY,)
- ]P(Xh € dy’Bh) li}?o ]P(O )

(3.17)

h
To understand the behaviour of X under Q, we study the probabilities P(O;") and P(O;) as t — co. Lemma
h
B proven in Section B8, relates the asymptotics of P(Oy) to ®(t), and P(O}") to @Z(t), and as a result,
by (3.3)) , (3.5) respectively in cases (@), (), lim;— oo P(O;) = limy_ 0 ]P’(Ogy) = 0. We obtain the equations

P(O) = S(1) = (T(o(0) + (1)) (1), (3.18)
POP) = Loty = (TI(gh (1)) + ph (1)) @1 (1), (3.19)

dat v
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We can determine ®(t), ®"(t) from these equations, yielding (for B > 0 as in Definition 3.4.T]) the expressions

B(t) = B(1) exp ( /1 TH(g(s))ds + /1 t p(s)ds) , (3.20)

ﬁ(gZ(s))ds +/

Y) to(y)

P (t) = @l (to(y)) exp (/ pZ(S)d5> 7 (3.21)
to(

to(y) := f(Ay) vV f(1 4+ 2/A), A>3Vv(B-1). (3.22)
The error terms p(-) and pZ() are later shown to be integrable (the latter uniformly in y and k), which is key

for determining the distribution of our conditioned process. The required bound for p(-) is given in Remark

B:5.4l and we provide a uniform bound for p}yL() in Lemma [B.5.3] proven in Section B

3.4.2 Results in the I(f) < oo Case

We shall see in Theorem B4.T6] that when I(f) < oo, any possible weak limit of our conditioned process M

is transient. Theorem [B.4.12] explicitly finds the distribution of the process X in this case.

Theorem 3.4.12. With assumptions on f and Il in case (@) or case (@), if I(f) < oo, then the measure
Q") := limy—y 0o P(+|Oy) exists for the space D]0,0), to which X belongs, of cadlag paths on [0,00), in the

sense that for all h >0, y > g(h), for all By, C O, By € Fp, where (Fy)u>0 is the natural filtration of X,

@y (o0)

?(0)

QX € dy; By) = P (X}, € dy; By),

where ®(00) < o0, @Z(oo) < 00. Define, independently of M or X, the random variable € by

P(Os)

P (¢ eds) = B(o0)

ds, s>0, (3.23)

which exists since ®(c0) < co. Then for all h > 0, Q(X), < 00) = P(€ > h).

Remark 3.4.13. Since Q(X), < o0) = P(€ > h) for all h > 0, the process X under Q(-) is finite until a
random time, which we denote by T, and which has the same distribution under Q(-) as € under P(-). In

particular, Q(Ts € ds) = P(C € ds) for all s > 0. In Theorem [37.16, we will show that under any possible
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weak limit measure, the process M never returns to 0 after time Xr__ = limgr Xs.

Proposition 3.4.14. In cases {d) and [{@), ((X.) Af(t)),t >0 under P(-|Oy) converges as t — o,

AT >0
in the sense that there exists a unique limit measure Q'(-), on the space D[0,00) x (0,00), where D[0, c0) is
the space of cadlag paths on [0,00), such that for ally > g(x), t > b > a >z > 0, with a,b,z,y fixed, and

for all events Bx € F,, where (Fy)u>0 is the natural filtration of X, such that Bx C O, for € as in (3.23),

Tim B(X, € dy: Bx: A € (a,0)[0)) = / "B(X, € dy: By [O)F(C € ds) = Q (X, € dy: Bx:T". € (a.b)).
’ (3.24)
for the explosion time T, defined under Q'(-) as Tu is defined under Q(-) in Remark[FeT3 The projection
of Q'(+) onto (0,00) agrees with Q(-) in the sense that Q' (T, € ds) = Q(Tw € ds) = P(€ € ds).

We shall now determine the behaviour of the conditioned process M until a time corresponding to the point
at which X becomes infinite. Theorem B.Z.16] and Remark [3.4.17] consider the behaviour after this time.
Proposition [3.4.18] requires some understanding of excursion theory of Markov processes. For background on

excursion theory, we direct the reader to [14, Chapter IV].

Proposition 3.4.15. In cases [d) and (@), if I(f) < oo then there exists a measure Q"(-) on the product
space of the space containing the excursion process with D[0,00) X (0, 00), where D[0, 00) is the space of cadlag
paths on [0,00), such that for all fized b > a > h >0, and for B C Oy, B € F, where F denotes the natural
filtration of X, with Fi a bounded continuous functional on the excursion process (€s)s>0 of M, defining the
operator mh((Zy)u>0) = (Zu)n>u>0, let Fi satisfy F1((€5)s>0) = Fi(mn((gs)s>0))) (F1 depends only on the
excursion process of M up to time h, or equivalently, the excursions in the first h units of time),

lim E [ Fi(mh((26)520)) Tmn(00e8) Lo ey | Ot] (3.25)

t—o00

- /EB /E( b)]E [Fl(ﬂ—h((ss)sZO)”ﬂ—h(X) = 1/] Q/ (Wh(X) = dy;Téo c du)

=: Egv [F1(mh((€5)520)) Limn(x)eB} Lirrc(an)y] »

where T, is the explosion time under the measure Q”(-), and the projection of Q" (-) onto D0, c0) x (0, 00)

agrees with Q'(-). In particular, with A := A?(t), (M) xa_>t>0, (Xs)a>s>0,A) under P(-|O;) converges
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weakly as t — oo to ((Mt)XTéé—>t20’ (Xs)ooss>0,T20) under Q" (-). The behaviour of M under Q"(-) before
time X7 has the same distribution as the following construction, expressed in terms of the original measure
P as follows: sampling the random time € = s under P(-), we run X conditioned on Og until time s, take
X, = o0 for all w > s, then construct M wvia its excursions using (Xy)oosu>0 to determine the timing and
length of each excursion, where we sample each excursion of M until time Xs_ using the excursion measure

conditional on the given excursion length.

Theorem 3.4.16. In cases [@) and ({@d), if I(f) < oo then M is transient under any possible weak limit of

the measure P(-|Oy) as t — oo.

Remark 3.4.17. While the last excursion of the Markov process M is not dealt with explicitly here, the
behaviour of M from time X¢_ onwards should be the same as that of M conditioned to avoid zero. Proving
this requires existence of the limit as g(t) — oo of the excursion measure conditioned on the length (lifetime)
of an excursion being longer than g(t), which is beyond the scope of this work. This is verified in the simple,
single case where M is a 1-dimensional Brownian motion in [78, p8]. When M is a Lévy process, the
behaviour of the process conditioned to avoid zero is well understood, see (97, Theorem 8. There is some
technical difficulty in applying results from [97] to our final excursion. The measures Q, Q', Q" are constructed
by conditioning until a deterministic time t — oo, but in [97)], the measure is constructed by conditioning
until an independent exponential random time with parameter ¢ — 0. FEquivalence of such deterministic and

random limits is a separate matter, beyond the scope of the work in this chapter.

3.4.3 Results in the I(f) = oo Case

We now restrict our attention to case (). We will see that when I(f) = oo, our conditioned Markov process
is recurrent. Theorem [3.4.18 determines the distribution of the conditioned inverse local time subordinator

in this case.

Theorem 3.4.18. In case [{@), if I(f) = oo, then the law Q(-) = limy—oo P(:|Oy) exists for the process X in
the sense that for all h > 0 and y > g(h), for all h > 0, y > g(h), for all By, C O, By, € F,, where (Fy)u>0
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18 the natural filtration of X,

h
PO
lim MP(Xh € dy; By)

Q(Xn € dy: Br) = Jim 5755

= qn(y)P (X, € dy; Br) , (3.26)

where qn(y) is finite, non-decreasing in y, and satisfies

h t t
() = W lim exp (/to(y) (Ti(g"(s)) + i (s)) ds —/1 (Tg(s)) + pls)) ds> ,

t—o0

to(y) == f(Ay) v f(1+2/4), A>3V (B-1),
for B >0 as in Definition [3.4.]]

We now verify that when I(f) = oo, M is recurrent under the new measure Q”(-), as X never hits infinity

at a finite time, Q-almost surely, and then M under Q”(-) is constructed from its excursion process and X.
Proposition 3.4.19. In case (), if I(f) = oo, then for each h > 0, Q (X}, € (g(h),00)) = 1.

Proposition 3.4.20. In case (@), if I(f) = oo, then there exists a measure Q"(-) on the product space of the
space containing the excursion process with the space D[0,00) of cadlag paths on [0,00), such that for all fixed
h >0, and for B C Oy, B € Fy, where F denotes the natural filtration of X, let Fy be a bounded continuous
functional on the excursion process (e5)s>0 of M, defining the operator m,((Zy)u>0) = (Zu)h>u>0, with Fi

such that F1((es5)s>0) = Fi(mr((€5)s>0))),

lim E [ Fl(ﬂ'h((&‘s)szo)) l{ﬂh(X)EB} | Ot} (327)

t—o00

_ /GBE (1 (7 ((£6)520)) [ (X) = ¥] Q (4 (X) € dv)

=: Egv [F1(mh((€5)s20)) Lir,(x)eB}] >

where the projection of Q"(-) onto D[0,00) agrees with Q(-) = lims_, oo P(:|O4). In particular, as t — oo,

(M) so>t50, (Xs)oo>s>0) under P(-|Oy) converges weakly to ((M)oo>t>0, (Xs)oo>s>0) under Q' (-). We con-
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struct M wia its excursions using (Xy)oosu>0 to determine the timing and length of each excursion, where
we sample the excursions of M using the excursion measure conditional on each excursion length. Moreover,

M wisits 0 at arbitrarily large times, so M is recurrent under Q' (-).

Now we shall determine the entropic repulsion envelope through Theorem [3.4.22

Definition 3.4.21. A non-decreasing function w, with limy,_. w(h) = oo, is in the entropic repulsion

envelope R, (for the function g = f=1) if

lim Q" (Xp > w(h)g(h)) = 1. (3.28)

h—o0

Theorem 3.4.22. In case {id), a necessary and sufficient condition for a non-decreasing function w, for

which limy, oo w(h) = 00, to be in Ry, for g = f~1 is

f(w(h)g(h))

we Ry <= lim II(g(s))ds = 0.

h—oo Jp

We illustrate the generality of Theorem via the following corollary, expanding upon [78, Theorem 4].

Corollary 3.4.23. In case [), with f, f' [O-reqularly varying at oo, for a stable subordinator of index « €

(0,1), a necessary and sufficient condition for non-decreasing w, with limp_,oc w(h) = oo, to be in Ry, for

g=f"1is
F(w(h)g(h))
we R, <= lim g(s) " “ds = 0.

h—o0 h

Consider a stable subordinator of index «, with f(t) = t*log(t)~", and so g(t) ~ t}/*log(t)?/* as t — oo,
where v € (af3,1), for 3 as in (3.3)). One can verify that this scenario is included in case ([a), and the entropic

repulsion envelope contains the function w(t) := e™®)" see |78, Remark 5] for further details.
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3.5 Proofs of Main Results
This section contains the proofs of the results stated in Section 3.4l First we state Lemmas [3.5.1] and B.5.3]
which are proven in Sections and [B7] respectively.

Lemma 3.5.1. In cases () and (@), as t — oo,
P (Or) = (T(g(t)) + p(t) D(t) = (1 + o(1)) T(g(t))B(?). (3.29)

Definition 3.5.2. In this chapter we use the following asymptotic notation:

F(2) ~ g(x) as £ — 0o if lim, o £(z)/g(z) = 1.

f(z) < g(x) if there exists C € (0,00) such that for all large enough x, f(x) < Cg(x).
Moreover, we write f(z) 2 g(x) if g(z) < f(x), and

f(x) = g(x) if both f(x) Z g(x) and f(x) S 9().

Lemma 3.5.3. In cases [@) and (i), there exists a function u(t) with lim;_,o u(t) = 0, and there exists e > 0

such that uniformly for all A>3, h >0,y > g(h), and t > to(y), and t > to(y) as defined in (3.22)), we have

h 1 1 _
py(t) % tlog(t)+e (1 e h) ’ (3.30)

(3.31)

Remark 3.5.4. The inequality (3.30) also holds when y = h = 0 (recall that we have imposed f(0) > 0).

The proof of this fact is omitted, as computations are much simpler without dependence on y, h. This implies

ftzo p(s)ds < oo, so by (3.20), uniformly as t — oo,

() = 0(1)exp ([ o)+ plo)is) = s ( [ Tlato1ts ). (332)

Lemma 3.5.5. In case (@), for the function p as defined in (3.15)), liminf;_, o, p(t) > 0.
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3.5.1 Proofs in the I(f) < co Case
Proof of Theorem

Proof of Theorem [3.4.12 First, let us verify that ®(co) < co. Recalling that g := f~!, we have
1= [ fena) = [ [ an@) = [ [ o= [ Tavewd.  (63)
1 1 Jo 0o Jivgly) 0
Now, recall from (3.20) that
®(c0) = ®(1) exp </ TI(g(s))ds +/ p(s)ds) .
1 1

By Lemma B5T] as s — oo, p(s) = o(Il(g(s))). Then by (3.33)), since I(f) < oo,

/OO Mlg(e))da + /Oo p(s)dsu?]/oo (g(s))ds 00,
1 1

1

s0 ®(00) < 0o. Now, it follows by Lemma [B.5.5] that floo p(s)ds > —oo, and hence
I(f) < 0 <= P(x0) < 0. (3.34)

To show @Z(oo) < 00, with #y(y) as defined in (3.22)), recall that by (3.21]),

®}i(00) = Dy (to(y)) exp (/too ﬁ(gg’}(S))der/oo pZ(S)d8> :

o(y) to(y)

Now, observe that for each fixed y, h > 0, g(s) ~ g{}(s) as s — 00, by (3.12)) and the properties of g introduced
in Definition BAT] so I(g(s)) ~ I(gk(s)) as s — oo, since IT is [CRV at co. Now, applying (3.31)) and (3.33)),
since y and h are fixed and y > g(h) implies f(y) — h > 0, noting that s > to(y) ensures gl'(s) > 0, we get

o Tt [ a5 (1 i) [ Matons 520

o(y) to(y) o(y)
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and hence ®”(c0) < co. By (3.17) and Lemma B5T] since II(g(t)) ~ I(gh(t — h)) as t — oo,

@(Xh S dy;Bh) ]P(Xh € dy;Bh) lim ( )

{00 7]P’ (Ot)
550 p (x, € dy: By) Jlim gy (13(;(232%15(; —h P (X, € dy; By) (I:I)héj)). (3.35)
Now we show that Q(X}, < c0) =P (€ > h). By ,
Q(Xp <o0) = /OO Q(Xp € dy) = / P (Xy € dy; On)
9
_ / / <(9;‘Z )dvIP’ (X, € dy; On)
= <I>®<>)/o /g(h)IP’ <055) P (X}, € dy; Op) dv
Now, P(O% )P (X}, € dy; Op) = P(Oyn: Xi € dy) by (BI3). Then by the definition (B6) of Oy,
QX) <o) = #/Oo /OO B (Oun; Xn € dy) dv = L/mp(ow;xh > g(h)) dv
®(00) Jo g(h) ®(00) Jo
(I)éo)/ooop(ov+h)dv :(I)é@/hoop(ou)du::nv(wh).
O

Proof of Proposition [3.4.14]

Proof of Proposition[34.14} For y > g(z), t > b > a >z > 0, with a,b, z,y fixed, and an event Bx € F,,

where (F,)yu>0 is the natural filtration of X, such that Bx C O,, consider

lim P (X € dy; Bx; A ¢ (a,b)|0t) . (3.36)

t—o0
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If A"f(t) € ds, then X > g(t), so O; is fully attained by time s, and thus O; can be replaced by Os, yielding

b
(13.36) = lim 7)/ P (Xm S dy;BX;A‘f(t) IS ds;(’)t)

|
g

1o (0
7)/ P(Xmedy;BX;A’f eds;OS).
a

Recall the definition (3.8)). Given A‘({(t) > a > x, we can replace {X, € dy}, Bx, Os by corresponding events
{Xio’g(t)) € dy},Bxo.s), Oy x4 for the process X (0:9(1) with Lévy measure restricted to (0, g(t)), i.e.
all jumps larger than g(t) are removed. These events are each independent of Af(t), and since Af(t) is

exponentially distributed with parameter II(g(t)), we get

(3-36)

. I
Hm m/a P (ngo’g(t)) € dy; Byw.sun; AlY € dS;Os,x(o,gu)))

1t
= t]i}rrolo m /a P (X;O’g(t)) € dy; Bxo,9t0; OS’X(O,Q(Y,))> P (Af(t) c ds)

T(g(t) [° T(g())s
= tll{rolo W/a P (X;go’g(t)) S dy, BX(O,g(t));OS)X(O,g(t))) € (g(t)) ds. (337)

Now, since limy_, o e~ 1@1)s = 1, uniformly among s € (a, b),

i (1))

(B:36) = lim B0,

b
/ P (Xg(vo’g(t)) € dy; Bx(o,g(t));OS7X(0,g(t))) ds.
a
Applying Lemma B5T] and recalling from (3.34) that ®(c0) < co when I(f) < oo,

1 b
B30 = gy dim | P (XSW(“) e dy; me,g(w);osxw,g(t))) ds (3.38)

1 b
= m tlggo g P (Xéo’g(t)) S dy; BX(O,g(t)) |OS,X(O,g(t))> P (OS,X(U,g(t))) ds.

Now, lim; 00 P(O x0.9()))/P (Os) = 1, uniformly among s € (a,b), so

P(Os)
d(00)

b
(3.36) = tlgrgo/ P (Xg(co’g(t)) € dy;me,g(m|Os,x<o,g<t>>) ds,
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and similarly P(X;ﬁo’g(t)) € dy;BX(O,g(t))’OS’X(O,g(t))> ~ IP’(X$ € dy;BX‘OS) as t — oo, uniformly among
s € (a,b). Then by the definition of € in (3.23)),

P(Os)
P(c0)

b b
:/ }P’(Xxedy;[j’x | Os) ds:/ ]P’(Xxedy;[j’x | OS)P(Q:EdS)

(3.39)
=: Q' (X, € dy; Bx; T, € (a,b)).

It is clear that (3.39)) uniquely determines the limit measure Q'(-) on D[0,00) x (0,00). To verify that T,
under Q’'(-) has the desired properties, by (3.39) with Bx = O,, since z < a < s,

oo oo

Q(T., € (a,b)) = / /bIP’(Xw €dy; 0, | O,)P(€ € ds)

g(z)

Q' (X, € dy; Oy; Th € (a,b)) =/

g(z)

:/b]P’(Xw>g(x);(9w | (’)S)P((’:eds):/b]P(Qeds):IP((Ce(a,b))zQ(Tme(a,b)):[@(@e(a,b)).

Similarly, by (3.39) with Bx = O,, taking limits as a — « and b — oo, since z < s, we also have

o0

Q'(Xz < ) :/

/ P(X, € dy; O,]|0,)P(€ € ds)
g(z) Jx

oo

:/OOIP(X$>g(x);(9x | (’)s)]P’(QZEds):/ P(Ceds)=P(€ >x)=Q (T > ),

so that T! is indeed the explosion time for the process X under Q'(). O

Proof of Proposition [3.4.15]

Proof of Proposition [34.13 Recall Ai’(t) is the time of X’s first jump bigger than g(t), 7, (X) is the sample
path of X up to time h, F is a functional on the excursion process, and B C Oy, B € Fy, where (F,)y>0 is

X’s natural filtration. For fixed b > a > h > 0, disintegrating on the values of Aﬁ’(t) and 7, (X),

E ]l{Tr}L(X)EB} ]]-{A!li(t)e(a,b)}Fl('/Th((gs)szo)) ‘ Oti| (340)
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= / / E[F1(7h((e5)s20))| O (X)) = v A’{(t) = u]P(mp(X) € d; A‘g(t) € du|Oy).
veB ue(a,b)

Given a fixed path 7, (X) = v, m,((€5)s>0) depends only on v, so m,((g5)s>0) is conditionally independent

of Af(t) and O;. Here, h < a < u, so the excursion process (¢5)s>¢ contains only excursions of length at

most g(t), so we may replace m,((g5)s>0) by ﬂh((eg(t))szo), where (52(“)320 is the excursion process sampled

using the conditional excursion measure on the space of excursions of length at most g(t), so

_ /B/ab]E [Py (40 o)) (%) = V] P (ma(X) € d A1) € ],

Now, lim;_,o0 g(t) = 00, s0 lim;_, 0 E[Fl(wh((sg(t))szo)) | T (X) = v ] = E[F1(mh((g5)s>0))|ma(X) = v], and
by Proposition B.AT4] lim;_, o P(7,(X) € dv; A“f(t) € dulOy) = Q' (7 (X) € dv; TL, € du), so we conclude

b
Jim @) = [ [ B[P (6.0 ma(X) = 1] Q (m(X) € i T € ) -

=: Egr [Fi(ma((€5)s20)) Lir,(x)eBy L1 e(an}]

where we are able to exchange the order of limits and integration since Fj is bounded. Taking F; = 1, it
follows immediately that Q”(-) and Q'(-) agree on D[0,0) x (0,00). The weak convergence as t — oo of
(M) xa_>1>0, (Xs)ass>0,A) under P(-|0,) to <(Mt)XTéé—>tZO’ (Xs)oo>s>0,T2) under Q”(-) then follows
immediately from the fact (see e.g. [14, Ex. IV.6.3] or [78, p4113]) that for all x > 0, (M;)x, >¢>o0 is
uniquely determined by (5)y>s>0 and (Xs)z>s>0, and both of (g5)y>s>0 and (Xs)z>s>0 have weak limits as
determined in . That is, we construct M pathwise via its excursions using (X, )co>u>0 to determine
the timing and length of each excursion, where we sample the excursions of M until time X, using the
excursion measure conditional on each excursion length. Similarly, the explicit description of the behaviour
of M until time X7 _ under Q”(-) follows immediately from the definition of Q’(-) in (3.24)), using the fact
that Q”(-) and Q'(-) agree on D[0, c0) x (0, 00).
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Proof of Theorem [3.4.16]

Proof of Theorem[3.7.16. As X determines the lengths and timings of excursions of M (see [14, Ex. IV.6.3]),

it follows that for all K > 0 and b > a > 0, for all ¢ large enough that g(t) > K,
{A{Y € (a,0)} = {A{Y € (a,0)} N {M, #0, for all v € (X o0, X o0+ K)}. (3.42)
1 1

Let us assume that a weak limit measure Q() = limy_, o P(-|O,) exists on the space containing (M;);>o. Such
a measure must agree with Q'(-) on D[0, 00) x (0, 00), as we proved in Proposition BZT4] that any such limit

measure is uniquely determined on D[0, 00) x (0,00) by (3.24). It follows that for all K > 0 and b > a > 0,

Jlim P(M, #0, for all v € (X o0, X + K); A9 € (a,b)|0y) (3.43)
o0 1

Ai(t)_
=Q(M, #0, forall v € (X7__, Xz _ + K);Tos € (a,b)),

where Tl is the explosion time for X under @() But also by (3.42)) and uniqueness of the limit measure on

D[0,0) x (0,00), we have for all K >0 and b > a > 0,

QM, #0, forallv e (X;__, X; _+K);Tw € (a,b)) = (343) = lim P(AYD € (a,b)|0;) = Q(Tw € (a,b)),

from which it follows immediately that M is transient under Q(-), as required. O

3.5.2 Proofs in the I(f) = oo Case

The next three proofs require Lemma [B.5.6] proven in Section

Lemma 3.5.6. In case (), for to(y) as defined in (3.22)), uniformly in h > 0,y > g(h), and t € (to(y), 0],

/t ” (T(g(s + h) —y) —(g(s))) ds S yf' (y)I(y)- (3.44)
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Proof of Theorem [3.4.1§

h
Proof of Theorem[3.4.18 For each fixed h > 0,y > g(h), we will prove g, (y) := limy;_, 50 P(Ofﬂh)/]P’(Ot) < 00.
For each h > 0, y > g(h), note g(t) ~ g;‘(t — h) by the properties of g(t) given in Definition B 41l Hence
(g(t)) ~ M(gp(t — h)) as t — oo, since II is [CRV] at co. Thus, applying Lemma B5.T]

i BOL) o Tighe - m)ehn) el
t—oo P(Oy) t=oo TI(g(t))®(t) AR

(3.45)

Then by (3.20) and (3.21)), for #o(y) as defined in (3.22),

h t t
B = " i e ( [ ) + ) ds = [ (1ot + (o) ds) .

By (3.30) in Lemma[3.5.3] the integral ftoocgy) pZ(s)ds is uniformly bounded for all A > 0, y > g(h). By Lemma
B5.3 it follows that — [ p(s)ds < oo, so

( ) t—o0

h t t
BI5) < w lim exp ( /t T (s)ds - /1 H(g(s))ds>

o (to(y)) .. t _
S Ce(1) tliglo exp </to(y) (H(gZ(S)) —1I(g(s))) ds) )

Applying Lemma B.5.6, and recalling that yf’(y)II(y) decreases to zero as y — oo, we get

) < Phlo)

S W exp (yf’(y)ﬁ(y)) < Q.

h
Now, g (y) := lim;_ ]P’(Ofﬂh)/]P’(Ot) is non-decreasing in y since for all y < ¢/, gl (t) = g(t + h) —y >
h h
g(t+h) —y = gl (t), and so P(O",) < P(O;",). Finally, we conclude by (3.17) that Q (X € dy; By) =

P (X}, € dy; Br) qn(y), as required.
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3.5.3 Proof of Proposition [3.4.19

Proof of Proposition[3.1.19 For h > 0, lim;_,o P (X} € (g(h),0)|O;) = 1. We will prove by dominated
convergence (Theorem [A3T]) that limits and integration can be exchanged from (3.46) to (3.47), so by

(13.17)), for each h > 0,

1= tli}m P (X} € (g(h),0)|0;) = lim P (X}, € dy|Oy)

t—o0 g(h)
gh,
.17 . > PO,”,)
= lim — 2P (X}, € dy; Op) (3.46)
t—o0 g(h) P(Ot)

> P(O,?})
lim — P (X, € dy; O 3.47
|, dm P G o) (3.47)

= @ (Xh € (g(h)v OO)) s (348)

as required. For A > 3V (B — 1), we will bound the integral over (g(h),o0) via:

[g(t —h)

. ,OO> U (g(h), g(h + 1)] U (g(h+ 1), g(t; h)

) =: Il U IQ U I3. (349)

Proof for [I[]] Recall that g = f~1. Since y € I if and only if ¢t < f(Ay) + h, by Lemma B.5.11 we get

> P(Ofgh) _ * yyeny P (Xh 2 @)
/g(m Lweny ;) T X € 00 3 /g<h> Moo <Y = Hywew

Now, I(f) = 00, so lim_, o, ®(t) = oo by (3.34)), and it suffices to show that

P(Xx;, > g(t—=h)
lim sup ( — 4 ) (3.50)
t—00 II(g(¢))

is finite for each fixed h > 0, as the integal in (3.46]) over the region I; tends to 0 as t — oo, so the dominated
convergence theorem applies, trivially, on I, since the limit of the integral is simply zero, and the integral

over I; does not contribute to the value of (3.46)).
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Recall the notation in (3.9)). Observe that A“i'(t) has exponential distribution of rate II(g(t)), so

P <Xh > g(t;h)) =P (Xh > g(tTjh);Ai’(” > h) +P (Xh > W;Aﬁ’“) < h)

p (X,(j’ﬂ‘t” > g(tg h)> 1 e Te0)

P (X,(f”g(t)) 79(: h)> + AI(g(1)), (3.51)

IN
Y

where X (©9(®) has the same Lévy measure as X, but restricted to (0, g(t)), so X(%9() has no jumps larger

than g(¢). By (3.51]) and Markov’s inequality (Theorem [A27]),

(0,9(t)) , g(t—h) (0,9(1)) 9(t)

X > Ah II(d

(13.50) — A < limsup ( _— A4 ) slimsupM:hmsupM.
t—00 1(g(t)) t—oo I(g(t)g(t —h)  t=oo I(g(t))g(t —h)

Now, observe that

g(t) gt) pw gt) prg(t) g(t)
/ zIl(dx) :/ / dyll(dx) :/ / II(dx)dy §/ II(y)dy. (3.52)
0 z=0 Jy=0 y=0 Ja=y 0

Then as II is fregularly varying] at oo, lim; .. g(t — h)II(g(t)) = oo, and g(t) ~ g(t — h) as t — oo (see

Definition B4T]), by Karamata’s theorem (Theorem[A4.3]), we deduce, as required for dominated convergence

on I, that for each h > 0,

Ah [ TI
B50) < h+limsup Jo My
t—o0

~

< h+limsupwﬂﬂ'§um’

~ TP () (t — )

h
Proof for [[] By Theorem BAIR ¢y, (y) is non-decreasing in y, so by (3.26)), P(Ofﬂh) is non-decreasing in
h
y. Now, limy_, P(O7%+) /P(O;) = gn(g(h+1)) < oo for each fixed h by Theorem BAIR, and we conclude
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that

lim

h
°° P(O}")) P(OJ7+Y) =
1 PO, A 1 P(X, € dy: O
t—o00 o(h) {yel2} ]P(O) /g {yel2} ( h € ay; h)

P (X} € dy; O <hm
(Xn € dy; Op) PO, "

= qn(g(h+ 1))P (X, € I3;04),
which is finite for each h > 0, so dominated convergence applies on I5.

Proof for [I5] By (3.19) and Lemma B5.T] for all large enough ¢,

PO,)
B(O,)

A G0) zrf’y;( m] et —h)

II(g(t))2(t)

Fory € Is, y > g(h+ 1), so f(y) —h > flg(h + 1)) —h = 1, and 1+ 1/(f(y) — h) < 2. By B30), as

lim;_, o, u(t) = 0, for all large enough ¢ and for all y € I3,

B, (1+u(1+ 75=) ) lgh (¢ — h)@Y(E — h)

t—h
BO) = Ti{g(1))®(1)
BOJ,)  TH(gh(t—h)®h(t - h)
PO) ST Te)a)

Now, recall A > 3, so y < g(t — h)/A < g(t)/3 for y € I3, and by (3.12)), since II is regularly varying at oo,

(gh(t — h)) = T(g(t) — y) < I(g(t)), uniformly among y € I3. So for each fixed h > 0, for all large enough

t, uniformly in y € I3,

PO,) _ @h(t—h)
P(O;) ~  @(t)

(3.53)

Now, by (3.21)), for ¢y(y) as defined in (3.22), we have

t—h t—h
‘PZ(t—h):‘I’Z(to(y))eXP(/t (g} (s)ds + | pf;<s>ds>.

to(y)
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Applying (3.30) and recalling that 1+ 1/(f(y) — h) < 2 for y € [I3] the integral ftooo(y) pZ (s)ds is uniformly

bounded among ¥, so uniformly among y € I3,

t—h
Dt —h) S ®h(to(y)) exp (/t H(QZ(S)MS) :

o(y)

By Lemma 355 liminf; o p(t) > 0, so liminfy flt p(s)ds > —oo, then by (3.18),
t ¢ t
O(t) = (1) exp </ II(g(s))ds Jr/ p(s)ds) 2 exp (/ H(g(s))ds> .
1 1 1

Since y > g(h + 1) in I, recalling (3.22), to(y) > f(Ay) > f(y) > h+1>1, so

h¢ _ t—h ¢
q’yg(t)") < @y (to(y)) exp < /t Mgy (s))ds — /1 H(g(s))ds)

o(y)

t to(y)
< P (to(y)) exp </t (T(gy (s)) —T(g(s))) ds —/ H(g(S))d8> :

o(y) 1

Now, by Lemma B.5.6] since yf’(y)II(y) decreases to zero as y — oo, we have uniformly among y > g(h),

o0

/t (I(gy (s)) = Ti(g(s))) ds < / (I(gy (s) = Ti(g(s))) ds < sup yf'(y)I(y) < oo.

0(y) to(y) y>g(h)
So for each fixed h > 0, uniformly among y > g(h), by (3.14]),

O (t—h
lim y( )

Zy T < ph — J{PW T(g(s))ds — [1OW Ti(g(s))ds
R ) S @y (to(y))e Sto(y)e™ : (3.54)

Now, it follows from (3.53) and (3.54)) that for each fixed h > 0, uniformly for all ¢ large enough,

h

00 ]P’(ng ) o0 — [P0 TT(a(s))ds

/(h) l{yelg}ngt;P (Xp €dy; Op) < /(h) ]].{yejs}t()(y)e Ji M(g(s))d P (X}, € dy; Op). (3.55)
9 g
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Now (by choice of A = A(f) sufficiently large if necessary) we have to(y) = f(Ay) vV (1 +2/A) = f(Ay) for
all y > g(h+1) > g(1). Then writing ((2) 1= ze~ /i To@)du poting ¢(-) is differentiable with ¢'(z) =

(1 — 2T0(g(z)))e™ Ji Mo)du > o for all large enough a since lim,_, o #I1(g(z)) = 0, and noting ¢(1) = 1,

B55) :/ ﬂ{yelg}f(Ay)fflf(Ay)ﬁ(g(s))ds]P’(Xhedy;oh)
g(h)

- / F(Ay)e= TP (), € dy; 0,)

g(h+1)
° F(AY) = o0

< / F(Ag)e= HT 0 Talo)dsp (x,, € dy) = / C(F(Ay)P (X € dy)
g(h+1) g(h+1)

%S f(Ay)
= / (/ ¢'(z)dx + 1) P (X, € dy)
g(h+1) \/1

(Ay)
=P(X,>gh+1)+ /(h+1)/ ¢ (z)dzP (X}, € dy).

Changing the order of integration, and applying the result that for each fixed ¢,h > 0, P(X}, > z) < II(2),

uniformly in z > ¢, since I is regularly varying] see [52, Theorem 1 (iii)], we get

< [ < [ _ o)
[ree ] e [Toe [ pecaa= [T e ( o2 80 o

[ eem(f)e 2 [ e

- / (e H<g<u>>du—xﬁ<g<x>>e-fr“<g<u>>du)ﬁ(g(x))dw

1

oo - o 0 g
§/ e i H(g(“))d“H(g(x))dx:/ ( e~ Ji o) d“) dx < oo,
1 1

X

dx

and therefore (3.55) < 0o, so the dominated convergence theorem applies on I3, and the order of limits and
integration can be swapped between ([3.46)) and (3.47)), as required.
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3.5.4 Proof of Proposition [3.4.20

Proof of Proposition [3..20 Recall 7, (X) is the sample path of X up to time h, F} is a functional on the
excursion process, and B C Oy, B € Fp, where (Fy),>0 is X’s filtration. Disintegrating on the value of
m™(X) € B,

E [Fi(mh((£5)s20)) Timu(x)eny | O | (3.56)

= /E[Fl(wh((as)szo))](’)t;7rh(X) = v|P(mp(X) € dv|Oy).
veB

Given a fixed path 7, (X) = v, m,((€5)s>0) depends only on v, so m,((g5)s>0) is conditionally independent

of O, and then since lim;_,oo P(7(X) € dv|O;) = Q(7h(X) € dv) by Theorem BATS]

Jim @5 = Jim [ E[F ()20 m0(X) = 2] P (r,(X) € dv[O)
ELlE /B E [Fy (7 ((€5)s20)) |7 (X) = v] Q(ma(X) € dv) (3.57)

=: Egv [Fi(mn((es)s>0)) Limu(x)eB}] »

where we can swap the order of limits and integration since Fj is bounded. Taking F; = 1, it follows
immediately that Q”(-) and Q(-) agree on D[0, 00). The weak convergence as t — 0o of ((My)i>0, (Xs)s>0)
under P(-|O;) to ((My)i>0, (Xs)s>0) under Q”(-) then follows immediately from the fact (see e.g. [14, Ex.
IV.6.3] or [78, p4113]) that for all x > 0, (M;)¢>0 is uniquely determined by (g5)s>0 and (Xs)s>0, and both
of (€5)s>0 and (X;)s>0 have weak limits as determined in . That is, we construct M pathwise via
its excursions using (X, )u>0 to determine the timing and length of each excursion, where we sample the
excursions of M using the excursion measure conditional on each excursion length. The fact that M is
recurrent under Q”(-) follows immediately from this construction, since X does not explode to infinity by

Proposition [3.4.19
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Proof of Theorem [3.4.22]

Lemmas 357 B58 B59 and B350, proven in Sections 3.8 B9, are required for the proof of Theorem
We shall use the notation u(ds) < v(ds) for measures, meaning that there exist «, 8 > 0 such that

for each measurable set A, au(A) < v(A) < Bu(A).

Lemma 3.5.7. For each subordinator and g = f~' in case ({id), there exist K, hy > 0 such that for all

h > hg, with T(y) = y~*L(y), uniformly in y > K,

P(X) € g(h)dy; Oh) = y‘l‘amw’((’)h)dy. (3.58)

Lemma 3.5.8. In case (@), for 6 > 0 small enough that 0 < f(0) < f(6) < 1, uniformly for all h > 0 and

y > g(h+£(9)),

f(Ay)
an(y) = ®p(f(Ay)) exp ( /1 H(g(s))ds> .

—1

Lemma 3.5.9. For a subordinator and a function g = f~1 as in case {id), let S o denote the size of its
1

first jump of size greater than g(h). Then there exists hg > 0 such that uniformly for all h > hg and v > 1,

H(g(h)dv) _ L(g(h)v)
(g(h)) L(g(h))

P (SAg{(h) IS g(h)dv) = v 1%,

In particular there is xg € (0,00) so that for all x > xy, with II(dz) = u(x)dx,
u(z) < 2 () = L(x)z 17 (3.59)

Lemma 3.5.10. Recall the notation (3.14)),(3.22). If h > 0, y > g(h), and t > f(Ay), for A>3V (B —1),
then ®)(t) > f(y) — h.

Proof of Theorem[3.].23. By Proposition BAI9 Q"(X), € (g(h),0)) = Q(X} € (g(h),=)) =1, h > 0,
when I(f) = oo, so since Q”(-) and Q(-) agree on the space D0, o) containing X, by Definition BZ.2T]

we Ry = hli—{%o(@ (Xn € (g(h),w(h)g(h))) = 0. (3.60)
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Now, by Theorem B.4.1]|

w(h)g(h)
lim QX € (g(h) w(h)g(h) = lim [ gu(w)P (X < dysOn). (3.61)

h—o0 h—o0 (h)

We begin by showing that if limy,_ f}fc(w(h)g(h)) TI(g(s))ds = 0, then w € R,.

Proof of Sufficient Condition Let lim;_ f{(w(h)g(h))ﬁ(g(s))ds = 0. To show w € R,, we will show

that the limit of the integral in (3.61) is zero on each of
lg(R), g(h + D) Ulg(h + 1), Kg(R)] U[g(h + 1) v Kg(h), w(h)g(h)] =: B1 U Rz U Ry

separately, where K is the constant as in Lemma 5.7 Note that if g(h + 1) > Kg(h), then we need only

consider R; U R3. Since ¢ is non-decreasing, we only need to consider the value K if K > 1.

Proof for Ry By Theorem B.AT8] g5, (y) is non-decreasing in y, so

g(h+1)
lim / an(y)P (Xn € dy; Op) (3.62)

g(h+1)

< Jim an(o(t+ 1) |

P (X € dy; Op) < lim gn(g(h+1))P(Op).
g(h) h—o00

Applying Lemma [35.8] then applying Lemma B.5.1]

B S Jim @y (F(Ag(h+1)))e ST TEDIp (0,

. _ (FAaA ) T () Vds
= lim B (F(Ag(h+ D)) H T TG (1) TT(g(h).
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Now, @Z(hﬂ)(f(Ag(h +1))) < f(Ag(h+1)) S hy, and f(Ag(h+1)) > h, as f = g~ ! is[O-regularly varying]

increasing, and A > 1. By (3.32) and (3.3)),

B8 < lim he= ST TN ds g ()T (g (h))

h— 00
. _ _
< Tim he KT dqTi(g(h) % lim hii(g(h) & 0.
—00 — 00

Proof for [5] Recall that we only need to consider Ry when g(h + 1) < Kg(h), in which case K must

satisfy K > 1. By Theorem B4.1I8] g, (y) is non-decreasing in y, so

Kg(h)
lim an(y)P (Xn € dy; Op) (3.63)
h—o0 g(h+1)

< lim qn(Kg(h)) /
h—>oo g(h+1)

Kg(h)
P (X} € dy; Op) < hli_{go qn(Kg(h))P(Op).

Applying Lemma [3.5.7] then Lemma[3.5.8 (note g(h+ f(9)) < g(h+1) < Kg(h) for 6 > 0 in Lemma[3.5.8]),

BTl an(Kg(h)®(h)TI(g(h))

BE3 AKg(h)) —
< lim B (F(AKg(R))e ST oD as g ()T g (h)).

~Y
h—o0

Observe that @?(g(h) (t) < tforall t >0, by (3.14), and f(AKg(h)) > f(g(h)) = h since f increasing and
A, K > 1. Moreover, as f is O-regularly varying at co, f(AKg(h)) < f(g(h)) = h, as h — o0, so

F(AKg(h) _
(3.63) < lim f(AKg(h))exp (/1 H(g(S))d8> ®(h)(g(h)).
hi —
< lim f(AKg(h))exp (/1 H(g(s))d5> ®(h)(g(h))

hi —_
< Jim hexp (— / H(g(s))ds> (1) TT(g(h).
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By (3.32), ®(h) =< exp(flh TI(g(s))ds) as h — o0, so as limy,_,o hII(g(h)) = 0 by (3.3), we conclude that

(13.63) = 0, so the integral over R, is zero, and thus

lim an(y)P (X, € dy; Oy) = 0. (3.64)

h—o0 R1UR»

Proof for [R3] Now we wish to show convergence to zero of

w(h)g(h) w(h)
/ an(y)B (Xy € dy; O) = / an(g(R)O)P (Xn € g(h)dv; O) . (3.65)
g(h+1)VEKg(h) D VK

Applying Lemma B.5.7 then changing variables back to y = g(h)v, recalling that II(g(h)) = g(h)~*L(g(h)),

then applying Lemma 351l as h — oo,

w(h)
B5 _1-o L(g(h)v)
B65) -2 h))y—L-e AIWY)
%\/th(g( ) ) L(g(h))

w(h)

= EOA sl Lig(h))do

(h+1)
9(h) VK

]P(Oh)dv

T L(h)
w(h)g(h) w(h)g(h)
_ Oh/ an )y L(y)dy () / an()y " L(y)dy.

(h+1)VKg(h g(h+1)VKg(h)

.’:l \

Changing variables (u = Ay), applying Lemma [3.9] and then the uniform convergence theorem (Theorem

[ALT), as L is slowly varyingat oo and ®}(f(u)) < f(u), it follows that as h — oo,

w(h)g(h) f(Ay)
(3.69) BE@(h)/ @) (f(Ay))exp (—/1 H(g(S))d8> y T L(y)dy

(h+1)VEKg(h)

w(h)g(h) FlAy)
< <I>(h)/K " @) (f(Ay))exp (—/1 H(Q(S))d3> y T L(y)dy
Aw(h)g(h) Fu)
som [ L BU@eo (— / H<g<s>>d8> w1 L(w)du
<

AKg(h)

Aw(R)g(h) F)
(I>(h)/ f(u)exp (—/1 H(g(s))ds> ™ L (u)du.
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Since A, K > 1, we can split up the integral as follows, and we will deal with each term separately:

g(h)

Aw(h)g(h) f(uw)
+ <I>(h)/ f(u)exp (—/1 H(g(s))ds) ™ TL(u)du

w(h)g(h) f(u)
(13.65) < @(h)/ f(u)exp (—/1 H(g(s))ds) u T L(u)du

o(h)g(h)

=t J1(h) + Ja(h). (3.66)

Proof for Jo(h) As f(u) > f(w(h)g(h)) = f(g(h)) = h for u > w(h)g(h), by [B:32),

Aw(h)g(h) .
Jo(h) = B(h) / Flu)e= S oD sy =1=a (g
w(h)g(h)
Aw(h)g(h
= B(h)e i Tla)as / et Flu)e S TaNds ~1=ap o)y,
w(h)g(h)
o Aw(h)g(h)
flu)e Fin 7 MalDdsy=1=ap )y < / fw)u™ " L(u)du.
w(h)g(h)

B32) pAw(h)g(h)
<

w(h)g(h)

Since f and f’ are [O-regularly varying] at oo, one can verify that for all sufficiently large u, f(u)/u =< f'(u),

=~

see Theorem [A1.9. Now, in case (i), uf’(u)II(u) decreases to 0 as u — 00, so as h — 00,

Aw(h)g(h) Aw(h)g(h) _
Jao(h) < / ' (w)yu™*L(u)du = wf (w)(u)u ™ du.

w(h)g(h) w(h)g(h)
. Aw(h)g(h)
< w()g(h) 1 (wk)g() Twhg®) [ " u
w(h)g(h)
Aw(h)g(h)
= o(1) x / w=ldu = o(1) x log(A) = o(1), (3.67)
w(h)g(h)

s0 limp 00 J2(h) = 0, and Jo(h) never contributes. Now we consider Ji (h).
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Proof for |J;(h) First, changing variables from s to v := g(s), so that s = f(v), we have

w(h)g(h) Flu)
Ju(h) = B(h) /( f(u)exp (— / n<g<s>>ds>u1%<u>du

h)
w(h)g(h) u
=®(h) /(h) f(u)exp < /(1) H(v)f’(v)dv) u T L(u)du.

Recall u=*L(u) = II(u), and f(u) < uf’(u) as u — 0o, so as h — oo,

w( g(h) u .

/ u) exp ( /g(1) II(v)f (v)dv) u”“L(u)du
w(h)g(h) _ v
) / L, i@ (— / IR ORC )dv> du.

Changing variables from u to z := e ~ Loy T v g applying (8.32)), it follows that as h — oo,

Ji(h)

g(1) —e

¢

o(h )[ — [T () £ (0)dw —f;’zi?“"’”ﬁw)f’(v)dv}

=S

— ®(h) [eaffﬁ@(s))ds_ = J et T(g(s))d ] o= S T(g(s))ds (3.68)

Thus by ({3.64 - and (3.68]), whenever limy,_, fh Ma(h) 77 II(g(s))ds = 0, w is in the entropic repulsion

envelope Ry, as required for the sufficient condition. In this case, limy,_, J1(h) = 0.

Now we will prove the converse, that is, if w € Ry, then limj_, fhf(w(h)g(h)) TI(g(s))ds = 0.
Proof of Necessary Condition Let w € Ry. Then by (3.26),

0 = lim Q(X) € (9(h), w(h)g(h)))

g g
= lim @ (y)P(Xy € dy; Op) = lim an(y)P (X € dy; Op)
h—o0 g(h) h—o0 Kg(h)
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since the limit of the integral over R; U Ry = (g(h), Kg(h)) is always zero by (3.64)), regardless of whether or
not limy,_ oo f,{(w(h)g(h)) TI(g(s))ds = 0. Changing variables to v = y/g(h), then applying Lemma [3.5.7]
) ) L(g(h)v)

0 = lim [ gug(h)o)P(Xs € g(h)dv; 0) "= tim B(O)) / an(g(h)v)o='=°

h—oo J i K L(g(h)) av.

Changing variables to y = g(h)v and recallling that II(g(h)) = g(h)~*L(g(h)), then applying Lemmas 3.5.1]
B5.38, and 3510,

o, e N . w(®)g(h) N
— lim 2O / an()y~ " L(y)dy =2 tim () / an )y L(y)dy
h—o00 H(g(h)) Kg(h) h—o00 Kg(h)

w(h)g(h) -

53 .. A T (o)) ds 1o

= hhm (I)(h,)/ (I)Z(f(Ay))e Ji II(g(s))d y 1 L(y)dy
oo Kg(h)

BE5Ia w(h)g(h) =
G [q’(h) / Fly)e Mol dsy—1a () g,
Kg(h)

w(h)a(h) _
— hd(h) / e U Tg()dsy =1, )y
Kg(h)

= lim [Il — Ig] .

h— o0

First we consider Is. Note that AK > 1, so f(Ay) > f(AKg(h)) > h for all y > Kg(h). Then since
®(h) = e~ Ji WoNds by (B37),

w(ha(h) w(h)g(h)
e~ Sy To(s)dsy —1=a 1 ()qy < lim h / Yy~ T L(y)dy.

lim || < lim hcb(h)/
h—o0 Kg(h)

h—o0 Kg(h) h—o0

By (3.59), y~1~“L(y)dy = II(dy), so as II is regularly varying] at co, by (3.3),

B39 w(h)g(h) B B
lim |1 5 lim A M(dy) < lim AII(Kg(h)) S lim hil(g(h) &0,
hr=reo h—=oo  JKg(n) h—o00 h—00

so I = 0, and thus limy, ,o, I; < 0. As I; is non-negative, limy_,., I;1 = 0. Now, changing variables to

v := Ay, as f is[O-regularly varying|at oo and L is at 0o, by the uniform convergence theorem
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(Theorem [A-ZT]),

Aw(h)g(h) o
0= lim I; = lim <I>(h)/ ¥ (3) o= ST T(g(s)ds,~1—a ga, (E) dv
h—o0 h— 00 AKg(h) A A

Aw(h)g(h) L
ELD iy <I>(h)/ f(v)e_flf( )H(g(s))dsv_l_o‘L(v)dU.
h—o00 AKg(h)

Recall v™*L(v) = II(v), and f(v) < vf’'(v) for all large enough v, because f, f’' are O-regularly varying at
00, see Theorem [A.4.90 Then

Aw(h)g(h) o B
0 = lim <I>(h)/ f("u)e*flf( )H(g(s))dsvflﬂ(v)dv

AKg(h)
oo Aw(h)g(h) o
= lim <I>(h)/ f’(v)r[(v)e—flf( ' Ti(g(s))ds g,
h—o00 AKg(h)

Now, one can verify that P(v) := [*  T(u)f (u)du = flf(v)ﬁ(g(s))ds by changing variables from u to

g(1)

s = f(u). Then as A > 3 and P’(v) = II(v) f'(v) > 0,

Aw(h)g(h)
0= lim ®(h) P'(v)e PWdy
h—o00 AKg(h)
w(h)g(h) AKg(h)
> lim <I)(h)/ P'(v)e P®dy — <I>(h)/ P'(v)e Py
h=reo g(h) g(h)
=: lim [Kl — K2] .
h—o0
Now, recall that by (3.68]), for all large enough h,
Ko = (1 e HP Toton) 39

So if we prove limy_oo K1 = 0, then limp_.o fg(w(h)g(h))ﬁ(g(s))ds = 0, and the proof is complete. As

K, is always non-negative, it suffices to prove that limy, ,. K3 < 0. To prove this, we will show that
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limj, 0 |K2| = 0. Since g = f~1, note f(v) > h for v > g(h), then as ®(h) < eI Mg()ds 1y (13-32]),

AKg(h) _ Foy =
fim [Ko| =l @) [ T (e)e [ o0,
horee hveo a(h)
3.3 AKg(h) _ v — AKg(h) o
B2 im I(v) f'(v)e~ Sl Tg()ds gy, < lim / vf! (v)I(v)v ™ dv.
h=o0 Jg(h) h=00 Jg(n)

Recall that by assumption, v f’(v)II(v) decreases to 0 as v — 0o, and hence

. AKg(h)
Jm (Kol S Jim g(h) £/(o(h) () [ o ld
b g

h—o0

lim g(h) f'(g(h)) T(g(h)) x log(AK) = 0.

h— o0

Proof of Corollary [3.4.23

Proof of Corollary[5-4.23 We need to verify that a stable subordinator of index o € (0, 1) satisfies (3.4),
so Theorem applies. For t > 0 and x > g(t) + zo, by the scaling property of stable subordinators
(see |14} p227]),

f@) =t"=fy (33) : (3.70)

ta

Now consider the result (see [96, Theorem 1.12]) that for a stable subordinator of index « € (0,1), fi(v) ~

Coévflfa

as v — oo, for ¢, > 0 constant. In particular, for all large enough v, f1(v) is arbitrarily close
to cou™17®. Taking e.g. a’ = 2c,, it follows that there exist a’,C € (0,00) such that for all v > C,

filv) <advime

As T(dv) = u(v)dv = cv~'"%dv for a constant ¢ > 0, if we can show that x/t'/® > C for all t > 0,

x > g(t) + xo, with a suitable choice of 2y > 0, then by (3.70),

a

flz)=t"=f (f) <dctr™7 = atu(x),
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for a = a’c, so condition (3.4)) is satisfied, and the proof will be complete. Indeed, by (3.3)), lim;_, tII(g(t)) =
limy o0 tg(t)~® = 0, so there exists D € (0,00) such that for all t > D, tg(t)~® < C~%, so t'/* < C~y(t),
and hence for all t > D,

o) + a0 _ glt)

>——g—>=—2>C.
t to

~~
Q\»—A‘ 53

Q=

On the other hand, if t < D, then z/t'/* > (g(t) 4+ x¢)/D"* > z7/D"/*, and (choosing x( large enough that
xo/DY* > C if necessary), we conclude that z/t'/® > C for all t > 0, x > g(t) + x0, so [96, Theorem 1.12]
applies to (3.70]). It follows that condition (3.4)) is satisfied, and so Theorem applies, as required.

3.6 Proof of Lemma [3.5.1]

Before proving Lemma [3.5.0] let us begin by stating Lemma [3.6.1] which is key to proving Lemmas 3.5.1] and

B53 and is itself proven in Section

Lemma 3.6.1. Let (X¢)i>0 be a subordinator satisfying the assumptions in case [) or ({@). Then there exists
a constant C > 0, which depends only on the law of X, such that for all t > 0, A(t) € (1,00), B(t) >0, and

H(t) € (0,1),

P (Xt(‘“‘(”) > B(t)) < exp (Ct log (Hl(t)> H(t)‘B<t>H(A(t))> H(t). (3.71)

Proof of Lemma[35l The strategy for proving Lemma B.5 Tl involves splitting up the probability P(O;) into

several smaller pieces, which we bound separately. We refer the reader to Figure[A.2] which provides a guide

-1

for following the structure of the proof. Since g = f~ is continuous, for each > 0, ¢t > 0,

P(Ot7X(o,x)) = ]P)(Ot_7X(O,.7:)), (3.72)
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where O, x©.0) := (1,4 Oy x 0.5, and moreover by the definition (3.8), for all s <,
P(O, x0.0) < P(O, x0.0; X7 > g(t)) < P(X) > g(1)). (3.73)

Now, we partition and disintegrate on the value of Af(t), which is exponentially distributed with rate II(g(t)).
Then by (3.6)), (3.72) and (3.8)), using that X 2 X0.91) 4 X19():20) where the process X (%9() is independent

of X19(1)-°) and hence independent of any jumps of size in [g(t), 00), we get

P(0]A1"0 =) D B(0,181 =) BB PO, 181" =) B PO, x000) BB BO s
P(O; MY = o) BD po,; A0 — o) (3.74)
so it follows that
P(0,) = P(Oy; AYY < 1) + P(O; A > 1)
= T(g(t)) / PO AT = e T gs 1 B0y AN > 1)
=TI(g(t)) /Ot P( O, x0.90 ) e Iasgg ¢ P(Oy; Af(t) > t). (3.75)

Now, observe that by the definition (3.8]), IP’(OS|A£17(U > s5) = P(Oq x0.000)), 50

P(Os) = P(Os; Af(t) < s8) + P(Os; Af(t) > 5)
=P(O,; AY < 5) + P(O,|AIY > s)P(AIY > 5)

= IP(OS; Ag(t) < S) +P (Osyx(o,g(t))) e_ﬁ(g(t))s. (3.76)
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Disintegrating on A"{( ) recalling the notation . by (3.75)), (3.76), and (3.74]),

=

P(O) = 1l(g(1)) /Ot [P(O,) — P(O5; A]Y < 8)]ds +P(O; A > 1)

t s _
Ti(g(1))B(t) — Ti(g(t))? / / P(OL|ALY = ) OO duds + PO ALY > 1)
0 0

t s o
T(g(6)®(t) — TI(g(t))* / / POy x0T duds 1+ B(O; AXD > 1)
0 JO

=:(al) — (a2) + (a3). (3.77)

Firstly, let us show that (a2) = o(Il(g(t))®(t)) as t — oco. Indeed,

|( S ﬁ / / v, X (0, g(t)))d'UdS < H / / v, X (0, g(t)) d’UdS

t t

—Tl(g(0))* | PO, xou)de < Mg(t)* | P(OLx)dv = llig(0)*0(t) = ofTl(g(t)) 2(1),
0 0

where the last equality holds by (3.3)) in case (@), or by (3.5) in case (i), since both imply lim;_, . tI1(g(¢)) = 0.

Now, for t > 1,

®(t) > ®(1) = constant > 0. (3.78)

We shall use (3.78)) to prove (a3) = o(®(t)I(g(t))) as t — co. For suitably large t, we partition (a3) as

@ = PO;APY <A1 > )+ POs ALY < 5 AP > 1) + POy ALY > 1)

: (34) + (3B) + (3C), (3.79)

with g1(t) := g(t)/log(t), and 6 € (0,1). Later we split (3B) into more pieces.
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Proof for (BA) We shall disintegrate on the value of Ageg(t)’g(t)), the time of the first jump of size between

Og(t) and g(t). As this time is exponentially distributed with rate parameter TI(0g(t)) — I1(g(t)),

@A) = e MOOPO; AP <A A]Y > 1) = T TIODP(O, x40 AT < 1)

_ t _ _
_ eftl'[(g(t))/ P(Ot,X(o,g(z))|A§99(t)’g(t)) _ S)H((eg(t)7g(t)))e*(H(GQ(m*H(g(t)))Sds
0

< (M(09(0) ~ To(1))) | B(Opxi0a AP = 5)ds
< (090~ 0) | PO, o) < (FTHL 1) Tg(0) [ POYas @50

d
0

Now, limg_,1 limy—,oc (IL(0g(t))/II(g(t)) — 1) = 0, as II is at oo in both cases, and therefore by (3.80)),

BA) = o(IL(g(t))®(t)) as t — oo then 6 — 1.

Partitioning (BB]) Recall the notation (3.6)). Disintegrating on A"lh(t), using the stationary independent
increments property to write X; 4 X+ X, g, for X an independent copy of X, as there are no jumps bigger

than Og(t) we have X, <X, + Xfﬂ’fg(“), and so by (3.73)) and (3.74]), we can bound

BB) = P(O: A7 < 1477 > 1)

t —
= ﬁ(gl(t))/ P(Oy AT > AP = s)e o2 ds
0

IA
=l

t
(@(8) / P(Ou; X, > g(t); AP0 > (AP = 5)ds
0

t
— TI(g1 (1)) / P(Oy; X009 L X 4 (X, — Xo_) > g(t); A1 > 4| A9 D) = g)ds,
0

where X (0:09(1)) ig an independent copy of X with no jumps bigger than g(¢) as in the definition (3.8). Then

as the jump at time A{l(t) = s has size X; — Xs_ < 0g(¢),

t
BB) < T(g:(¢)) / P(O, xo.mwn; Ko + X0 > (1 0)g(); AT > t)ds
0

t
< (g1 (1)) / P(O, x0.0100; X008 4 X 00D > (1 - 6)g(1))ds.
0
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Partitioning according to A := {Xs((i’gl(t)) > (1—0)g(t)/2} and A°, using that X and X are independent,

t
BB) < T(g:(t)) / P(O, x0.onn; X029 4 X095 (1 —0)g(t); A)ds
0

t
+ (g1 (1)) / PO, x0.onn; X028 4 x O 5 (1 - g)g(1); A)ds
0

< T(g:(1)) /OtJP’ (ngw» > (1—3)9(’«‘)) ds

- t N 1—0)g(t
+H(gl(t))/ P <OS,X(o,gl<t>>;Xt(o’fg(t)) > ()g()> dS
0

2
S

+ (g1 (1)P <X§°’99<”> > “_g)g(t)) /O "B (0, ds.

= (J1) + (J2). (3.81)

Proof for (1), Case (E]) Recall that TI(x) = z~“L(z) for L slowly varying. Then by Potter’s theorem
(Theorem [A-4.2)), TT ) < log(t)%°TI(g(t)) as t — oo. Applying Lemma B8 with H(t) =t~",n > 1, as

t — oo,

1_

D < tlog(t)*T(g(t))P (Xfo’gl“” )B%mtlog (12 TE(g(1)) exp (=) "

() < ntlog<t>t<1—5%g<t>H(m(t))(12_919()%s 25TT(gy (1)) < (g (2)).

By (3.3), lim;—o0o(%) = 0 for each n > 1 and 6 € (0,1), so in case (i), using (3.78), we can conclude that
D < log(t)mn(g(t))t*(”*l) = o(I(g(t)®(t)) as t — oo then § — 1.

Proof for (1), Case () In case (), for each fixed 0, let us replace g1(t) by cg(t), for small ¢ € (0,6),

and replace ((ZI)) by (J1') with cg(t) in place of g;(t). As II is [O-regularly varying at oo, as t — oo,

(1) = (egtopp (00 > =000

tI(g(t))P (X}“CQ“D > (1—3)9@)) '

A
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By Lemma B.6.1] with H(t) = ¢t™™", for ¢ > 0 as in (3.5) and n > 1+ ¢ > 1, taking ¢ small enough that

2en /(1 —0) <1, it follows that as t — oo,

n ooy T1T, QCg(t)
(x) < tlog(t")tT >H(cg(t))(1 — 00900
= tnlog(t)et=T(cq(t))
< tlog(t)II(g(t))
S TI(g(t)
By (B.5), limy—o0(*) = 0 by so for each fixed 6 € (0,1), (J1') = o(II(g(t))) as t — oo in case ({), and by

13.78]), (J1) = O(H(g(t))(I)(t)) as t — oo then 6§ — 1.

Proof for ([J2)), Case () We begin with case ({l). Recall that ®(t) := fot P(Os x)ds. Applying Markov’s

inequality (Theorem [A2.7]),

@ - o pap (x> =D < HUAOD A [ 0000]

T 99(t) T fg(t) _

(1—0)g(t) (1—6)g(t)
2Tl ()20 [0
< 0l ), T

As TI is [regularly varying] at oo, by Karamata’s theorem (Theorem [A43)), as t — oo,

2tn (9:(0)2() , = .

2 < — 0000 0g(t)I1(0g(t)) < tIL(g1(1) (H)IL(g(1)).

By (3.3), limy—o tII(g1(t)) = 0, so [12) = o(II(g(t))®(t)) as t — oo for each fixed 6 € (0,1).
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Proof for (J2)), Case (i) For case (), recall we have (J2') with cg(t) in place of g;(t), for ¢ € (0,6). By
Lemma 6.1 with H(t) = 1/log(log(t)), since I(c(g(t)) < T(g(t)) as t — oo,

(J2') = T(cg(t))®(t)P <X§0799<t>> > (19)9(0)

2
(g(t))®(t)
log(log(?))

(+) = t1og(log(log (1)) log(log(1))  TH(Ag(1)) - 2 < t1og(t)T(g(1)).

A

exp ((+))

For € > 0 as in (3.5, observe that log(t)? = o(t%) as t — oo, and it follows that (x) = o(t'T¢II(g(t))) as
t — oo, for each fixed 6 € (0,1). Then by B.5), (J2') = o(Il(g(t))®(t)) as t — oo for each fixed 0 € (0, 1),

in case ().
Proof for (BC)), Case (i) In case (), by (3.73) and Lemma B.6.1 with H(t) = II(g(t))?, as t — oo,

BD) = P05 A7 > 1) <P (X241 > g(t)) < exp () (g (1)), (3.82)

1

T N2 T () — e L1 () tlog(m) 1\ ®m
() % tiog (THg(0) ) Wlg(1) o R ¢ 2 (o) ™ 1y 1)

Now we split into subsets of ¢ > 0 (if one subset is bounded, we need only consider the other). Fix M > 6/c.
First we consider all ¢ > 0 for which g(t) < tM. Recall II(x) = 2=“L(z) with L at oo, and
moreover lim; . tI1(g1(t)) = 0 by (3-3). Then as g(t)'/M <t — oo, we have

)= 9(6) T L(g(t)) .

log (ﬁwl(t))) ( 1 )“ _ log (g(t)*L(g(1)) ")
log(t) II(g(t)) log(t)
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As L is slowly varying at oo, g(t)*L(g(t))~! < g(t)?®, so as g(t)"/M <t — oo,

log (g(t)%*) o _ log (t2eM)
() s et <

4aM
tlosv = 2aMe**M < oo.

Therefore for all t > 0 for which g(t) < ™, we can conclude by (3.82) and (3.78) that BC) < TI(g(¢))* =
o(Il(g(t))®(t)) as t — oo.

For all ¢+ > 0 such that g(¢) > tM, as t — oo, log(1/T(g(t))) < T(g(t))~'/3, T(g(t))~2/1°s® < T(g(t))~ /3,
and TI(g(t)) = g(t)"“L(g(t)) < g(t)~*g(t)*/? = g(t)~*/? < t~*M/2_ Applying Potter’s theorem (Theorem

D) to T(g1(1))/T(g(t)) = log(t)L(g1(£))/L(g(t)), for each 6 > 0, as g(t)/™ > ¢ — oo,

tog () (1 o H(g(t) 5\ i
5 a2 () (o) £ AT VT 1)

S HI(g(t))5 log(t) ™1~ = tg(t) 5 L(g(1)) 5 log(t) '+

AN

tg(t)~ % log(t) "1 70H0 < 11758 log ()~ *.

Recall M > 6/a, so 1 —aM/6 < 0, and limy_,o(x) = 0. Then by (3.78) and (3.82), BC) = o(II(g(t))®(t))

as t — oo in case (i), as required.
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Proof for (3C]), Case (i) In case (), recall we have (3C") with cg(t) in place of g1 (t). By (3.73)), applying
Lemma B.6.0l with H(t) = II(g(t))?, for arbitrarily small n > 0, as t — oo,

-3.73
(3C") = PO AYY > 1) "< B(X™) > g(1))

< exp () (g(1))*,
() = tlog (TI(g(t)~*) T(g(t)) ~*cIl(cg(t))
< tlog(1/TI(g (1)) (g(t)) ~*TL(9(t))

< tT(g(t)) .

By (3.5, taking c,n sufficiently small, lim;_, . (x) = 0, then by (3.78), (3C") <TI(g(t))? = o(Il(g(t))®(t)) as

t — oo then # — 1 in case (), as required.

3.7 Proof of Lemma

In order to prove Lemma [3.5.3, we require Lemma [3.7.1] which is proven in Section

Lemma 3.7.1. Recalling (3.12)) and (3.22), ift > to(y), then for ally,h > 0, we have gg(t) > (1-1/A4)g().

Lemma [3.5.3] shall be proven by splitting up pZ (t) into smaller pieces, and then showing that the inequalities

(3.30) and (3.31) hold for each piece separately.

Proof of Lemmal35.3 The strategy for proving Lemma [3.5.3] involves splitting up the probability P(Of é’)
into several smaller pieces, which we bound separately. We thus refer the reader to Figure[A.3] which provides
a guide for following the structure of the proof in case (). Similarly, Figure [A4] shows the structure of the
proof in case (). As with Lemma [B5.1] Lemma [35.3]is simpler to prove in case () than case () thanks to

the condition (3.5). Now, recall the notation introduced in (3.8) and (3.14). First, repeating the argument
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as in (3.77)), but now with g/ (¢) in place of g(t), we get

h . h h . t s h —
P(O]") =TI(g) ()DL (t) + P (Oi’y;Ai’y RN t> —Ti(g"(t))? /0 /0 P(O9 )e oy ()Y gy
_ h _ t s h —
< a2} + P (0% 0 gy ) - a0 [ [ PODIT O  duas
<Tilgb )y + 7 (0% 0 ) (3.53)

g )

gt
Recall the notation (3.9)), (3.10]), and (3.16)). By (3.83)), partitioning on the value of A1(1°g(t) 95 (1)

of the first jump of size between g/!(t)/log(t) and gj(t), as there are no jumps bigger than g/ (t), we have

, the time

h
]p(@gy) _ B33 1 h
h t h 9
t): = —1I t < PO
Py(®) E0) (9, () "= E0) ( t,vagf;a»)
h h
1 o) AT o NG XA0)
= B PO foupont AT > ) + PO 031 <t)
1
=: [(a) + (b)]. (3.84)
p(t)
So to prove (3.30), we need to prove, uniformly in h > 0,y > g(h), as t — oo,
ol (t) 1
b) < Y 1 . 3.85
@+ 0% oty (1+ 757 7) (3:59)

For (3.31]), we need suitable u so that uniformly in h > 0,y > g(h), as t — oo,

(a) + () < " (B)u(t)TT(g(1)) (1 n (3.86)

)

Recall that in case (i), the inequality (3.31)) implies the inequality (3.30)), so we need only prove that (3.86))
holds in case ().

Proof for (@), Case () Recall the notation (3.13), (3.8). By Lemma B71] for all b > 0, y > g(h),
g (t)/log(t) > (1 — A~1)g(t)/log(t) > 1 as t — oo, so by (3.73), Lemma B5I0, and Lemma B.6T] with
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H(t)=t¢", for n > 1, uniformly in h > 0, y > g(h), as t — oo,

h 9y, (t) B73) (© 92(”)
@ = P(Ofyx 0oy AT >t) < IP’(Xt Tos () >gg(t))
EEIm B (t) (0,0 e ®h(t)
< L P(X, Y s gh ) < L exp (%)) 7T, 3.87
o (X J0) = o ew () (3.87)
gl (1) h h
npt= o — (gp(t) gy (t)
* 5 thg ") ¢ gZ(t)log(t) II Y Y
) ) <1og<t> g3 (0) log(?)
_{ gt(t
neneti (20 ) (3.88)
log(t)

Now, by Lemma B71] and (3.3), lim;_,q ¢II (gh(t)/log(t)) < limy_oo tII((1 —1/A)g(t)/log(t)) = 0, uni-
formly in A > 0 and y > g(h), and thus lim;_,(*¥) = 0. Then it follows that as ¢ — oo, uniformly in y and
B, @ <t M)/ () — B) <t log(t) @A (1) /(f(y) — h), as required for (B5F).

To show (@) < @} (t)u(t)IL(g(t))/(f(y) — h), we split into two cases according to the size of g(t). Fix large
M > 0. By (3.87), for all t > 0 such that g(t) < t™, we have @) < t="®"(t)/(f(y)—h), and then by choice of
n > 1 large enough that t=™ < TI(g(t))? (which is possible since TI(g(t)) > TI(tM) = =M L(tM) > t=oM/2),
it follows that @) < ®%(t)u(t)II(g(t))/(f(y) — h) for suitable u (i.e. I(g(t)) < u(t) = o(1) as t — o0), as
t — 0o, uniformly in h > 0,y > g(h), as required for (3.86).

For all t > 0 with g(t) > tM, by Lemma B.6.1] with H(t) = II(g(t))?, applying Lemma .71} as II is

[regularly varying|at co, uniformly in y, h, as ¢t — oo,

@ 2 exp ((4) Ti(g(1))?, (3.80)
N O A 10
() 5 thog (Tl(g(t) ™) T(g(t)) g”H(log t)) g7 (t) log(?)
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Now, note that as t — oo, for arbitrarily small n > 0, TI(g(t))~%/°5(*) < TI(g(t))~" and log (II(g(t))~2) <

T(g(¢))~". Since I(x) = x~*L(x), for L at oo, we have as t — oo,

()t T (05 ) a0 = 1020 o0 ((20) g0y

S o) 0L (25 ) Lo

As L is slowly varying, observe that g(¢) > t™ implies L(g(t)/log(t)) < (g(t)/log(t))(1=2ma/8 < g(¢)(1=2me/4
and moreover L(g(t))~2" < g(t)(1=21/4 Then it follows that

_(A-2n)a
2

(%) S tg(t) (3.90)
Choosing M > 4/((1 — 2n)

(3-89) then Lemma B.5TI0l (@)
y > g(h), for suitable u (i.e. II(g(t)) < u(t) = o(1) as t — 00), as required for (3.86]).

a), we get g(t)~(1=2e/2 < t=(1=2maM/2 < 4=2 56 lim,_, . (*) = 0. Applying
<

(g(t)?* < @p(t)u(t)I(g(t))/(f(y) — h) as t — oo, uniformly in h > 0,

h
In case (), we partition P(Oiyx(o,gga))) differently to in case ({l), which means we have (a’) and (V') in

place of @) and ([@). For small ¢ € (0, 1),

h h . h h cal h
p (Ogy > _p <Ogy A® t) Lp (Ogy INCACEACH t)

£, x (@af () £, x Oaf ) L £ xOaf ) Tl

=: (a') + (b'). (3.91)
Proof for (a’), Case ({i) By (3.73) and Lemma B8 with H(t) = II(g(t))?, as t — oo,

@ = p (XEO’C"Z ®) g;;(t)) T exp ((#) T(g (1)), (3.92)

o Ch(t)
)

(x) < tlog(I(gy () ) T(g(1))
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By Lemma B.7.1] ﬁ(gg(t)) < TI(g(t)) as t — oo, uniformly among y, h. So for arbitrarily small n > 0, as

t — oo, uniformly among h > 0,y > g(h),
() S tI(g(t)' "%

Choosing ¢, n small enough, it follows from (3.5) that limsup,_,..(*) = 0, so by Lemma B.5.10 and (3.92),
T h T . . . . .
(@) <T(g(t)? < @y (t)u(t)(g(t))/(f(y) — h) uniformly in b > 0, y > g(h), for a suitable choice of u (i.e.

I(g(t)) < u(t) = o(1) as t = o0), as required for (3.86]) in case ().

Partitioning (), Case () Now we partition () in case ({l). Let AL denote the time of our subordinator’s
mth jump of size larger in (a,b), as in (3.10). With § > 1 as in (3.3), for m > 0 such that m > /(8 — 1)
and m > 1/(a(B — 1)), for ¢ € (0,1) such that 1 — (m — 1)c > 0, and for all ¢ large enough that 1/log(t) < ¢,

h QIS
oty 9y (1)
@ = ]P( fme,g{;(t));ASI i a4) < t)
o (LD o (1)) (LD cqhn)) e ()
= ]P( UX(O n ));Al og(t) "y <t Amog(ﬂ v >t Al v t)
t,x(Oay
gh(t)
h Yy ca” cal
b (Ogyxw gh(t)? AS@log(W W (t)) <t; A1gy ® > t)
t,x (09
h h h
+P (Ofi((o,g,{}(t)) ; Agcgy (t9, 1) < t>
=: (24) + (2B) + (20). (3.93)

Note we do not need to consider (24) or (2B) in case (), since (&) = (2C).
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O

Proof for (24), Case (i) Disintegrating on the value of A; := Al(log“) <0,(0)

, as defined in (3.10)), which
is exponentially distributed with rate II(gj (t)/log(t)) — I(cgp (1)),

h h
n 9y n 9y () ny h
€D = P(O:g;m,gg(m;Al(“’g“”cg”( ) <o alFETAO) Sy pm ) )
t h ORI A - -
:/ P(O"’yxm gh(t));Ar(,J°g<t>’cgy( ). A Sy ‘ A, = 3>P<A1 c ds>
0 5,XY

h B ()
<T gy (t) tP o .A(foym,cgg(t)) o E - s
- log(t) | Jo £ x Oeal () = 1= .

Now, with Ay denoting the time of the kth jump of size between gg(t)/ log(t) and ch(t), we have

al(t)
P(Ofi{w,cg’;(m?Af(”biw’cg;b(t)) >t ‘ Ai= S)
m_’ h
= P(Otg’yx(oycg.{;@)) ’ Ay =50 > AL < t)IP’(Zk_H >tA, <t ‘ A = s)
.
<Y B(O7 e | Br = 5Bk > BB <),
k=1

and then it follows that

(O [ e
@D < > T /O P(O ey | Br =5 Bkis > 65, <) ds.

k=1
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Now, by (3.73), given that by time ¢ there are k jumps of size J; € [gl’}(t)/log(t), cgl'}(t)], 1 <1 <k, we have

PHO) )

ot ® 0
Xt(o’ 9, (1) d X( ’log“)) + i+ + I < Xt( o) /)y k'cg;}(t), and so

chy( )

'ﬁ

> gh(0)|B1 = 5 Bpya > 8 < t)ds

t qy () )
/ P2, ) > (1= ke)gh(t) ) ds
0

QQ
H~

gy ()
log(t t ]P’ 7l°g(t)) > (1-— kc)g;‘(t))

IN

S

o
N N T N

5@

ﬂ::

)>
h 9y (t)
e

Now, limy 0 tIL(g}(t)/log(t)) < limy_,o0 tII((1 —1/A)g(t)/log(t)) = 0 by (3.3), uniformly in & > 0,y > g(h)
by Lemma B71l Applying Lemma R8T with H(t) =t~2, as g (t) > (1 — 1/A)g(t), uniformly in h > 0,y >

IN

g(h), as t — oo,

e <p(x( ) > (1— (m— De)g(1)) < exp () 2 (3.94)

gy ) gy (t)
log(t) J log(t)(1 — (m —1)c)gy(t)
2 t

2 gy (1)
T m—1) )tH<log(t)>'

Again using that limy_, tII(gl (t) /log(t)) < limy s tIL((1 —1/A)g(t)/log(t)) = 0 by (3.3) and LemmaB.7T]
it follows that lim;—_, o (*) = 0, uniformly among h > 0 and y > g(h), so by Lemma B.5.10

(%) < tlog(t?)t TGt IT (

B <2 <t og(t) 2 Vog(t) B (1)) (F(y) — )

as t — oo, uniformly in A > 0, y > g(h), as required for (3.85).

Now we prove 24) < ®"(t)u(t)II(g(t)) in case ({). Fixing M > 0, we split into two subsets of ¢ > 0. For

all ¢ > 0 such that g(¢) < t™, by (8.94) and Lemma B.6.1] with H(¢) = t~", uniformly in h > 0,y > g(h), as
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gW)VM <t — oo,

(221 P (X<> > (1— (m— 1>c>g£:<t>) < exp ((x)) 7",

gu(t) gu(t) < gu(t)
log(t) | log(t)(1 — (m — 1)c)g(t) ~ log(t) )

(x) < tlog(t”)elhsmcl'[(

then by (3.3) and Lemma BTl it follows that lim;—, . (%) = 0, uniformly among h > 0, y > g(h). Then

choosing n large enough that t=™ < TI(g(t))? (this is possible as II is fregularly varying] at co and g(t) < tM),

by Lemma BET0, @4) < (g(t))? < ®L(t)u(t)I(g(t))/(f(y) — h) as g(®)"M <t — oo for suitable u (i.e.
(g(t)) < u(t) = o(1) as t — o0), uniformly in h > 0,y > g(h), as required for (3.86).

For all ¢ > 0 for which g(t) > t™ by (3.94) and Lemma B.6.1 with H(t) = I1(g(¢))?, uniformly in h > 0,y >

g(h), as g(t)l/M >t — o0,

(3.94) © @) n _ 9
e <P (X Tos®) > (1= (m — 1)6)gy(t)) <exp ((x)) (g(t))", (3.95)
_ _ , il 95(? h(t
() < tlog(ﬂ(g(t))2>H(g<t>>—<1<mwwlog(t)(l(fg(;ib)ﬁ’yl()z)gh(t)
= g (t)
= N (log(t))

S tlog(T(g(t) *)M(g(t))” T-Cr=Daes® log(t)

As II is regularly varying at oo, II(z) = = “L(x), for L at co. Observe that for each n > 0,
as t — oo, I(g(t))~2/((A=(m=1e)log(®) < T[(g(t))~" = g(t)*"L(g(t))~", and moreover for all large enough t,

log(TI(g(t))~2) = log(g(t)** L(g(t))~?) < g(t)*"L(g(t))".
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Then by Lemma B7] uniformly in A > 0,y > g(h), as g(t)/™ >t — oo,
h
TS I
< ta(t 2am log(t) < to(t 2am log(t)
() % gt < ol
t 1—-2n)a 1—-2n)a
= tg(t) 2 r0gye L (LU < ()02 log(t)Tg(e) P og(1)”
log(t)
< tg(t) R (3.96)

Now, g(t) > tM so tg(t)~(1=2me < 1=(0=2maM/2 g6 taking M > 2/((1—2n)a), lim;_, o (x) = 0, uniformly in

y, h. Then by (3.95) and Lemma[B.5.10 it follows tha (24) <TI(g

for suitable u (i.e. II(g(t)) < u(t)

Proof for (2B]), Case () Disintegrating on the value of A(l"g(” <o)

with parameter IT (g} (t)/ log(t))

g (t)

(9 (t)
m log(t)
(O (CRCONN FAm

)/O ]P( tchgh(t))’

]P( X(O uggu))’

(q (t)
1og(f)

gy (t) 94 (1)
) / ]P( tx(o g5}<t>)v (log(w oy (¢ )) <t Acg v (0 >t | A(l(’g(‘) gy(t))

()2 Sy ()u(t)II(g(t))/(f(y)—h) as t — oo,

= o(1) as t — 00), uniformly in h > 0,y > g(h), as required for (3.86).

gl (t)

, which is exponentially distributed

—T(cgh(t)) <TI(gp(t)/log(t)), using that P(O;) < P(Oy) for s <,

h
) <t; A0 S t)

v s) ds

9()

(lgog((t)) €9y (t)) <t | A(log(t) ng(t)) 5>ds

9y (£)

gy(t)) <t | A(log(t) €9y (t)) s)ds,
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ah(®)
h h Y ca® h
By (3.72)), O and (’)gi are interchangeable. Observe that given Al(l‘)g(”’ I (t)) = s, the event 07 KOsl
s—, Iy
Pt
L. (%mg;}(t))
is independent of Ay, , and moreover P(O; x..)) < P(Os), so that
h t am(®) FHO)
—( gu(t) g" L gk (t) L gl (t)
B = <loyg(t)> /0 P(Os; X(Omgi;(m;A&l = ) <t ’ Al(l () ) - S>d8
h t an(t) O] ah(®)
_ t h s egh (t Tty <9y (t e cdy (t
0 (B0) [R5 (a0
h h ) OIS
(&Y [p(o% Jp(alFEm i ®) < aFEEAO) _ g,
log(t) | Jo s—, x (00} (®)/ 108() m = 1
h ¢ OIS by
< T <19y ((i))) / P(OEZ>P(A£5°“” cgh (t)) <t ‘ Al(fog(t),cgf,(t)) _ s)ds
0og 0
B h(y IHONS t n . h(¢ HO) t n
S I gy( ) ]P)(Ay(nligl(t)’ gy(t)) S t)/ P(O§y>d$ S II gy( ) P(A;g_(tl) S t)/ P(Ogy)ds
log(t) 0 log(t) 0
an ()

log(t)

Now, since A is exponentially distributed with parameter II (g (t)/ log(t)),

-‘?Z‘ﬁ M m—1 —( gl \\m-1 _ gh(t) ml
P(A“’gj;’ < t) < ]P(A;’g“) < t) - (1 - e*t“(m)) i A :
" log(t)
so recalling the notation in (3.14)), by Lemma BT uniformly in y, h as t — oo,
h m m
— [ 95(t) _ BID_ 7 g(t) _
< IO tmTleh) < W tmreh (1), 3.97
e < <log@> s < 1 (20 HO (3:97)

Recall II(z) = 2= *L(z) for L at oo, so by Potter’s theorem (Theorem [A.4.2), for arbitrarily

small § > 0, as t — o0,

=( 9\ _ o (n—a L(lé’(fi)) s
T (28 ) = Toe0"0(0) ™" Eloe) e < st Thg(). (395
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Similarly, defining gs(t) := g(t)/log(t)?, for 8 > (14 a)/(2a+a?) > 1 as in (3.3),

L (%)
L(gs(t))

< log(t)* AP (g (1)), (3.99)

= g(t) _ @ —a
n(m@)_m@gw L (g5(1))

Applying (3.98) to II(g(¢)) and (3.99) to II(g(t))™!, then by (3.3)), as t — oo,

@3)

log(t)mﬁm(sf(mfl)am&(ﬁf1)(mf1)ﬁ(g(t))ﬁ(gﬂ(t))mfltmflqng’}(t)

NERD

log(t)mcwrmﬁf(mf1)04B+6(ﬁ71)(mfl)ﬁ(g(t))q)l; (t)

Now, for 8 as in (3.3), m > /(8 — 1), so ma — (m — 1)af < 0, choosing ¢ > 0 small enough, we conclude
BB) < u(t)I(g(t))®h(t) as t — oo, for suitable u (i.e. log(t)me+mo=(m=DafHs(E=1)(m=1) < y(t) = o(1) as

t — 00), uniformly among h > 0,y > g(h), as required for (3.86]) in case (i).

Now we prove that 2B]) < t~'log(t) =@} (t). With gs(t) = g(t)/log(t)?, by (3.97) and (3.99), for arbi-

trarily small 6 > 0, as t — oo, uniformly in y, h,

@B) <1 (ﬁg(a)) Lok (1) < log(t)™ (AT gy (1)) ™ R (L),

By (.3), I(gs(t)) < t7', and so @B) < t~'log(t)m*(=AFTmI®h(t) as t — oo. Finally, our choice of m
ensures that ma(l — ) < —1, so choosing § small enough, we can conclude that for some € > 0, as t — oo,

@B) <t~ 'log(t)~' =@ (t)/(f(y) — h) uniformly in k> 0, y > g(h), as required for (3.85) in case (§).

Partitioning 2C) = () Now we continue with the proof for cases (i) and () in tandem. Recall that

@0) = @) in case (). Define p*(t) := 1 —log(t)~" for v := (1 —a)/(2+a) in case () or v := 1 in case ().
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Let Aga’b) denote the time of our subordinator’s second jump of size in (a,b). Then we partition:

o) = (Ogyx(o gh(m,A(cgy 1ay(®) t)

h
=P <Ofyx(0 gh(t)),A(cgy ),y (t)) <t A(10 (g (£),g95 (t)) < t>

h h
+ P (Of;(o,gh(t)); écgy () <t A (" (B9 (99, (1) > t)
h * h h
P ((9 o qh(t))’A(CQy ()94 (1)) <t A(cgy ()94 (1)) t;Agp (t)gy (1),9, (1)) S t)
=: (2Ca) + (2Cb) + (2Cc). (3.100)

Now we will prove (2Ca) < @Z(t)u(t)ﬁ(g(t)) for cases () and () together, and then we will prove that
(2Ca) St~ log(t)~'~=®L(¢t) in case () (recall we only need (2Ca) < ®(t)u(t)Il(g(t)) in case ().

Proof for 2Cd) Asce (0,1) is fixed, ¢ < 1 —log(t)~7 = p*(t) for all large enough ¢, and so

g, (p*(t)gh(t).g (t))
(M)P(Oy (ogh(t))’A o >

(p™ (1) gy (t).gp ()

Disintegrating on the value of A; , which is exponentially distributed with rate parameter

ﬁ(p*(t)g;}(t)) - ﬁ(gg (t)), then by (3.73)) and the independence as in (3.74]), it follows that

t h « h h
©Cad) < [ﬁ(p*(t)gf}(t)) H(gy(t))]/o P (Oiy)((o,gg(t» ‘ Agp (B)gy ()9, (1)) _ s) ds
B — ¢ h
? m (p* (t)g;;(t ) I (gy( ))] A P (OZT/X(DVP*(UQL”(O)> ds

< [P (H)gy (1) —TI (g, (1))] @y (D).

By Lemma BZT] TI(g)(t)) < I(g(t)) uniformly across y, h, so we can write

_ T (p* (g (1) _ T (p* ()9 (1)
@CD) < T (g(1)) (M - 1) @l(t) ST (g(1)) (W - 1) Bl (1), (3.101)
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As limy_, p*(t) = 1 and IT is[CRV]at oo in both cases, limy_, o II(p*(t)gl (t)) /T(g} (t)) = 1. Now, gh(t) = g(t)
uniformly in h > 0,y > g(h), by Lemma BZI] so by (3.101), @Cd) < ®!(t)u(t)I(g(t)) for suitable u

satisfying
1T (p* (t)gy (1))
1T (g5(1))

—1<u(t)=0(1) as t — o0,

uniformly in h > 0, y > g(h), as required for ([3.86]) in cases () and (@).

Now we prove 2Cd) < t~'log(t)~'==®"(t)(1 4 1/(f(y) — h)) in case {). As II is [regularly varying] at oo,
(z) = 27 *L(x) for L at oo, and by (3.101)), as t — oo, uniformly in h > 0,y > g(h),

*(4\—a * h
BT < T (5(1) (W - 1) ®(t) =T (g(1) (p - 1> @h(1).

By Lemma [B.7.1] gZ(t) 2 g(t) uniformly in y > g(h),h > 0, as t — co. Applying Potter’s theorem (Theorem
[A42) to L(p*(t)g}(t))/L(gp(t)), for arbitrarily small § > 0, uniformly in y > g(h),h > 0, as t — oo,

@Cd) < (p* ()" = 1) T(g (1)) @y (¢)

— ((1—tog()) ™" — 1) Tl r) < 25O

< TS )20,

where the last inequality holds since if a« + 6 < 1 and = € (0,1), then (1 —2)7*7% —1 < x/(1 — 2). Now, for

B as in (3.3), gs(t) := g(t)/log(t)?, applying Potter’s theorem to II(g(t))/II(gs(t)), we get by (3.3) that for
arbitrarily small 7 > 0, II(g(t)) < I(gs(t)) log(t) =P +A™ < t~Llog(t)~*P+AT as t — oo. Then observing that

lim; o (1 — log(¢)~7) = 1, it follows that uniformly in y, h, as t — oo,

@Cd) <t log(t) 7T R(1).

Note that 8 > (1 +2a)/(2a + a?) implies that v = (1 —a)/(2+a) > 1 — af3, so we may choose 7 sufficiently
small that —y — a8+ 7 < —1 — e < —1. Then it follows that as ¢ — co, uniformly among h > 0, y > g(h),

@Cd) <t log(t) =@l (t) <t tlog(t) =@k (t)(1+ 1/(f(y) — h)), as required for in case ().
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Proof for (2CH), Case () First we prove 2CH) < ¢t~ log(t)~'~“®!(t) in case ({). Disintegrating on the

h h
value of Agcg” (£).9y (1))

and by (3.72),

, which is exponentially distributed with rate ﬁ(cg?(t)) - ﬁ(gl’}(t)), by independence

h * h h
ol - P <Og; st INGACKAOIPPNCCHOEACNN t)

h
P (Ogy A(cgyu),gy ®) t)

+.x O yJ(t))’

IN

IN

¢ x (Ol

(cq (1) plo% INSACHCUP N CHORACY
cgy () ) 5 x 0 gl
<

t ca® h . . h
(ng(t))/o P<ijx<ovys<t>> INGACEAC) _S)P<A< g5 (1,9} (1)) t’A< gu (0,95 (D) _ s) s

(3.72) _ cal h t h o ook ¢ .
< I (ng(t)) P <A§ 9y (19, (1) < t> / P <(9§y) ds <TI (cgy( )) P (Algy ®) < t> / P (O§y> ds.
0 0

t
ﬁ(cgy( ))/0 P (Ogy A(cgy(t) 9y (1)) <t ‘ A(cgy(t gh ()

IN
=

Il
=i

Recall for L at 0o, II(z) = 2=*L(z). Observe P(A; oy (0) <t)=1- e~Megy (1) < tI(cgp (t)),
so by (3.14) and Lemma BTl uniformly in h > 0,y > g(h), as t — oo,

T (cgl (1)) 195 (0) 2 Ti(g(1)) 20 (1) (3.102)

a C2a () \ ) \? L(g(t)?
- sor st =va > (520) 1 52 ) Ao

_ log(t)—2aﬁﬂ< g(ﬁﬁ)2 Lz(gg(gf)Qt@g(t).
log(t)#

By Potter’s theorem (Theorem [A-4.2)), for arbitrarily small § > 0, as t — oo,

@CH < log(t) 2T (109;(?)6) log(£)2P 1" ().
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It follows by (B3.3)) that IT (g(t)/ log(t)ﬁ)2 <t 2 ast — oo, and hence

RCH) < log(t) *7 log(t)*Pt @y (t).

Now, one can verify that 2a5 > 1 by (3.3]). Then taking § small enough that 2a8 — 2685 > 1+ > 1, it

follows that 2CH) < ¢! log(t)~'~=®}(t), uniformly in y, h, as required for (3.85) in case ().

Now we show 2CH) < ®!(t)u(t)[I(g(t)) in cases {) and (@) together. By (3.102), since limy_,q tII(g(t)) =0
by (3.3)) or (3.5)) for cases ({l) and () respectively, uniformly in h > 0,y > g(h), as t — oo,

2CH) < TI(g(1))*ty (1) = o(1) x T(g(1)) Py (1),

o 2CH) < ®!(t)u(t)II(g(t)) for suitable u (i.e. I(g(t))t < u(t) = o(1) as t — oo), uniformly in y,h, as
required for (3.86)).

* h * h
Partitioning (2Cd) By the definition (3.8)), disintegrating on the value of AT? := A(ng R (t)), which
is exponentially distributed with rate II(cgl(t)) — IL(p* (t)g) (t)) < II(cg (1)), by (3.72] (372, (3.73), and Lemma

BTl uniformly in h > 0,y > g(h), as t — oo,

@ = P (Of?x(o qy(t))yA(cgy (t),95 () < t;A;ch(t)’gZ(t)) >t Aﬁp*(t)QZ(t),gZ(t)) S t)
- H(Cg.f}(t))/otp(@fim ghWAécgym O S AP OBOGO) g per —s)ds
T(cg” (t)) /O t P(Ojf’xm,cg;;(m (XL x OO g e gh ) AT = )ds
I(cgy (t)) /Otp(ojido,cgb(m’X(o O X(O s >(1=p (t))g?}}(t))ds
B:gjn(g(t))/otp(ozyxm Cghm),X(O o) |y Oeslo) | _p*(t))gg(t))d&
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where X is an independent copy of X, and we use that the jump at time s has size at most p*(t) g;j (t). Recall

h
that 1 — p*(¢) = log(¢)~". Then partitioning according to the event {Xs((i’ W) gy (t)/(21og(t)")} and its

complement,

B t h A h h(t)
< 9y . (07ng(t)) gyi
@9 < H(g(t))/o P <087X(0’cgg(t)) P Xims > 2log(t)” ds

. h
- h (0,cq™ (1)) gy (t)
P 9y . - X y _Jy T
+H(g(t))/0 (OS)Xw,cgy(t)) 1 e ~ 2log(t)Y s
8 (5, (3.103)

Next we will bound (S), then later we will split up (5*) into two more pieces.

Proof for (3), Case () As X is an independent copy of X, we can write

. h
_ n Ocg"t)) 9yt
_ ]P) 9y N ]P) X Y _JYyrNs
(%) H(Q(t))/o (OS’X(O,ng(t))) ( t=s >210g(t)7 s
h
— (0,eg” (1)) Gy (t) h
- y 9\ . 1
< Ti(g(t))P <Xt > Fog{d)’ Dy (t) (3.104)

Since II is [regularly varying] at co, applying Potter’s theorem (Theorem [AZ2) to II(g(t))/T(g(t)/log(t)?),

for 8 as in (3.3 and for arbitrarily small 7 > 0, by (3.3)), as ¢t — oo,

_ (g apirpm [ Oedio) _ gy @)\
< af+T y 7 )| (¢t 1
B <log(t)ﬁ> tog(?) L ~ 2log(t) v (5109
< t71 lo (t)fa,é’Jr‘rB]P) X(O’CQZ(t)) > & (I)h(t) (3 106)
~boos ! 2log(t)r ) vV ‘

Now, we will show that there exists € > 0 such that uniformly among h > 0,y > g(h), as t — oo,

h
(Ocq(®)) _ 9y (1) C1—etafrh
P(x, V) < log(t)tE . 3.107

< t >210g(t)7 ~ Og() ( )
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Then it follows from (3.106)) and (3.107) that

(1) (1) Pl (t) 1
© < tlog(t)FoB = tlog(t)+e = tlog(t)1+e <1 + )= h) ;

as t — oo, uniformly among h > 0,y > g(h), as required for (3.85) in case ().

Moreover, it follows by (3.104) and (3.107) that for suitable u (i.e. log(t)~1=¢T*8=78 < w(t) = o(1), as
t — 00), we have (S) < ®}(t)u(t)IL(g(t)) as t — oo, uniformly in y, h, as required for (3.86) in case ().
Now, to prove (3.107), we set M :=~v+2/(2+ «) = (3 — «)/(2 + «), and partition as follows

cgl ht
. (Xtm, aien o 9y®) )

2log(t)”
h PHO) h an ()
(0,eg) (1)) Gy (t) log ()M (0,cg) (1)) Gy (t) log(H) M /
_p(x0 0 5 B0 R ) p(x0eto) OG0y @) 5

PHO)

Then as AJ**®" is exponentially distributed with rate (g (t)/log(t)™), we can bound

i (g} (1) log(t)™) 9, (1)
<P<A1°g(” <t) <] — gl )/ log(O™) < 4T Yy '
(Q) — 1 — — € log(t)M

By Lemma BT and (3.3), applying Theorem to II(g(t)/ log(t)™)/T(g(t)/log(t)?), it follows that for

arbitrarily small x > 0, uniformly in A > 0,y > g(h), as t — oo,

BZT _ A12 _
9(t) 9(t) — (8= M)+w(F— ) —a(B—M)+r(8-D1)
< I < I log(t)™¢ ® < log(t)™@ ®
@ % (40 ) R (0 Y toste) < loa(t) ,
and then in order for (3.107) to hold, we need —a (8 — M)+ k(8 — M) < -1 —e+ aff — 703, so taking k, T, &
small enough, we need —a(8 — M) < =1+ af, that is, (3 —«a)/(2+ ) = M < 26 —1/a. This is indeed true
since 8 > (1+ 2a)/(2a + a?), from which it follows that
14 2a 1 244a-2-a 3 33—«

1
Y PN el M S = s
g a> 20+ 02 o 2a + o? 2+a>2—|—a ’
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and the desired bound for (Q) holds. Next we bound (Q’). By Lemma B.6.1 with H(t) = log(t)~t~=+af=78

HO) by
gh(t) e (0.:2557) N gh(t)

h
/ — IP) X(O’ng (t)) . Alog(t)fw t < ]P) X
(@) ( ¢ ~ 2log(t)y’ ! - ) - ( t 2log(t)Y

) Bgﬂ exp((*)) log(t)—l—e-ﬁ-a;a_TB)

h
I4e—aB+78 1te—af+rp]2logt) M [ Iy (t) -M
() < tlog(log(t) ™ ) log(t)1+e 121og ()" ] <log(t)M 2log(t)"™.

Now, for n > 0 small enough that n < M — ~, observe that since M > v, as t — oo,

(*)Stlog(t)glog(tﬂﬂ( 9 (1 )mg(t)”MgtH( 9,() >

log(t)M log(t)M
Now, recall M = (3 — )/(2+ ), 8 > (1 +2a)/(2a + o?), and o < 1. Then

14 2« 149 3 33—«
> =& > > =M,
b 2a+a?2 24a 24+a 24«

so M < 3, and it follows by Lemma BTl and (3.3 that uniformly in A > 0,y > g(h), as t — oo,

BLD _ [ g(1) —( 9®) \ 63
) = t“(logu)M) gt“(logu)ﬁ) = ol

so the desired bounds for (@) and (Q’) are proven, and the proof of (3.107)) is complete.

Proof for ([8), Case () To show (S) < ®(t)u(t)II(g(t)) in case (), we show the probability in (3.104)
converges to 0 as t — oo, uniformly in A > 0,y > g(h). Splitting the probability up as in ([3.108) with M = 2,
we first bound (Q). By Lemma B71] Theorem [A.4.6] and (3.5, uniformly in h > 0,y > g(h), as t — oo,

" 25 ) a5 (1) — [ ghw h
A O N QNN a0 ™ 7tH< y M> = 95()
:P< > S A <t)<IP>(A s <t):1, Be™ ) < T
“ t 2log(t)?” I 1 - ‘ log(t)M
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for ¢ > 0 as in (3.5)), so (Q) < t1*e1I(g(t)) = o(1) as t — oo by (3.5). Now, to bound (Q’), by Lemma B.6.1]
with H(t) = log(t)~!, recalling that M =2 and v = 1 in case (),

gl (t) gl (t)
Oegj) _ gy (0 utr) __gy(®) )B?gm

Q)= P(Xt > m; Aiog(”M >t) < ]P’(Xt > m exp((*))log(t)™!,

h
() < tlog(log(t)) log(t)* 'V (i:é’;@) 2log(t)™".

Now, log(log(t)) < log(t)}/% and log(t)2°5() " < log(£)'/2 for all large enough ¢, so by Lemma Z7.1] Theorem
[A.4.6 and (3.5)), uniformly in A > 0,y > g(h), as t — oo,

g0\ o g \EZD )
<*>5m<10g(tw> <t“<log<t>M> < (et )

) LA.4.06l

()"
M = Tog (£)™ = -
TT(g() < tH(g(t))W = tII(g(t)) log(t)™ < t"*T(g(t)) =" o(1),

for ¢ > 0 as in (3.5), so (Q') < log(t)~! = o(1) as t — oo, uniformly in y > g(h),h > 0, and hence the
probability in (3.104)) converges to 0 as ¢ — oo, uniformly in y, h, and therefore (8] < @Z(t)u(t)ﬁ(g(t)) as

t — o0, for suitable u satisfying

h
(Ocg®) 9y (1) _
P (Xt > m < u(t) = 0(1) ast — oo,

uniformly in y > g(h),h > 0, and so ([S) is suitably bounded in case (), as required for (3.86)).
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Partitioning (S7]), Case () Now we partition (S7)) in case (). For vy = (1 —a)/(2+ ) and § := 1 + 7,

write gs(t) := g(t)/log(t)°. Recall the notation in ([3.9). Partitioning according to Aﬁ"s(t) > s and A‘i”(t) < s,

¢ h
= g (0, cgz '(t)) 9y (t)
&) =T [ » (0;X<0 o 3 X2 S s

— t . h(t
= H(g(t))/o P (Ogy (o, cgh(t)) ) X(O o (t)) > gyi() ) A‘(l](s(t) S S) ds

5X 2log(t)”
— g X0 ) 9 e p
+ H(g(t)) /0 OS X(O CJ}L(t)) ; > m 9 1 > s S
=: (S7) + (S3). (3.109)

Proof for @), Case () Disintegrating on the value of Afé(t), which is exponentially distributed with

parameter I1(gs(t)), by (3.72) and -7

h
= oy ®) __Iy(1) | a5y _
@ < H H gé / / s, X(O cgh(t)) 3 X Y > m |A16 = U) dvds
h
£S5 (0,cg (t)) gy (t) gs(t)
S H H 95 / / v, X(O Cgh(t));X Y > m‘Afg = 'U) dvds
h
= % Oeg®) 9y (t) )
= H H 95 / / v, X (0 ga(t))7X > QIOng‘AiM = ’U)d’l}dS
(3.72) __ _ g (3.14) __ _ h
£TT(g(t)) Tl (g5 (1) / P(O% sy )elo = g(0))TT{gs(1)) 01 0). (3.110)

As II is [regularly varying] at co of index «, applying Potter’s theorem (Theorem [AL2) to I1(g(t))/I(gs(t))

and T1(gs(t))/T(gs(t)), with gs(t) := g(t)/log(t)” and 3 as in (3.3), for arbitrarily small 7 > 0, as t — oo,

@ < tH (gp(t log( )~ aﬁ—a(5—5)+ﬂr+(5—5)7¢)2(t)7

Now, by B.3)), lim;— e tII(gs(t)) = 0, so as t — oo,

@ 5 t—l log(t)_aﬁ_a(ﬁ_6)+ﬂ7+(6_6)‘r@z(t).
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Now,d=1+vy=1+(1—-a)/(2+ ), and B > (1 + 2a)/(2a + a?), from which we can deduce

11—« 1+ 2« 3 —2—4da+ 3a
—aff — —0)=-2 1 —2 = =—1
af —a(B—90) aﬂ+a( +2+a>< <2+a>+a<2+a> Tt a )

so taking 7 small enough, we conclude that there exists € > 0 such that (SF) < ¢~ *log(t) "' ¢ ®}(t) as t — oo,

uniformly among h > 0,y > g(h), as required for (3.85)) in case (I).

To show (S}) < @} (t)u(t)II(g(t)), one can verify that for each o € (0,1) and for 5 > 1 as in (3.3),

1— 3 li9 142
o0=1+ e _ < & = +oo
24a 24+a 24+a 2a+0?

< B.

Thus lim;— e t1(g5()) < limy—yoo tI(gs(t)) = 0 by (3.3). Then by (3.110), for suitable u (i.e. satisfying
tl(gs(t)) < u(t) = o(1) as ¢ — o0), uniformly in y > g(h),h > 0 as t — oo, we conclude that (S7) <

tIL(g(t)) (g5 () @A (t) < u(t)IL(g(t))®}(t), as required for in case (1).

Proof for ([53), Case ([{) Note for g5(t) := g(t)/log(t)’, by Lemma 3.7} for all o > 0, y > g(h), and for

all large enough ¢, gs(t) < cgl(t), so as t — oo,

t N N h

_T 9y -y (0egh (1) 95(t) e

@ - H(g(t))/(; P (OS,X(O’CQQ(t» ) Xsf > m y Al(j > s |ds

t N h(t

T a) s o 95 s

- H(g(t))/o P (OS,X(Uvga(t)) P X2 > 21§g(t)7 ; AP > s) ds
t h h

ini (0,95(t)) 9y (t) T (0,95 (t)) 9y (t)
< H(g(t))/o P (XS_ > Slog(t)" ds < tl(g(t))P | X; > Sl0g(t) |- (3.111)

For gg(t) == g(t)/log(t)?, with 3 as in (3.3)), applying Potter’s theorem (Theorem [A4.2)) to 1(g(t))/IL(gs(t)),
for arbitrarily small 7 > 0, as t — oo, by Lemma [37.1]
< tﬁ )1 t 7aﬁ+TﬁIP) X(ngé(t)) gZZ(t)
BT
<

tll(gs(t)) log(t)~*"*77P (Xfo’%(t)) > W) _
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Applying Lemma 6.1 with H(t) = 1/(tlog(t)*5=%%), ¢ > 74, then by (3.3) and Lemma 510, uniformly
inh >0,y > g(h) by Lemma BT as t — oo,

Bel
B = Mla(t)loa(t) ™" exp(() oty = o(1) % expl(4) sy
E510 1 Dl (t)
< o(1) x exp((*))tlog(t)HE_TB o) = (3.112)
() S tlog (tlog(t)+=P) (tlog(t)++=#) AT Ti(gy(1)) og(t) .

Now, if limy_,o0 (%) = 0, then we get (S3) < ¢t log(t) "' =@ (t)/(f(y) — h). Indeed,

2log ()79

() < tlog (t log(t)Hs*O‘ﬁ) (tlog(t)lﬁ*aﬁ) =A7T TI(gs(t)) log(t)Y 0

o 2log(t)Y—9% _ 21og(t)Y 9 _
= tT(gs(t))t AT log (tlog(t) <=8 log(t)* T= A 5 =amr— =9,

Now, § > 7, so lim; . log(t)7=% = 0, and for arbitrarily small x > 0, as t — oo,

2 log(t)"’*é

(%) S tT(gs(t))t -4 T log (tlog(t) T=~F) log(t) (M Fe—fmtr=o,

As t — oo, log(tlog(t)1t5=2#) < log(t). Applying Potter’s theorem (Theorem [A4.2) to TI(gs(t))/T(gs(t)),

for 8 as in (3.3) and arbitrarily small ¢ > 0, as t — oo,

21og(t)Y 9

(*) 5 tﬁ(gﬁ(t))tﬁ log(t)1+(1+67(1ﬁ)n7(575)a+(ﬁ75)c+’yf5.

210g(t)"/_‘S 210g(t)1+'\’_‘S

Recalling y —6 = —1,¢t 1-477 = 1-4a°1 = ¢T-A=T . Then since limy 00 tI(gg(t)) = 0 by (3.3), using

that 1+~v—3d =0, as t — oo,

(*) S, log(t)1+(1+s—a6)fi—(ﬁ—é)a-ﬁ-(ﬁ—&)c-&-'\/—é _ log(t)(1+E—a,8)m—(ﬂ—6)oz+(6—6)c. (3.113)
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Now, § < 8, so —(8 — d)a < 0. Choosing k, ¢ small enough that the exponent in (3.113) is negative,
we get lim;_,oo(x) = 0. Then by (3.112)), it follows that uniformly in A > 0 and y > g(h), as t — oo,

[S5) <t 'log(t)~t=@h(t)/(f(y) — h), as required for in case (1).
To prove (S3) < @& (t)u(t)[(g(t))/(f(y) — h), applying Lemma BZT and Lemma B8 with H(t) =

1/(tlog(log(t))) to (3.111), as t — oo, uniformly in A > 0,y > g(h),

o (1 A=)} B Ti(g(e)
T(g(t)P ( xO0®) > 2 0 B
< fita(o)e (x) e ) exp (4).
2log()Y =%
(+) < tlog (tlog(log(1))) (tlog(log()) 041 Th(gs(t)) log(t)"~".
Recall 1+ — & = 0. As tlog(log(t)) < t? for all large enough ¢, as t — oo,
5 4log(t)Y =% __ 4(1—A" D logp)+7—=96 a1-A—1H

(x) < tlog(t) V=0t =a"T TI(gs(t)) = te A 1(gs(t)) = te =477 Tl(gs(t)).

Now, since § < 3, by (3.3), lim¢— 00 tI1(gs(t)) < limy—yoo t1(gs(t)) = 0, and hence lim; () = 0, so that for
suitable u (i.e. 1/log(log(t)) < u(t) = o(1) as t — co), (S3) < @2 (t)u(t)[L(g(t))/(f(y) — h), uniformly among
h >0,y > g(h) as t — oo, as required for ([3.86)), and the proof of Lemma [3.5.3]is complete in case ().

Partitioning (57)), Case ({i) In case (), we partition (§F) differently. Recall the notation in (3.9).

() (t)

1. h 1. h
Partitioning according to Afcgy > s and Afcgy <s,

t h h h
—T1I 9y o) 9y(t)
(m) - H(g(t))/o IP (OS’X(U,CQZ(U) ) XS, > m dS

t h h h h
= g D0y 9y () Leghn)
=Tt | P(OS;{@,WM XS IO A <) as
t h h h h
T 7. Doty gy (E) o deghn)
+Ti(g(0) [ P(Q;XWM X 0O BO A
= (577) + (537). (3.114)
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Logh
Proof for (S77), Case (i) Disintegrating on the value of A} % (t), by Lemma B 7Tl and (3.72)), as ¢t — oo,

o _ /1 t ps h ot h(t 1. h
B7) < Tig)T <2cgg<t>) /0 /0 POy X 5 I\ FA O ) g

2log(t)Y
_ t ps h 1. h
M(g(1))? / / P(O% i |AFH = 0t
0 0

0, X 009y
B2 =
= (g(t))”

t s gh
Y
/0 / ]P’((’)v X(O%ng(t))dvds
h

0
< iT(g(1))? /0 P(O%)dv

< t(g(t)* @y ().

Now, limy_, o tII(g(t)) =0 by (3.5), and so (S77) < @} (t)u(t)II(g(t)) for suitable choice of the function u (i.e.

tI(g(t)) < u(t) = o(1) as t — 0o), uniformly in h > 0,y > g(h) as t — oo, as required for (3.86) in case ().

Proof for (S57), Case (i) Recalling the notation (3.9), (3.13), and the definition in (3.8),

_ t h cah bt 100
B =Ty [ P (Ogy o XL IO pJeb ) "
0

5,x (09 2log(t)’

= (0,4cg” () gp(t)
< {TI P x 2 A
> t (g(t)) ( t > 210g(t)7

By Lemma B.6.Tl with H(t) = 1/(tlog(log(t))), uniformly in y, h by Lemma B7T]

M) )
c — (1 h Cc
(4 togtlog(log(1) (¢log(log(1) ™7 T (3esl (1)) o
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For each arbitrarily small 1) > 0, as t — oo, log(tlog(log(t))) <7 and (tlog(log(t)))”/ 6™ < yn As 1T is

[O-regularly varying] at co, by Lemma B.7.1]

— ) 1
(¥) <A <2> g (17

ST (g(1)) .-

Now, lim¢ o t'¢II(g(t)) = 0 by (3.5), so taking n < &/2, it follows by Lemma BEI0 that (S37) <
h T . . _ .

Py (t)u(t)(g(t))/(f(y) — h) as t — oo, for suitable u (i.e. 1/log(log(t)) < u(t) = o(1) as t — oo), uni-

formly in h > 0,y > g(h), as required for ([3.86) in case (i), and the proof of Lemma is complete.

O

Remark 3.7.2. One can verify that the above choices of v and § are chosen in an optimal way to ensure
B can be as small as possible while the proof of Lemma [3.5.3 still holds, thus giving as much generality as

possible in case (d).

3.8 Proof of Lemma [3.5.7]

Proof of Lemma[3.5.7 Let Ty, denote the time when X first passes above the level g(h), and let S, 40 be
1

the size of X’s first jump of size larger than g(h). For each y > K, where K > 0 is a large, fixed constant,

h
P (Xy € g(h)dy; Op) =P (Xh € g(h)dy; X, < @; Oh)
+P (Xh € g(h)dy; Xr,,, > =5~; SM(;L) < = Oh>
h h
+P (Xh € g(h)dy; Xr,,, > M; Spom = %; Oh>

=: o} (dy) + o (dy) + o3 (dy). (3.115)

We will bound P (X}, € g(h)dy; Op) by bounding these 3 terms separately.
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Upper Bound for o} (dy)| We shall disintegrate on the values of Ty and Xr,,- Observe by (3.6) that
P(On; Tyny € ds) = P(Og; Ty € ds), so that we can apply (3.72) and the independent increments property,

with the notation P(X; € dx) = fi(x)dz, to yield

y

h rg
= o/—1 P (X € g(h)dy; Xr,,,, € g(h)dw; Ty € ds; Oy)

N

h
= /0 . frn—s(g(h)(y —w))g(h)dyP (XT " € g(h)dw; Ty € ds; Oh) .

Now, g(h)(y — w) > g(h)y/2 > g(h) + o > g(h — s) + xg, for all large enough h, with z( as in Definition

B.4.5 so (3.4) applies to fn—s(g(h)(y — w)). Applying (3.59), since y —w > y/2 and L is at
oo, uniformly in y > K by (Theorem [A47]), as h — oo,

3.4) 5
)< / / (h— s)u(g(h)(y — w)g(W)dyP (X, ,, € g(h)dw; Tyqn, € ds; Op)

// g(h y w) ' L(g(h) (y — w))dyIP(XT(h> g(h)dw; Ty € ds; Op)

2 h Llg(h) ia; (9(h)y . |
S / g(h)e L(g( h))y L ( 9 ) dyP (XT ™ (h)dw,Tg(h) € ds; Oh)
S LL(gg((i;L))y) dth / / Ty € 9(h)dw; Tyany € ds; Op)
—1—a L(g(M)y) E3) —1—a L(g(h)y)
< 7 gy 4 MO P (On) = olt) T RR O (26)

where, recalling g(h)~*L(g(h)) = II(g(h)), the last step follows by (3.3).

Simplifying the Expressions for [0} (dy)| and [0} (dy)| Recall the notation (3.9)), and that

0w (dy)|+ o, (dy)|= P(Xn € g(h)dy; X1, ., > g(h)y/2; Op).

Choosing K > 4, we have g(h)y/2 > 2g(h) for y > K. As T, is the first passage time above g(h), if

X1, > 2g(h), then X crosses g(h) by a jump larger than g(h), so since Ty(n) < A Tyny = Af(h)

Then since X; < g(h) for all t < Ty, it follows that Xr,, - = X, .0 _ < g(h), as X has cadlag sample
1
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paths, almost surely. Moreover, if Oy, holds, then X crosses g(h) by time h, so Af(h) = Ty(n) < h. Thus:

h h h
{XTg(h) > %;SA?M < g(Q)y;Oh} - {A‘(ll(h) < h;XAf(h)— < g(h); SAi(h) < %; Oh} s (3.117)
and therefore we can bound o7 (dy) by
h h
=P (Xh € g(h)dy; Xr,,, > Q;SMW < 9(2)y;Oh>
h
<P (Xh € g(h)dy; Ag(h) < h;XA‘(l;(h)i <g(h); SA‘{“” < %; Oh) . (3.118)

For the event in |0 (dy), we have S,,m > g(h)y/2, and so the reverse analogous inclusion to (3.117) holds
1
too, that is, if A“f(h) < h, X, om_ < g(h), Syom > g(h)y/2, and O, hold, then we have
1 1

X1y = Xpoom 2 Xpoon = Xygom = S > g(h)y/2,

and therefore o} (dy) satisfies

h h
o (dy)|=P (Xh € g(h)dy?XTg(h) > %5 SAsli(h) > %? Oh)

h
=P (Xh € g(h)dy; AY™ < h; X < g(h); S ppm 2 g()y;oh> . (3.119)

h
A - 2
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Upper Bound for |07 (dy)| By (3.118) and (3.74), disintegrating on the values of A?(h), XA§<;L)7, and

S \e(m, by independence of increments and the Markov property, with P(X; € dx) = fi(x)dx,
1

(3.118)

h
o (dy)| < P (Xh € g(h)dy; A‘({(h) <h; X om_ < g(h); S o < g(%; Oh>
1 1

hoopl R
" / / / ]P’(Xh € g(h)dy;A“{(h) € ds; X yom_ € g(h)dw;
s=0 Jw=0 Jv=0 1
Spgem € g(h)dv; 0,)

— /Oh /01 /0g fr—s(g(h)(y — w —v))g(h)dy

X P (Ai’(’” € ds; X g0 _ € g(h)dw; Sy € g(R)dv; (95)

ho ol ¥
A / [ eslo) = w =)o)y

X P (A‘{(h) € ds; X 00 € g(h)dw; S g0 € g(h)dv; oh) .
1 1

Note y —w —v > y/3 > K/3 for w <1, v < y/2. So as h — oo, g(h)(y —w —v) > g(h — $) + x0, SO we can
apply (3.4)), and we can apply (3.59) too. Now, g(h)~*L(g(h)) = II(g(h)) for L at 0o, so by
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(3.3), uniformly in y > K by the uniform convergence theorem (Theorem [A-ZT]), as h — oo,

Ea b 1 %
ek / / / (h — s)yulg(h)(y — w — v)g(h)dy
0 0 0
x P (Ai’(h) € ds;XAg(hL € g(h)dw; SA{“" € g(h)dv; Oh)
b rE (b= s)L(g(h)(y — w — v))
< / / / a(h) dy

*(y —w—v)lte

x P (A’f(h) € ds; X yoom_ € g(h)dw; S\ o) € g(h)dv; Oh)

h 1 ¥
> (h—5)
< L(g(h)y)d
S ] st ety
x P (A-‘{(h) € ds; X o _ € g(h)dw; Sy ou € g(h)dv; oh)
hoplopd
< hE(g(h))/ // yflfaL(g(h)y)dy
gh)> Jo Jo Jo L(g(h)
P (Af“” € ds; X oo _ € g(h)dw; S o € g(h)dv; oh)

6, " E s Ll
o [

x P (Aﬁ’(h) € ds;XAg(hL € g(h)dw; SAgul) € g(h)dv; Oh)

< 0(1) x y—l—aL(g(h)y)P

< ) (On)dy. (3.120)

.. . g(h) .
Upper Bound for [0 (dy)| Disintegrating on the values of A", XA‘;’(’LL and SA{“‘)’ observing that
Xy, € g(h)dy implies X y o) +S,90m < g(h)y, then applying (3.74)), independence of increments, the Markov
1 1

property, and Lemma B:5.9] it follows that uniformly among y > K as h — oo, with P(X; € dx) = fi(z)dx,

oo pyew
= / / / B (X0 € g(h)dy; AL") € ds;
s=0 Jw=0Jov=%
XAi](h')* S Q(h)dw, SAf(h) c g(h)dv7 Oh)
hop py—w
B:E/ / / Tr—s(g(h)(y — w — v))g(h)dyP (SMW c g(h)dv)
o Jo Ju g

x P (A-‘{“‘) € ds; X 00 _ € g(h)dw; (95)
1
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_ /h /1 /y‘w Jaesgh)(y = w = 0))g(h)dyP (S yo € g(h)dv)
o Jo Ju

x P (A-‘{(") € ds; X g0 € g(h)dw; os)

BEa h ol opy-w o “1-a Llg(R)v)
S estamt e ongmay o GEG

Ai’(h)* (S g(h)dw; OS)

S 1o Lo
A A A L O s P

x P (A{“’) € ds: X

x P (Ag(h) € ds;XAi,(hL € g(h)dw; Os
L(g(h
@[ . sty —w =gty vt GG

x P (A{““ € ds; Xy € g(h)dw; Oy)

N—

N—

Now, as y/3 <y/2—1<y/2 —w < v <y, applying the uniform convergence theorem (Theorem [AZT) to
L(g(h)v)/L(g(h)y), uniformly in y > K as h — oo,

—aLlg(h)y)
oy (dy)| Sy~ Z(g(h)) dy/ / /_w fr—s(g(h)(y —w —v))g(h)dv (3.121)

P (Ai’(h) € ds; X g0 _ € g(h)duw Oh> .

Changing variables to u = g(h)(y — w — v), uniformly in y > K, as h — oo,

Gen Uy A A e

P (A{W € ds; X g0 _ € g(h)dw;0h>

hopl
- ), |7 (o< 152)
x P (Ai’(h) c ds;XA_g(h,)_ € g(h)dw; Oh>

_o L(g(h)y)

=V L)

h 1
dy/ / P (Aﬁ’(’” € ds; X 00 € g(h)dws oh)
0o Jo 1
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L(g(h)y) g . :
TG DY gy (Al(h) < B X o0 _ < g(h),(’)h) (3.122)
<y L(f((h)y))ﬂb (On) dy. (3.123)

Conclusion of Upper Bound By (3.115), (3.116), (3.120), and (3.123), we conclude, as required for the

upper bound in (3.58]), that uniformly in y > K, as h — oo,

P(Xn € g(h)dy; On) Sy~ — 25 P(On)dy. (3.124)

Now we will prove the lower bound on P (X} € g(h)dy; Op,).

Proof of Lower Bound Now, fixing yo > 0, for all y > K, as h — oo,

h
P (Xp € g(h)dy; On) > ]P(Xh e g(h)dy; A{™ < h —1; X g < g(h); # < Spom < g(h)y = yo; Oh)~

(3.125)

Disintegrating on the values of Af(h), X AT s and S A applying the Markov property, noting that by
(3.74), the measures ]P’(Af(h) € ds; Op) and P(Af(h) € ds; O, 4m) are equivalent for each s < h, with
1

P(X; € dx) = fi(x)dx

h—1 /1 y—%%—w
(B.125) / / ! IP’(Xh € g(h)dy; AI™ ¢ ds; X yo0_ € g(h)duw;
s=0 w=0 Jv

Y
2

SAi;(h) S g(h)dv; OA?(h)>
h—1 1 y—%—w
/ / fu—s(g(M)(y —w — v))g(h)dyP (SAgm € g(h)dv)
0 0 Ju=% 1

P (Afll(h) € ds; X g0 _ € g(h)duw oh) ,
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Applying Lemma B59] noting h — s > 1, y/2 < 2y/3 — w, v < y, and L(g(h)v) < L(g(h)y) uniformly in
y > K as h — oo by the uniform convergence theorem (Theorem [AZT]), it follows that uniformly in y > K

as h — oo,

Lot ety L(g(h)v
B125) > / / / o s(g(0) (= w — v))g(R)dyp—1 - ZIY) o
o Jo Ju=g L(g(h))
x P (M’” € ds; X g0 _ € g(h)dw; O,

h—1 y"§457 w

x P (Aﬁ’(’” € ds; X 00 _ € g(h)dw; oh) .

Changing variables to u = g(h)(y — w — v), noting that y/3 > 1 for all y > K and that h — s > 1,

g(h)y

o L(gh)y) [
B125) >y~ IT0) dy/ / / Jn—s(u)du

X P (A-’{(h) € ds; X o _ € g(h)dw; oh)

- ylamdy /0 v /O 1 [IP (Xh_s < g(?y> P (Xns < yo)}

x P (Ai’(h) € ds; X \o_ € g(h)dw; Oh)
1

_o L(g(h)y)

=V L)

h—1 1
dy / / [P (X, < g(h) — P (X3 < 4o)

P (Af“” € ds; X g0 _ € g(h)dw; oh) .

Now, with X (%9(") again denoting the process with no jumps bigger than g(h) as in ,
P (X < g(h) = PG < g(m)BAT™ > ) = BT < g())e MO0,
and since lim,_,oo hI1(g(h)) = 0 by (B.3), by Markov’s inequality (Theorem [A21]), as h — oo,

(0,9(h)) g(h)
(3.3) La(h E|X h
(< o) & 00 < gy > 1= B BT
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Now, by (3.3) and Karamata’s theorem (Theorem [A-Z.3)), as h — oo, we have
P(Xp<g(h) 21—

Then since P(X; < yp) = constant < 1, taking yo sufficiently large that P(X), < g(h)) —P(X; <o) 2 1

uniformly, we get that uniformly in y > K as h — oo,

I h—1 1
(3.125) = Llg(h)y) _1_O‘dy/ / P (Af(h) €ds; X \om _ € g(h)dw;(?h)
s 0 1

Lig(h) * 0 Jue
- fmg/ladw (A1 < h = 15X yg_ < g(1);On) (3.126)

Proof by Contradiction Step Now we assume for a contradiction that

. fIP’ AIM <~ LX o _ < g(h);(’)h)
11m 1

im in B0 =0. (3.127)

As Ai’(h) is exponentially distributed with rate II(g(h)), A?(h) must have a decreasing probability density

function, and so by Lemma B.5.1] as h — oo,

P (A € (= 1,h X g0 < g(h):On) <P (A™ € [n—1,1])

<P (A-‘{W < 1) — 1= e ) < Ti(g(h)) BET P(On) €23 o(1) x P(Oy),

since limy_, oo ®(h) = oo by (3.34)), so it follows that ([3.127)) holds if and only if

P (Aﬁ’(h) <h X 0 < g(h);oh)
lim inf L
h—o0 P(Oh)

= 0. (3.128)



Chapter 3: Markov Processes with Constrained Local Time 135

By (3.115)), (3.116)), (3.120), and (3.122)), we get that (3.128]) implies, along a subsequence of h, as h — oo,

P(Xn > Kg(h);On) = /K°° P(X3, € g(h)dy; On)

= [(o(1) x P(OW)) + B (™ < hs X g0 < g(R); O] /OO 1Ly

p L(g(h))
BIx) o(1) x ]P((’)h)/K ylaLL(E];(hh))y))dy'

Now, changing variables from y to u = g(h)y,

) =0 g(h)*P(On) [ u ' L{u)du
P (Xn=Kg(h); On) = o(1) x L(g(h)) /ng) Hode

As L is at oo, applying Theorem [A-Z4] to f;;(h) u T L(u)du, as h — oo,

9(h)*P(On)

P (X = Kg(h); On) S o(1) x  Lig(h)

(Kg(h))~“L(Kg(h)) = o(1) x P(Op). (3.129)

But considering the subevent {Af(h) = A{(g(h) < h;On} C{X) > Kg(h); O}, disintegrating on the value
of AY (h), and applying the Markov property,
h
P (X0 > Kg(h);0) > P (A" = AF® < 1,0,) = / P (A1 = AT ¢ 45 0,)
0
P A 6 ds; SAg(h) > Kg(h) OS X, g(h)))
IP’ osxm g3 A eds) (SMW ng(h))

)/ P(O x (0, g(h)),A E ds)

)
)
ﬁ(Kg h))) / (0n 1™ € ds) = (Kg(h)))]p (0ns 8™ < ).
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Now, disintegrating on the value of A?(h), by (3.74)), (3.72)), and Lemma B5T] as h — oo,

h h
PO <) = [ POwal” e ds) B [ (0,81 € s

X2 / 0TI (g(h))e oM ds ~ Ti(g(h)) D (h) B B(O,),
so as h — oo, B
B(Xh > Kg(h):04) > mp (On) ~ K~B(On), (3.130)

because II is[regularly varyinglat oo, so the inequality (3.129)) contradicts (3.130]), and therefore it follows that

liminf, oo P(A™ < h; X 00 < g(h); O1)/P(O}) > 0. Then by (3-126), uniformly in y > K as h — oo,
1

_o L(g(h)y)

P(Xn € g(h)dy; On) 2y 73

P (On) dy,

as required for the lower bound in (3.58)), so the proof of Lemma B.5.7 is complete.

3.9 Proofs of Auxiliary Lemmas
Lemma B.5.35] In case @), for the function p as defined in (3.15)), liminf;_, o p(t) > 0.

Proof of Lemma[Z5.3 Recall from (3.15) and (3.77) that

1

500 [ (C’)t,Ag(t > t) / / _H(g(t))“dvds .

If p(t) <0, then as for all t > 1, ®(¢t) > ®(1) = constant > 0, for all ¢ > 1,

/ @) gyds

/ Ov) t))vdv < (g(t)) < t2ﬁ(g(t))2.
0

p(t) =

(t)

lp(t)] o)
t

—~

g(

o)

<

P@*
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Now, lim;_, tII(g(t)) = 0 by (3.3), so it must be the case that liminf; ,o, p(t) > 0, as required.

Lemma In case [@), for to(y) as defined in (3.22), uniformly in h > 0,y > g(h), and t € (to(y), o0],

/t () —3) = Ti(6(5) ds S 0 ()T

Proof of LemmalZ5.0. Recall that II(z) = x~*L(x) for L at oo, so as Il is non-increasing,
for large N > 0, using that to(y) > f(Ay),

/ gt ) =) = Til(e)))ds < / | ([gts) =) = Tilg (o) (3.131)
XY (L) —w) L),
< /f(Ay)m(g(s) y) — Ti(g(s)))d /M oy g<s)a>d

[ L) —y) ([, (9(s) —y\"  L(g(s)) S
= o GO (- (%Y 2o 2)
_ /°° L(g(s)=v) ({ (9(8) - y)‘”N 9(s)¥ L(g(s)) s
flay (g(s) —y) g(s (9(s) =y)NL(g(s) —y) ]
Now, A > B — 1, and 2V L(x) is non-decreasing in x for > B in case (i), so it follows that
Lig(s) —y) g(s) —y\
ems< [ G (1 (%) ) ds'

One can verify 1 — (1 —y/g(s))*™ < y/g(s), uniformly in y > 0,s > f(Ay), and therefore

em < [

Lig(s) —y) v
PO

f(Ay)

As g(s) —y > (1 — A71)g(s) for s > f(Ay), and II(z) = 2~“L(z) is non-increasing,

BI131) < y/ :29(8))@. (3.132)

f(Ay)
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Applying the uniform convergence theorem (Theorem [A-Z7]) to the slowly varying function L, substituting
u = g(s), as uf'(u)l(u) is decreasing, we conclude that uniformly in y > 0 (and so also uniformly in

h >0,y > g(h)),

(3.131) < y/f(Ay) g(i%g?i ds = y/Ay ul(fi f(u)du = y/Ay u”uf (u)(u)du

o0

< AP ATIAY) [ = Suf (A)TTAy) S uf )T, =

Ay
Lemma [B.5.8 In case @), for § > 0 small enough that 0 < f(0) < f(§) < 1, uniformly for all h > 0 and
y > g(h+ £(5)),

f(Ay)

an(y) =< @}(f(Ay))exp (— / H(Q(S))ds) ~
1
Proof of Lemmal3.5.8. First recall that by Theorem [B.4.18]

h t .
wti%‘oexp ( /t (T(gy (s))+py(s)) ds — /1 (n(g(s))+p(s))ds>.

o(y)

an(y)

Now, by (3.30) in Lemma B5.3] uniformly in h > 0,y > g(h),

py(s)ds 5/ 1+ ds,
/to(y) v(®) to(y) Slog(s)!Te fly)—h

and 1/(f(y) — h) < 1/f(§) < oo since y > g(h + f(4)), and thus ftoo(zy) pi(s)ds is bounded uniformly in

h > 0,y > g(h + f(0)). Moreover, by Remark B5.4] we have floo p(s)ds < co. For y > g(h+ f(d)) > 9,
f(Ay) > f(AJ), so taking A sufficiently large if necessary, to(y) := f(Ay) V f(1 +2/A) = f(Ay), then by

Lemma [35.6] limsup,_, . f;(Ay)(ﬁ(gZ(s)) —TII(g(s)))ds < oo, and so we have uniformly in o > 0,y > g(h),

F(Ay)
an(y) S @) (f(Ay))exp (—/1 H(g(s))ds> .
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For the converse inequality, as II is non-increasing, for y > g(h) (so f(y) > h),

o]

/ (I(g(s) = (g(s + h) —y))ds < / (I(g(s)) — I(g(s + h)))ds
1(Ay) 1(Ay)

t t+h f(Ay)+h
[ Tepis- [ T < T(g(s))ds
f F(Ay)+h f(Ay)

< hIl(g(f(Ay))) < hll(y) < f(y)(y).

Then as y > g(h + f(8)) > 6 and limy_, f(y)II(y) = 0 by ([B.3) (recall f~! = g), we conclude that

f(Ay)
qn(y) = ®y(f(Ay)) exp (— /1 H(g(s))ds) .

Lemma [3.5.9] For a subordinator and a function g = f=* as in case (id), let S \om denote the size of its
1

first jump of size greater than g(h). Then there exists hg > 0 such that uniformly for all h > hy and v > 1,

_ W(g(r)dv) _ L(g(h)v) _1-q
P (SAi,(h) € g(h)dv) = Ty - L) v %,

In particular there is xy € (0,00) so that for all x > xg, with II(dx) = u(x)dz,

u(z) < o7 (z) = L(z)z~ 7% (3.133)

Proof of Lemma[3.5.9 In case (fal), with II(dz) = u(x)dx, u(x) has bounded decrease and bounded increase

(see Definition [AZ4H)), and as II is [regularly varying] at oo with index —a € (—1,0) in case (i), it follows

that IT has positive increase and bounded increase (see Definition [AZ5]). Thus we can apply Theorem [A4.9]

yielding that zu(x) < II(z) for all sufficiently large x, so

Hg(hdv) _ ulg(hywyg(mde _ Tg(hw)g(hde _ i, Lig(h)

I(g(h)) 1(g(h)) g(h)vII(g(h)) L(g(h))
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Lemma B.5.T01 Recall the notation (3.14)) , (3.22). If h > 0, y > g(h), and t > f(Ay), for A>3V (B—-1),
then ®(t) > f(y) — h.

Proof of Lemmal3.5.10. Fort > f(Ay), A>3V (B —1), as f is increasing,
t=> f(Ay) = f(y) = f(y) — h
For y >0, y > g(h), and s < f(y) — h, we have gl'(s) = g(s + h) —y < g(f(y)) —y =0, so
P(Oiy) —P (X, > g"(u),Yu<s) >P(X,>0,Vu<s) =1,

and we conclude, as required, that

ol(1) = /tp(og’i)ds > /f(y)hnm(ogﬁ)ds = f(y) — h.
0 0

Lemma [3.6.0] Let (X;)i>0 be a subordinator satisfying the assumptions in case (@) or (). Then there
exists a constant C > 0, which depends only on the law of X, such that for allt > 0, A(t) € (1,00), B(t) > 0,

and H(t) € (0,1),

P (Xt(o,A(t)) > B(t)) < exp (Ctlog (175) H(t)_B“)H(A(t))B) H(t). (3.134)
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Proof of LemmalZ.6.1. By Markov’s inequality (Theorem [A2.7)), with A = log(1/H(t))/B(t),

P (Xt(oyA(t)) > B(t)) ) (e)\Xt(O’A(t)) > e/\B(t))
(0,A(1)) A(t) — —
gE[e’\Xt }643@ —exp [ ¢t / A (TI(x) — TI(A(t)))dz | H(2)
0

< exp (tbg(;/(g@) A /OA(t) H(x)dx> -

B log(1/H (t)) AW Alt) _
— exp <tB(t)H(t) 3 /0 H(m)dx) Ht). (3.135)

Now, by Theorem [AZ8 which applies as II has [ower index] 3(IT) > —1 in cases ([{) and (@), there exists
C’" > 0 such that for all A(t) > 1,

A(t) o 1 o -
/ Ti(z)de < / Ti(a)de + C'TH(A(1) A(t). (3.136)

Now, consider the lower order pu(Il) := liminf, o log(I(z))/log(x), which by Theorem [AZ7] satisfies

p(I) > B(II) > —1, so that liminf, . log(Tl(x))/log(x) > 1, which implies that liminf, ,. zII(z) > 0,
so that uniformly among A(t) > 1, we have fol T(z)dz < A(#)TI(A(t)), and (3.134) follows immediately from
(3.135) and (3.136)), as required. O

LemmaB.7I] Recalling (3.12)) and (3.22), ift > to(y), then for ally, h > 0, we have g}(t) > (1 —1/A) g(t).

Proof of Lemma[3.71) By (8.22)), t > to(y) > f(Ay). As g = f~! is increasing, we conclude that

hepy _ (9+R) Yy oy Yy (1 a1
gy“)‘< o) g<t>>g(”2<1 g(t))g(“z(l g(f(Ay))>g(t) (1= A7)
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3.10 Extensions

In case (), the boundary at which the conditioned process is transient/recurrent is found in Proposition
[B4.T15] but we only cover a small class of functions for which the conditioned process is recurrent. In cases ()
and (i), the tail function II satisfies lim;_,, tII(g(t)) = 0, but Proposition B.I0.] applies in the case where
lim; 0 tI1(g(t)) = co. This lies on the recurrent side of the boundary between I(f) < oo and I(f) = oo, so

the Markov process should be recurrent under the law Q.

The equation is much harder to handle than the corresponding equation , but if one is able
to replicate the steps between and to find a suitably tractable expression analogous to ,
then this should lead to a broad set of results for the recurrent case. Moreover, it can be verified that the
precise asymptotic result |47, Theorem 2.2] for the density P (X; € dx) can be utilised in this case, but not

when lim;_, . tII(g(t)) = 0.

Proposition 3.10.1. For a subordinator, if lim;_, . tI(g(t)) = oo, then ast — oo,
— t —
P(O;) ~ P (ot; AID < t) = Ti(g(t)) / P(O,)e~ (=T e®) g (3.137)
0
Proof of Proposition [TI01. As Af(t) is exponentially distributed with rate II(g(t)),
P(0) =P (0581 <t) + P (0AL" > 1) e~ T,

Now, P ((’)t\A‘l’(t) > t) < P(O), and limy_ye e=MO®) = 0, 50 as t — oo, P(O;) ~ P (Ot;Af(” < t), as

required for the first claim of Proposition B.10.1]

For the second claim, recall the notation introduced in (3.8). Disintegrating on the value A‘({(t),

t —
P(0sAf" <t) = / P (04]A7" = 1) T(g(t))e™ "M@ty
0

t —
= ﬁ(g(t))/ P (Otl,X(ng(t))) et a®) gy,
0



Now, partitioning according to the size of A‘f(t), we can rewrite the above integrand as
P (Or, o) e OO = B(O,; A10 > 1) = F(0,,) ~ B (04,: 07 <11

Disintegrating again on the value of AY (t), it follows that

t
P(0sA{" <t) =Ti(g(t) / (04, dt: — / P (0,; 01 <t)dt
0 0
t t oty —
=H(g(t))/o (Or,) dt1 — 2/0 /0 P (O, xwown) e 29 dt dt,.

One can repeat this procedure to deduce that for all n € N,

n—1
P(0sA1" <t) = 3 (=) (g / / / P(Oy, )dty - - - dtadty
k=1
tn 1
+ (=) iy / / P(O,, x.am)e —tnIl(g(t Nt - dty.

The contribution in (3.139)) tends to 0 as n — oo since

n—1 ﬁ n
hm|m|<hml_[ / / tn--dt; = lim M:O.

n—o00 n.

It follows by the same argument that the sum in (3.138)) is absolutely convergent as n — oo, and so

tr—1
(-1 (g / / P(O,, )dty, - -

_ )kt
(1T [ P(Os)(t(k_)l)!d&

0

MS

P (Ot;Aﬁ"” < t) =

o~
Il

1

p"qg

£
Il
-

(3.138)

(3.139)
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Interchanging the order of summation and integration, we conclude that

o0

t —s)kt
P (05879 < 1) =T(g(1)) / P(@)k_1<—1>’f-1n<g<t>>’“—1Mds

t p—
ﬁ(g(t))/ P(O,)e (t=)9®) g,
0

O

If one can replicate the steps between (3.18) and (3.20) to help understand the new equation (3.137)),
then for any process satisfying lim;_,, tIL(g(t)) = oo, the law of the conditioned process can be studied using
the argument as in (3.17)), under some regularity conditions. This would allow us to study a large class of

cases in which the conditioned process is recurrent, complementing our results in case ([{l) and case ().
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Appendix

A.1 Supplementary Figures
N(t,6) —ta(d) a

: — N(0,1), the CLT result in Theorem 221
t2b(9)
TT (Lemma [2:377))
7
im ZO° _ g
6—=0 Oy
Mt (LemmaEZD)
. . ) )
ﬂ (Lemma 2.3.12])
limsup tR(As) < oo
6—0
ﬂ (Lemma [2:377))
limsup dAs < oo
6—0
ﬂ (Proof of Theorem [Z277])
.. 1(20) . . "
llgrilglf 0) > 1, the imposed regularity condition

Figure A.1: Chain of sufficient conditions used to prove Theorem [Z.2.1]
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P(Oy)
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Figure A.2: Structure of the proof of Lemma B.5.1]
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Figure A.3: Structure of the proof of Lemma B.5.3] case (i)
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h
P(O;")

/\
/1IN
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Figure A.4: Structure of the proof of Lemma B.5.3] case (i)
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A.2 Key Inequalities

Theorem A.2.1. (Markov’s Inequality, [69, Lemma 3.1])
For each random variable X taking values in [0,00), such that E[X] > 0, for all r > 0, we have

E[X]

P(X >r) <
T

Theorem A.2.2. (Chebyshev’s Inequality, [69, Lemma 3.1])

For each random variable X taking values in [0,00), such that E[X?] < oo, for all > 0, we have

Var(X)

P(|X —E[X]| >r) < 2

r

A.3 Key Theorems in Measure Theory

Theorem A.3.1. (Dominated Convergence Theorem, [69, Theorem 1.21])
Consider measurable functions f,q, fn,gn, n € N, on a measure space (0, A, u). Let |fn(x)] < gn(z) for
al x € Q, n € N, and moreover let lim, o fn(z) = f(z) and lim,_ go(x) = g(x) for all x € Q. If

limy, o0 o gn(2)p(dx) = [, g(x)u(dx), then

lim [ fo(z)u(de) = | f(z)u(dr).

n—oc Jq Q

Theorem A.3.2. (Fubini’s Theorem, |69, Theorem 1.27])
Consider sigma-finite measure spaces (S,S,n) and (T, T,v) with product space (S x T,S x T,p®v). For

each measurable function f: S x T — [0,00) such that [ .. |f(s,t)|(n® v)(ds,dt) < oo, we have

/s/:rf(s’t)ﬂ(ds)y(dt):/T/Sf(svt)’/(ds)/t(dt)
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Lemma A.3.3. (Moments and Tails Lemma, [69, Lemma 2.4])

For each random variable X, and for all m > 0, we have

E[X™] = / my™ P(X > y)dy.
0

Lemma A.3.4. (Borel-Cantelli Lemma, [69, Theorem 2.18])

Consider measurable events A,,n € N on a probability space (Q, A,P). If Y07 | P(A,) < co then

P (infinitely many of the events A,,n € N occur) = 0.

A.4 Results on Regularly Varying Functions and Related Functions

Theorem A.4.1. (Uniform Convergence Theorem, [21, Theorem 1.2.1])
If L is a slowly varying function, then lim,_, o L(Az)/L(z) = 1, uniformly among X\ in each compact subset

of (0, 00).

Theorem A.4.2. (Potter’s Theorem [21}, Theorem 1.5.6])

If L is a slowly varying function, then for each A > 1 and § > 0, there exists K > 0 such that for allz,y > K,

L(x) 2y
= < —, =
L(y) ~ Amax{y5’ x°

Theorem A.4.3. (Karamata’s Theorem, [21}, Prop. 1.5.8])

For each slowly varying function L, with K > 0 large enough that L is locally bounded on [K,0), for all

® xo T L(x)
*L(y)dy ~ ———=.
/K y* L(y)dy ]

a>—1, as T — 00,

Theorem A.4.4. (Alternative Version of Karamata’s Theorem, [21, Prop 1.5.10])

If L is a slowly varying function, then for all p < —1, the integral fzoo yPL(y)dy converges (for x > 0), and

p+1y,
lim 2 L@
e—oo [ ZyPL(y)dy
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Definition A.4.5. (Bounded Increase, Bounded Decrease, and Positive Increase, |21} p71])

The lower index, 3(h), of a function h : R — R is the supremum of B € R for which there exists C > 0

so that for all A > 1, h(A\z)/h(x) > (14 0(1))CA?, uniformly in X € [1,A], as © — oo, see [21, p68].

The upper index, a(h), of a function h : R — R is the infimum of o € R for which there exists C' > 0 so

that for all A > 1, h(Ax)/h(z) < (14 o(1))C'\*, uniformly in A € [1,A], as x — oo, see [21], p68].
The function h has bounded increase if a(h) < 0.
The function h has bounded decrease if B(h) > —oc.

The function h has positive increase if B(h) > 0.

Theorem A.4.6. (Potter’s Theorem for Bounded Increase/Decrease, |21, Prop 2.2.1])
If the function u has bounded increase, then for each p > a(u), there exist constants Cy,Cy > 0 such that for
ally > x> Cy,

u(y)

o
A o,
u(x) — 2ap

and if the function u has bounded decrease, then for each q < [(u), there exist constants C7,Ch > 0 such
that for ally > x > C1,
q
u(y) s ol

u(z) Zpa

Theorem A.4.7. (Relationship Between Lower Order and Lower Index, |21, Prop 2.2.5])

For a function f:R — [0,00), the lower order, defined as p(f) := liminf,_, o log(f(z))/log(x), satisfies

u(f) = B(f).

Theorem A.4.8. (Karamata’s Theorem for Positive Increase, |21, Prop 2.6.1(b)])

If f is positive, locally integrable on [K,00) for K > 0, and has positive increase (see Definition[A].5]), then

lim inf 1)

YR > 0.
z—oo [ s71f(s)ds
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Theorem A.4.9. (O-Version of Monotone Density Theorem, |21, Prop 2.10.3])
Let u : [0,00) = R be eventually positive, with bounded increase or bounded decrease. Defining the function

U(z) := fow u(y)dy, if U has bounded increase and positive increase, then as x — oo,

U(z) < zu(z).
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Glossary of Notation

Real Numbers

|z| Floor function
[x] Ceiling function
zVy | max{z,y}
z Ay | min{z,y}

2

Strong asymptotic equivalence, f(z) ~ g(x) if lim,_ f(z)/g(z) =1

< Weak asymptotic bound, f(z) S g(x) if imsup,_, . f(z)/g9(x) < oo
2 Weak asymptotic bound, f(z) 2 g(x) if limsup,_, . g(z)/f(z) <
= Weak asymptotic equivalence, f(x) =< g(z) if f(z) < g(z) and f(z) 2 g(x)

As(dz) | Dirac measure, unit point mass at ¢
B(f

) | Lower index of f, see Definition 3.3.3(3)

Lévy Processes

LG Characteristic exponent
0] Laplace exponent

d Linear drift of the process
II(dz) | Lévy measure

M(z) | Tail of the Lévy measure, [ II(dx)

1(9) Integrated tail function, I(¢) := f(f T(x)dx
X,_ | Left limit, lim,, X,
A7 Time of the first jump of size greater than z

Aga’b) Time of the first jump of size between a and b
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169

Functions

I'(x) Gamma function
(t) | Augmented version of g(t), gh(t) := g(t + h) —y
(t) Rescaled version of g(t), g(t)/log(t)?

Lévy Processes - Chapter 2

Ts First passage time above the level §
T(5,00) | First passage time above the level ¢
U(9) Renewal function, U(4) := E[T5]

N(t,6) | Minimal number of boxes of length at most ¢ needed to cover the range up to time ¢

M(t,6) | Number of boxes in a mesh of side length § which intersect with the range up to time ¢

(f(f )i>0 | Process with d-shortened jumps
¢°(dx) | Laplace exponent of X?
II%(dz) | Lévy measure of X?

t

L(t,d) | New box-counting scheme, L(t,4) :=
Lévy Processes - Chapter 3

Oy Event upon which we condition, O, := {X, > ¢g(s), 0 < s <t}
h
o} Augmented version of Oy, 07" = {X, > gn(s), 0<s <t}

Original probability measure

Error term, p(t) := P (Oy) /®(t) — II(g(t))
) :=P(0;")/®}(t) — (g (t))
®(t) | Integral of P(Oy), ®(t) := [, P(O,)ds

h
®h(t) | Integral of P(OJ), ®"(t) := [ P(O)ds

)
Q) Conditioned weak limit measure, Q() := lim;_, o P(-]O¢)
)

ph(t) Error term, p(t) :
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