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1 HISTORICAL BACKGROUND AND MOTIVATION

1.1 ON MATHEMATICAL MODELING OF RANDOM PHENOM-
ENA

A fundamental feature of the real world phenomena occurring both in nature
and in society is their randomness or — to say it in Greek — stochasticity. This
means that these phenomena are, to a greater or lesser extent, governed by
chance. In a static context, this implies that the value of a certain variable at
a specified point in time is not a fixed quantity known in advance — instead,
it is an unknown quantity, of which we may know the probabilities of it as-
suming certain potential values, but whose true value is not known until at the
specified time point, at which we can observe the realization of the random
variable. In a dynamic context, where the variable in question evolves in time,
the presence of randomness implies that the values of the variable of interest
at different moments of time constitute a stochastic process, a collection of
random variables indexed by the time parameter.

A crucial decision in modeling is the choice of the time parameter set —
discrete or continuous? The answer to this question depends naturally on the
phenomenon considered. Even though one can in most cases argue that in
reality, the phenomenon is discrete in nature (e. g. trades in a stock exchange
do not happen continuously), the continuous-time model may be an acceptable
approximation (e. g. if the aforementioned stock trading in an exchange is
very frequent, assuming continuous trading may not introduce too much error).
Continuous-time models are attractive because they tend to be mathematically
more tractable than their discrete-time counterparts.

The aim of the present subsection is to give a short (and necessarily in-
complete) overview of the history of mathematical modeling of randomness in
continuous time. To enhance readability, the style is kept informal; however,
the mathematical concepts mentioned here will be given precise definitions in
later sections where the relevant theory is presented in detail, to the extent that
these concepts are needed in our exposition.

The branch of mathematics concerned with modeling of random phenom-
ena is called stochastics. The theoretical development leading to modern sto-
chastics has its origins in the mathematical theory of probability, which was

first given a precise axiomatic formulation in 1933 by A. Kolmogorov in his



treatise Grundbegriffe der Wahrscheinlichkeitsrechnung (cf. Kolmogorov (1933)).
Mathematicians had, of course, investigated probabilities and random events
much earlier (popular applications being games of chance and gambling strate-
gies), but no unified axiomatic theory had existed. As a discipline within math-
ematics, probability theory belongs into the domain of abstract measure theory,
which was developed in the first decades of 20th century by mathematicians
such as E. Borel, C. Carathéodory and H. Lebesgue, among others (for ac-
counts on measure theory, see e. g. Dunford and Schwartz (1957) or Friedman
(1982)).

While Kolmogorov’s contribution was the essential foundation on which
the theory of stochastic processes was built during the latter half of the 20th
century, random processes had been considered by mathematicians earlier: In
1923, N. Wiener gave a precise mathematical definition of a continuous-time
process known as the Brownian motion (and afterwards also as the Wiener
process). This process was the starting point for the development of stochastic
integration theory — in 1940s, K. Itd defined stochastic integrals (i.e. integrals
in which we integrate over time with respect to a random process) for Brown-
ian motion (cf. Itd and McKean (1974) and McKean (1969) for overviews and
references to original research papers). An important insight of Itd was the
representation of diffusion processes in terms of their stochastic dynamics — as
stochastic differential equations. From this began the development of stochas-
tic integration theory culminating in 1970s in the results of P.-A. Meyer and his
school establishing processes known as semimartingales as the most general
class of integrators possible, if one wishes to integrate predictable integrands
(cf. Protter (2004) or Rogers and Williams (1994) for overviews of stochastic

integration theory, and references to original papers).

From the point of view of this thesis, a crucially important class of sto-
chastic processes was given a complete characterization (via infinitely divisible
distributions) in 1934 by P. Lévy (cf. Lévy (1934))- namely, processes with
stationary and independent increments, nowadays called Lévy processes (for
an overview on the theory of Lévy processes, see Bertoin (1996) or Kyprianou
(2006)).

There is a rich interplay between the theory of probability and stochastic
processes and mathematical analysis. This is particularly striking for processes

known as Markov processes; informally speaking, such processes have the
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property that given the present state of the process, the future of the process
is independent of its past. In some sense, this property is a generalization of
the independent increments property characteristic of Lévy processes. For a
(simple) Markov process, this property holds for any deterministic moments of
time; for a strong Markov process, it holds also for a certain class of random
moments of time. It was, once again, Kolmogorov who established a connec-
tion between Markov processes and certain differential or integro-differential
operators (cf. Kolmogorov (1931)) — integral terms appear if the process has
path discontinuities, i. e. jumps. This line of research was carried further by
W. Feller, who studied diffusion processes and semigroups of operators associ-
ated to the transition probabilities of these processes (cf. Feller (1936), Feller
(1952) and Feller (1954)), and E. Dynkin, who gave the modern definition of a
Markov process and introduced the characteristic operator of a strong Markov
process (cf. Dynkin (1956), Dynkin and Yuskevich (1956), and Dynkin (1965)
for an overview). Connections between stochastic processes and harmonic
or excessive functions (that is, potential theory) were further investigated by
G. Hunt, R. Blumenthal and R. Getoor (cf. Hunt (1958), Blumenthal (1957),
Blumenthal and Getoor (1968)). When discussing the mathematical theory of
diffusions, it is impossible to bypass the martingale problem approach pio-
neered around 1969 by D. Stroock and S. Varadhan (cf. Stroock and Varadhan
(1979) for an overview and references). Martingale techniques have since then
proved to be an immensely important and powerful tool in analyzing stochas-
tic processes, especially in the field of mathematical finance, and particularly
in option pricing (cf. Musiela and Rutkowski (2005) for a reasonably recent

OVerview).

1.2 ON STOCHASTIC MODELS IN FINANCE AND ECONOMICS

Stochastic models have been applied in finance for a long time in the sense
that already in 1900, L. Bachelier modeled the evolution of stock prices with
a Brownian motion (cf. Bachelier (1900)). However, after this the interplay
between stochastics on one hand and finance and economics on the other was
relatively sparse for a long time: main areas of application which used methods
from stochastics and also contributed to further developments in stochastics
were statistics, physics and engineering sciences.

An important contribution by P. Samuelson in 1965 was to model stock



prices with a geometric Brownian motion (cf. Samuelson (1965)), which does
not allow negative stock prices and is also in some other respects a more real-
istic model for stock prices than a Brownian motion. Moreover, the geometric
Brownian motion model is also eminently solvable in comparison with most
alternatives. The importance of the geometric Brownian motion model (and
its extensions and generalizations) in the theory of mathematical finance can
hardly be overemphasized: in 1973 F. Black, M. Scholes and R. Merton de-
veloped their option pricing methodology based on the geometric Brownian
motion (cf. Black and Scholes (1973) and Merton (1973)). Together with the
development of information technology and several factors which increased
the volatility of financial markets, such as the collapse of the Bretton Woods
fixed exchange rate system and the oil crises in 1970s, and the decreasing of
regulation in 1980s, the success of this model initiated the widespread appli-
cation of increasingly sophisticated stochastic models in financial markets.
Despite the enormous success of the Black—Scholes model, with the pas-
sage of time its limitations have become increasingly apparent and the model
assumptions have been criticized. These assumptions imply that the differ-
ences of logarithms of daily returns (log-returns) should form an independent
and identically distributed sequence of normally (in particular, symmetrically)
distributed random variables, with volatility constant over time. This is not
consistent with empirical observations on the distribution of log-returns; from
these observations are derived the so-called stylized facts of financial time se-

ries:
(i) Distribution is skewed

(i1) Distribution is leptokurtic (has heavier and longer tails than the normal

distribution)
(iii) Volatility changes over time
(iv) Extreme values appear in clusters
(v) Series of squared values is autocorrelated

(cf. McNeil et al. (2005)). All of these are at odds with the normality and inde-
pendence assumptions. In as much as theories and models are always approx-
imations of reality, the inability to reproduce all aspects of the phenomenon

modeled does not necessarily invalidate the model. However, it is important
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to be aware of such limitations of the model in order to be able to evaluate the
suitability and reliability of the model for different uses. For example, in risk
management the assumption of a Gaussian world (i. e. normal distributions)
may be a very dangerous error indeed if the true distributions are leptokur-
tic and/or significantly skewed — and empirical findings do indicate that for
the most part the financial real world is far from Gaussian (cf. McNeil et al.
(2005), Mikosch (2004) and Hull (2003)). During the last two decades some
financial catastrophes or near-catastrophes have been considered to be partly
due to inadequate models (e. g. in Jorion (2000), the role played by (invalid)
Gaussian assumptions in the downfall of hedge fund Long-Term Capital Man-

agement in 1998 is considered).

With regard to the choice between continuous- and discrete-time models
in financial economics, it may be mentioned that traditionally in applications
such as pricing of derivatives continuous-time models have been popular be-
cause of their tractability: full use of stochastic integration and change of mea-
sure techniques is possible. In discrete time models — time series analysis — the
emphasis has usually been on obtaining realistic models capable of reproduc-
ing the observed behavior and suitable for predicting purposes (cf. Mikosch
(2004)).

In financial economics, more advanced models have been developed during
the last 25 years to address the problem of non-Gaussian distributions. These
developments have fueled also the development of the mathematical discipline
of stochastics, leading to a new fruitful interplay between financial economics

and stochastics.

In time series analysis, perhaps the most successful developments have
been the ARCH (AutoRegressive Conditionally Heteroskedastic) and GARCH
(Generalized ARCH) families of nonconstant volatility models, due to R. En-
gle and T. Bollerslev, respectively (cf. Engle (1982) and Bollerslev (1986)).

In the continuous-time framework, a significant development beginning
in 1990s has been the increasing interest in models based on Lévy processes,
which has spawned a multitude of applied research during the last fifteen years.
In these models one replaces Wiener processes and It6 stochastic differential
equations driven by them with Lévy processes and corresponding Lévy sto-
chastic differential equations. As solutions of (sufficiently regular) Itd sto-

chastic differential equations are diffusions, solutions of Lévy stochastic dif-



ferential equations are often called jump diffusions. These models are able
to generate the nonconstant volatility and leptokurtic return distributions ob-
served in real world time series (cf. Cont and Voltchkova (2005)). In addi-
tion, their dynamics allow instantaneous jumps, which open up possibilities
for modeling catastrophic events, e. g. stock market crashes. The cost of this
added flexibility is a more complicated and less tractable model. However, as
several researchers have demonstrated with their work, much can be done and
many problems solved in models based on Lévy processes (for a reasonably
up-to-date list of references, see for example the bibliography in Kyprianou
(2006)). Alternatives to Lévy models also capable of overcoming some of
the limitations of the Gaussian models include stochastic volatility models and
regime-switching models.

The research papers constituting the main part of this thesis belong to that
multitude of applied research spawned by the growing interest in Lévy mod-
els, which was mentioned in the previous paragraph. The aim of the research
was to analyze certain dynamic optimization problems relevant in finance and

financial economics in the presence of jumps.

1.3 SOME PROBLEMS OF FINANCIAL ECONOMICS
1.3.1 PRICING OF REAL OPTIONS

A problem of considerable theoretical interest and practical relevance in finan-
cial economics is the pricing of real options. The problem arises in evaluating
investments in real assets under uncertainty. Such investments can contain
significant embedded options such as abandonment, expansion, contraction,
deferral or extension options, as the investor typically is not obliged to make
the investment “now-or-never®, but has the option of waiting for new infor-
mation before the investment decision. On the other hand, once made, the
investment decision is typically at least partially irreversible — disinvestment is
not possible, at least not without incurring some costs. Embedded options can
also be found in financial products such as insurance contracts, e. g. the poli-
cyholder may have a surrender option, in which he/she can at any time during
the contract terminate the policy and obtain its surrender value (cf. Mgller and
Steffensen (2007)).

In fact, almost any decision-making under uncertainty can be interpreted as

pricing of a real option — essential features being the presence of uncertainty,
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the possibility of choosing the timing and the (partial) irreversibility of the de-
cision. Classical methods of evaluating investment opportunities — such as net
present value calculations — disregard the value of these options, which can
be highly significant. The real options approach addresses this shortcoming
by using option pricing methods originally developed for financial options to
price correctly the options embedded in investment decisions. Usually these
options are so-called American options in the sense that they can be exercised
at any time during the lifetime of the investment opportunity. From the math-
ematical point of view, pricing of American options is equivalent to solving
optimal stopping problems: our objective is to choose the optimal moment of
time at which to stop a stochastic process. It should be emphasized that even
though a natural way of formulating the problem of investing or disinvesting
in real assets is to consider the stream of payments generated by the asset, this
problem can often be transformed into a standard stopping problem by using
the resolvent operator of the underlying process (cf. Paper IV). As the time
horizon in real option problems is usually very long and in many cases there is
no natural expiration date, a standard device for simplifying the problem is to
assume that the time horizon is infinite, i. e. the American option in question
is assumed to be perpetual (to have no finite expiration date). We will come
back to this in a later section.

For the definitive detailed exposition of the real options approach, the
reader should consult Dixit and Pindyck (1994), while some later extensions
and recent developments can be found in Boyarchenko and Levendorskii (2007).

1.3.2 DISTRIBUTION OF DIVIDENDS

Paying out dividends to shareholders is one way for a firm to distribute its prof-
its. A priori a question of interest is, how to do this in an optimal way with
respect to some chosen criterion? Actually, the famous Miller—-Modigliani the-
orem states that in a rational market, in absence of transaction costs and other
market imperfections, dividend policy is irrelevant for valuation purposes: the
value of a firm is determined solely by its assets’ earning power and invest-
ment policy (cf. Miller and Modigliani (1961)). However, these findings are
somewhat controversial, as in real world a perfect market does not exist (see
Ross (1977), Easterbrook (1984), Miller and Rock (1985) and Jensen (1986)

for studies addressing the impact of different imperfections), and furthermore



there is some empirical evidence on the importance of dividend policies in the
strategic decision making process of corporations in some industries (e. g.
insurance industry), see Akhigbe et al. (1993).

The usual criterion to be optimized in dividend distribution is the expected
present value of the stream of future dividends over the lifetime of the corpo-
ration. Mathematically, this can be formulated as a problem of controlling a
stochastic process — the firm’s reservoir of assets, out of which the dividends
are paid, evolves in time subject to uncertainty. In case there are no transac-
tion costs, one ends up with a singular stochastic control problem. The term
singular arises from the fact that the theoretical optimal policy is then typi-
cally of local time push-type variety: all value in excess of a certain level is
instantaneously paid out. In presence of transaction costs, when each divi-
dend payment incurs a fixed cost, such controls are no longer feasible as they
would lead to infinite transaction costs: in these cases, optimal policy usually
consists of discrete lump sum payments (impulses), and one speaks about sfo-
chastic impulse control problems. It is worth noticing that for these classes
of control problems, optimal stopping rules are also feasible controls, being
rather simple instances of impulse controls.

We shall return to the theory of optimal stochastic control in more detail
in the third section of this Introduction; before this, however, it is necessary
to give both some motivations for the relevance, and a precise account of the
key mathematical properties of the class of jump diffusion models we intend
to consider. The following last subsection of this section will take care of the
motivational aspect, while the mathematical formulation of the model will be

the subject of the next section.

1.4 DOWNSIDE RISK: A DISCUSSION

When one studies graphical representations of the development of stock in-
dices from periods containing stock market crashes and/or bubbles, one is of-
ten tempted to characterize the behavior of the index at the time of the shock
as resembling more an instantaneous jump than any continuous increase or
decrease. From the point of view of mathematical modeling, this leads one to
question the suitability of such stochastic models where the model assumptions
imply that the variables of interest evolve with time in a continuous fashion.

It is also a well-documented empirical fact that in the financial markets, the
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responses to good news and to bad news are different: bad news tend to have
a more dramatic impact on the markets — an observation in line with the bad
news principle presented in Bernanke (1983). This observed behavior suggests
that while assumption of continuity may be reasonable when one considers in-
creases in the value of, say, a stock index, this may not be the case when one
considers decreases in the value of the same index. Moreover, from the per-
spective of risk management, assumption of continuous decreases in the value
of assets can be very dangerous indeed, as it means that the applied model
is unable to incorporate properly the negative impact of potential catastrophic
events. In the context of risk management it may not be so essential to capture
the impacts of potential sudden unanticipated increases in value — hence as-
suming continuous increases may be acceptable from a prudent point of view.

In the research papers of this thesis, the term downside risk refers to the
possibility of sudden unanticipated decreases in the value of interest: math-
ematically speaking, the risk that the stochastic process modeling the value
Jjumps instantaneously to a lower level (as opposed to decreasing continu-
ously).

While being able to accommodate both upward and downward jumps is
something worth striving for, we found that particularly amenable to analysis
is the case of spectrally negative processes, i. e. processes which have only
downward jumps but increase continuously. In fact, we established that many
techniques and solution methods applicable to a class of models with contin-
uous paths can actually be extended to cover also spectrally negative models

with path discontinuities.
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2 JUMP DIFFUSION MODELS: BUILDING BLOCKS
AND BASIC PROPERTIES

2.1 PRELIMINARIES

In this section familiarity with measure theory is assumed, and hence defi-
nitions of concepts such as c-algebras are not given here. Note that even
though many of the results presented in this section are valid in the multidi-
mensional setting, we shall restrict our attention to the one-dimensional case
only. The exposition in this subsection relies heavily on Protter (2004) and
Rogers and Williams (1994), and we mostly refer the reader to these mono-
graphs for proofs.

A filtration F = {F,},c[0.) is an increasing family of c-algebras. Let
(Q,.7,F,P) be a complete filtered probability space satisfying the usual hy-

potheses
(i) .%, contains all P-null sets of .%;
(ii) IF is right-continuous, i. e. .#; = Ny~ %,,.

Throughout this second section, we will assume that such a filtered probability
space is given. Informally speaking, we can think of the c-algebra .%; as
representing information available at time ¢, and hence filtration F describes
the flow of available information; as this is increasing, we are assuming that
the amount of available information does not decrease with time (“we do not
forget things*).

An important class of random moments of time is defined in the following:

Definition 2.1. A random variable T : Q — [0,c0] is a stopping time (with
respect to IF), if {t <t} € % for everyt € [0,00].

Intuitively, a stopping time is a random time 7 such that based on the in-
formation available at deterministic time ¢, we know whether we have stopped
by time ¢ (case T < ¢) or not (case T > t). The set of all (IF-) stopping times is
denoted by .7. Stopping times can be classified into three types as follows.

Definition 2.2. A stopping time T is

(a) predictable, if there exists an increasing sequence of stopping times (T,)peN

such that t, T T, almost surely;
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(b) accessible, if there exists a sequence (T,)qcn of predictable stopping times
such that

PU,_{o: 1(w) =1(0) < o}) =P(T < o0);

(c) totally inaccessible, if for every predictable stopping time C,
P{o: 7(0) ={(w) <o})=0.

Naturally, any fixed time ¢ is a predictable stopping time.
In analogue with o-algebras .%; for deterministic times 7, we want to have
a mathematical representation of information available at a random stopping

time.

Definition 2.3. If T is a stopping time, then the stopping time o-algebra
Fe = {F e ZIFN{t<1}e 7, foralli 20}.

Here is the general definition of a one-dimensional real-valued stochastic

process:

Definition 2.4. A one-dimensional stochastic process X on (Q,.7,P) is a col-

lection of R-valued random variables {X; : Q — R} [0 co)-

In the general setup, one needs to be precise about the concept of equality

between two stochastic processes.

Definition 2.5. Two processes X and Y are modifications, if X; = Y; almost
surely, for each t. Two processes X and Y are indistinguishable, if almost
surely, for allt, X; = Y,.

Example 2.6 (Counting process). A special stochastic process can be con-
structed from a strictly increasing sequence of positive random variables { T, } nen
with Ty = 0. Recall that the indicator function

1, ift>T (o)

Yizry =
=t 0, ift<T(o).

Definition 2.7. The NU {eo}-valued process N = {N; }c(0..) defined by

Ni=) 1o,
n=0

is the counting process associated to the sequence {T,},cN.
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Random variable T = sup, T, is the explosion time of N; in case T = oo

almost surely (a.s.), we have a counting process without explosions. B

Definition 2.8. A stochastic process X is adapted to the filtration F, if X; € %,
foreacht € [0,).

Example 2.9 (Counting process, cont’ed). A counting process is adapted, if
and only if the associated sequence {T,, },en consists of stopping times: indeed,
if {T)}nen are stopping times, then for each t > 0 we have ly>1,y €  for
every n € N and hence N, € %, for eacht > 0, while if for some k € N, Ty, is not
a stopping time, then clearly N; cannot be adapted and the second implication

follows by contraposition. B

A stochastic process is always by definition adapted to its natural filtration,
which can be interpreted as the information generated by the history of the
process.

Definition 2.10. The natural filtration G = {9 },c[0..) of @ stochastic process
X is the smallest filtration such that X; € 4, for eacht € [0,00).

Example 2.11 (Counting process, cont’ed). It is possible to show that the nat-
ural filtration of a counting process is right-continuous (cf. Protter (2004 ), The-
orem 1.25), and hence the completed natural filtration of a counting process

satisfies the usual hypotheses. B

Example 2.12 (Galmarino’s criterion). A nonnegative 4,.-measurable random
variable T(X(®)) is a stopping time with respect to the natural filtration G, if
and only if for every fixed t and any scenarios @ and @ the conditions X;(®) =
X;(®) for 0 <s <t and 1(X(w)) <t imply 1(X(®)) = 1(X(®)). In other
words, T is a G-stopping time, if based on the behavior of X up to any fixed
time t one can say whether moment T occurs or not. Hence, for example, the
first passage time of b, min{s|X; > b}, is a G-stopping time, while the last exit
time ar 0, max{s|X; =0} is not. R

For each fixed scenario @ € Q, the function ¢ — X;(®) is called a sample
path or a realization of the stochastic process X. It is in terms of sample path
behavior that the differences between the concepts of a modification and of
indistinguishability (which were given in definition 2.5) are most easily un-

derstood: while the sample paths of two indistinguishable processes coincide
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for all @ & N, where P(N) = 0, for two modifications the set N on which the
sample paths do not coincide need not even be measurable, since the interval
[0,0) is an uncountable set (cf. Protter (2004), Section I.1). Next we define a
class of stochastic processes whose sample paths have certain nice regularity

properties.

Definition 2.13. A stochastic process X is called cadlag, if it almost surely has

sample paths which are right continuous with left limits.

The acronym cadlag is derived from French continu a droite et pourvu de
limites a gauche. If processes X and Y are cadlag, and Y is a modification of
X, then X and Y are indistinguishable.

Example 2.14 (Counting process, cont’ed). A counting process without explo-
sions has right-continuous paths with left limits, and hence is a cadlag process.
|

An extremely important class of cadlag processes are martingales.

Definition 2.15. An adapted process M = {M; } | ) is a martingale with re-
spect to the filtration F, if

1. E{|M;|} < oo;
2. If s <t, then E{M,| F;} = My almost surely.

If an adapted process X satisfies the first condition of Definition 2.15 and,
in addition, E{X; | Z;} < X, almost surely, for s <17, then X is a supermartin-
gale. For a submartingale, the reverse inequality holds.

Any martingale M has a unique modification which is cadlag (cf. Protter
(2004), Corollary of Theorem 1.9). In some applications, the requirement that
a process be a martingale is too stringent: it is sufficient that the martingale
property holds locally in the sense of the following definition, where X; 7 is
the process X stopped at time T, i.e. Xgnr = X, if t < T and X, a7 = X7,

otherwise.

Definition 2.16. An adapted cadlag process X is a local martingale if there
exists an increasing sequence of stopping times {T;}icny with lim,_. T, = o,
almost surely, such that for each n € N, Xin1,1(1, -0} is a uniformly integrable

martingale.
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To introduce the next class of processes, we need the following auxiliary
definition.

Definition 2.17. A cadlag process N = {N: };¢(0.-) is called a finite variation
process, if almost all of the paths of N are of finite variation on each compact

interval of [0,0).

Semimartingales are stochastic processes which can be represented as the

sum of a local martingale and a finite variation process:

Definition 2.18. An adapted cadlag process X is a semimartingale, if and only
if Xy = Xo + M, + Ny, where M is a local martingale and N is a finite variation

process.

Definition 2.19. For semimartingales X andY the quadratic covariation process
of X and Y, [X,Y] = {[X,Y]: }c(0.c0), is defined by

t t
XY= X%~ [ X-av.~ [y ax.
0 0
In the special case Y = X we obtain the quadratic variation process of X.

The quadratic variation of a semimartingale X is a cadlag, increasing and

adapted process, and for any sequence of random partitions tending to identity,

X3+ Y (X —XT")  [X,X], asn— oo,
i

where for each n the partition is given by 0 = 7if < T77' < --- < T, with T
stopping times (cf. Protter (2004) Theorem I1.22).

Semimartingales are preserved by convex transformations: for a convex
function f and a semimartingale X , f(X) is also a semimartingale and, more-

over, .
FX) = f(Xo) = /0 F(X,)dX, + A, (1)

where f” is the left derivative of f and A = {A, },c[0.) is adapted, right contin-
uous and increasing (cf. Protter (2004), Theorem IV.66). Using the convexity
of the function x — |x|, we can define the following concept, which plays an

important role in many applications.

Definition 2.20. Let X be a semimartingale, and define

t
ha(X:) = X, —a| = [Xo —df +/O sign(X,_ — a)dX, + A°,
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where A is the increasing process of equation (1). Then the local time of X at
a is defined by

X)) =A7 = Y {ha(Xy) = ha(Xs—) — By (X, )AX,
0<s<t
Local time process {/(X)};>¢ is continuous in ¢ (cf. Protter (2004) pp.
212-213). It can be interpreted as an occupation density relative to d[X, X|¢,
the path-by-path continuous part of the quadratic variation process: namely,

for f bounded and Borel measurable,

[ resay = [ oxaix.x:

Here is an important class of random times:

Definition 2.21. Let X be a stochastic process and B C R a Borel set. The
hitting time of B for X is the random variable T = inf{t > 0 : X; € B}.

We can now give more examples of stopping times: for cadlag processes,
hitting times of Borel sets are G-stopping times (for nice and short proofs in
the case of B open or closed, we refer to Protter (2004), Section 1.1, Theorems
3 and 4 — for the general case, the statement of this deep result known as Début
Theorem can be found in Rogers and Williams (1994) with a reference to a
proof given).

We conclude this subsection with some useful continuity concepts for sto-

chastic processes.

Definition 2.22. Stochastic process X is continuous in probability, if for each
t € [0,0) and each € > 0 we have lim;_, P (|X; — X;| > €) =0.

Definition 2.23. Stochastic process X is quasi-left continuous or left-continuous
over stopping times, if for any strictly increasing sequence of stopping times
{7n} and a stopping time T such that ©, T T we have that Xy, — Xz, P-almost

surely.

Definition 2.24. Stochastic process X is continuous, if there exists a modifica-

tion of X which has almost surely continuous sample paths.

After these preliminaries, we are in a position to introduce the building

blocks of a jump diffusion model in the following subsection.
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2.2 DRIVING SOURCES OF RANDOMNESS
2.2.1 BROWNIAN MOTION

The best known example of a cadlag process with continuous paths is the

Brownian motion:

Definition 2.25. An adapted process W = {W, },¢(0 .. is @ Brownian motion or

a Wiener process, if
(i) Wo = 0 almost surely;
(ii) for 0 < s <t < oo, the increment W; — Wy is independent of F;

(iii) for O < s < t, the increment W, — Wy is normally distributed with mean 0

and variance t — s.

The existence of such a process can be proved by a combining a path-space
construction of finite-dimensional distributions with the Daniell-Kolmogorov
extension theorem (cf. Rogers and Williams (1994), Section 1.6). It can be
proved that a Brownian motion has (more precisely, can be chosen to have)
almost surely continuous sample paths, hence it is a fortiori both a cadlag
process and continuous in probability. By virtue of the continuity of the sample
paths, a Brownian motion can also be viewed as a probability measure (so-
called Wiener measure) on the path space €'([0,); R), the space of continuous
functions on [0, ) (cf. Rogers and Williams (1994), Section I.71, and Stroock
and Varadhan (1979), Chapters 1-2). The quadratic variation of a Brownian

motion has exceedingly simple form:

Theorem 2.26. For a Brownian motion W and {o,}7_, = {(T")7,}_, a

sequence of random partitions of [0,t] tending to identity,

2
lim (WT_n —WT,n) = W, W], =1.
n—s00 F i+1 i

In particular, E[W?] =1.

However, not all path properties of a Brownian motion are nice and regular.

Using the fact that [W, W] = ¢, one can prove the following results.

Theorem 2.27. For almost all ®, the sample paths t — W;(®) of a Brownian

motion are of unbounded variation on any interval.
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Proof. The proof of this standard result can be found (for example) in Protter
(2004), p. 19. O

Theorem 2.28. For almost all @, the sample path t — W;(®) is nondifferen-
tiable for all t > 0.

Proof. A remarkably simple and straightforward proof relying on the fact that
the quadratic covariation E[W;, W;] = min(s, ) is given in McKean (1969). [J

It is precisely this “wild* behavior of the sample paths which causes the
difficulties in defining an integral with respect to a Brownian motion in the

traditional way as a limit of sums.

2.2.2 POISSON RANDOM MEASURES

The most simple example of a discontinuous cadlag stochastic process is a

Poisson process.

Definition 2.29. An adapted counting process N = {N;},c[0.) is a Poisson

process, if
(i) No = 0 almost surely;
(ii) for 0 < s <t < oo, the increment N; — Ny is independent of F;

(iii) for 0 < s <t < oo, 0 <u < v <oo, t —s=v—uthe increment N, — Ny has

the same distribution as N, — N,.

It is a standard result that then the random variable N, has Poisson distrib-

ution, 1. €.

eflz ( A t)”
n!

for some A > 0, and that the counting process N is continuous in probability

P(N, =n) = ,
and does not have explosions (cf. Protter (2004), Section 1.3, Theorem 23).
The parameter A is called the intensity of the process: it describes the expected
(average) number of jumps of deterministic size 1 that the process performs
in a time unit. Poisson process N can also be constructed directly as N; =
sup{n € N|S, <t}, where S, = 7 + ...+ 1, with {7;};cn being a sequence of
independent random variables distributed exponentially with parameter A.

An immediate generalization is a stochastic process with jumps occurring
randomly in time as a Poisson process, and — in addition — the size of an in-

dividual jump being a random variable. Such a process is called a compound
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Poisson process: the individual jump sizes form a collection of independent
and identically distributed random variables &;, i € N, and the state of the
process at time 7 is a sum of a random number N; of random elements &;,

where the random number of terms is Poisson distributed with parameter Az:

A compound Poisson process can be thought of as a time-changed random
walk S, = Y"_, &, with time change n +— N; — lengths of time periods between
jumps are independent and exponentially distributed random variables instead
of being equal to the deterministic constant 1.

The elementary instances of a Poisson process and a compound Poisson
process can be subsumed into the more general framework of Poisson point
processes. Let us now introduce this framework.

A point process is a random distribution of points in a space. Mathemati-

cally, this can be described by the following definitions.

Definition 2.30. Let E be a locally compact space with a countable basis and
let & be the Borel o-algebra of subsets of E. A point measure on E is a measure

m of form

1, x€A
where the measures 1, are defined for A € & via 1,(A) = , and
0, x¢A

{xi|i € N} C E is a countable collection of points.

Denote now by M),(E) the space of all point measures defined on E and
by .#,(E) the smallest o-algebra of subsets of M,(E) making all evaluation
maps m — m(F) from M, (E) to [0,c] measurable for all F € &.

Definition 2.31. A point process on E is a measurable map N : (Q, 7 ,P) —
(M,(E), #,(E)); that is, a point measure valued random variable — hence a

point process is actually a random measure.

For our purposes in this thesis the following class of random measures is
sufficient.

Definition 2.32. Let v be a G-finite measure on E. A random measure ¢ on E
is called a Poisson random measure with characteristic measure Vv or a Poisson

point process with intensity Vv, if the following are satisfied:
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(i) ¢ (B) is Poisson distributed with parameter v(B), for any B € & such that
V(B) < oo;

(ii) variables ¢ (B1), ..., (B,) are independent, if By, ...,B, € & are disjoint.

To illustrate Poisson random measures, consider the case of a finite mea-
sure Von E (i.e. V(E) < ) and set A := V(E). Let then & be a sequence of
independent and identically distributed E-valued random variables with distri-
bution A~!v and suppose that the integer-valued random variable N is inde-
pendent of all &;s and Poisson distributed with parameter A. Then the random

measure
N
0:=) 1,
i=1

is a Poisson random measure with intensity v. In case of only a o-finite v, we
can partition E into a countable number of Borel sets {B, },cn such that each
B, has a finite v-measure, construct independent Poisson random measures ¢,
with intensities 1p v and get a Poisson random measure with intensity v by
setting ¢ =Y." | 9y,.

We can consider a Poisson measure on the product space E x [0,0) with
intensity 4 = v ® dr. Because almost surely, ¢ (E x {t}) € {0, 1}, for all r >
0, we can represent ¢ in terms of a E U {I'}-valued stochastic process e(t),
where I is an isolated additional point: if ¢(E x {r}) = 0, then set e(t) =T
if 9(E x {t}) = 1, then the restriction of ¢ to E x {t} is a point mass at, say,
(g,t) and we set e(t) = €. Then the Poisson random measure can be expressed
as

0= i)

t>0
and e = {e(t) },c[0,-.) is a Poisson point process with characteristic measure v.
In this thesis, our locally compact space with a countable basis is always
a subset of R\ {0}. For a more detailed account of point processes the reader
should consult Chapter 3 of Resnick (1987).

2.2.3 LEVY PROCESSES

For the results of this section, we refer to Bertoin (1996) unless otherwise
indicated.
The class of Lévy processes consists of all stochastic processes which are

continuous in probability and have independent and stationary increments; in
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particular, Brownian motion, Poisson process and compound Poisson process
are examples of a Lévy process. Because of the independent and stationary
increments, a Lévy process can be viewed as the continuous-time analogue of

arandom walk. Here is a formal definition:

Definition 2.33. An adapted process L = {L;} (o) is a Lévy process, if
(i) Lo = 0 almost surely;
(ii) for 0 < s <t < oo, the increment L; — Ly is independent of %,
(iii) for 0 < s < t, the increment L, — Ly has the same distribution as L;_g;
(iv) L is continuous in probability.

Any Lévy process has a unique cadlag modification, which is also a Lévy
process: hence a Lévy process is cadlag (modulo indistinguishability), see
Theorem 1.30 in Protter (2004). The completed natural filtration of a Lévy
process satisfies the usual hypotheses, see Theorem 1.31 in Protter (2004).

Lévy processes are intimately connected to infinitely divisible laws.

Definition 2.34. A probability measure [l on R is called infinitely divisible, if
for any n € N there exists a probability measure U, such that the characteristic

function

SU(E) = [ expliEupu(du)
satisfies T = (Sn)".

For any infinitely divisible law pt there exists a unique continuous function
Y : R — C such that ¥(0) = 0 and §u (&) = exp{—¥(&)} for all £ € R. This
function is called the characteristic exponent of . An fundamental result
characterizing infinitely divisible laws in terms of characteristic exponents is

the Lévy—Khintchine formula:

Theorem 2.35 (Lévy—Khintchine formula). A function ¥ : R — C is the char-
acteristic exponent of an infinitely divisible probability measure on R, if and
only if there exist a € R, 6 > 0 and a measure v on R\ {0} with [p(1 A
lx[2)v(dx) < oo such that

1 "
¥(y) = iay+ 562y2+/R (1—e™+ iyz1{|z‘<1}) v(dz)

for everyy € R.
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We can now give a more precise formulation of the connection between
infinitely divisible laws and Lévy processes: any infinitely divisible law can
be viewed as the distribution of the random variable L, the Lévy process L

evaluated at time ¢t = 1.

Theorem 2.36. Consider a € R, 6 > 0 and a measure v on R\ {0} such that
[(1A|x]*)V(dx) < oo, and define for any y € R
1 .
W(y) =iay+ 507y + /R (1= €™ +iyzly<1y) v(dz).
Then there exists a unique probability measure PP on Q under which L is a Lévy
process with characteristic exponent W, and the jump process of L is a Poisson

point process with characteristic measure (or Lévy measure) V.
Proof. See Bertoin (1996), pp. 13-15. J O

From the proof of the previous theorem, as it is given in Bertoin (1996), one
can obtain the following version of the Ito—Lévy decomposition characterizing

the structure of Lévy processes as superpositions of simpler processes.

Corollary 2.37. A Lévy process L; can be decomposed into a sum of four
independent components

Ny
Li=at+oW,+) &+,
i=1

where the first component is a deterministic drift, the second component is a
scaled Brownian motion, the third component is a compound Poisson process
with jumps of size at least 1 and the fourth component is a pure jump martin-

gale with jumps of size less than 1.

As both the drift and the Brownian component in the decomposition of
Corollary 2.37 are continuous, we see that the jump process AL of a Lévy
process L consists of a compound Poisson process and a pure jump martingale,
which may or may not be expressible as a (compensated) compound Poisson
process. These two different cases can be characterized in terms of the total

mass of the Lévy measure v of the jump process:

Theorem 2.38. A pure jump Lévy process has a finite Lévy measure, if and
only if it is a compound Poisson process. In this case, we speak of a finite
activity jump process. If the Lévy measure has infinite total mass, we speak of

an infinite activity jump process.
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It is because of the possibility of infinite jump activity that we need to
consider R\ {0} instead of R — the integrability properties of the Lévy measure
v ensure that [,y V(dz) <eefor any € > 0, but do not exclude the possibility
that [,y V(dz) = e for any € > 0. In this case v could not be o-finite on R,
since any open set containing 0 will have infinite v-measure.

A particularly interesting class of Lévy processes are spectrally negative
Lévy processes, that is, Lévy processes with no positive jumps. For these
processes it is possible to define for g > 0 the g-scale function W9(x), which
corresponds in some sense to the scale function of a regular diffusion (cf. the
following subsection). The g-scale function has many applications in fluctua-
tion theory and solving exit problems for these processes (cf. Bertoin (1996),
Chapter VII, and Kyprianou (2006), Chapter 8).

2.3 DIFFUSIONS AND STOCHASTIC DIFFERENTIAL EQUATIONS

The superposition of a scaled Brownian motion cW, o > 0, and a linear de-
terministic drift uz, u € R, is a process which evolves in time subject to un-
certainty. Its dynamics can be represented in the form of a stochastic integral

equation
t t
Xt:Xo+/ uds+/ odW;,
0 0

provided that sense can be made of the stochastic differential dW. Itd’s sto-
chastic integration theory tells us just how to make sense of such stochastic
differentials, and we can then rewrite the above equation describing the sto-
chastic dynamics of a Brownian motion with drift as as a stochastic differential
equation

dX, = pdt + cdWw,,

Xo = x. We can interpret this equation as follows: the dynamics of process
X are driven by two processes, a deterministic drift process ¢ — ¢ and a sto-
chastic process t — W;, and these processes have constant and deterministic
coefficients i and o, respectively. The driving Brownian motion is the source
of randomness in the model. This interpretation leads immediately to two very
natural questions: first, what happens if we allow the coefficients to depend
on the state of the process, and second, could we have a more general process
as the source of randomness. Both questions have been addressed quite thor-

oughly, the first one by the theory of diffusions, the second one by the general
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stochastic integration theory as developed by P.-A. Meyer and his school. We
will concentrate on the theory of diffusions in this subsection, while more gen-
eral driving processes will be brought into picture in the next subsection.

For the considerations that are to follow, we require some additional defini-

tions, since we want to characterize diffusions as continuous Markov processes.

Definition 2.39. An (F-)adapted process X is (simple) Markov with respect
to I, if for each t > 0, the c-algebras %; and 6{X;|s >t} are conditionally

independent, given X;.

Loosely speaking, the (simple) Markov property means that given the present
state of the process, the future of the process is independent of its past his-
tory. This property is a generalization of the independent increments property:
hence, all Lévy processes are Markov processes. Simple Markov property is
equivalent to the following: for # > ¢ and f a bounded and Borel measurable

function
E{f(X.)| 7} = E{f(Xu) [o{X:}}.

Consequently, for a Markov process X, s < t and f bounded Borel, we can

define a transition function via

,@sJ(Xs,f):E{f(X,)]ys}. )

If the transition function satisfies the property s, = & _ for t > s, then the
Markov process in question is time homogeneous, and the transition functions
form a transition semigroup of operators (% );>o. For the purposes of this

thesis, the class of time homogeneous Markov processes is sufficiently general.

Definition 2.40. A time homogeneous simple Markov process is strong Markov,
if for any stopping time T with P(T < o) =1 and s > 0,

E{f(xm) y%} = Ps(Xr, f),

for f bounded and Borel measurable.

For detailed expositions of Markov processes, the reader is referred to
Dynkin (1965), Chapter III of Rogers and Williams (1994) and Part II of
Gikhman and Skorokhod (1975).

We are now in a position to give the general definition of a diffusion process
(in the sense of Dynkin (1965)).
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Definition 2.41. A diffusion is a strong Markov process with almost surely

continuous sample paths.

The standard form of a time-homogeneous one-dimensional stochastic dif-

ferential equation driven by a Brownian motion is

Xo =x €I, where I C R is the state space of the diffusion and u : R — R
and 0 : R — [0, 00) are usually Lipschitz continuous functions satisfying some
growth condition (cf. @ksendal (2003)). Typically, the conditions are needed
to ensure the existence and uniqueness of an adapted and square integrable
strong solution X. As usual, we will use symbols P, and E, for probabili-
ties and expectations under the assumption Xy = x. Solutions of stochastic
differential equations such as (3) are diffusions, if a relatively mild continu-
ity assumption is satisfied: if the coefficients are Lipschitz continuous, then
the solution X is a strong Markov process. In fact, this last result remains
true if the driving process is any Lévy process, see Protter (2004) Theorem
V.32. However, not all diffusions can be represented via stochastic differential
equations driven by a Brownian motion, and not all solutions of stochastic dif-
ferential equations driven by a Brownian motion are diffusions. In @ksendal
(2003) processes whose dynamics are characterized by (sufficiently regular)
equations of form (3) are called 176 diffusions.

In this thesis we also restrict our attention to regular diffusions, that is, we
assume that P, (7, < co) = 1 for all x,y € I, where 7, = inf{r | X; = y}. In other
words, every point of the state space can be hit from every other point of the
state space.

Any regular one-dimensional diffusion can be obtained by first time chang-
ing a Brownian motion and then making a transformation of the state space.
These operations can be done with speed measures and scale functions, re-
spectively. To be more specific, let X be a regular diffusion. Such a diffusion

is said to be on natural scale if

b—x
Px(X’L'[anb] = (l) = b

—a
and ]P’X(Xf[a_’b] =b)= iy

for every interval [a,b] C I°, where Tja,p) 18 the first exit time of X from interval
[a,b].



34

Theorem 2.42. There exists a strictly increasing continuous function s(x) such

that s(X) is on natural scale on s(I).
Proof. See Bass (1997), pp. 79-80. O

The function s(x) is the scale function of diffusion X. Given a regular dif-
fusion on natural scale, a measure m(dx) is the speed measure for the diffusion
if .

ETlap) Z/Ga,b(W)m(dY),

where (a,b) C I and

2c—a)(b—y)/(b—a), a<x<y<b
Gap(x,y) =< 2(y—a)(b—x)/(b—a), a<y<x<b
0, otherwise

The speed measure governs how quickly the diffusion moves through intervals.

Theorem 2.43. A regular diffusion on natural scale in an open interval I has

a unique speed measure which characterizes the law of the diffusion.
Proof. See Bass (1997), pp. 81-85. O

Both the scale function and the speed measure can be expressed in terms

of the infinitesimal characteristics of the process:

s(x) = /Cxexp{—/cy i’;é:idu}dy,

where c¢ is some constant, and

dx
dx) = ——.
m(dx) 20
For more on diffusions and stochastic differential equations, we refer the
reader to @ksendal (2003), Bass (1997) and Chapter V in Rogers and Williams

(1994).

2.4 GENERATORS AND r-HARMONIC FUNCTIONS

Time-homogeneous stochastic differential equations driven by a Brownian mo-
tion have a strong connection to second order elliptic differential equations: we

can associate with the stochastic differential equation (3) a second order linear
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differential operator - mapping functions f € €3 (I;R) to continuous func-

2x
206 = T 1) 4 o (0.

More precisely, for sufficiently regular functions this operator coincides with

tions via

the infinitesimal generator of process X:

Definition 2.44. If X is a time-homogeneous diffusion in R, then the infinites-
imal generator <7 of X is defined by

Ed f(X)—
o £(x) i ligg DK} =)
t10 t
for x € R. The set of functions for which the limit exists for all x € R is denoted
by Dy.

For Itd diffusions, 62(I;R) C Py and for f € €3(I;R), o/ f = Lf (cf.
@ksendal (2003), Theorem 7.3.3). A closely associated concept is the charac-

teristic operator of X .

Definition 2.45. If X is a time-homogeneous diffusion in R, then the charac-
teristic operator < of X is defined by
roin o Bl f (X))} — f(0)
I =
for x € R, where the open sets U decrease to x in the sense that Uy, D Uy, and
MU = {x}. The set of functions for which the limit exists for all x € R and all
{Uyx} is denoted by 9 ;.

Itis always the case that 7, C ¥ ; and &7 f = 4 f for f € D, (see Dynkin
(1965), Part I, p. 143). Moreover, 6*(I;R) C Z,; and for f € €*(I;R), we
have that </ f=2f (cf. @ksendal (2003), Section 7.5).

Classical one-dimensional harmonic functions are functions f such that

(Af) (x) = f"(x) =0,

where A is the second order differential operator known as the Laplacian. This
concept of “A-harmonicity* generalizes naturally to .#-harmonicity, where
Z is any second order differential operator — or, more generally, an integro-
differential operator. Of particular interest in the applications considered in
this thesis is a special operator ., derived from the operator .£ via

(Zf) (x) = (L) (x) = rf(x).
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This operator corresponds to the process with infinitesimal generator . killed
or discounted at rate r. The next definition spells out our use of terminology
with respect to the harmonicity concepts (observe our notation: we use ¢ and
%, to refer to (more general) integro-differential operators, while . and .,

are reserved for “pure” differential operators with no integral term present).

Definition 2.46. Let & be an integro-differential operator. A function [ €
€2(I;R) with the necessary integrability properties is called harmonic with
respect to ¢, if 4 f = 0. Analogously, a function f is called r-harmonic with
respectto 9, if 4,.f = 0.

If the equalities in the previous definition are replaced by the inequali-
ties 4f <0 and 4, f < 0, respectively, them f is called superharmonic or
r-superharmonic with respect to ¢, respectively. If these inequalities are re-
versed, then f is called subharmonic. In cases when it is clear from the context
which operator is being considered, we will drop the explicit reference “with
respect to*“ and simply use the terms harmonic and r-harmonic. It is worth
observing that the scale function s(x) of a linear diffusion satisfies Zs =0, i.
e. is harmonic with respect to the infinitesimal generator . of the diffusion,
while the g-scale function W4(x) of a spectrally negative Lévy process satisfies
¢,W1 =0, i.e. is g-harmonic with respect to the infinitesimal generator ¢ of
the process.

A crucially important result for strong Markov processes and their genera-
tors is

Theorem 2.47 (Dynkin’s formula). Let X be a strong Markov process with
infinitesimal generator 4 and f € Dy. Then

100) =10~ [ (@£) (% )ds
is a local martingale.

Proof. See Dynkin (1965), part I, p. 133. Ul

From Theorem 2.47 immediately follows the more usually encountered
formulation of Dynkin’s formula for 1t6 diffusions: for stopping times 7 such
that E{T} < oo,

B0} = W+ B [0 (x)as)
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for f € ¢¢(I;R), when X is an It6 diffusion. From Dynkin’s formula we see
that for a function f € €?(I;R) with the necessary integrability properties, we

have the implication
(Zf)(x)<Oforallxel = E{f(X¢)} < f(x)forallte T,xel. (4)

Hence for such functions our definition of superharmonicity via the generator
implies superharmonicity in the — in optimal stopping applications more usual
— sense that the left side of (4) is satisfied. However, we need to be careful
when dealing with functions that are not 2, as is the case in Paper I. A concept

closely related to superharmonicity is excessivity.

Definition 2.48. A nonnegative lower semicontinuous function f : 1 — R is
called r-excessive with respect to X, if Ex{e " f(X;)} < f(x) for all t > 0,
xel

Quite obviously, nonnegative superharmonic functions in the sense of the
left side of (4) are excessive. In Hunt (1958) it it shown that for quasi-left
continuous strong Markov processes, nonnegative excessive functions are su-
perharmonic in the sense of the left side of (4).

The research papers gathered together in this thesis utilize the intimate
connection between the increasing solution y/(x) of the characteristic integro-
differential equation ¢,y = 0 and the value functions of certain optimal con-
trol problems to solve these problems for a certain class of strong Markov
processes — namely spectrally negative jump diffusions. For 1t6 diffusions this
connection has been established in literature earlier — one significant difference
in our framework is that while for linear diffusions the existence and unique-
ness of both an increasing solution {(x) and a decreasing solution ¢ (x) of the
characteristic linear differential equation .%,f = 0 are known and these solu-
tions can be completely characterized (cf. Borodin and Salminen (2002), pp.

18-20), for integro-differential equations the situation is more complicated.

2.5 JUMP DIFFUSIONS AND LEVY STOCHASTIC DIFFEREN-
TIAL EQUATIONS

In this last subsection of the second section in our Introduction, we recall

some basics about stochastic differential equations with more general driving
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processes than a Brownian motion. In particular, for purposes of more real-
istic modeling, we want the solutions to be such that discontinuous sample
paths are allowed. However, we still want the solution to be a strong Markov
process, and hence we do not consider the most general setup possible (with
driving processes being only semimartingales). By virtue of Theorem V.32 in
Protter (2004), we know that for the solution to be strong Markov, the driving
process must be a Lévy process. Given the results concerning Lévy processes
from subsection 2.2, the relevant stochastic differential equation can written as
follows:

dX, = (X, )dt + 6(X,_)dW,; + /y V(X 2)N(d1,dz), 5)

Xo=xcl,where[CR,. CR,Nisa compensated Poisson random measure
with characteristic Lévy measure v, and coefficient functions , o and y are
sufficiently regular (cf. @ksendal and Sulem (2005)).

As was previously mentioned, a jump diffusion (or a Lévy diffusion) is a
strong Markov process. Moreover, as its jump times coincide with the jump
times of the driving Lévy process, it is also left-continuous over stopping times
(cf. Paper I, Section 2) and is hence a Hunt process. For f € ‘502 (I;R), the

infinitesimal generator of the process with stochastic dynamics given by (5) is

(G f) (x) = p(x)f (x) + 0o (x)f"(x) +/y {f(x+7(x,2)) = f(x) = 7(x,2) f (x) } v(dz).
(0)
Dynkin’s formula holds for jump diffusions as well (cf. @ksendal and Sulem
(2005), Theorem 1.24). Using the change-of-variable formula for semimartin-
gales from Peskir (2007), we can extend the implication (4) from % functions
to continuous functions which are € outside a finite subset of I (see Paper I).
Since our research interest here has been directed towards downside risk as
defined in subsection 1.4, we consider in Papers I-V only spectrally negative
jump diffusions, that is, processes with dynamics given by (5) and y(x,z) <0
for all (x,z) € I x .. With the sole exception of Paper I, we have furthermore
found it convenient to restrict the form of y even further by requiring the jump
sizes to be proportional to the current state of the process and setting hence
¥(x,z) = —xz. This restriction leads to significant gains on the tractability
side while retaining much flexibility as we can choose the Poisson random
measure NV fairly freely. In fact, it is possible to show that in the presence

of proportional jumps there exists an exponential martingale M = {MI}ZE[QOO)
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such that multiplication of the jump diffusion X by M yields a process whose
dynamics are characterized by an ordinary It6 stochastic differential equation
driven by a Brownian motion. Even though some of our results, especially
the general theorems of Paper III, are applicable also in the case where the
jumps have infinite activity, mostly we consider the finite jump activity case
V(R \ {0}) < oo — in this case, the requirements on the Lévy measure boil
down to the existence of a continuously differentiable density for the jump
size distribution m (where v = Am).

Moreover, a standing assumption (familiar from the theory of linear diffu-
sions) is that the boundaries of the state space I are natural boundaries for X
— that is, in absence of control the boundaries are unattainable in finite time.
This implies that the lifetime of the uncontrolled process & = oo.

The assumption of spectral negativity yields the following result, which is
a cornerstone of our analysis. This theorem — a reproduction of Lemma 3.2
from Paper I — states that for a jump diffusion X started from x, the moment
generating function of 7y, the first hitting time of a level y > x, has a represen-
tation in terms of the minimal smooth and increasing r-harmonic function. We
wish to point out here that in Kou and Wang (2003), the authors obtain similar
representations for first passage times of a level in the case of a Brownian mo-
tion augmented with compound Poisson jumps when jump sizes have a double
exponential distribution. For continuous Markov processes, a representation
of this type was obtained at least as early as in 1953 (cf. Darling and Siegert
(1953)).

Theorem 2.49. For a jump diffusion X started from x <y, x,y € I,

Ec{e ™} =y(x)/y0),
where y € €*(I;R) is increasing and solves 9,y = 0.
Proof. See Paper I, proof of Lemma 3.2. O

By virtue of this representation, it is possible to express the value func-
tions of several optimal control problems in terms of the solution of ¥,y = 0,
and we turn our attention to this in the following last section of this Introduc-
tion. Of course, it is a priori not clear whether a smooth function y solving
¢,y = 0 exists — while some research papers give existence and uniqueness re-

sults for solutions of integro-differential equations even more general than the
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ones considered in this thesis (cf. Alvarez and Tourin (1996) and Jakobsen and
Karlsen (2006)), typically the solutions then are not solutions in the classical
sense (that is, elements of €2(I;R)), but viscosity solutions (that is, elements
of some larger function space, such as the space of all continuous — or all semi-
continuous — functions). The standard reference for viscosity solutions theory
is Crandall et al. (1992), which deals with second order differential equations.
Extensions of the theory to integro-differential equations are discussed in Al-
varez and Tourin (1996), Jakobsen and Karlsen (2006) and Barles and Imbert
(2008).

The difficulties in establishing the existence of an increasing smooth solu-
tion to ¢,y = 0 led to Paper V, where the existence result is obtained for a class
of jump diffusion models whose drift and diffusion coefficients satisfy certain
regularity conditions. Typical representatives of this class are jump diffusion
versions of the logistic model.
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3 CONSIDERED CONTROL PROBLEMS

3.1 GENERAL FORMULATION

In control theory, the usual setup is that we are given a dynamical system,
which we are allowed to control subject to some restrictions. Allowed control
actions are called admissible, and when solving an optimal control problem,
we try to find the admissible control actions leading to the best possible result
as measured by some specified criterion described mathematically by a objec-
tive functional. While classical control theory deals with deterministic systems
described by ordinary or partial differential equations, in stochastic control the-
ory the systems to be controlled are stochastic and consequently their dynam-
ics are described with stochastic differential equations. A comprehensive and
up-to-date overview on optimal control theory for Markov processes is Flem-
ing and Soner (2006), to which we refer for the results of this section unless
otherwise indicated.

Much of economics and finance deals with optimization, and most often the
objective criterion is either maximization of profits or minimization of losses.
As financial quantities such as the cash flows from an investment or the value
of a firm’s assets are both dynamical and stochastic in nature, stochastic control
theory seems to be tailor-made for tackling these problems.

In all the research papers constituting this thesis the mathematical problem
considered is of the following type: given a jump diffusion X with dynamics
given by an equation of type (5), find the admissible control process Z* =
{Z} }1¢[0,0) such that

VA VA
wp, [ ez =E, [T KDz, )
Zed 0 0
where r > 0 is the applied constant discount rate, £Z is the lifetime of the
controlled process X?, f : I — R is a functional describing the instantaneous
marginal yields accrued from exerting the control Z, and the class of admis-
sible control processes &7 is specified by certain restrictions. In particular, in
line with optimal dividend distribution and optimal harvesting applications, we
assume that control actions take the form of displacements (i. e. bring the state
of the controlled process down from the current level). In other words, the ad-

missible controls can be interpreted as payout policies or harvesting strategies.
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Let us now see how different additional restrictions on the class of admissible

controls lead to different control problems.

3.2 OPTIMAL STOPPING

If we are only allowed to control X by irreversibly liquidating all value, we can
choose only the moment at which to stop the process once-and-for-all. In this

case problem (7) transforms into an optimal stopping problem
V(x) = sup Ex{e” " f(X:)}, ®)
T

where .7 is the set of all [F-stopping times. Optimal stopping problems orig-
inated in A. Wald’s sequential analysis (cf. Wald (1947)) in a discrete time
framework. Broadly speaking, there are two main approaches to solving opti-
mal stopping problems: the martingale approach initiated by J. Snell (cf. Snell
(1952)) with his characterization of the solution by what is nowadays called
Snell’s envelope, the smallest supermartingale dominating the reward; and the
Markovian approach relying on the analytical tools provided by the theory
of Markov processes. This second approach has its origins in Kolmogorov’s
studies (cf. Kolmogorov (1931)). The methods used in this thesis represent
this second approach, more precisely, we rely strongly on the superharmonic
characterization of the solution due to E. Dynkin (cf. Dynkin (1963)). This
characterization states that the value function is the smallest superharmonic
majorant of the reward.

The Markovian structure simplifies the optimal stopping problem quite a
bit: it is intuitively clear that by virtue of the strong Markov property, we do not
need to consider controls depending on the past history of the process. Instead,
it suffices to consider feedback controls depending only on the current state
X; € I. This implies that we can partition the state space [ into a continuation
region C and a stopping region S = I\ C. Since the value V(x) dominates the

reward f(x), and furthermore in the stopping region V (x) = f(x), we have
C={xel|V(x)>f(x)}and S={x€I|V(x) = f(x)}.

If V(x) is lower semicontinuous and f(x) is upper semicontinuous, then C is
open and S is closed; hence the first entry time of X into S, 7g = inf{z > 0|X; €
S} is a stopping time because X is cadlag. We have the following nice result

concerning the existence of an optimal stopping time:
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Theorem 3.1. Suppose f(x) is upper semicontinuous and satisfies

B, (supl )1 ) <o

>0
If V(x) is lower semicontinuous, then:
(a) Py(1g < oo) = 1 for all x € I implies that Ts is the optimal stopping time;

(b) Py(t5 < ) < 1 for some x € I implies that, almost surely, there is no

optimal stopping time.
Proof. See Peskir and Shiryaev (2006), pp. 34-48. OJ

It is well-known that via the superharmonic characterization, determination

of V(x) can be reduced to a free-boundary problem

(GV)(x) <0, xel
Vx) =2 f(x),  (V(x)>fx),xeCV(x) = flx),x€S)

(€))

where so far both V(x) and C are unknown (observe that determining C is
equivalent to determining its boundary dC — hence the terminology). If f(x)

is continuous on 7, then V (x) = E,[e”"™ f(Xy,)] solves the Dirichlet problem

(4 V)(x)=0, xeC (10)
x)

V(x)=f(x), xe€acC.

By Theorem 3.1, if P,(7s < o) = 1 for all x € I, then V(x) = V(x). Hence
the value function of the stopping problem is a solution of the Dirichlet prob-
lem. However, solving the stopping problem still requires determination of the
optimal free boundary JdC.

As optimal stopping problems are dynamic programming problems, they
can also be solved by applying Bellman’s optimality principle, which in this
context takes the well-known form of Hamilton—Jacobi—-Bellman integro-varia-

tional inequality
max{(4,V)(x),f(x)—V(x)} =0,Vx el

(cf. Pksendal and Sulem (2005), Chapter 2). From this formulation one can

derive the previous free-boundary problem characterization of the solution by
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assuming that we can partition / into a continuation region and a stopping
region (cf. Lempa (2007)).

Our exposition in this subsection relied on Peskir and Shiryaev (2006), and
we refer the reader to this monograph for additional information on the general

theory of optimal stopping.

3.3 SINGULAR STOCHASTIC CONTROL

In classical control theory the displacement of the state due to control is differ-
entiable in time. Singular control models first considered in Bather and Cher-
noff (1967a) and Bather and Chernoff (1967b) allow a displacement which is
not absolutely continuous with respect to the time variable ¢.

If we are allowed to control X by bringing the state down by any amount at
any time and these control actions incur no transaction costs, then our control
problem (of maximizing the utility of the sum of all displacements) is trans-
formed into a singular stochastic control problem

J) = sup B, [ e p(x7)dz., (1)
Zed 0
where the class of admissible control policies .7 consists of all adapted, non-
negative and nondecreasing cadlag processes Z = {Zt}t€[07m). These control
policies can be singular with respect to the Lebesgue measure df (whence the
name). In fact, it turns out that the optimal control usually is of this type.

Similarly to the case of stopping problems, the Markovian structure is very
helpful in simplifying the control problem: we can consider the state space
I and split it into two regions, a action region A and a inaction region N =
I\ A. From A the process is immediately moved into N, where its exit from
N by creeping (continuous movement) is prevented by reflection at dN in an
appropriate direction.

In our setup of spectrally negative processes, a further simplification is
achieved if the set N = (a,b) with a = inf/. Then the only possible jump in
the control process occurs at time 0, if Xo = x > b. After the initial time the
process can hit level b only by creeping and controlling via reflecting keeps
it in N. The resulting control process Z is a combination of a potential initial
impulse max{x — b,0} and the local time of X on the boundary dN(= b). The
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local time process is the solution of the Skorokhod problem

X? =x+ fg{ (XZ_)ds+c(x2_)dW — [, (X2 )N (ds,dz) — f(X7. )dZs},

=0, fo (xZgd N} =0,¥r > 0, Z continuous and increasing,

(12)

and the controlled process X7 is X with oblique reflection at dN. The prob-
lem of determining the value function J(x) can be reduced to a free-boundary
problem of Neumann type

(9J)(x) =0, xeN

(13)
J(x)=f(x), x€oN
by virtue of the following result.

Theorem 3.2. A solution of the Neumann problem (13) satisfies

xX) = Ex/ e " f(XZ)dZ,
0
for Z solving the Skorokhod problem (12).

Proof. Let {t%},cn be a sequence of stopping times such that T2 — oo, as
n — oo, and Tf < oo almost surely for each n < o« (for a, b finite, take exit
times from intervals (a+ 1/n,b — 1/n); for infinite-valued boundaries, take
exit times from intervals (—n,n)).

Apply Itd formula to obtain

e T J(XZ) =J(x)+ f0+ e " (9.0) (XZ)ds+ [y e*”ﬁ(x Yo (X2 )dW,—

eI (XE) [, ¥(XE 2N(ds,dz) — 5t e T (XP)dz,

Because J(x) solves 4./ = 0 on N and for the reflected process X? € N for
all # > 0, because It6 integrals of predictable and locally bounded integrands
preserve local martingales, and because J'(x) = f(x) on dN = support(Z),

taking expectations yields

E, [-” J(x7, )} = J(x) =By [T e (X7 )dZ,.

Letting now n — oo, we obtain the desired result. OJ
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Again, to solve the control problem, one needs to determine the optimal re-
flection boundary b and thus fix a particular solution of the Neumann problem
(13).

Being dynamic programming problems, also singular stochastic control
problems can be approached via Hamilton—Jacobi—Bellman integro-variational

inequalities, which in this case take the form
max{(%,J)(x),f(x) =J'(x)} =0,Vx €1

(cf. @ksendal and Sulem (2005), Chapter 5).

For more detailed expositions about singular stochastic control of Markov
processes, we refer the reader to Chapter 5 in @ksendal and Sulem (2005), and
Chapter VIII in Fleming and Soner (2006).

3.4 STOCHASTIC IMPULSE CONTROL

If we are allowed to control X by paying out any part of the value at any time
but each action incurs a fixed intervention cost ¢ > 0, we obtain a stochastic

impulse control problem

{(7,8) Yiesr ics

where 7;, i € .# are the intervention times, 0 < §; < X;_, i € .# are the inter-

Ji(x)= sup Ex{ Z e " (g(Xe—, Gi) — c)} , (14)

ventions or impulses (displacements), which are assumed to be .7 -measurable,
# is an index set at most countably infinite, and function g(x,z) describes the

utility derived from an impulse of magnitude z when in state x. An impulse of
magnitude z will cause the state of the process to jump immediately from Xz,

to X7, —z. Thus, in general we need to choose both a sequence of intervention

times 7; and the sizes of interventions {;. Intuitively, the optimal policy will

consist of discrete impulses, as very frequent controlling — such as is implied

by a reflection policy — would incur very high transaction costs offsetting the

benefits of added flexibility in controlling.

Note that an optimal stopping problem is a special case of the impulse con-
trol problem, which can be obtained by restricting the sequence of intervention
times to consist of exactly one element 7 and the corresponding single impulse
to be equal to { = X;. The result is

nggEx (e (g(Xs)—c)):
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setting ¢ = 0 reproduces the optimal stopping problem in absence of transac-
tion costs. On the other hand, an impulse control is an increasing and non-
negative, cadlag pure jump process and would hence qualify as an admissible
control for a singular stochastic control problem. Hence we see that all three
control problems can be viewed as the same basic problem with a varying
degree of flexibility in controlling, as is pointed out in Alvarez and Virtanen
(2006).

Impulse control problems can be solved by a version of Hamilton—Jacobi—

Bellman approach using so-called guasi-integrovariational inequalities

max{(4,.J;)(x), (AJ;)(x) = J1(x)} =0, xe€l
Ji(x) = (A J7)(x), x € IN,

(15)

where the intervention operator .# acts on measurable functions J(x) via

(A7) (x) = sup {g(x,2) +J(x—2)} (16)

z€[0,x]

(cf. @ksendal and Sulem (2005), Chapter 6).
The use of quasi-variational inequalities in solving impulse control prob-
lems is due to A. Bensoussan and J. Lions (cf. Bensoussan and Lions (1980)

for an overview).

3.5 BARRIER AND BAND STRATEGIES

In all three control problems presented in the previous subsections, the sets of
admissible controls are a priori quite large and may contain very exotic ele-
ments. In contrast, for optimal stopping and singular control problems barrier
strategies or threshold rules constitute a very simple subclass of admissible
controls. In these strategies a control action is taken every time the controlled
process hits a certain barrier level y € I: in a stopping problem, we simply
stop the process at the first hitting time of level y, while in a singular control
problem, we reflect the process downward at level y. In terms of the push re-
gion A of the previous section, this corresponds to taking A = [y,e). In an
impulse control problem, the corresponding simple strategy is a band strategy:
we make an intervention at each hitting time of level y to bring the state of the
process to level z < y.

In the general case determination of the optimal control strategy entails

optimization over a very complicated set, for which it is usually not possible
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to characterize the elements explicitly. But if we could show that the optimal
strategy is in fact of barrier (or band) type, then the situation would simplify
dramatically: we could simply optimize with respect to the barrier level y (band
levels y and z) over the interval / C R (I x I) of possible barrier (band) levels,
as the optimal barrier (band) strategy would also be optimal overall. Hence the
dynamic optimization problem would reduce to a static nonlinear program-
ming problem. In light of this, obtaining sufficient conditions for optimality of
barrier or band strategies is of interest.

This approach was applied in the general framework of linear diffusions
in Alvarez (1999), Alvarez (2000), Alvarez (2001) and Alvarez (2004). In the
research papers of this thesis, we show that this approach works also for a class
of spectrally negative jump diffusions. This observation relies on Theorem
2.49, which combined with spectral negativity yields as an immediate corollary
the following representation of the value of a barrier strategy in the context of
optimal stopping.

Corollary 3.3. Let x,y € I, x <y, and let g(x) be continuous. Then

Eofe "g(Xq)} = 2(v) %

where y(x) is an increasing solution of 4.y = 0.

In Paper IV, we apply this representation to establish a certainty equiva-
lence relation between the value of an optimal stopping problem for a geomet-

ric Lévy process and the value of a deterministic optimal timing problem.

Of course, the optimal strategy is not always a barrier strategy. To give
an example, in Loeffen (2008), dividend optimization for a spectrally negative
Lévy process is considered and a sufficient condition for the optimality of a
barrier strategy in terms of the g-scale function of the Lévy process is derived.
Azcue and Muler (2005) in turn prove that optimal dividend policy in absence
of transaction costs is a band strategy in the Cramér—Lundberg model when

controlling risk via reinsurance is allowed.
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4 SUMMARIES OF INCLUDED PAPERS

PAPER I: A CLASS OF SOLVABLE OPTIMAL STOPPING PROB-
LEMS OF SPECTRALLY NEGATIVE JUMP DIFFUSIONS

In this study we consider the optimal stopping problem

Vi) = sup Eefe™"g(Xe)}

for a class of spectrally negative jump diffusions with stochastic dynamics
given by a stochastic differential equation of type (5), where the state space
I = (a,b) C R is an open interval and the boundaries a and b are assumed to
be unattainable in finite time. The coefficient functions are assumed to be such
that a unique strong square integrable solution of (5) exists (cf. @ksendal and
Sulem (2005), Theorem 1.19 for the most usual sufficient conditions for this).

We show that for a continuous reward function g which is € outside a
finite set .4~ C I, the value of the optimal stopping problem has a representation
in terms of the increasing smooth solution of the integro-differential equation
9w = 0, that is, that

o-vore{£2)}

This representation implies that the dynamic optimization problem can be re-
duced to a standard nonlinear static optimization problem, where we optimize
over threshold levels y € I. As we consider rewards that are only continuous,
we need to consider solutions in viscosity sense. We also prove that a sim-
ilar representation is valid for any € transformation of our jump diffusion,

although for a different class of reward functions.

Moreover, we obtain useful inequalities by showing that the value of the
problem for a jump diffusion can be sandwiched between the values of the cor-
responding problem for an associated continuous diffusion. We also consider
comparative statics and establish some sufficient conditions under which in-
creased volatility and increased jump intensity unambiguously decelerate the

rational exercise.
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PAPER II: OPTIMAL PAYOUT POLICY IN PRESENCE OF DOWN-
SIDE RISK

We consider the stochastic dividend optimization problem in absence of trans-
action costs, that is, the singular stochastic control problem
%
Vs(x) = sup E, e "dDy,
DeA 0
where T(I)J is the lifetime of the controlled cash reserve X and A is the class of
admissible dividend policies consisting of all adapted, nonnegative and nonde-
creasing cadlag processes. The cash reserve X, from which the dividends are

paid out, evolves in accordance with the stochastic differential equation

1
axP = p(X2 )+ o (X2 )aw, ~ X2 [ N (dt,d2) - D,

X(? =0, where D is the cumulative dividends process. We make the following

assumptions concerning the uncontrolled cash reserve process X:

(i) The expected cumulative present value is finite, i.e.

Ex/ e " X,_ds < oo
0

(ii) X is regular in the sense that for all x,y € (0,00), Py(7, < o0) = 1;

(iii) Upper boundary oo of the state space is natural (unattainable in finite
time);

(iv) u(x) and o (x) are analytic at x = 0 and satisfy p£(0) = 6(0) = ¢’(0) =0,
' (0) = 0;

(v) cash flows {|u(X;_)|}s>0 and {6?(X;_)};>0 have finite expected cumula-

tive present values;

(vi) The characteristic measure v associated to the compensated Poisson ran-
dom measure N(dt,dz) has finite total mass and can be represented as
v(dz) = Am(dz) = A fm(z)dz with fin(z) continuously differentiable.

We also consider the associated optimal stopping problem

Vosp(x) = sup E, [e_”XT] ,
€T
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where .7 is the set of all stopping times.
In addition, we consider stochastic dividend optimization in the presence

of a fixed transaction cost ¢ > 0, that is, the stochastic impulse control problem

N

Vi) = sup E|Y e (E()—c)],
(e.8)e7 [i=1

where the class of admissible controls ¥ consists of sequences of interven-

tion times {7(i)}?, and impulses {&(i)}Y_,. We also consider the associated

optimal stopping problem

V5sp(x) = sup B [e"* (X —¢)] .
€T
We establish sufficient conditions on the net appreciation rate p (x) = p(x) —
rx for the solvability of the considered problems in terms of the minimal %,-
harmonic map, that is, the unique increasing solution y(x) of the integro-
differential equation ¥, f = 4 f — rf = 0, where ¢ is the infinitesimal gen-
erator of the underlying reserve process X. Utilizing this representation of the
value function of the control problem in terms of y(x), we extend the results
of Alvarez and Virtanen (2006) by showing that the values of the considered
control problems are ordered in a particularly strong fashion, which is in ac-
cordance with our intuition. Namely, as impulse controls and stopping rules
are admissible controls for the singular control problem, and stopping rules are
impulse controls, the considered control problems can be ordered according to
the degree of flexibility in controlling. We show that not only are the values
themselves ordered as could be intuitively expected, but also their marginal
values (derivatives) are similarly ordered: the value of the singular control
problem is not only greater than that of the problems with less flexibility in

controlling, but it also grows faster.

PAPER III: ON SINGULAR STOCHASTIC CONTROL AND OP-
TIMAL STOPPING OF SPECTRALLY NEGATIVE JUMP DIFFU-
SIONS

In this study we extend some of the results of Alvarez and Virtanen (2006),
Alvarez and Lempa (2008) and Paper II, which relate to linear payoffs (con-

stant yields) or deal with continuous linear diffusions, to nonlinear payoffs



52

(state-dependent yields) in spectrally negative Lévy models. More precisely,
we consider the stochastic optimal control problems

J(x) =supE, [ e g (X% )dZ,
ZeA 0

and

V(x) = sup Exle " g(X7)],
e

where the function g(x) € €?(.#;R) is nondecreasing and satisfies inequalities
lim, | g(x) = 0 < lim,_..g(x), A is the class of nonnegative, nondecreasing,
right-continuous and adapted processes and .7 is the set of F-stopping times.

The underlying jump diffusion is assumed to satisfy assumptions similar
to assumptions (i)-(vi) of Paper II, with the exception that (iv) is replaced by
an assumption about the existence of a smooth increasing y(x); in this case
also the lower boundary of the state space needs to be assumed unattainable
(in the setup of Paper II, this follows directly from (iv)). Moreover, in (vi)
we can dispense with the requirement that v has finite total mass: our general
representation result holds true also in the infinite jump activity case.

We give sufficient conditions for the values of the considered stochastic
control problems to have a representation in terms of the minimal increasing
r-harmonic map, both in the continuous diffusion and the jump diffusion case.
In addition, we show that the values of these problems in the jump diffusion
case can be bounded from above and below by the values of certain corre-
sponding control problems of an associated continuous diffusion. Naturally,
this sandwiching result is valid only in the case of a finite jump activity, as
the associated continuous diffusion can be defined only if v = Am for a finite
A>0.

We also show that the results on the impact of flexibility on valuation,
obtained for a class of linear diffusions in Alvarez and Virtanen (2006) and for
a class of jump diffusions in Paper II, generalize to the setup with nonlinear

reward structures.

PAPER 1V: INVESTMENT TIMING IN PRESENCE OF DOWNSIDE
RISK: A CERTAINTY EQUIVALENT CHARACTERIZATION

We study the values of single threshold investment rules

P(x) =Ex[e"g(Xy,)]
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for continuous and nondecreasing payoffs g(x) in a geometric Lévy model
1
ax, =X, {udr +cdW, —/ zN(dt,dz)} ,
0

Xo =x, 0 > 0, satisfying the following assumptions:

(i) the characteristic measure v of the Poisson random measure N(dt,dz) has
a representation v = Am with m(dz) absolutely continuous with respect
to the Lebesgue measure;

.. 2
(i) u+AE[z+In(1-2)] > .
In this case the unique increasing solution of the integro-differential equation
4, f =01is y(x) = x¥, where v is the unique positive root of equation
2

Py) = Tyty )t my -4 [ (19 ¥m(az =

where il =u+Amand 7 =r+A.

We show that the value of a single threshold investment policy (a barrier
strategy) under stochastic dynamics of geometric Lévy type coincides with the
value of a single threshold investment policy under risk-adjusted determinis-
tic dynamics. To make this more precise, we define a new process Z with

deterministic dynamics described by the ordinary differential equation
Z, = aZ,
Zy = x. Denoting the value of a threshold policy for Z by
Ly o) = ¢ %5(2,),

where ¢, is the deterministic first hitting time of level y > x for Z, we prove that
if 6 = oy, then L{L o(X) = (x) for all x € R,. Hence we obtain a certainty
equivalence by considering Z and adjusting either the discount rate from r to
0 = py or the infinitesimal drift from y to oo = r/y. We establish sufficient
conditions for the overall optimal policy to be a barrier strategy, in which case
the problem of the optimal timing of an irreversible investment in a geometric
Lévy model — where two different sources of randomness are present, and
one of these is discontinuous — is equivalent to an optimal timing problem
associated with a continuous and deterministic underlying process. Thus our

findings extend the results of Alvarez (2004b) to a jump diffusion setting.
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PAPER V: A CLASS OF SOLVABLE DIRICHLET PROBLEMS AS-
SOCIATED TO SPECTRALLY NEGATIVE JUMP DIFFUSIONS

We consider a regular (cf. assumption (ii) of Paper II) spectrally negative jump
diffusion X living on (0,u) C R, with stochastic dynamics

1
dX, = 1(X,_)dt + 6(X,_)dW; — X, /0 N (dt,dz),

Xo = 0, and unattainable boundaries. We derive sufficient conditions on u(x)
and o (x) for the existence and uniqueness of a smooth increasing solution of
the characteristic integro-differential equation 4,y = 0. The conditions are
derived using an approach resembling the Frobenius method for constructing
solutions of linear differential equations, and hence as a byproduct we obtain
a semi-explicit analytical expression for the solution y(x) of 4, f = 0 in terms

of a Frobenius series:

y(x)=xV¥ Z cix',
i=1
where ¥ solves the indicial equation

ply)= aﬂéo)w% <u’(0) + Am— a"éO)) v— (r+7L)+7L/01(1 —2)¥m(dz) =0

with a(x) = 1062 (x), co # 0 and the coefficients {c;}:* ; satisfy a certain recur-
rence relation and are such that the relevant power series is absolutely conver-
gent on the state space (0, u). Here are the sufficient conditions:

(i) p(x) and o (x) are analytic at x = 0 and satisfy ¢ (0) = (0) = 6’(0) =0,
1’ (0) > 0 (this is assumption (iv) in Paper II);

(ii) there exists m € N such that a®(0) = 0 and u(0) = 0 for all n > m;

(ii1) the unique positive root Y of the indicial equation satisfies
1 1
p'(0)+ Am+ (l//—i— 2) a’(0) > —QL/ In(1—2z)(1 —z)¥ 'm(dz).
0

Naturally, in general the integro-differential indicial equation can be solved
only numerically, and for practical purposes we need to approximate the solu-
tion by truncating the power series.

The main reason why the Frobenius method can be modified to accom-

modate our setup is the assumption of jumps being proportional to the current
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state: this allows the incorporation of the jump term into the terms of the power
series.

We illustrate the result with two explicit examples, which are both in-
stances of what we here refer to as a logistic jump diffusion model. That
is, a process with drift essentially of form p(x) = x(1 —x). More generally,
from our sufficient conditions (i)-(ii) one can see that a typical representative
of the class of jump diffusions whose characteristic equations are solvable via

this method is such that p(x) and o (x) are polynomial functions.



56

REFERENCES

Akhigbe, A., Borde, S. F., Madura, J. Dividend policy and signalling by insur-
ance companies, 1993, Journal of Risk and Insurance 60(3), 413—428.

Alvarez, L. H. R. A class of solvable singular stochastic control problems,
1999, Stochastics and Stochastics Reports 67, 83—122.

Alvarez, L. H. R. Singular stochastic control in the presence of a state-
dependent yield structure, 2000, Stochastic Processes and Their Applica-
tions 86, 323—343.

Alvarez, L. H. R. Singular stochastic control, linear diffusions, and optimal
stopping: a class of solvable problems, 2001, SIAM Journal on Control and
Optimization 39, 1697—1710.

Alvarez, L. H. R. A class of solvable impulse control problems, 2004, Applied
Mathematics & Optimization 49, 265—295.

Alvarez, L. H. R. On risk adjusted valuation: A certainty equivalent charac-
terization of a class of stochastic control problems, 2004, Turku School of

Economics Discussion and Working Papers 5.

Alvarez, L. H. R., Lempa, J. On the optimal stochastic impulse control of linear
diffusions, 2008, SIAM Journal on Control and Optimization 47, 703—732.

Alvarez, L. H. R., Rakkolainen, T. A. A class of solvable optimal stopping
problems of spectrally negative jump diffusions, 2008, working paper.

Alvarez, L. H. R., Rakkolainen, T. A. Optimal payout policy in presence of
downside risk, 2008, Mathematical Methods of Operations Research, to ap-

pear.

Alvarez, L. H. R., Rakkolainen, T. A. On singular stochastic control and op-
timal stopping of spectrally negative jump diffusions, 2008, Stochastics, to

appear.

Alvarez, L. H. R., Rakkolainen, T. A. Investment timing in presence of down-
side risk: a certainty equivalent characterization, 2008, Annals of Finance,

to appear.



57

Alvarez, L. H. R., Virtanen, J. A class of solvable dividend optimization prob-
lems: on the general impact of flexibility on valuation, 2006, Economic The-
ory 28, 373—398.

Alvarez, O., Tourin, A. Viscosity solutions of nonlinear integro-differential
equations, 1996, Annales de I’ Institut Henri Poincaré Analyse Non Linéaire
13:3,293—317.

Azcue, P, Muler, N. Optimal reinsurance and dividend distribution policies in
the Cramér—Lundberg model, 2005, Mathematical Finance 15:2,261—308.

Bachelier, L. Théorie de la spéculation, 1900, Annales Scientifiques de I’Ecole
Normale Supérieure 17, 21-86.

Barles, G., Imbert, C. Second-order elliptic integro-differential equations: vis-
cosity solutions’ theory revisited, 2008, Annales de I’ Institut Henri Poincaré
Analyse Non Linéaire 25:3, 567-585.

Bass, R. F. Diffusions and elliptic operators, 1997, Springer.

Bather, J. A., Chernoff, H. Sequential decisions in the control of a spaceship,
1967, 5th Berkeley Symposium on Mathematical Statistics and Probability
3, 181-207.

Bather, J. A., Chernoff, H. Sequential decisions in the control of a spaceship
(finite fuel), 1967, Journal of Applied Probability 49, 584—604.

Bensoussan, A., Lions, J. L. Impulse control and quasi-variational inequali-
ties, 1980, Gauthier-Villars.

Bernanke, B. S. [Irreversibility, uncertainty and cyclical investment, 1983,
Quarterly Journal of Economics 98:1, 85-106.

Bertoin, J. Lévy processes, 1996, Cambridge University Press.

Black, F., Scholes, M. The pricing of options and corporate liabilities, 1973,
Journal of Political Economy 81(3), 637-654.

Blumenthal, R. M. An extended Markov property, 1957, Transactions of the
American Mathematical Society 85, 52-72.

Blumenthal, R. M., Getoor, R. K. Markov processes and potential theory,
1968, Academic Press.



58

Bollerslev, T. Generalized autoregressive conditional heteroskedasticity, 1986,
Journal of Econometrics 31, 307-327.

Borodin, A. N. Lectures on stochastic processes, 2005, Reports on Computer
Science and Mathematics B:36, Abo Akademi University.

Borodin, A. N., Salminen, P. H. Handbook on Brownian motion - facts and
formulae, 2nd edition, 2002, Birkh&user.

Boyarchenko, S. I., and Levendorskil, S. Z. Irreversible decisions under un-

certainty. Optimal stopping made easy, 2007, Springer.

Cont, R., Voltchkova, E. Integro-differential equations for option prices in ex-
ponential Lévy models, 2005, Finance & Stochastics 9, 299-325.

Crandall, M. G., Ishii, H., Lions, P.-L. User’s guide to viscosity solutions of
second order partial differential equations, 1992, Bulletin of the American
Mathematical Society 27:1, 1-67.

Darling, D. A., Siegert, A. J. F. The first passage problem for a continuous
Markov process, 1953, The Annals of Mathematical Statistics 24:4, 624—
639.

Dixit, A. K., and Pindyck, R. S. Investment under uncertainty, 1994, Princeton

University Press.

Dunford, N., and Schwartz, J. T. Linear operators, part I: general theory,
1957, Wiley.

Dynkin, E. B. Infinitesimal operators of Markov processes, 1956, Theory of
Probability and its Applications 1, 34-54.

Dynkin, E. B. The optimum choice of the instant for stopping a Markov
process, 1963, Soviet Math. Dokl. 4, 627-629.

Dynkin, E. B. Markov processes I-11, 1965, Springer.

Dynkin, E. B., Yuskevich, A. A. Strong Markov processes, 1956, Theory of
Probability and its Applications 1, 134—139.

Easterbrook, F. H. Two agency-cost explanations of dividends, 1984, American
Economic Review 74, 650-659.



59

Engle, R. F. Autoregressive conditional heteroskedastic models with estimates
of the variance of United Kingdom inflation, 1982, Econometrica 50, 987—
1007.

Feller, W. Zur Theorie der stochastischen Prozesse, 1936, Mathematische An-
nalen 133, 133-160.

Feller, W. The parabolic differential equations and the associated semigroups
of transformations, 1952, Annals of Mathematics 55, 468-519.

Feller, W. The general diffusion operator and positivity preserving semigroups
in one dimension, 1954, Annals of Mathematics 60, 417-436.

Fleming, W. H., Soner, H. M. Controlled Markov processes and viscosity so-
lutions, 2006, Springer.

Friedman, A. Foundations of modern analysis, corrected printing, 1982, Dover.

Gikhman, I. I., and Skorokhod, A. V. The theory of stochastic processes 1-11,
1975, Springer.

Hull, J. C. Options, futures and other derivatives, 5th edition, 2003, Prentice
Hall.

Hunt, G. A. Markov processes and potentials 1-111, 1957-58, Illinois Journal
of Mathematics 1, 44-93 (1), 316-369 (II) , 2, 151-213 (IID).

1t6, K., and McKean, H. P. (Jr.) Diffusion processes and their sample paths,
2nd corrected printing, 1974, Springer.

Jakobsen, E. R., Karlsen, K. H. A “maximum principle for semicontinuous
functions* applicable to integro-partial differential equations, 2006, Non-
linear Differential Equations and Applications 13:2, 137-165.

Jensen, M. C. Agency costs of free cash flow, corporate finance and takeovers,
1986, American Economic Review 76, 323-329.

Jorion, P. Risk management lessons from Long-Term Capital Management,
2000, European Financial Management 6, 277-300.

Kolmogorov, A. N. Uber die analytischen Methoden in Wahrscheinlichkeit-
srechnung, 1931, Mathematische Annalen 104, 415-459.



60

Kolmogorov, A. N. Grundbegriffe der Wahrscheinlichkeitsrechnung, 1933,
Springer.

Kou, S. G., Wang, H. First passage times of a jump diffusion process, 2003,
Advances in Applied Probability 35, 504-531.

Kyprianou, A. E. Introductory lectures on fluctuations of Lévy processes with

applications, 2006, Springer.

Lempa, J. Essays on optimal stopping and control of Markov processes, 2007,
Ph.D. thesis, Turku School of Economics Series A, 8:2007.

Lévy, P. Sur les intégrales dont les éléments sont des variables aléatoires
indépendantes, 1934, Annali della Scuola Normale Superiore di Pisa 3,
337-366, and 4, 217-218.

Loeffen, R. L. On optimality of the barrier strategy in de Finetti’s dividend
problem for spectrally negative Lévy processes, 2008, Annals of Applied
Probability, to appear.

McKean, H. P. (Jr.) Stochastic integrals, 1969, Academic Press.

McNeil, A. J., Frey, R. and Embrechts, P. Quantitative risk management: con-

cepts, techniques and tools, 2005, Princeton University Press.

Merton, R. C. The theory of rational option pricing, 1973, Bell Journal of

Economics and Management Science 7, 141-183.

Mikosch, T. Modeling dependence and tails of financial time series, 2004, in:
Finkenstaedt, B. and Rootzen, H. Extreme values in finance, telecommuni-

cations, and the environment, Chapman and Hall, pp. 185-286.

Miller, M., Modigliani, F. Dividend policy, growth and the valuation of shares,
1961, Journal of Business 34, 411-433.

Miller, M., Rock, K. Dividend policy under asymmetric information, 1985,
Journal of Finance 40, 1031-1051.

Mgller, T., and Steffensen, M. Market-valuation methods in life and pension
insurance, 2007, Cambridge University Press.

Musiela, M., and Rutkowski, M. Martingale methods in financial modelling,
2nd edition, 2005, Springer.



61

Peskir, G. A change-of-variable formula with local time on surfaces, 2007,
in: Donati-Martin, C., Emery, M., Rouault, A., Stricker, C. Séminaire de
Probabilités XL, Springer, pp. 69-96.

Peskir, G., and Shiryaev, A. N. Optimal stopping and free-boundary problems,
2006, Birkhauser.

Protter, P. Stochastic integration and differential equations, 2nd edition, 2004,
Springer.

Rakkolainen, T. A. A class of solvable Dirichlet problems associated to spec-
trally negative jump diffusions, 2008, working paper.

Resnick, S. I. Extreme values, regular variation and point processes, 1987,

Springer.

Rogers, L. C. G., and Williams, D. Diffusions, Markov processes and martin-

gales, 2nd edition, 1994, Cambridge University Press.

Ross, S. A. The determination of financial structure, 1977, Bell Journal of
Economics 8, 23-40.

Samuelson, P. A. Rational theory of warrant pricing, 1965, Industrial Man-

agement Review 6, 13-31.

Snell, J. L. Applications of martingale system theorems, 1952, Transactions of
the American Mathematical Society 73, 293-312.

Stroock, D. W., and Varadhan, S. R. S. Multidimensional diffusion processes,
1979, Springer.

Wald, A. Sequential analysis, 1947, Wiley.

@ksendal, B. Stochastic differential equations. An introduction with applica-
tions, 6th edition, 2003, Springer.

@ksendal, B., and Sulem, A. Applied stochastic control of jump diffusions,
2005, Springer.



62



PAPER 1

Luis H. R. Alvarez — Teppo A. Rakkolainen: A class of solvable optimal
stopping problems of spectrally negative jump diffusions

63



64



65

A CLASS OF SOLVABLE OPTIMAL
STOPPING PROBLEMS OF SPECTRALLY
NEGATIVE JUMP DIFFUSIONS

Luis H. R. Alvarez and Teppo A. Rakkolainen
Department of Economics, Turku School of Economics
FIN-20500 Turku

ABSTRACT

We consider the optimal stopping of a class of spectrally negative jump dif-
fusions. We state a set of conditions under which the value is shown to have
a representation in terms of an ordinary nonlinear programming problem. We
establish a connection between the considered problem and a stopping prob-
lem of an associated continuous diffusion process and demonstrate how this
connection may be applied for characterizing the stopping policy and its value.
We also establish a set of typically satisfied conditions under which increased
volatility as well as higher jump-intensity decelerates rational exercise by in-
creasing the value and expanding the continuation region.

AMS Subject Classification: Primary 60G40; secondary 60J60, 60J75;
Keywords: jump diffusions; optimal stopping; nonlinear programming; perpetual

American options;

1 INTRODUCTION

It is a well-known result from literature on mathematical finance that the price
of a perpetual American option on an underlying asset whose value can be
characterized as a stochastic process coincides with the value of an optimal
stopping problem for this process (see, for example, Karatzas and Shreve
(1999) pp. 54-87 and Bksendal (2003), pp. 290-298). Such option prices,
while naturally of interest in themselves, can also be used as upper bounds for

prices of American options with finite expiration dates. Thus, their role is of
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importance from a risk management point of view as well. Perpetual optimal
stopping problems arise quite naturally also in the real options literature on
the valuation of irreversible investment opportunities (see Dixit and Pindyck
(1994) for an extensive textbook treatment of this theory, and Boyarchenko
and Levendorskii (2007) for some more recent developments in this field). In
that modeling framework the investment decision is usually interpreted as an
opportunity but not an obligation to obtain a stochastically fluctuating return in
exchange from a payment (sunk cost) which may or may not be stochastic as
well. Given the considerable planning horizon of the valuation of real invest-
ment opportunities, the time horizon is typically assumed to be infinite, i.e. the
considered optimal timing problem of the investment opportunity is assumed
to be perpetual.

When the dynamics of the underlying process are characterizable via an Itd

stochastic differential equation of form

with W a standard Wiener process, the stopping problem has been widely stud-
ied by relying on various techniques. Perhaps the most common approach is
to rely on variational inequalities or the classical Hamilton-Jacobi-Bellman
approach due to its applicability in a multidimensional setting as well (cf.
(ksendal (2003) and @ksendal and Reikvam (1998)). In the one-dimensional
setting there are, however, several different techniques for analyzing the per-
petual stopping problem. The most general approach is probably provided by
studies relying on the integral characterization of excessive functions for dif-
fusion processes and the Martin boundary theory (cf. Salminen (1985) and
Borodin and Salminen (2002), pp. 32-35). Alternatively, the considered prob-
lem can be analyzed by relying on the relationship between functional concav-
ity and r-excessivity along the lines of the pioneering work by Dynkin (1965)
(Chapters XV and XVI) and by Dynkin and Yuskevich (1969) which has been
subsequently applied within a general optimal stopping framework in Dayanik
and Karatzas (2003). A third technique for studying the perpetual optimal stop-
ping problem in the linear diffusion setting is provided by the approaches rely-
ing on the well-known relationship between excessivity and superharmonicity
with respect to first exit times from open sets with compact closure in the state
space of the considered diffusion (cf. Dynkin (1965), Theorem 12.4). In this

case, the optimal stopping problem is reduced to the optimization of arbitrary
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boundaries and, therefore, can be analyzed by relying on ordinary nonlinear
programming techniques (cf. Alvarez (2001) and Alvarez (2004)).

More recently, the shortcomings of continuous path models driven by a
Brownian motion have become apparent and, consequently, more general mod-
els allowing path discontinuities have been studied. In many ways the most
simple generalizations of the traditional continuous path models are jump dif-
fusion models, in which the driving noise is a Lévy process. Lévy processes
can be used to construct more realistic models of financial quantities, as
they are able to generate jump discontinuities and the leptokurtic feature of
return distributions, unlike the Gaussian models based on a Brownian mo-
tion and the normal distribution. For a taste of the plentiful research done
on pricing American options and optimal stopping in Lévy models, see (for
example) Gerber and Landry (1998), Gerber and Shiu (1998), Duffie et al
(2000), Mordecki (2002a), Mordecki (2002b), Boyarchenko and Levendorskil
(2002), Boyarchenko and Levendorskii (2005), Alili and Kyprianou (2005)
and Mordecki and Salminen (2007).

In risk management a criticism often leveled against the continuous mod-
els is their inability to model downside risk: the possibility of an instantaneous
drop in the value of an asset. In real life markets phenomena closely resem-
bling such instantaneous drops are often observed (for example, sudden unan-
ticipated deterioration of stock market values, credit defaults, etc.). An em-
pirically observed fact is that in the stock market reactions to negative shocks
are usually significantly stronger than the reactions to positive ones (this is the
celebrated ’bad news” principle originally introduced in the seminal study by
Bernanke (1983)). In light of this asymmetric nature of the reaction to unan-
ticipated shocks, a prudent approach is to disregard possibilities for positive
surprises and to take fully into account the possibilities for disadvantageous
future occurrences. Consequently, a one-sided model that allows instantaneous
downward jumps can be seen as an acceptable model from a prudent risk man-

agement point of view.

Motivated by our previous arguments, it is our objective in this study to
consider a spectrally negative one-dimensional jump diffusion, say X, with a
state space I = (a,b) C R and natural boundaries a and b. Interestingly, we es-
tablish that given some extra conditions on X, the value of the optimal stopping

problem has a representation in terms of an ordinary nonlinear programming
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problem (cf. Alvarez (2001) and Alvarez (2003) for an associated result in the
continuous diffusion case). This representation is valid for continuous, almost
everywhere twice continuously differentiable (4%) reward functions g satisfy-

ing the condition
g(x)/w(x) has a unique maximizer x* € I and is non-increasing for x > x*,

where y is an increasing solution of the integro-differential equation 4y = ry
with ¢ being the infinitesimal generator of X. The representation is proved us-
ing the viscosity solution approach and, thus, smooth pasting may not neces-
sarily hold. We find that given a jump diffusion for which the representation is
valid in a certain class of reward functions, any strictly increasing % transfor-
mation also has a similar representation, albeit for a different class of reward
functions.

For the sake of comparison, we consider an optimal stopping problem of
an associated continuous diffusion process which can be obtained by removing
the pure jump part of the considered Lévy diffusion. We demonstrate that the
value of the considered jump-diffusion stopping problem can be ’sandwiched”
between the values of two stopping problems which are defined with respect
to the associated continuous diffusion. This finding is of interest since it can
be applied for deriving bounds for the exercise threshold of the considered op-
timal stopping problem for the underlying jump-diffusion. Moreover, since
the restricting values defined with respect to the continuous diffusion differ
only by the rate at which they are discounted, our findings indicate that under
some circumstances the downside jump-risk can be directly incorporated into
the continuous diffusion case by adjusting the discount rate appropriately (for
some results in this direction, see Alvarez and Rakkolainen (2008)). This char-
acterization is also important in the analysis of the impact of downside risk on
the optimal stopping policy since according to this representation the optimal
exercise boundary is lower for the underlying jump-diffusion than for the asso-
ciated dominating continuous diffusion process provided that both valuations
are discounted at the same rate.

We also consider the comparative static properties of the optimal stopping
policy and its value and present a set of relatively general conditions under
which the value of the considered problem is monotone and convex. Along the
lines of previous studies considering the optimal stopping of linear diffusions,

we find that in such a case higher volatility increases the value of the optimal
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strategy and expands the continuation region where stopping is suboptimal by
increasing the optimal exercise threshold. These observations are of interest
since they indicate that higher volatility decelerates the rational exercise of
investment opportunities by increasing the option value of waiting in the pres-
ence of jumps as well. We also analyze the impact of increased jump-intensity
on the optimal policy and its value and find that if the value is convex, then
higher jump-intensity increases the value of waiting and decelerates rational
exercise by expanding the continuation region. These observations emphasize
the potentially significant combined negative effect of jump-risk and continu-

ous systematic risk on the timing of irreversible investment policies.

The contents of this study are as follows. In section 2, we present the
model and the assumptions used throughout the study. The representation of
the stopping problem in terms of an ordinary optimization problem is stated
and proved in section 3, together with the result on the validity of the repre-
sentation for increasing ¢ transformations of Lévy diffusions admitting the
representation. Some useful inequalities related to the associated continuous
diffusion are presented in section 4, and Section 5 is devoted to comparative

statics. Explicit illustrations are given in section 6, and section 7 concludes.

2 THE SETUP AND BASIC ASSUMPTIONS

Let (Q,.7,P) be a probability space carrying a standard Wiener process W =
{W;} and a compound Poisson process J = {J;} with intensity A and a jump
size distribution on . C R characterized by a probability distribution m. We
define a Lévy process L = {L,} by

We equip (Q,.7,P) with the completed natural filtration [F' generated by this
process. The natural filtration of a Lévy process is right-continuous, and thus
the completed filtration satisfies the usual hypotheses (see Protter (2004) The-
orem [.31). We consider the optimal stopping problem

V(x)=sup E,{e""g(X)}, 3)
ted
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where X = {X,} is the jump diffusion driven by L with initial value Xo = x € I
and dynamics given by the stochastic differential equation

dX, = a(X,_)di + 6(X,_)dW,; + /y V(X 2)N(dz,d1). @)

In the above equations N (U, ) is a compensated Poisson random measure with
characteristic (Lévy) measure v(dz) = Am(dz), where m is a probability mea-
sure on ., and .7 is the set of all F -stopping times. Note that the driving
jump process is, as a compensated process, a martingale — this is no restric-
tion, as non-martingale jump dynamics can be reduced to the form 4 by adding
and subtracting a correction term on the left side of the stochastic differential
equation. We denote the expectation of the jump size by m. The state space
of the Lévy diffusion is an open interval I := (a,b) C R where a and b are
natural boundaries (not attainable in finite time). We assume that the coeffi-
cient functions in 4 satisfy some sufficient conditions for the existence of a
unique adapted cadlag solution X € L?(PP) without explosions; in the case of
an infinite interval /, the usual sufficient conditions are at most linear growth
and Lipschitz continuity, see Jksendal and Sulem (2005) Theorem 1.19. The
global Lipschitz condition guarantees that the explosion time of the process is
a.s. infinite (see Protter (2004) Theorem V.40) and that X is strong Markov (cf.
Protter (2004) Theorem V.32). Observe also that the jump times of X coincide
with the jump times of the driving Lévy process, which are totally inaccessible
stopping times (cf. Protter (2004) Theorem I11.4): this implies that X is quasi-
left continuous (or left-continuous over stopping times) and hence is a Hunt
process. To avoid degeneracies, we finally assume that ¢(x) > 0 on I.

The solution of the optimal stopping problem is known to be closely related
to the integro-differential equation defined for f € C}(R) by

Gf=rf, )
where (¢ f)(x) is the generator of X given by

SO0 () + ) (o) +

A [ LG 12) =S (6) = £ (0Yx,2) ().

Integrating the last two terms of the integrand in (6) and using the notation

(6)

(9,) := (¢ —r) we can write (5) equivalently as

(9:)0) = 500" () + 3L () 70+ [ flx+7(x,2)m(dz) =0,
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where 0(x) = a(x) — A [, y(x,z)m(dz) and F =r+A.
Next the assumptions used throughout the rest of this study are stated. The

following additional assumptions concerning the dynamics of X are made:
X1 Tqx) = inf{t >0: X, >x} <ooPy-as. foralla < x <X < b;
X2. a—x < y(x,z) <Oforall (x,z) €I x.7.

Assumption X2 implies that X has only negative jumps and that X cannot reach
the lower boundary a by jumping. Thus X; € I for all r > 0.

The reward function g is assumed to satisfy

gl. g(x) = max(g(x),0) with g increasing, continuous and € on I\ .4 for
some finite set 4" C I with finite limits g’ (x+), §”’(x£) for x € .4/, and
such that g(a+) <0;

82. B {sup;sge "g(X;)} <ooforallx €.

Observe that assumption g/ is satisfied by the reward of a standard American
call option, in which case g(x) = x — K for some strike price K. In fact, the
imposed reward structure is natural for an option type contract, where we can
always avoid losses by not exercising our option if the reward is negative.

We make the following assumption on the operator %,
Al. %,y = 0 has a nonnegative solution y € ¢(I) such that y(a) = 0.

It should be mentioned here that it is not at all clear whether a given integro-
differential equation has such a smooth solution — the validity of assumption
Al needs to be checked in each case. Finally, we need to make two assumptions
on the behavior of the quotient g/, namely,

Agl. there exists a unique maximizer x* € I of g(x)/y(x) and g(x)/y(x) is

non-increasing for x > x*.

Ag2. there exists £ < x* such that, for all x > £ such that g is € at x,

)0 < - [{ 5 wte 700.2) - ot v  vid)

where C = {z€ .7 : x+7(x,z) <x*}.
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In a sense, the last assumption is needed to guarantee the r-superharmonicity
of the value function V in the stopping region x > x*, as will be seen in the
proof of Theorem 3.5 later on. In most cases, this assumption is rather difficult
to verify otherwise than numerically on a case by case basis. Observe that
assumptions Ag/ and Ag2 have implications for the form of the reward function
g: the set of allowable reward functions will depend on the behavior of function
V.

It was pointed out to us by Erik Baurdoux that checking condition Ag2 is
not necessary, if one can show that V(x) — g(x) is decreasing, as in that case
the stopping set is necessarily of form [/,b), and then by spectral negativity
[ = x*. We can make use of this nice result in the first two of our illustrative

examples in Section 6.

3 THE REPRESENTATION THEOREM

In Alvarez (2001), it is shown that (modulo some conditions) if the process X
is a continuous linear diffusion the value function of the stopping problem (3)

can be expressed as

V()= w(x)ig{;j((yy))},

where y/(x) is the increasing fundamental solution of the differential equation
Ay —ry =0, where A is the second order differential operator coinciding with
the infinitesimal generator of X. Our main theorem states that this representa-
tion is also valid for a jump diffusion satisfying the assumptions of section 2.
Before stating the main result, we present some auxiliary results necessary for

the proof of the theorem. We begin with the following definition.

Definition 3.1. A lower semicontinuous function f on I is r-superharmonic, if
Ei{e " f(Xe)} < f(x) forallte T, x€l.

From Dynkin’s formula it follows that if f is a €? function, then r-

superharmonicity of Definition 3.1 is implied by the stronger property
(%.f)(x) <Oforallx €.

For jump diffusions this implication is valid for any continuous nonnegative
function which is ¢ outside a finite set 4" C I.
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Lemma 3.2. Let g be nonnegative and continuous on I and twice continuously
differentiable outside a finite set of points A C I. Then (4,f)(x) <0 for all
x € I\ N implies that g is r-superharmonic.

Proof. W.lo.g. we consider a continuous function g which has one point of
nondifferentiability at xo but is 42 on I\ {xo}. Since X is a semimartingale,

we can apply the change-of-variable formula from Peskir (2007) to get

g§(X;) =g(x)+ o8 (X-)dX; + 5 o 8" (Xs-)d[X, X],+
+ Eocsr (8(X) —8(X) =/ (X, )AX; )+

+3 0o (8'(Xs) = ' (Xs-)) iy (X5 )5 (X)),

where [;°(X) is the local time of X at xo, that is,

X L
ZIO(X) = l‘c}ﬁ)lg/() I{XSE(XO—S,xO]}d[X7X]S’

where the limit is taken in probability. Writing out dX{ = u(X;_)ds +
0 (X;—)dWs and d[X,X]; = %GZ(XS,)ds and rearranging terms (note that the
individual jump magnitude AX; = y(X;_,z)) yields

g(Xi) =g(x)+
+ f(; {[.u (Xy—) — fy }/(Xs_,z)v(dz)] g/(Xs—) + %GZ(XS_)g”(XS_) } ds+
+ Jo S {8(Xs) — g(Xs—) } N(ds,dz) + [ &' (Xs—) o (X )dWi+

+3.Jo (8'(Xs) = ' (Xs)) 1, gy (Xs-) 07 (X )ds.
Adding and subtracting [; [ {g(X;) — g(X,—)} v(dz) and rearranging yields

g(X)) =g(x)+ [3(9g) (X,—)ds+ [3 & (Xe—) o (Xs—)dWi+
+J5 [ {g(X,) — 8(Xe— )} N(ds,dz)+ (7)

""% fé (g/(XS) - g/(Xs—)) I{X.vf:xo}(Xs—)Gz(Xs—)ds-

On the right side the third and fourth terms are stochastic integrals with respect

to martingales. Now, with respect to the last term we observe that since all
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jump times of a Lévy process are totally inaccessible, P, ({AX% > O}> =

Hence,

E{ J3 (8/06) — /(X)) gy =g} (X )02(Xs >ds} =
= (80x0+) — 8(0=)) 2 (x0)Ex] Jj Ly, i) (X,-)ds }.

Since P, is a diffuse measure, by Fubini’s theorem

t
Ex /0 Lo, =g} (Xs-)ds = / Ex {1y, ) (Xs-) } ds = 0.

Thus taking expectations in (7) yields

E, {g(X)} = g(x) + Ey /0 ") (X, )ds.

Hence, finally, considering the discounted value e~ ""g(X;), we see that

Ec{e "g(X))} =g(x —HE/ X;-)ds,

which means that (¢,¢)(x) <0 for all x € I'\ .4 implies that g is r-excessive for
X. But by the results of Hunt (1958), for nonnegative functions r-excessivity
for X is equivalent to r-superharmonicity for X, when X is a Hunt process. [J

At this point, we introduce the notation v(x) := y/(x)sup,, {%} and

consider the properties of this function.

Lemma 3.3. Assume that g/ is continuous on I with a unique maximum point
x* € I and non-increasing for x > x*. Then v(x) is a continuous function of x

and we have the representation

Proof. For a function f := g/ satisfying our assumptions, it holds that

sup f(y) = fla, w2z

)
y>x flx), x<x',

which is continuous if f is. The representation is immediate (multiply the

above equation with y(x)). O
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Lemma 3.3 demonstrates, that under our assumptions the value of the asso-
ciated nonlinear programming problem is continuous. Interestingly, as in stud-
ies based on continuous diffusion models, lemma 3.3 characterizes the value
in terms of the exercise payoff received at the exercise boundary and the ratio
y(x)/y(x*) measuring the expected present value of a contract which pays the
holder one dollar at the first date the underlying jump diffusion exceeds a be-
forehand fixed threshold level. This observation is expressed in more precise

terms in the following lemma.

Lemma 3.4. Suppose v : I — R, is a nonnegative solution of Y.u = 0 and
a<x<y<b. Then

Ex[efi’f(a})] — W(‘x)

w(y)
and y is increasing. Moreover, in case Y(x) exists any other nonnegative and
increasing solution of %.u = 0 is a constant multiple of y(x) (i.e. y(x) is

unique up to a multiplicative constant).

Proof. Under assumption X/ and the assumed boundary behavior of X; at the

boundary a, we can apply the Dynkin formula to y:

Ex[e_rr(u"y) V/(XT(G, )) - +E / _rt g "4 (XT)

Since y solves ¥,y = 0 and XTW) =y a.s. (because X has no positive jumps
and it never attains a), this implies that

W) Exle™ ] = (),

from which the first two of the claimed results follow (for the latter one, note
that E,[e”""@»] € (0,1]). To establish uniqueness, assume that ¢ : [ — R is
another increasing and nonnegative solution of equation %,u = 0. By applying

a similar argument as above, we find that

S0 gy
s(x) = v0) v(x)

which completes the proof of our lemma. ]

We wish to point out here that in Kou and Wang (2003), representation
results similar to our lemma 3.4 are obtained for a Brownian motion augmented

with a compound Poisson process with double exponentially distributed jumps.
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It is worth emphasizing that the strong Markov property of the jump diffu-
sion and the fact that it cannot jump upwards and, therefore, that it can increase
only continuously imply that the function E,[e”""@»)] can always be expressed
as a ratio of the form (8). However, it is not beforehand clear whether this ratio
is always (i.e. for any jump diffusion model) twice continuously differentiable
with respect to the current state or not. Hence, lemma 3.4 essentially demon-
strates that in those cases where the integro-differential equation ¢,u = 0 has an
increasing solution, the expected value [E,[e” "] can be expressed in terms
of this solution and identity (8) holds. The key implication of this finding and
our main result on the characterization of the value of the considered optimal
stopping problem as an ordinary nonlinear programming problem is now sum-

marized in the following.

Theorem 3.5. Suppose X and g are such that X1-X2, g1, g2, Al, Agl and
Ag2 are satisfied. Then the value function of problem (3) has the representa-
tion

V() = vl s { 4 } , ®)

where  is an increasing solution of 4,y = 0.

Proof. We use again the notation v(x) := y/(x) sup, {%} Now, from the
two previous lemmas it is obvious that v(x) is the value of stopping at the first

time the process X hits x* := argmax{g(y)/y(y)}, i.e.
v(x) = Ey {e_’TX*g(XTX* )} .

But then v(x) < V(x), since v(x) is the value of an admissible stopping rule.
To establish the opposite inequality, we show that v is a r-superharmonic
majorant of g — since for a cadlag Hunt process V(x) is the smallest super-
harmonic majorant of the reward (cf. Peskir and Shiryaev (2006) Section I'V.9,
and also Mordecki and Salminen (2007)), this then implies the desired inequal-
ity. We achieve this by showing that v is a viscosity solution of the variational

inequalities
max ((4w)(x),g(x) —w(x)) =0,x € (a,b), )
satisfying the boundary condition

w(a) =0. (10)
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(for a detailed exposition of the original viscosity solutions theory for second
order differential equations, see Crandall et al. (1992); extensions to integro-
differential equations are considered in Alvarez and Tourin (1996), Jakobsen
and Karlsen (2006) and Barles and Imbert (2008) — do note that in the present
study we are dealing with the relatively simple case of a bounded Lévy mea-
sure). Observe that from the definition of v(x) it is clear that (¢,v)(x) = 0 for
x < x*, since (4,y)(x) =0 and w € €*(I).

Since v is continuous by Lemma 3.3, it remains to show that v is a solution
of the variational inequalities in the viscosity sense. First we establish the
subsolution property. So let us take xo € I and suppose that 1 € €(I) is such
that 21(x) > v(x) for x € I and h(xg) = v(xp). We have two possibilities:

(i) if a < xp < x*, then h(x) —v(x) is a smooth function at x = x( and has a local
minimum there. First and second order conditions for a local minimum
imply then that v/ (xo) = #'(x0) and v (xo) < h”(xo). Furthermore, h(xo+
Y(x0,2)) > v(xo + Y(x0,z)). But then (¢,h)(x0) > (4,v)(x0) = 0, and the
variational inequality

max ((¢4h)(x0),g(x0) —v(xo)) >0, (11)
holds.
(i) if b > xp > x*, then v(xg) = g(xo) and (11) is satisfied.

Thus, for all h € €*(I) and xy € I such that (x) > v(x) for all x € I, and
h(xp) = v(xp), equation (11) is satisfied, so v is a viscosity subsolution of the
variational inequality.

To show the supersolution property of v we take xo € I and h € €>(I)
such that (x) < v(x) for all x € I and h(xp) = v(xp). Now we have three

possibilities:

(i) if a < xp < x*, then h(x) —v(x) is a smooth function at x = x( and has a local
maximum there. First and second order conditions for a local maximum
imply then that v/ (xg) = &' (x0) and v (xo) > h" (xo). Furthermore, h(xo+
¥(x0,2)) < v(xo + Y(x0,2)). But then (%4,h)(x0) < (4,v)(x0) = 0, and
since v(xp) > g(xo), the inequality

max ((4,h)(x0),8(x0) —v(x0)) <0, (12)

is satisfied.
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(i) if b > xo > x* and g is € at x, then v(xo) = g(xo) and so the second half
of the left side of (12) equals 0. To obtain (¥4,h)(xp) < 0, observe that
by arguments similar to previous ones, (4,h)(xo) < (%4,v)(x0), and from

the definition of v we get then, using assumption Ag2,

(Gv)(x0) = (48)(x0) + /C {v(xo+7v(x0,2)) — g(x0+ ¥(x0,2)) } v(dz) <0
(see section 2 for the definition of the set C). This implies that (12) holds.

(iii) if b > xo > x* and xo € .4 (i.e. g is not € at xg), we still have g(xo) =

v(xp). By (ii), under our assumptions

(Gh)(y) < (98)(y) + /C O +r02) —gr+7(y,2)}v(dz) <0,

for all xo <y < min{b,x;}, where x; is the point of .4 N (xo,b) closest
to xo . Since g is € on (xo,x;) and v is continuous, letting y | xo, we get

(Grh)(x0) < lim{(%g)(y) + / Oy +70n,2)—
ylxo Jc
—g(y+y(y,z))}v(dz)} <0.
So (12) holds.

We have established that for all h € ¥>(I) and x( € I such that h(x) > v(x), for
x €1, and h(xp) = v(xo) equation (12) holds, i.e. v is a viscosity supersolution
of the variational inequality.

We have now proved that being continuous and both a viscosity sub- and
supersolution, v is a continuous viscosity solution of the variational inequal-
ities. This implies that v(x) > g(x) and that v satisfies (¢,v)(x) < 0 in vis-
cosity solution sense: that is, for all x € I\ .4"; thus by lemma 3.2 v is a
r-superharmonic majorant of g. Hence v(x) > V(x). But this implies that
v(x) =V (x).

]

The representation of theorem 3.5 implies that if g is continuously differ-
entiable at the point x* maximizing g(x)/w(x), then x* can be solved from
the first order condition for an extremum g'(x)y(x) — g(x)y’(x) = 0, which
is equivalent to the logarithmic derivative condition D,[Ing(x)] = D,[ln y(x)].

In this case the well-known smooth fit condition is satisfied, i.e. the value is



79

continuously differentiable. However, even if x* happens to be a point of non-
differentiability of g, the representation result holds — necessary conditions for

a maximum of g/y are then

lim {g(Myw()—g0)¥' ()} >0and lim {JO)y(y)—gb)v' ()} <O,

y—x*— y—x*+

which imply only that

g =) =V/(x—)=vy'(x") > g (") =V'(x"+).

It is possible to prove that given a process X such that theorem 3.5 holds
(for a certain class of reward functions) and any sufficiently regular transfor-
mation f(-), the representation is valid for the process Y defined by ¥; = f(X;)
(although the class of allowable reward functions will be different). This is the

content of the next theorem.

Theorem 3.6. Let {X,} be a stochastic process such that assumptions X1,
X2 and Al are satisfied, and let f be a strictly increasing function in ‘52(1 ).
Denote the increasing solution in Al for X by y1. Define a new process Y by
setting Y, := f(X;). ThenY satisfies assumptions X1, X2 and A1. Furthermore,
the corresponding increasing solution in Al forY is given by w1 (f~'(y)).

Proof. A € transform of a jump diffusion is a jump diffusion. Being an in-
creasing function, f maps the state space I = (a,b) of X onto J = (f(a), (D)),
the state space of Y. Since

Y, = f(X;) >7C<:>Xt>f_1(f)>

it follows that Y satisfies X/, and as X is spectrally negative and f is increasing,

we have

AY | =1f(X-) — f(Xi— +AX,)|
= f(X-) — f(Xi- +AX,) < f(Xi—) — f(a)

and thus X2 is satisfied. Because X is assumed to satisfy A/, there exists an

increasing solution y; of the integro-differential equation

ROV W)+ 5070w () + [ Wl v(x,2)v(de) = ().
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Let x :=x(y) = f~!(y). The transformation y(y) = w(x) = (yo f~1)(y) leads
to the integro-differential equation
RGONKO) P 0) + 50" G0 RO 290)
— WO 0)) (13)
+ [ B0 100, 2)v(d2) = ),

which is well-defined since under the assumptions on f, the inverse mapping
theorem guarantees the existence and continuity of x’(y) and x”(y). Defining

¢(y) == w1 (x(y))

we can by substituting ¢ into (13) establish that ¢ (y) is a solution of (13). As
v is increasing on I by assumption and x'(y) = (f~')'(y) = (f'(x))~! > 0 on
J by the inverse mapping theorem, we have that

0'(y) = wi(x(y))x'(v) > 0.

So ¢(y) is an increasing function, and ¢ (f(a)) = yi(a) = 0, since X satisfies
Al. Thus Y satisfies A1. O

4 USEFUL INEQUALITIES: SANDWICHING THE
SOLUTION

In this section we plan to analyze how the considered stopping problem is
related to two optimal stopping problems of an associated continuous diffusion
model. To accomplish this task, consider now the associated diffusion

X, .= (u()?z) —/y }/(Xt,z)v(dz)> dt + o (X,)dw,. (14)

It is worth mentioning that this associated diffusion is very useful in assessing
the impact of downside risk on the optimal policy, as the Lévy diffusion X is,
in fact, a superposition of X and a spectrally negative, non-martingale jump

process. As usually, we denote as <7 the differential operator

2
dy= 1020 (u(x) -/ y<x,z>v<dz>) R
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associated with the continuous diffusion X, killed at the constant rate 6 > 0.
Along the lines of the notation in our previous analysis, we denote as g (x)
the increasing fundamental solution (i.e. the minimal increasing 8-harmonic
mapping for the diffusion {X;;¢ > 0}; for a thorough characterization of these
mappings, see Borodin and Salminen (2002), p. 33) of the ordinary linear
second order differential equation (.pu)(x) = 0. As is well-known from the
classical theory of diffusions, given this increasing fundamental solution we
have for all x <y (cf. Borodin and Salminen (2002), p. 18)

E, [efe%,y)} — gzgi’

where 7, ) = inf{r > 0: X, = y} denotes the first hitting time of the diffusion
X, to the state y. Therefore, the continuity of the exercise payoff yields that for
all x <y we have

implying that

e *tti,)] = v [
provided that the supremum exists. In light of this observation it is naturally
of interest to ask whether the discount rate 8 can be chosen so as to yield rep-
resentations which either dominate or are smaller that the value of the optimal
stopping problem (3). Interestingly, the answer to this question turns out to
be positive as is illustrated by our following theorem characterizing the rela-
tionship of the value of the optimal stopping problem with the values of two
associated stopping problems defined with respect to the continuous diffusion
(14).

Theorem 4.1. For all x <y we have

lpr—&-l(x) E [e*rf(a,y)] < ll?r(x)

i < <Y
V2 () U (y)
Consequently,
W2 (x) sup [ ~g(y) } < supE, {e_ﬂ(“‘”g(xr ; )} < P, (x)sup { ?0) ]
yox LW () y>x (@) o LU0
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provided that the suprema exist. Therefore, if condition Al is satisfied, then

Foonl) W) _ W)
Traa0) — v0) = B0)

orall x <y and
fe y

a0 < wisup | S0 < oy sup | S0 .

y>x II/r+7L< ) y>x

provided that the suprema exist.

Proof. Applying the Dynkin formula to {,(x) yields

Eile™ @ @ (Xz,, )] = Wy (x) + Ex / e " (G W,) (X, )dt < Wi (x)

(G P)) =2 [ {Wlx+7(0.2) = Pl pm(dz) <0

by the monotonicity of ,(x). Since X,y =Y as. (because X has no posi-
tive jumps and it never attains a) and ,(x) is continuous, this inequality im-
plies that E,[e” @] < §,(x) /W, (y) for all x < y. Analogously, applying the
Dynkin formula to {,, 3 (x) yields

Bule 00,1 (Xa ) = Va0 B [ e (00 ) (X0 > B2 ()

since

G032)(0) =2 | pia v+, 2)m(dz) >0

by the positivity of W, (x). Thus, Eife” @] > W, 5 (x)/ W, (v) for all
x <y. The rest of the alleged results then follow from the nonnegativity of

g(x) and condition Al. O

Theorem 4.1 essentially establishes that in the present setting the value of
the optimal stopping problem (3) satisfies the inequality V,,; (x) < V(x) <
V,(x), where

o (x) = supEy [ *g(%s)]
T

provided that the sufficiency conditions guaranteeing the optimality of the
stopping rule characterized by a single threshold are satisfied. For that class
of problems, Theorem 4.1 also clearly indicates that C,, 3 € C C C, where
Cog={xel:Vy(x)>g(x)} and C={xe€l:V(x) > g(x)}. This observa-

tion is important since it demonstrates that the optimal exercise threshold x*
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is dominated by the exercise threshold of the dominating value V,(x) and is
greater than the exercise threshold of the smaller value V., ; (x). In this way,
the findings of our Theorem 4.1 provide valuable information on the impact
of pure (uncompensated) downside risk on the optimal decision. Moreover,
since V., 5 (x) < Vg (x) < V,(x) for all x € I, we immediately observe that if the
conditions of our Theorem 4.1 and Theorem 3.5 are satisfied, then there is a
critical discount rate for which the stopping rule coincides in the continuous
and in the jump-diffusion case. That is, there is a 6" € (r,r + A) such that
x* =min{x € I : Vg«(x) = g(x)}.

It is worth emphasizing that the proof of Theorem 4.1 essentially relies on
the fact thatif u : I — R is a sufficiently smooth and monotonically increasing
function, then

() 21) (x) < (Gyu)(x) < (yu) ().

Hence, our results clearly indicate that the class of sufficiently smooth
monotonically increasing r-excessive mappings for the diffusion X; is larger
than the class of sufficiently smooth monotonically increasing r-excessive
mappings for the jump-diffusion X; which, in turn, is larger than the class of
sufficiently smooth monotonically increasing (r -+ A)-excessive mappings for
the diffusion X;. This observation is interesting since it directly generates a nat-
ural ordering for the monotone (viscosity) solutions of the variational inequali-
ties max{(%,u)(x),g(x) —u(x)} = 0 and max{ (fpu)(x), g(x) — u(x)} = 0 with
0=rr+A.

5 COMPARATIVE STATICS

In this section our main objective is to consider comparative static properties
of the value function and the optimal policy and, especially, to analyze the
impact of increased volatility on these factors. To this end, we consider two
jump diffusions of the form (4), X and X, which are otherwise identical but
have different volatilities, o(x) > &(x). In accordance with this notation, we
denote the values of the associated optimal stopping problems by V and V', the
associated differential operators as %, and %Ar, and the associated increasing
fundamental solutions (given that assumption A1l is satisfied) as y and , re-
spectively. Our first result emphasizing the role of these fundamental solutions

is now summarized in the next theorem.
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Theorem 5.1. Assume that the increasing fundamental solution y(x) is con-

vex. Then

for all x <'y. Hence,
owse 2] <o)

provided that the suprema exist. Moreover, if the conditions of Theorem 3.5
are satisfied, then V (x) >V (x) and, therefore,

S ={xel:V(x)>gx)} C{xcl:V(x)>gkx)}=C.
If the increasing fundamental solution (x) is concave, then the inequalities

and inclusions stated above are reversed.

Proof. Applying the Dynkin formula to l//(x) yields

E.le Many(X; x) +E, e " (G w) (X, )dt,

(a, )
where ) = inf{r > 0: X, > y}. Since

(G -9+9)v) )= (G- 9)v) &«

¥)

A( =yas. and (4y)(x) =
3(6%(x) = o> ()" (x

)= ) <
(x

the X-harmonicity and the convexity of y(x), we find that
Bl ow(0) = L y(y) < yix
[ Jw(y) 70) ) <w(x)

from which the alleged results follow by the nonnegativity of the payoff g(x).
Establishing the reverse conclusions in case the fundamental solution y(x) is

concave is completely analogous. ]

Theorem 5.1 extends previous findings based on continuous diffusions to
the present setting as well and states a set of conditions in terms of the con-
vexity (concavity) of the fundamental solution y(x) under which increased
volatility unambiguously decelerates (accelerates) rational exercise by expand-
ing (shrinking) the continuation region where waiting is optimal. As is clear
from this observation, the sign of the relationship between increased volatility
and the optimal stopping policy is a process-specific property that as such does
not depend on the precise form of the exercise payoff as long as the supre-
mum at which the expected present value of the payoff is maximized exists

and constitutes the optimal stopping rule.
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It is worth noticing that the proof of our Theorem 5.1 indicates that the
analysis of the impact of increased volatility on the optimal policy and its value
reduces to the comparison of the r-superharmonic mappings characterized by
the integro-differential operators %, and %,. Since (%u)(x) < (,u)(x) for any
sufficiently smooth convex function u : I — R and (%v)(x) > (4v)(x) for
any sufficiently smooth concave function v : I — R, we find that the find-
ings of our Theorem 5.1 generate a natural ordering for the convex (concave)
solutions of the variational inequalities max{(%,u)(x),g(x) — u(x)} = 0 and
max{ (Z,u)(x),g(x) —u(x)} =0.

We state next sufficient conditions for convexity of the value when the

underlying process is the slightly less general

/ ds+/ o X dW; +/ / 2)X;N(dz,ds),

where (1) the diffusion and jump components are assumed to be linear in the
state variable and (2) the function p(x) is assumed to have a locally Lipschitz
derivative. In this setting we can state sufficient conditions for the convexity
of the value function.

Theorem 5.2. Suppose that g and U are convex functions, and that

rx— J1(x)
is increasing. Then the value function of the stopping problem is convex.

Proof. We denote Y,1 = a—)i’. By virtue of Theorem V.40 of Protter (2004), we

can differentiate the flow X; = X;* with respect to the initial state x to obtain

/u Xdes—l—/GY dW+// VYN (dz,ds),

which implies that
t
v =exp </ u’(Xf)ds) M; >0,
0
where

t t
M, = exp <G/ dw; — lc72t +/ / In(1+y(2))N(ds,dz) — ?L}/t)
0 2 0Js

is an exponential martingale independent of x and

7i= [ r@mida)
4
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Thus differentiating the mapping
O(t,x):=E[e "g(X})]

with respect to x yields

0:.5) =& [exp (~ ['(r - wx)as ) ¢ (xom| > 0,

which as a function of x is increasing, being under our assumptions the product
of two non-negative and monotonically increasing functions. Thus Q(z,x) is
an increasing and convex function of x. Consequently, all elements of the
increasing sequence {Vj(x) }ren defined by

Vo(x) = supE [e ""g(X;")]

>0

Vi1 (x) = supE [e " Vi(X[")]
>0
are increasing and convex. Furthermore, Vj(x) TV (x). If o € [0, 1] and x,y € I,
then

oV (x)+(1—o)V(y)

v

aVi(x) + (1 — o) Vi(y)
Vi(ax+ (1 —a)y)

vV

for all k. By monotone convergence
oV (x)+(1—o)V(y) > I}im Vi(ox+(1—a)y) =V(ox+(1—a)y),
which implies the convexity of the value V. OJ

Theorem 5.2 states a set of conditions under which the sign of the rela-
tionship between increased volatility and the value of the considered optimal
stopping problem is unambiguously positive. It is worth noticing that along
the lines of the findings by Alvarez (2003) the monotonicity of the net appreci-
ation rate (x) — rx is the key factor determining how higher volatility affects
the optimal policy. The reason for this observation is naturally the fact that our
evaluations are based on the compensated compound Poisson process (which
is a martingale). If this were not the case, then the local expected behavior
of the underlying jump process would naturally have a constant effect on the

monotonicity requirement stated in Theorem 5.2.
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Having characterized the impact of increased volatility on the optimal pol-
icy and its value, it is naturally of interest to analyze how the jump-intensity A
measuring the rate at which the downside risk is realized affects these factors.
Along the lines of our previous notation, we now consider two jump diffusions
of the form (4), X and X, which are otherwise identical but are subject to dif-
ferent jump intensities, A > 2. In line with this notation, we denote the values
of the associated optimal stopping problems again by V, and V; , the associated
differential operators by ¢, and g;, and the associated increasing fundamental
solutions (given that assumption Al is satisfied) by y; and y;, respectively.
Our main characterization on the impact of increased jump intensity on the

value and the optimal policy is now summarized in our next theorem.

Theorem 5.3. Assume that the increasing fundamental solution ) (x) is con-

vex. Then

~—

vi(x) oy (x
DR

S
~—

for all x <y. Hence,

Vi ()sup [vi%] =¥l L/i(g)}

provided that the supremum exists. Moreover, if the conditions of Theorem 3.5
are satisfied, then Vy (x) > V; (x) and, therefore,

Cy={xel:V(x) >gx)} S{xel:Vy(x) > g(x)} =Cy.

If the increasing fundamental solution y; (x) is concave, then the inequalities

and inclusions stated above are reversed.

Proof. The assumed convexity of the increasing fundamental solution y; (x)
implies that yy (x4 y(x,z)) > vy (x) + ¥ (x)¥(x,z) for any z € .# and, there-
fore, that

/ a7 2)) —ya ) — ¥, (x)7(x,2)}m(dz) > 0.
Consequently, we observe that
Gy = (A=2) | (v le+7(6:2) = v (9~ V4 (7. 2) pm(dz) <0

for all x € I. Applying now Dynkin’s theorem to y; (x) then finally proves that
V5 (X)/ w3 (v) < wa(x)/wa(y) for x <y. The rest of the alleged results then
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follow from the nonnegativity of the payoff g(x) and Theorem 3.5. Establish-
ing the reverse conclusions in the case where W (x) is concave is completely

analogous. OJ

Theorem 5.3 characterizes how the direction of the impact of increased
jump-intensity A on the optimal stopping policy and its value can be unam-
biguously determined when the fundamental solution is convex (concave).
Along the lines of our findings on the impact of increased volatility, we ob-
serve that higher jump-intensity also slows down (speeds up) rational exercise
by expanding (shrinking) the continuation region when y(x) is convex (con-
cave). This result is economically important, since it essentially states that if
the value is convex on the continuation region where exercising is suboptimal,
then the combined impact of downside risk and systematic market risk on the

exercise incentives of rational investors is unambiguously negative.

6 EXPLICIT ILLUSTRATIONS

In this section our objective is to illustrate our main findings within explic-
itly parametrized examples based on different descriptions for the underlying
stochastic dynamics. As usually, we first illustrate our findings for the arith-
metic Lévy process and the geometric Lévy process since in those cases the
representation obtained in the analysis of our previous sections is valid. We
then extend our findings to cover also two other solvable cases: namely the

constant elasticity of variance case and a logistic jump-diffusion case.

6.1 ARITHMETIC STOCHASTIC DYNAMICS
In the arithmetic case

dL, = udt + odW, + 00 yzN(dt,dz)
(with ¥ < 0 so that X2 holds) / = R and a sufficient condition for assumption
X1 to hold is u + yAm > 0. The associated integro-differential equation
SN )+ (o MY () — (- Ay +/1/ W+ y2)m(dz) = 0

klx

has an increasing solution e*!* where k| > 0 solves

SO (o YT+ /( m(de) (4 4) =
0,00
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In light of our general observations we find that for any reward function g
satisfying conditions g/—g2, and Ag2, and such that e ¥1¥g(x) has a unique
maximizer x* € R and is non-increasing for x > x*, the value of the optimal

stopping policy can be represented as

x), x> x*,
y2x g(x*)e =)y <y

where x* is the unique maximizer of g/, i.e. for a differentiable g the solution
of Dy[Ing(x)] = k;. It is also worth pointing out that in accordance with the

findings of our Theorem 4.1 we now find that the root k| € (l~<1 , lAq), where

) i A\ 2(r+A
kl_—W+\/<“+V2 m) N (r+2 )
(e} o (o)

denotes the positive root of the characteristic equation 62k* +2(u + yA#)k =

2(r+A),and
- A am\? 2
k1=—W+\/(W> L
(o) (0} (0}

denotes the positive root of the characteristic equation 62k* +2(u + yA#)k =

2r. Consequently, we observe that in the present setting

¢ sup {e‘i‘”g(y)} < "sup {e"‘"’g(y)} < ¥ sup {e‘i“yg(y)}
y=x yzx yzx
provided that the maximum exists. Moreover, given that in the present case

W (x) ="

6% where

_ N
Kez_u+yitm+\/<u+y/lm> +29

o2 o? o?
we observe that argmax{e*1Vg(y)} = argmax{e~%0"g(y)} whenever the iden-
tity

9:r+7t/(0 )(l—eYZk)m(dz) (16)

holds. This observation is important since it demonstrates that in the present
case both the value as well as the optimal stopping rule of the optimal stopping

problem (3) of the underlying jump diffusion coincides with the value and
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stopping rule of the associated stopping problem of a continuous diffusion by
properly adjusting the discount rate. Hence, our results indicate that whenever
the value of the optimal policy admits the representation (15) the jump-risk can
be viewed as a discount rate effect as characterized by the identity (16). More
precisely, whenever the value of the optimal policy admits the representation
(15) we have that V(x) = V(x) by choosing the discount rate according to the
identity (16).

It is worth noticing that according to our general results the strict convexity

k1¥ implies that increased volatility &

of the increasing fundamental solution e
as well as higher jump-intensity A increases the value of the optimal stopping
policy and raises the optimal boundary at which the underlying jump-diffusion

should be stopped. To see that this is indeed the case consider the mapping
P(R,0,K) = (1 yAm)k + 0% + /( )~ (42,
Standard differentiation yields that P5(A,0,k) = 6k? > 0 and
Pr(A,0.k) = /( O ){eVZk 1+ ykz}m(dz) > 0.

Therefore, the inequality P(A,0,0) = —r < 0, the limiting condition
P(A,0,k) | 4o as k — oo, and the strict convexity of the function P(A, 0, k)
imply that 9k /dc < 0 and dk; /A < 0 and, therefore, that dek1~Y) /96 > 0
and 8ek1(x*”/8l > 0 forall x < y.

As a numerical illustration, consider the capped option reward function

g(x) = max{0, pmin(K,x) — gK},

P 1
p=qk
maximized at K (if K > K, the maximizer is an interior point of (0,K), see

where we assume p > ¢ > 0 and K < =: K to guarantee that g/y is
Alvarez (1996) for a detailed analysis and interpretation in the continuous set-
ting). As stated, in this case g/ attains a unique maximum value at x* = K,
which is a point of nondifferentiability for g. Assumption g/ is now satisfied.
We do not need to worry about Ag2 as we can show that for this particular re-
ward function V (x) — g(x) is decreasing: if 7*(x) is the optimal stopping time
for X;*, x > y and X/ denotes the process started from z, then by suboptimality
of 7*(x) for X7,

V)=V B0 (g0 ) — s ) -
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Since the option will not be exercised below gK / p or above K, we can consider
the linear reward px — gK. Because X? = z+ X2, we get then

I | —

which gives V(x) — (px —gK) < V(y) — (py — gK) for x >y, i.e. we see that

V(x) — g(x) is decreasing. Hence the value of the optimal stopping problem is

Vix)= eklxsup{efk‘yg(y)} _ (r—q)K, x> K (17)

f0K) (p— K, x<K
This is a continuous function, but its derivative has a discontinuity at x*:

lim V'(x)=ki(p—¢)K>0= lim g'(x)= lim V'(x),
X—xF— x—x*+ XX
and there is no smooth pasting. The graphs of the reward function, the function
g/ v and the value and its derivative for p = 1, ¢ = 0.5, r = 0.04, u = 0.075,
6=0.1,A=0.1,y=—0.5, and K = 0.75 - Kp (implying that k; = 1.1463 and
Ko = 1.7447) are shown in Figure 1.

g (x) g (X) /¥ (X)

Figure 1: The reward function g, the function g/, the value function V and

the derivative of the value V' for the capped option case

6.2 GEOMETRIC STOCHASTIC DYNAMICS

Geometric processes have been of paramount importance in mathematical fi-

nance for several decades, with the most extensively used and well-known
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instance being the geometric Brownian motion S; = soexp{ut + oW, }, where
o > 0 and W is a standard Wiener process. During the last decade, a consider-
able amount of research has been done on geometric Lévy models

Y, = yoexp{at+ oW, +J;}, (18)

where in addition to the deterministic drift and the Gaussian component there
is a jump process J; in the exponent.
A geometric Lévy process Y = {Y;} with a finite Lévy measure v = Am is

a jump diffusion whose dynamics are given by
dy, =Y,_ {adt +0dW, + A / v(z)(N(dt,dz) — v(dz)dt)} , (19)
S

where both the drift @ and the diffusion coefficient ¢ are assumed to be posi-

tive. Note that in this case / = R and the explicit solution ¥; equals

Yo€exp {&H— oW, +/0t /y In(1+ Y(z))N(ds,dz)}. (20)

where & = ot — %62. To ascertain that X/ holds, we require that & > 0. For
simplicity of exposition, we take ¥(z) = —z and to guarantee that X2 is satis-
fied, we assume . C (0, 1). Furthermore, to ensure the finiteness of the value
of the optimal stopping problem, we need to impose the integrability condition
a — r < 0 (which is known in the literature on financial economics as the ab-
sence of speculative bubbles condition). The integro-differential operator ¥,
takes now the form

%szzw"(x) +axy'(x) — (r+A)p(x) + A /l y(x —xz)m(dz) = 021)
0

k

where & = a + Am. By guessing now the solution to be of form x*, we obtain

the characteristic equation for k:

%sz(k— 1)+ (a+Amk—(r+A) +7L/1(1 —2)fm(dz) =0, (22)
0

If the integrability condition is satisfied, it is easy to show that this equation
has a solution k; > 1, and thus y(x) = 21 is an increasing smooth solution of
(21) which vanishes at x = 0. Hence assumption A/ is satisfied. In light of our
representation of the value of the optimal policy in terms of an associated non-

linear programming problem, we find that for any reward function g satisfying
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conditions g/ and Ag2, and such that x %1 g(x) has a unique maximizer x* € R
and is non-increasing for x > x*, the value of the optimal stopping policy can
be represented as

g(x), x>x 23)

V(x)=xMsupyFig(y) t =
p{y gV } g(x*)(x/x*)kl, X <X*,

y=x

where x* is the unique maximizer of g/, i.e. for a differentiable g the solution
of ¢'(x*)x*/g(x*) = k.

As in the arithmetic case, we observe that our Theorem 4.1 implies that
in the present case the root of the equation (22) k; satisfies the condition k| €
(k1,ky), where

2 o?

.1 ot Am 1 a+Am\> 2(r+A
bl +2m+\/< + m> n (VJ; )
2 (o o

denotes the positive root of the characteristic equation 62k(k — 1) + 2( o +
Am)k—2(r+A)=0and

-1 a+Am 1 a+Am\> 2r
kl_z_cﬂ+\/(202) s

denotes the positive root of the characteristic equation 62k(k — 1) 4+ 2(ot +

Am)k —2r = 0. To demonstrate this observation, consider the behavior of the

function
P(A,0,k) = %sz(k— D+ (a+Amk—(r+1)+A /01(1 —2)fm(dz).
We first observe that
mha}gzzAupﬂﬁmw@>o

and

P(A,0,k) :QL/:((I —z)i‘1 —1)m(dz) < 0.

However, since P(1,0,1) = oo —r < 0 and P(A,0,k) is strictly convex on
k > 1 we observe that k| < k; < lAq and, therefore, that

XM sup {g(y)y*"‘} < *f1sup [g(y)y*k‘} < X sup [g(y)y’k‘}
y=x y=x y=x
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provided that the maximum exists. Moreover, since in this case g (x) = x6,

oo L oatdm (1 a A 2+§
() o2 2 o2 o?

we observe that argmax{y*ig(y)} = argmax{y~"¢g(y)} provided that the

where

identity

1
6:r+l/0 (1—(1—2)")m(dz) (24)

is satisfied. Along the lines indicated by our observations in the arithmetic
case, we again observe that the effect of jump-risk on valuation can be captured
by making an appropriate adjustment in the discount rate of the stopping prob-
lem of the associated continuous diffusion as is characterized by (24). Hence,
whenever the value of the optimal stopping problem (3) admits the representa-
tion (23) we have Vg (x) = V(x) by choosing the discount rate according to the
identity (24).

It is also clear from our analysis that the increasing fundamental solution is
strictly convex in this case as well. Thus, as our results in Theorem 5.1 and in
Theorem 5.3 indicated, increased volatility and higher jump-intensity should
increase the value and decelerate exercise by increasing the optimal stopping
boundary. To see that this is indeed the case in the present example, we first
observe that P5(A,0,k) = ck(k—1) > 0 for k > 1 and

Py (A,0,k) :mk—1+/01(1 —2)m(dz) = Elzk— 1+ (1 —2)").

Since the function z — zk — 1+ (1 —z)¥ is strictly convex for k > 1 and attains
a minimum at z = 0, we observe that E[zk — 1 + (1 — z)¥] > 0 and, therefore,
that Py (A,0,k) > 0 for all k > 1. Since the positive root k; is attained on this
setand P(A,0,1) = a —r <0, we find that dk; /dA < 0 and dk;/do < 0. An
interesting implication of this observation is that

J [x\M J [x\N

for all x < y. Consequently, we observe that both increased volatility as well
as higher jump-intensity increases the value of the problem and postpones ex-
ercise by raising the threshold at which the underlying process should be opti-

mally stopped. Moreover, if the exercise payoff is continuously differentiable
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at the exercise boundary x*, then

2 [ ok 2 [#6w] _k
ao[ o) | "0 <0 M o2 e <0

ey
In other words, both increased volatility and higher jump intensity decreases

the elasticity of the exercise payoff at the optimal exercise threshold x*.

For the sake of explicit illustration, we now consider the case of a linear
reward function in the geometric Lévy model. Let g(x) = max(ax — b,0) with
a,b > 0. This case contains the standard American call option (take a = 1,
b = K), and also the rewards of optimal stopping problems associated with
irreversible investment decisions (see Boyarchenko (2004) for a very read-
able account on the relationship between perpetual American options and ir-
reversible investment decisions). Clearly, the increasing function g satisfies
gl. The function g/ has a unique maximum in R and is non-increasing for

argument values larger than the maximizer, since the sign of
g(x) 17~ (ax — (ax — b)ky)
D, =
y(x) x2h

depends only on the linear decreasing function a(1 —k;)x+ k1b, so Agl is sat-

isfied. As in the previous example, we can show that V (x) — g(x) is decreasing.

Considering the linear function g(x) = ax — b, we get forx >y
V(X) — V(y) < a(x —y)E; {e*(l’f‘{’(l))l’*(x)} :

where W(1) is the Laplace exponent of the spectrally negative Lévy process
L; inY; = ypexp{L,} and E; denotes expectation under the equivalent measure
defined via %1]% = e~ Yt
that » > W(1) and hence V(x) —V(y) < a(x —y), implying that V(x) — g(x)

is decreasing. By theorem 3.5, the value of the optimal stopping problem can

. Under our assumption & — r < 0 it is the case

now be represented as

s ax—>b, x>x*
V(x) =" sup {y ‘(ay—b)} = (25)
y>x (ax* —b)(x/x* )01, x < x*
where x* = ( klklli)a is the unique maximizer of the function g(x)/y(x). As

usually in the real options literature on irreversible investment, we notice that
the option multiplier M = k; /(k; — 1) determines the comparative static prop-

erties of the optimal exercise threshold x*. In light of our findings this mul-
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tiplier reads M = k/(k; — 1) and M = k;/(k; — 1) for the stopping prob-
lems of the associated continuous diffusion. We illustrate these option mul-
tipliers in Figure 2 for Beta(c,d)-distributed jumps under the assumption that
o =0.02,r =0.035,A =0.0l,a=b = 1,c =1.25,d = 2. As Figure 2 in-

Figure 2: The impact of volatility on the option multipliers M, M, and M

dicates, the option multipliers are increasing as functions of the underlying
volatility coefficient. Moreover, the option multipliers satisfies the condition
M € (M, M) as was established in our Theorem 4.1. The values of the optimal
stopping problems are graphically illustrated for Beta(c,d)-distributed jumps
in Figure 3 under the assumption that @ = 0.02,r = 0.035,A =0.0l,a=b =
1,c=1.25,d =2,0 = 0.1 (which implies that x* = M = 2.95,#* = M = 3.75,
and ¥ = M = 2.52) Figure 3 illustrates explicitly the results of our Theorem
4.1 for the values of the stopping problems. It is of interest to notice that as was
predicted by Theorem 4.1, the value V (x) of the considered stopping problem
is sandwiched between the two values V., 5 (x) and V,(x).

Consider next the concave reward function g(x) = max(Inx,0). Then func-
tion g satisfies g/ and g/ has a unique maximum in R and is non-increasing

for argument values larger than the maximizer, since the sign of

o[y =

depends only on the decreasing function 1 — k;Inx, so Ag/ is satisfied. For

geometric dynamics and a loglinear reward function, we can show that V (x) —

g(x) is decreasing, by reasoning similar to the case of arithmetic dynamics and
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Figure 3: The exercise payoff (x — 1) and the values V (x),V,(x), and V,, ; (x)

a linear reward considered in Example 6.1. By theorem 3.5, the value of the

optimal stopping problem can now be represented as

V(x) =" sup

y=>x

| > 1/k
{yikl lny}: nx, x> exp{l/ki} 26)

ki [6171}, x <exp{l/ki}

where x* = exp{1/k; } is the unique maximizer of the function g(x)/y/(x). As
was predicted by our Theorem 5.1 we find that under the assumption r > o we
have dx*/do = —(x*/k?)dki /do > 0 and dx*/IA = —(x* /k?)dk; /A > 0.
Hence, both increased volatility as well as higher jump-intensity decelerate
optimal exercise by raising the optimal exercise boundary in this case as well.
It is, however, worth noticing that in the present example the maximizing
threshold x* exists even when k; < 1, that is, even when the fundamental so-
lution is not convex as a function of the state. Hence, for the exercise payoff
g(x) = max(Inx,0) the condition r > a can be relaxed. If 0 < r < a then
ki € (0,1] since in that case P(A,0,0) = —r <0 and P(A,0,1) =a—r > 0.
Under those circumstances the sign of the relationship between increased
volatility and the optimal exercise strategy is reversed as the root k; be-
comes an increasing function of volatility. More precisely, if » < o then
0x* /9o = —(x*/k3)dk1/do < 0and dx* /IA = —(x* /k3)dki /IA < 0. Weil-
lustrate this observation graphically for Beta(c,d)-distributed jumps in Figure
4 under the assumption that o« = 0.04,r =0.02,A =0.0l,a=b=1,c = 1.25,
and d = 2. Figure 4 illustrates how the sign of the relationship between in-

creased volatility and the optimal exercise threshold is reversed as the increas-
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0.05 0.1 0.15 0.2

Figure 4: The impact of volatility on the exercise thresholds 1/k;, 1/k;, and
1/ky

ing fundamental solution becomes concave. It is worth noticing that even in
this case the order of the exercise thresholds remain naturally unchanged since
the ordering of the values V (x), V, ; (x), and V,(x) is based only on nonnega-

tivity and monotonicity.

6.3 CONSTANT ELASTICITY OF VARIANCE

Consider the Constant Elasticity of Variance (CEV) model with an added jump

component
1 ~
ds, = S,{rdt—l— oS, %dw, —/ ZN(dz, dt)}, 27
0

where o € (0,1) is a known exogenously determined constant, and suppose
that the first exit time 7(g,) < oo for any x € R;. Note that the deterministic
drift is now set equal to the discount rate . We assume the reward to be of log-
arithmic utility type: g(x) = max(Inx,0). The associated integro-differential
equation is now
1
2

1
+zélm»ﬂmmwa=a+qu»

22y (x) 4 (r+ Ay (x)
(28)

which has an increasing solution y(x) = x, as can easily be verified. Now

assumptions X/, X2 and Al are clearly satisfied. Since the reward is of log
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utility type, we also have for x > 1

B 1 —1Inx

Dlg()/¥(x)] = —5—,

X

whose sign depends on the decreasing function 1 — Inx; the unique maximizer
is x* = e and assumption Ag/ is satisfied. If Ag2 holds, by theorem 3.5, the

value of the optimal stopping problem has the representation

1 Inx, x>e,
V(x) —xsup{ny} = (29)

yzx LY % x<e,

as the unique maximum of Inx/x is x = e. It is worth noting that in this case
we could not have taken a linear g(x) as then Ag/ is no longer satisfied. Due
to our specific choice of parameters, the optimal value and the threshold are
independent of the parameter values. For the associated diffusion, the increas-
ing fundamental solution g (x) of the characteristic differential equation can

be expressed as

1 0 1 —r—Am ,
17 =xF|—(1-——=),14+—,——x“
Wolx) =x 1(205 ( r+lm>’ T2 Tao? " )’
where Fj(a,b,z) is the Kummer confluent hypergeometric function. Notice
that the solution depends on the values of parameters. As a numerical illustra-

tion, consider the case (r,A,m,o,a) = (0.035,0.1,0.2,0.1,0.75). In this case
X~ 1.54 and £* ~ 4.79.

6.4 LOGISTIC JUMP DIFFUSION

In order to illustrate how Theorem 3.6 can be applied in the analysis of the
stopping problem consider a stochastic process X such that the ratio X /(1 —X)
evolves as a geometric Lévy process, i.e.
Xl‘ X
G; == =
TTI-X, 1—x

1, 4 )
exp{(,u—ia )t—i—GW;-i—/O /(O’l)zN(ds,dz)}.

Note that X lives on I = (0, 1). Being a % function of a jump diffusion, X; =
f(G;) = G,;/(1+4 G;,) is also a jump diffusion and application of It6 formula
yields the dynamics of X:

dX, = (1 - X)X At + At — X,0% + S Y

1—z A (30)
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where C(x) = [io 1) 11_;23 — 1}v(dz) arises from compensating the driving jump
process in (30). Thus the integro-differential equation associated with the op-

timal stopping problem for X is

(1 =Y (x) + 5071~ 122y (1)

(€29)
+/ V(x+xc(x,z))v(dz) = Fy(x),

where a(x) = p + Am — x0? and c(x,z) = 11:; Via transforma-

tion §(y) := l//(yil) equation (31) transforms into the following integro-

differential equation:
3OO+ (AT O)+ [ Pl y0vids) = A0).

which has an increasing solution (y) = y*i, where k; is the positive root of

equation

%"2"(" = 1)+ (- Amk+ /(071)(1 —2)kv(dz) =F.

Then by theorem 3.6 ¢(x) := ()" is an increasing solution of equation
(31), and furthermore ¢(0) = 0. Since the process X by virtue of theorem
3.6 satisfies assumptions X/ and X2, theorem 3.5 implies that for any reward
function g satisfying assumptions g/ and Ag/-Ag2

o= (7)o {5

*

g(x), x> X",

o) ()" e,

(32)

where x* again satisfies the logarithmic derivative condition.
As a numerical illustration, consider a bull spread type reward (where 0 <
Ki<K <1

g(x) = max{0,x — K; } — max{0,x — K>}
in a logistic jump diffusion model with parameters

(L,0,7,A,ra,b,c,d,Ky,K>) = (0.1,0.3,—1,0.1,0.15,1,1,1.5,1,0.4,0.6)
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and Beta(c,d) distributed jumps ( m(dz) = (1/B(c,d))z*" (1 —z)?'dz ).

These values lead to k; = 1.2591, and an increasing solution of the charac-

teristic equation for the logistic process is given by y(x) = (l%x)k‘ . Thus

(=K —K), 1>x>K
D9 x-Ky), K <x<K
O, O<x§K1,

and this is decreasing for x > K5 and has a unique maximum at

1—Fk
2

1
xé: +§\/(1—k1)2+4k1K1>K1,

provided that xj; < K»; in the case x;, > K> it is optimal to stop at K> and the
value will not exhibit smooth pasting. By Theorems 3.5 and 3.6, the value

function is given by

max{0,x — K } — max{0,x— K»}, x>x*

V(x)= o\ k
(= k) (S) x<a,

where x* = min{x;;, K» } — provided that Ag2 is satisfied. For the given parame-
ters, we have x* = 0.59185 and we can establish numerically that Ag2 holds.
The value function is presented graphically in Figure 5 (unbroken curve).

To illustrate Theorem 5.1, consider the process X with parameters identical
to those of X except that the volatility coefficient 6 = 0.4 > 0.3 = 0. We can
compute k| = 1.21464 and £* = 0.59793 > 0.59185 = x*. This is in line with

the theorem, and the value V (x) is depicted in Figure 5 (dashed curve).

7 CONCLUSIONS

In this study we generalized a representation result known to hold for continu-
ous linear diffusions to include a class of spectrally one-sided Lévy diffusions:
given some conditions, the optimal stopping problem for a one-dimensional
spectrally negative Lévy diffusion can be reduced to an ordinary nonlinear
programming problem. As the proof of our representation relied on the vis-
cosity solution approach, differentiability is not required, and we are able to
deal with nonsmooth reward functions as well. The class of processes for

which the representation holds, contains the standard arithmetic and geometric



102

Figure 5: The impact of volatility on the value

Lévy processes. We established that the class is closed with respect to strictly
increasing € transforms, although the transform naturally changes the set of
allowable reward functions.

Considering the fact that optimal stopping problems feature prominently in
pricing of American options and in real options theory, reducing the stopping
problem of a Lévy diffusion into a standard programming problem can signif-
icantly facilitate the ongoing research on these areas of mathematical finance.
We demonstrated this by deriving several interesting comparative static proper-
ties of spectrally negative Lévy diffusions using our representation, and found
out that a useful tool in obtaining bounds for the value of the optimal stopping
of a Lévy diffusion is the corresponding stopping problem for an associated
continuous diffusion. By choosing the discount rates appropriately (namely,
as r and r+ 1), we were able to sandwich the value of the jump diffusion
problem between the values of two optimal stopping problems of this continu-
ous diffusion. In fact, our findings indicate the existence of a critical discount
rate 0" such that the value and the threshold of the stopping problem of the
jump diffusion with discount rate r coincide with the value and the thresh-
old for the stopping problem of the associated diffusion with discount rate 6*.
Furthermore, it turned out that the impact of volatility on the optimal policy
and its value in our setting is similar to the continuous case: for values convex

(concave) below the optimal threshold, increased risk decelerates (accelerates)
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rational investment by expanding or leaving unchanged (shrinking or leaving
unchanged) the continuation region and increasing or leaving unchanged (de-
creasing or leaving unchanged) the optimal threshold and the value of waiting.
The impact of downside risk as measured by the intensity of the compound
Poisson jump process on the optimal value was found out to be similar to the
impact of the diffusion risk (as measured by the volatility). We also established
that the key factor determining the relevant convexity/concavity properties of
the value is (provided that it exists) the increasing fundamental solution of the
associated integro-differential equation, which is process-specific. Thus we
saw that the impact of volatility or downside risk is not dependent on the pre-
cise form of the exercise payoff, as long as the conditions for the optimality of

the stopping rule characterized by a single threshold are met.

Motivated by our views on the importance of taking into account the down-
side risk, we concentrated our attention on the spectrally negative case with
an increasing reward. However, the corresponding results can (with obvious
modifications) be shown to hold for spectrally positive Lévy diffusions and

decreasing reward functions.

In addition to their usefulness in obtaining information about the compar-
ative static properties of Lévy diffusions and their relations (similarities and
differences) to the continuous diffusion case, our results raise a few interest-
ing questions. Firstly, it would be of interest to obtain precise knowledge on
the scope of applicability of our representation. This boils largely down to the
question: when is the assumption on the existence of an increasing smooth
solution to the characteristic integro-differential equation true, and can con-
veniently verifiable sufficient conditions for this be found? Secondly, could a
more convenient (i.e. analytically verifiable) substitute for our condition Ag2
be derived for cases where V (x) — g(x) cannot be shown to be decreasing, and
if so, how generally applicable this substitute would be? The answers to these
rather difficult questions, however, are outside the scope of the present study,
and are therefore left for future research — with regard to the first question,
sufficient conditions for the existence assumption to hold in a certain class of

spectrally negative jump diffusions are obtained in Rakkolainen (2008).
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Abstract We analyze the determination of a value maximizing dividend payout
policy for a broad class of cash reserve processes modeled as spectrally negative
jump diffusions. We extend previous results based on continuous diffusion models
and characterize the value of the optimal dividend distribution strategy explicitly. We
also characterize explicitly the values as well as the optimal dividend thresholds for
a class of associated optimal liquidation and sequential lump sum dividend control
problems. Our results indicate that both the value as well as the marginal value of
the optimal policies are increasing functions of policy flexibility in the discontinuous
setting as well.
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1 Introduction

Dividends are one way in which firms distribute their retained earnings. The dividend
payout policy of a firm should specify the rules according to which dividends are paid
out—most importantly, the size of a dividend payment and its timing. As far as the
impact of the dividend policy on the shareholder value is considered, a crucial question
is the presence or absence of transaction costs and other similar market imperfections.
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The celebrated Miller—-Modigliani theorem states that in a frictionless market, dividend
policy is irrelevant (cf. Miller and Modigliani 1961). However, in addition to the most
obvious example of a firm paying dividends to its shareholders, also bonuses given to
customers by an insurance undertaking can be viewed as dividend distribution. If the
insurance entity is not a mutual company, then the customers and the shareholders of
the company do not coincide. Given the importance of bonus policies as competitive
elements, it is clear that the determination of a value-maximizing bonus policy is of
interest.

Mathematically, the problem of determining the optimal dividend distribution policy
in absence of transaction costs can be formulated as a singular stochastic control pro-
blem. The singular controls can usually be expressed in terms of the local times of
the underlying reserve process, i.e. they correspond to so-called barrier strategies, in
which all retained earnings exceeding a given level are distributed to shareholders. If
there is a fixed cost associated with a transaction, the optimal dividend policy takes the
form of an impulse control consisting of lump sum dividends distributed at discrete
moments of time. In Alvarez and Virtanen (2006) it is shown that in a diffusion model,
under relatively general conditions, the value of the impulse control problem is always
dominated by the value of the singular control problem. This is quite intuitive, as the
singular case is the one allowing the most flexible dividend policies and an impulse
control is an admissible dividend policy for the singular control problem as well. It
could be argued that an impulse control corresponds more closely to actual reality.
However, even if this argument would be accepted, we can still extract much useful
information from the solution of the singular problem—Dbesides, despite the dearth of
closed form expressions for the local time process itself, the decision rule implied by
a local time control is intuitive and casts light on the required rate of return in the
associated discrete setting as well.

In modeling the stochastic dynamics of the cash flow, continuous processes have
been more popular than processes with discontinuities—Ilargely due to their mathe-
matically more convenient properties. The dividend problem has been considered,
among many others, in Taksar (2000) and Gerber and Shiu (2004) (in an insurance
context utilizing a diffusion approximation of the surplus process). However, from a
risk management point of view the assumption of path continuity neglects the down-
side risk, the possibility of an instantaneous deterioration in the value of the reservoir
of assets. This risk can be significant, as is evidenced, for example, by the effects
of unanticipated stock market crashes which may cause large instantaneous drops in
the asset values. It is also well known that there is an asymmetry in the response of
the market to new information: reactions to bad news are considerably stronger than
reactions to good news [this is the celebrated bad news principle originally introduced
in Bernanke (1983)]. Moreover, in insurance applications most quantities of inter-
est are naturally jump processes due to the discontinuous nature of the underlying
claims process. These considerations have led to a growing interest in models with
stochastic dynamics allowing jumps, and in recent years, several results have been
obtained. The most popular choice of dynamics appears to be the Lévy process in
one form or another (the reason being again, of course, the relative tractability of
this setting in comparison with more general Markovian dynamics; the standard refe-
rence for the theory of Lévy processes is Bertoin (1996)). We mention particularly
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Perry and Stadje (2000) and Bar-Ilan et al. (2004), where a stochastic cash manage-
ment model with dynamics characterized by a finite activity Lévy process is consi-
dered, and the recent papers by Avram et al. (2007) and Kyprianou and Palmowski
(2007), where the authors investigate the optimal dividend policies under dynamics
given by a spectrally negative Lévy process. Boyarchenko (2004), in turn, considers
the optimal timing of capital investment both in the single investment opportunity
case as well as in the sequential incremental investment case when the underlying
price process follows an exponential Lévy process. To mention studies dealing with
the dividend payout problem in the context of insurance and risk theory applications,
Azcue and Muler (2005) consider the problem of maximizing discounted expected
cumulative dividends in the classical Cramér—Lundberg model when the insurer can
choose both dividend and reinsurance strategies, establishing the optimality of a band
strategy in this model, while Schmidli (2006) solves the dividend payout problem using
the HJB equation and in Schmidli (2008) an overview of optimal dividend strategies
both in the classical risk model and its diffusion approximation are given. Earlier,
Dassios and Embrechts (1989) discussed barrier type strategies in the context of pie-
cewise deterministic Markov processes, while Shreve et al. (1984) considered the
dividend distribution problem for a large class of continuous diffusion processes.
Optimal stopping and option pricing applications in the context of (general and
one-sided) Lévy processes have been by now studied extensively in literature; for
a taste, see Boyarchenko and Levendorskii (2000, 2002, 2005, 2006, 2007a,b,c)
Gerber and Landry (1998), Gerber and Shiu (1998), Alili and Kyprianou (2005),
Mordecki (2002a,b) and Mordecki and Salminen (2007). Transforms applicable to
solving many econometric and valuation problems for affine jump diffusions have
been considered in Duffie et al. (2000), while Bayraktar and Egami (2008) optimize
venture capital or R&D investments in a jump diffusion model. A good overview on
stochastic control of jump diffusions is given in @ksendal and Sulem (2005).

In light of this increased interest on Lévy models and recognition of the importance
of downside risk, it is to some extent surprising that the possibilities suggested by the
classical theory of diffusions and minimal superharmonic maps seem to have largely
been neglected in the studies based on one-dimensional jump diffusion models [for
an exception, see Mordecki and Salminen (2007)]. It is namely the case that several
of the results derived for continuous diffusions via the classical theory (cf. Alvarez
(2004)) can be shown to hold true for a relatively broad class of spectrally negative
jump diffusions as well, as has been demonstrated for optimal stopping problems in
Alvarez and Rakkolainen (2006). The main advantage of these results is naturally the
reduction of the considered dynamic stochastic control problem to static optimization.

Motivated by the previous considerations, our objective in this study is to consider
the determination of the optimal dividend payout strategy of a competitive corporation
when the retained earnings from which dividends are paid out evolves as a spectrally
negative jump diffusion with geometric (i.e. proportional) jumps. The jumps of the
process reflect the unanticipated potentially significant downside risk faced by the
corporation. We extend the findings of Alvarez and Virtanen (2006), focusing on
the dividend policy within a continuous diffusion setting, and delineate those circum-
stances under which their findings hold in the discontinuous setting as well. We state a
set of relatively general sufficient conditions under which the optimal dividend payout
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strategy constitutes a threshold policy requiring that dividends should be paid out as
soon as the cash reservoirs exceed a critical threshold above which the option value of
retaining a further unit of capital vanishes. Extending the results of Alvarez (2001), we
prove that under these conditions the value of the optimal singular dividend policy has
a representation in terms of the minimal increasing r-superharmonic mapping with
respect to the underlying reserve process, thatis, in terms of the increasing fundamental
solution of an associated integro-differential equation characterizing the smooth mini-
mal r-harmonic maps. This representation is important since it allows the reduction of
the original dynamic programming problem into a static minimization problem which
can be analyzed by relying on ordinary static optimization techniques. Given the close
connection of singular control with optimal stopping and impulse control, we esta-
blish that under our assumptions both the associated optimal liquidation problem as
well as the associated discrete lump-sum dividend optimization (i.e. impulse control)
problem are solvable in terms of the minimal increasing r-superharmonic map. We
also extend the sandwiching result originally established in Alvarez and Rakkolainen
(2006) and demonstrate that the value of the considered stochastic control problems
of the underlying discontinuous cash flow dynamics can be sandwiched between the
values of two associated stochastic control problems based on a continuous cash flow
process in the present setting as well. This finding is useful especially in cases where
deriving the value of the optimal policy is very difficult, since it presents two typically
explicitly solvable boundaries for the value.

To the authors’ best knowledge the extension of the representation results for conti-
nuous diffusions to the discontinuous setting is completely novel in the singular sto-
chastic control and stochastic impulse control framework. Furthermore, the current
study significantly refines and clarifies the results on optimal stopping obtained in
Alvarez and Rakkolainen (2006). In this way our findings contribute to a larger class
of problems than just dividend optimization. The reason for this is that the approach
developed in our paper is applicable in other economically interesting management
problems of stochastically fluctuating flows as well. A closely related problem is that of
optimal reserve management arising in studies considering the management of foreign
exchange reserves by central banks. A second closely related problem arising in the
literature on natural resource economics is the determination of the harvesting policy
which maximizes the expected cumulative yield accrued from a stochastically fluctua-
ting renewable resource stock. This class of decision making problems is again, from
the mathematical point of view, similar to the optimal dividend distribution problem
considered in this study.

Our study proceeds as follows. In Sect. 2 we specify the stochastic dynamics of
our jump diffusion, state our main assumptions on the parameters of the process and
the associated integro-differential equation and present the mathematical formulation
of the dividend control problem in absence of transaction costs. Section 3 gathers
some auxiliary results, including a crucial uniqueness and existence theorem. These
results are then used in the next section where the representation of the value of the
singular dividend control problem in terms of the minimal r-superharmonic map is
stated and proved. In particular, a representation theorem for the associated optimal
stopping problem is proved. In Sect. 5 we turn our attention to the determination of
the optimal dividend control in presence of a fixed transaction cost, give the definition
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of the ensuing impulse control problem and obtain the result that both the impulse
control problem and its associated optimal stopping problem are solvable in terms of
the minimal increasing r-superharmonic map as well. In the next section we illustrate
our general results with an explicit mean-reverting model, the logistic Lévy diffusion.
In particular, we demonstrate how our results allow us to evaluate the impact that the
shape of the jump size distribution has on the optimal policies. Finally, concluding
comments are presented in Sect. 7.

2 Basic setup and assumptions

Our main objective in this study is to investigate the combined impact of continuous
risk as well as potentially discontinuous downside risk on the rational dividend policy
and on the value of a risk neutral firm. In order to accomplish this task, we assume that
the reservoir of retained earnings from which dividends are paid out evolves in the
absence of interventions according to a Lévy diffusion whose dynamics are governed
by the stochastic differential equation

dX; = w(X)dt + o (X,)dW, — / X zN(dt, dz), (1)
©,1)

Xo = x > 0, where N (dt, dz) is a compensated compound Poisson process (and
thus a martingale) with the associated Lévy measure v = Am, and m is the jump size
distribution, which is assumed to have a density fi, € C((0, 1)). Itis worth noting that
if N is justacompound Poisson process (hence not a martingale), we can add to the drift
and subtract from the jump component a suitable compensator to obtain a stochastic
differential equation of form (1). We assume that the standard absence of speculative
bubbles condition is met and consider only cash flow processes with finite expected
cumulative present values. That is, we analyze processes X satisfying the inequality

¢
Ex/e_”Xsds < 00, (2)
0

where ¢ € (0, oo] denotes the lifetime of the process and » > 0 denotes the constant
discount rate. For notational convenience, we denote the class of cash flows with finite
expected cumulative present value by £!. The drift coefficient 1(x) and the volatility
coefficient o(x) > 0 in (1) are assumed to be such that a unique adapted, cadlag
semimartingale solution X of (1) exists [sufficient is Lipschitz continuity, see Protter
(2004) Theorem V.7]. In addition, we make the following assumptions:

(i) functions w(x) and o (x) are analytic at x = 0 and satisfy the boundary condi-
tions;
(i) w©(0) =0, u'(0) >0,0(0) =0and o’ (0) =0;
(iii) cash flows [w(X)| == {|u(X)[}ref0,00) € L' and (X) := {0(X1)}re[0,00) €
L2, where L2 = {Y : E, fog e "$Y2ds < o0}
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The state space of the underlying is I = (0, 00), where the upper boundary oo is assu-
med to be unattainable. Note that assumption (ii) combined with our assumptions on
the jump structure implies that also the lower boundary O is unattainable. The negative
coefficient of the jump part in (1) implies that the process is spectrally negative: it
can decrease discontinuously but increases only continuously. This spectral negativity
will play a crucial role in our analysis. The following assumption is made:

Al. X is regular in the sense that for all x, y € I it holds that P, (7, < o0) =1,
where 7, = inf{r > 0 : X, > y}.

Assumption A/ ascertains the a.s. finiteness of the first exit time 7, of X from any
interval of form (0, u) with u < oo. The underlying probability space (2, F, P) is
equipped with the natural filtration F = {0 (X : s < 1)};cR, -

The integro-differential operator coinciding with the infinitesimal generator of X
is defined for sufficiently smooth mappings f(x) by

1
GHx) = EUZ(X)f”(X) + 1 (x) f(x)
+A / {f (x —x2) = f(x) + xzf'(x)}m(d2). 3)

0.1

We will make use of the notation G,u = Gu — ru and require
A2. There exists an increasing solution ¥ € C 2(I) of G, = 0 such that ¥ (0) = 0.

Note our use of terminology: by increasing (resp. decreasing), we mean strictly increa-
sing (resp. decreasing); correspondingly, a non-decreasing (resp. non-increasing)
function is increasing (resp. decreasing) but not necessarily strictly so. A function
f e C2(I) is called r-(super)harmonic, if G,y = (<)0. Under our assumptions
(i)—(iii) on u and o, condition A2 is automatically satisfied (cf. Rakkolainen 2007).
With regard to assumption A2, following things are worth pointing out. First, by
virtue of Lemma 3.2 in Alvarez and Rakkolainen (2006) a smooth solution of G, = 0
is monotone and unique up to a multiplicative constant—hence we can always get an
increasing solution by choosing the constant suitably. Smoothness of the solution may
present some problems in the general setting. However, in Chan and Kyprianou (2006)
it is shown that in the case of a Lévy process with a nonzero Gaussian coefficient, the
solution (which in this particular case is called r-scale function) of the corresponding
integro-differential equation belongs to C%(7). This might indicate that in our jump
diffusion setting, as long as the volatility coefficient is nonzero, the increasing solution
should be smooth. In Rakkolainen (2007), sufficient conditions (i)—(iii) for assumption
A2 to hold are derived. This case fits in a natural fashion to situations where the
solution can be constructed via a Frobenius type method. More generally, if either
the (continuous) supremum process X = {X’ t}t€[0,00) Of the jump diffusion X or the
entrance times to closed sets from below have densities smooth with respect to the
initial state x, then assumption A2 will be satisfied. Since P, [7, < t] = P.[X, > v]
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for x < y, our statement follows from the identity

o0

YO /Y(G) = Ey {0} = / re PR, > yldt

0

forx < y.
We define a differential operator associated with G, for f € C?(I) by

~ 1
(Ao f)(x) = EGZ(X)f”(X) + () f1(x) = 0f (x), “)

where 6 € (0, co) and

a(x) = pu(x) + Ax - / zm(dz) = pu(x) + Azx. 5)
0,1

This operator is related to the continuous diffusion X given by
dX, = i(X,)dt + o (X,)dW,. (6)

Along the lines of our previous notation, we denote as Vg (x) the increasing fundamen-
tal solution of the ordinary linear second order differential equation (.[lgu)(x) =0
[for a comprehensive characterization of these mappings, see Borodin and Salminen
(2002), p. 33]. As we will later demonstrate, the mappings 1/7, (x) and 1;&,-_!,_ 1 (x) can be
applied for providing useful inequalities concerning the considered stochastic control
problems.

Having characterized the underlying stochastic cash flow dynamics (1) in the
absence of interventions we now denote the controlled cash flow dynamics as X?
and assume that it is characterized by the stochastic differential equation

t t t
xP :x—i—//L(XSD_)ds—F/U(XSD_)de - / XP zN(ds,dz) — D;, (1)
0 (0,1)

XODf = x, where D; denotes the cumulative dividends paid up to time ¢. As usually,
we call a dividend payout strategy admissible if it is predictable and the resulting
adapted, cddlag cumulative dividends process D = {D;};c[0,00) 1S NON-negative and
non-decreasing. We denote the class of admissible policies by .A. Under our assump-
tions X? is a semimartingale [being a Markov process generated by a pseudodiffe-
rential operator, see Jacob and Schilling (2001)]. In light of this characterization, our
objective is to consider the determination of an admissible payout policy maximizing
the expected cumulative present value of the dividend flow. Formally, our objective is
to solve the cash flow management problem
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g
Vs(x) = sup Ex/e_”dDS, (8)
DeA

where ‘L’OD =inf{r >0 : X tD < 0} denotes the lifetime of the controlled reserve
process X . It is worth emphasizing that in our model liquidation is always the result
of a control action (and, thus, endogenous), as the assumed boundary behavior of X
implies that exogenous liquidation in finite time is not possible.

As was pointed out in Alvarez and Virtanen (2006), the singular control setting is
the one allowing the greatest flexibility in dividend policies, as single optimal stopping
rules and discrete impulse policies (sequential stopping) are in fact admissible controls
(belong to \A). In light of this observation, we define the optimal stopping problem
associated to the singular stochastic control problem (8) as

Vosp(x) = sup Ey [e 7" X, ], )
teT

where 7 is the set of all F-stopping times. Note that the valuation in (9) is perpetual
since as was mentioned above, the underlying reserves cannot vanish nor explode in
finite time.

3 Some auxiliary results

Before proceeding in our analysis of the considered dividend optimization problem
in a general setting, we first define the net appreciation rate p : I — R of the stock
X as p(x) = u(x) — rx. As will turn out later in our analysis, this mapping plays a
key role in the determination of the optimal payout policy and its value. Under our
assumptions on p and X, the corresponding cash flow p(X) := {p(X/)}:c[0,00) has
a finite expected cumulative present value, that is, p(X) € £'. An interesting result
based on this mapping is now summarized in the following.

Lemma 3.1 Forall x € I it holds that

g
Vg(x) < x + sup Ex/e_”,o(XsD)ds. (10)
DeA

Especially, if p(x) < 0 for all x € I then the optimal strategy is to liquidate the
corporation immediately and pay out the entire reserve instantaneously. In that case
the value of the optimal dividend policy reads as Vs(x) = x for all x € 1. Moreover,
Vosp(x) = x forall x € I as well.

Proof Applying the generalized 1t6 theorem to the identity mapping x +— x yields

™ N
E, [e_”’v xp ] =x+E, / e S p(XPyds — E, / e "dDsy,
0 0
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where iy = N /\tOD Ainf{t > 0: XP > N}isanincreasing sequence of almost surely
finite stopping times tending towards t(f) .Reordering terms, invoking the nonnegativity
of the controlled jump-diffusion, and letting N — oo yields by dominated convergence
inequality (10). The optimality of instantaneous liquidation is then clear in light of
(10).

Lemma 3.1 characterizes the circumstances under which the so-called take the
money and run policy (i.e. immediate liquidation of the company) is optimal. As
intuitively is clear, waiting is suboptimal whenever the value of the reserves depreciates
at all states and subsequently no intertemporal gains may be accrued by postponing the
payout decision into the future. An interesting implication of the findings of Lemma 3.1
is that if the net appreciation rate has a global maximum at X = argmax{p(x)}, then

x = Vs < x4 20
r

for all x € I. Thus, as long as the net appreciation rate is bounded, the value of the
optimal policy can grow at most at a linear rate for large reservoirs.

Lemma 3.1 characterizes the optimal policy only in the extreme case of instan-
taneous liquidation. However, in order to characterize the optimal dividend payout
policy in a more general setting more analysis is naturally needed. Before proceeding
in our analysis we first define the continuously differentiable mappings H : I2 — R
andl-}g 12— Ras

()

X =Y+ 55 xX=y

H(x,y) = [ vy T . (11)
V() y

and

_ x—y+ S xzy

Hp(x,y) = Jot 0 f <y (12)
AG)) ’

It is worth noticing that for a given fixed y € [ the function x — H(x, y) satisfies
the variational equalities

(GrH)(x,y) =0, x<y
oxH(x,y) =1, x>y.

Analogously, for a given fixed y € I the function x — Hy(x, y) satisfies the varia-
tional equalities

(AgHp)(x,y) =0, x <y
axl:lg(x, y=1, x>y.
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As we will later observe, these functions can be applied for solving the variational
inequalities max{(G,v)(x), 1 — v'(x)} = 0, max{(G,v)(x), (x — ¢) — v(x)} = O,
max{(ftgu)(x), 1—u'(x)} =0, and max{(flgu)(x), (x —¢) — u(x)} = 0 associa-
ted to the considered singular control and optimal stopping problems. We can now
establish the following result characterizing how the values of the mapping Hp(x, y)
defined with respect to the minimal increasing r-harmonic function for the continuous
diffusion X can be applied for bounding the values of the mapping H (x, y) defined
with respect to the jump-diffusion X.

Lemma 3.2 Forallx,y € I it holds that Hr+k(x y) < H(x y) < H (x,y). Conse-
quently, supc; Hr+k(x y) = supye; H(x,y) < sup,¢; H,(x, y) provided that the
SUpremum exists.

Proof As was established in Theorem 4.1 of Alvarez and Rakkolainen (2006) we have
that

Vria@) _ ¥ _ Yr(x)

- < < = 13)
Vra () — V) T Y (y)

forall 0 < x < y < oo. This inequality and the fundamental theorem of integral
calculus in turn implies that

[0 (VO [T
wr-i-)n(y) _x I/f(y) N Wr()’)

Applying now the mean value theorem and letting x 1 y then shows that

/SO A CONR D)
Vrn ()~ VO T ()

(14)

forall y € I. Noticing now that

LACORN ACORAC)) llfr(x) Ve (y) Y (x)
V() Yy l/f/(y) RS RO BIR)

and

v ¥y ¥ O) WH—A(X) Vra(y)  Yrga(x)
V' (y) v(y) 1>”/(y) llfr+)»(y) ¢r+k(y) WH()’)

then demonstrates that ﬁh%(x, y) < Hx,y) < I:Ir(x, y) for all x, y € I. Since a
continuously differentiable mapping is bounded on the interior of its domain and attains
its extreme values either at the points where it derivative vanishes or at the boundaries
of its domain, the proposed ordering of the values follows from the inequality above.
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Lemma 3.2 states two interesting inequalities characterizing how the value of the
function H (x, y) can be sandwiched between the values ﬁr_l,_}\ (x,y) and H, (x,y).
This observation is of interest since it demonstrates that the solutions of the associated
variational inequalities are ordered. As we will later observe, these functions are closely
related to the values of the optimal dividend policies in the considered three different
cases. Two interesting implications of Lemma 3.2 needed later in the analysis of the
associated dividend optimization problems are now summarized in the following.

Corollary 3.3 (A) Assume that y > n > 0. Then
Pri () - ¥ () _ U (x)
Va3 = Yra =) T YO =V =M T () =Yy — 1)

forall x <y.
(B) For all x € I it holds

Vra (x) ¥ (x) Uy (x)
— X < — —x < = — X
(ZABYEY) V' (x) Ul (x)

Proof Noticing that

v (x) _ v @) /Yy
vO) =y —=mn 1=y -m/¥v)

and applying the inequality (13) proves part (A). Part (B) is a direct consequence of
(14).

Before stating our main result on the general convexity properties of the increasing
solution 1 (x), we now present the next lemma.

Lemma 3.4 Assume that ¢ (x) € C 2(R+) is non-decreasing and that there exists x| €
R such that ¢ (x) is strictly concave on (0, x1) and strictly convex on (x1, x2), where
x2 > x1. Define u : (x1, x3) — [0, x1) via u(z) = inf{y € [0, x1) : ¢'(y) < ¢'(2)}.
Then
/
u(z) = {0, / X2 >2Z>Xx|, 2> c{>(<15/(0)) (15)
D(@P'(2)), x2>z>x1, z<P(@(0),

where the function ® : (¢ (x1), ¢’ (x2)) — (0,x1) is defined as ® = (¢’ |(0,x)) "
and @ : (qb/(xl), ¢’(xz)) — (x1, x2) is defined as ® = (¢’ |(x1.x0)) "1 Moreover; u(z)
is continuously differentiable for z < ®(¢'(0)).

Proof Assumptions imply that ¢’(x) is a unimodal continuously differentiable func-
tion with a unique minimum at x;. Since it is decreasing on [0, x1), ¢'(0) < ¢'(2)
implies that the inequality in the definition of u(z) is satisfied for all y € [0, x1) and
hence u(z) = 0. On the other hand, ¢'(0) < ¢'(z) is in the present case equiva-
lent to z > ®(¢/(0)). For z < ®(¢/(0)), the continuous differentiability of u(z) on
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(0, ®(¢/(0))) N (x1, x2) follow from the inverse function theorem, as ¢’(x) is conti-
nuously differentiable and ¢ (x) # 0 on (0, x1), implying that ®(y) is continuously
differentiable on (¢’ (x1), ¢’(0)), being the inverse function of the restriction ¢’ | (o x,)-

Given this auxiliary result, we are now in position to prove the following theorem
stating a set of sufficient conditions under which the monotonicity properties of ' (x)
can be unambiguously characterized. In the statement of the theorem, the convention
(a,a) = @ is used.

Theorem 3.5 Assume that the net appreciation rate p (x) satisfies the limiting inequa-
litieslimy o0 p(x) < 0 < limy o p(x), that there exists aunique threshold x € 1U{0}
such that p(x) is increasing on (0, X) and decreasing on (X, 00), and that p(x) is
concave on (X, 00). Then equation ¥" (x) = 0 has a unique root x* € (x, 00) so that
Y (x) Z 0 forx = x* and x* = argmin{y' (x)}.

Proof We first establish that under our assumptions the increasing solution is locally
concave on a neighborhood of the origin. To accomplish this task, we first notice that
the integro-differential equation (G, 1) (x) = 0 can be re-expressed as

I(x) =r( () —xy'(x) — p()Y' (x) = J(x, ¥ (x)), (16)

where I (x) = %O’Z(X)I/f//(x), and

J(x, ¥ (x)) = / {¥(x = x2) — ¥ (x) + x2¢" ()} (d2). A7)

0,1

Assume now that there is a set (0, €), ¢ < xo = p~'(0), where the increasing funda-
mental solution is convex. Since a convex mapping satisfying the boundary condition
¥ (0) = 0 satisfies the inequalities ¥/ (x)x > ¥ (x) and ¥ (x —xz) > ¥ (x) —xz¢'(x)
for all x € (0,¢) and z € (0, 1), we find from (16) that I (x) < —p(x)¥'(x). The
monotonicity of ¥ (x) and the positivity of p(x) on (0, xg) then imply that 7 (x) < O
which is a contradiction due to the assumed convexity of ¥ (x) on (0, €). This proves
that ¥ (x) is locally concave on a set (0, €). We now show that v (x) cannot become
convex on (0, X) and, therefore, that if equation ¥”(x) = 0 has a root, it has to be
on (X, 00) (in the case x = 0, this is immediate and the considerations of the next
two sentences are unnecessary). To see that this is indeed the case, we observe that if
X1 < X is the smallest root of ¥”(x) = 0, then

I'(x1) = —p (x)y¥ (x1) — / Y/ (x1(1 —2)) —¢'(x)}1 — 2)v(dz) <0
0,1
due to the monotonicity of v (x), ¥'(x), and p(x). Hence, if equation ¥"(x) = 0
has a root, it has to be on (X, 00). In order to establish that 1/ (x) has to become

convex at some x» € (X, xg), where xg = ,0_1(0), assume that i/ (x) is concave on
the entire interval (0, xg). In that case we would have the inequalities ¥ (x)x < ¥ (x)
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and ¥ (x — xz) < ¥ (x) — xz¢'(x) for all x € (0, xp) and z € (0, 1). Consequently,
I(x) > —p(x)y¥'(x) forall x € (0, xp). Letting x 1 xo then yields that I (xg) > 0
which is a contradiction due to the assumed concavity of ¥ (x). Combining this obser-
vation with our previous findings shows that equation " (x) = 0 has at least one root
x* € (X, x0).

Given these findings, our objective is now to establish that the root x* is unique
whenever p(x) is concave on (X, co). To observe that this is the case, we notice that
(16) can be re-expressed as

—J(x), (18)

Fo) = ¢ + ) (w(X) 14 (X)) _ ﬁ(x)w (x)

— X
S S'(x) §'(x)

~ 2 ” - _ .
where [(x) = %‘fmm, p(x) = p(x) — Ax(1 = 2), S'(x) = exp (_f 2ﬂ(x)dx)

2(x)

denotes the scale density of the associated diffusion X, and

[ PG =2)
J(x) = S v(dz).
0,1

Standard differentiation yields that

% [?/éj}] =\ +)L)1/f(x) — / W(x(l — Z))U(dz) m/(x)

0,1

d [wm v'(@)

dx | §'(x) —-X S’(x)] = 5(X)W(x) +x / Y(x(1—=2)v(dz) | m (x)

0,1

and

- "(x(1 —
J(x) = / %}C)Z))(l — 2)v(dz) + fi(x)m’ (x) / Y (x(1 —2))v(dz)
0,1) (0,1)

where m'(x) =2/ (02(x)S'(x)) denotes the speed measure of the associated diffusion
X. Hence, we find that

7 _ Y’ (x) Y, . V' (x(1 = 2)) _
I'(x) = S o (x)+ / (1 —W(X) )(1 v(dz) |. (19
0,1)

In light of the deﬁnition~ of I (x) and our findings on the local concavity of ¥ (x) on
(0, x*), it is clear that I’(x*) > 0, which implies that the expression within square
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brackets in (19) is non-negative at x = x*. Assume now that equation " (x) = 0 has
another root y* > x* at which the increasing fundamental solution becomes locally
concave again. To establish that this is impossible, we first observe that the integral
term in (19) can be re-expressed as

1— &)

X

(1 Y -2)
V()

1
¥l = 2)
1 — d
/( V() )( vda),

where u(x) = inf{y € (0, x*] : ¥'(y) < ¥'(x)} € C'((x*, y*)) by Lemma 3.4. It is
now clear that the first term of this expression is positive due to the local convexity
of ¥(x) on (x*, y*). On the other hand, a direct application of Leibniz’ rule to the
second term proves

1
d Y (x(1—2)
I / (1 — —W(X) ) (1 —2)v(dz)

u(x)
==

)(1 —2)v(dz)

o\

1
_ / vy =) -y @y =A==

¥’ (x)

u(x)
==

W (0)x — u(x) V) ux) u(x)
+< X2 )(1_ V) ) x '”‘“(I_T)”’

since ¥ (x) > 0 on (x*, y*), ¥"(x(1 —2)) < O whenz > 1 — “® ‘and /'(x) =
¥’ (u(x)). Combining this observation with the non-negativity of the bracketed expres-
sion in (19) for x = x*, the identity u(x*) = x*, and the assumed concavity of p(x)
on (X, oo) then proves that

1
= v'(x0) . Y (x*(1 —2)

for all x € (x*, y*). Letting x 1 y* now implies that I'(y*) > 0 which is a contra-
diction since /(x) should be non-increasing at y*. Hence, we find that the root x* is
unique and constitutes the global minimum of v’ (x).

Theorem 3.5 states a set of conditions under which v/'(x) attains a unique global
minimum so that 1 (x) is concave below and convex above this critical threshold. It is
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worth mentioning that the conditions on the net appreciation rate p imply that p(x) —
—00, as x — 00. We conclude this section with the following useful observation.

Theorem 3.6 Suppose that the assumptions of Theorem 3.5 are satisfied and define
the function F : I — Ry as F(x) = H(x, x*). Then,

(A) FeC*(I), (G:-F)(x) <0, F/(x)>1,and F"(x) <0 forall x € I, and

(B) F(x) > H(x,y)and F'(x) > Hy(x,y) forall x,y € I? and Hy(x,y) <0 for
all (x,y) € Ry x (x*, 00).
Moreover,

©) if p(x) — (1 — 2)Ax is increasing on a nelghborhood of 0 then
F(x) > HrH(x X*(r + M), wherex*(r + 1) = argmm{wrﬂ(x)} is the unique
root of equation wr 1 (x) =0, and

(D) if limyoo(p(x) + Azx) < O then F(x) < H,(x, ¥*(r)), where ¥*(r) =
argmin{y (x)} is the unique root of equation " (x) = 0.

E) ifpx)—>10-— Z)Ax is increasing on a nezghborhood of 0 and limy_, o (p(x) +
AZx) < O then Hy 5 (x, ¥*(r + 1)) < H(x, x*) < H.(x, ¥*(r)) forall x € 1.

Proof (A) Clearly F € C2(I). Since F(x) is a linear function with derivative equal
to 1 on [x*, 00), it is straightforward to compute that

1

(G F) (x) = p/() + / [F/(x —x2) — 1] (1 - v(d2) (20)

0

for x > x*. We have assumed that p’(x) is negative and decreasing on [x*, 00).
Furthermore, the integral in (20) can be written as

1

V'(x —xz)

— =11 - dz),
/ [ W) }( o)

1—x*/x

since for x — xz > x* the integrand vanishes. This is a decreasing function of x since
¥ (x) is concave on (0, x*) and x —xz < x* in the region over which we integrate here.
Hence, (G, F)' (x) is decreasing on (x*, 00) and consequently if (G, F)’ (x*) < 0, then
(G, F) (x) is non-increasing on (x*, co). But

"(x*(] —
G F) (%) = p'(x") + / (M— 1) (1 - Dv(da).
ST

and this quantity was shown to be negative in the proof of Theorem 3.5. As (G, F) (x)
is continuous and equal to O for all x < x*, we necessarily have (G, F) (x*) = 0. By
continuity and monotonicity of (G, F) (x) on (x*, 00), it follows that (G, F) (x) < 0
for all x > x*. The strict concavity of v (x) on (0, x*) then proves that F'(x) > 1 and
F"(x) < 0forall x € I.Part (B) now follows d1rectly from Theorem 3.2 in Alvarez
and Virtanen (2006) since ¥ (x) S 0forall x = x and x* = argmin{vy’(x)}. Part
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(C) follows from Lemma 3.2 after noticing that if p(x) — (I — Z)Ax is increasing on
a neighb0r~h00d of 0 then according to Lemma 3.1 in Alvarez and~Virtanen (2006)
equation ¥,",, (x) = 0 has a unique root ¥*(r + 1) = argmin{y,_, (x)} so that
Jfr”H (x) é 0 for x é X*(r 4+ 1). Establishing part (D) is entirely analogous. Part (E)
finally follows from (C) and (D).

Theorem 3.6 demonstrates that if the conditions of Theorem 3.5 are satisfied then
the value H (x, y) attains a unique global maximum as a function of the threshold
y. Interestingly, Theorem 3.6 proves that this maximal value H (x, x*) does not only
dominate the values H(x, y) for all y € I, it also grows faster than any other of
these values. This observation is important since it characterizes the circumstances
under which the findings by Alvarez and Virtanen (2006) focusing on continuous
cash flow models can be extended to the discontinuous setting as well. Theorem 3.6
also establishes a set of sufficient conditions under which the two associated values
H,4.(x, y) and H,(x, y) attain a unique global maximum as functions of the arbitrary
threshold y. Whenever these optimal thresholds exist the value H (x, x*) belongs into
the region bounded by the resulting values.

4 Optimal singular control of dividends

We are now in a position to state our main result on the optimal singular dividend
payout policy for the considered class of jump diffusions modeling the underlying
stochastically fluctuating reserve dynamics.

Theorem 4.1 Assume that the assumptions of Theorem 3.5 are satisfied. Then the
value of the singular control problem is given by Vs(x) = H(x, x™). The value is
twice continuously differentiable, monotonically increasing and concave. Moreover,
the marginal value of the optimal policy reads as

Vi) = o' (x) { ! } ! r= 21
X) = X)Su _— = /
§ YZE 1//'/(_))) ll;/((;*)) X < x*-

The corresponding optimal singular control consists of an initial impulse (lump sum
dividend) &y_ = (x — x*)V and a barrier strategy where all retained earnings in
excess of x* are instantaneously paid out as dividends.

Proof For notational convenience, we shall denote the proposed value function as

V (x) and the value function of the singular control problem as V (x). Let D € A be
D

an arbitrary admissible policy and denote J? (x) = E, fOTO e "%d Dy. Applying the

gene{alized [t6 formula [see Protter (2004), Theorem 11.32] to the mapping (¢, x) —

e "V (XP) yields
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N

E [P (x8)] = V) + B, / ¢ (G, V) (xP)ds
0+
™
+Ex/e—"*{\7(xf_ +(AD),) — V(xP)}ds
0+
—E, / e V(X2 )aDy, (22)
0+

where Ty = N A ‘COD Ainf{t > 0 : X,D > N} is an increasing sequence of almost
surely finite stopping times converging to ‘L’OD as N — oo. It is now clear from our
Theorem 3.6 that the proposed value function is nonnegative and twice continuously
differentiable and that it satisfies the inequalities V/(x) > 1and (G, F) (x) < 0forall

x € I. Combining these observations with (22) implies

Ty
0= E, [e™VXD)] < Vi) - ]Ex/e_”st.

0+

This inequality and the monotone convergence theorem then imply that

D
™ K

V(x) > Ex/e_”dDS — Ex/e_”st
0+ 0+

as N — oo. Thus V(x) > JP(x) for any D € A and so V(x) > V(x).

Denote now the proposed dividend strategy described in the theorem by D. Under
the proposed policy we have XtD € (0, x*] r-almost everywhere, implying thus
that(G, V) (X ,D ) = 0 t-almost everywhere. Hence, (22) takes now the form

™
Ec[e™V(XD)] = V) — B / eV (XD )a by (23)
0+

However, since the proposed dividend policy increases only when the underlying
process hits the threshold x* and, therefore, when V/(Xy) = 1 we find that (23) can
be re-expressed as

™
V) = [e ™V xD)] +E, / e dD;.
0
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Recalling that either Ty — oo or X 3] = 0 for N large enough, letting N — oo then
gives \7(x) = JP(x) and consequently V(x) < V(x). But then \7(x) = V().

The capital theoretic implications of Theorem 4.1 are in line with the ones stated
in Alvarez and Virtanen (2006): firstly, the optimal dividend threshold is attained on
the set where net appreciation rate p (x) of the underlying reserve is positive and thus
dividends are paid out on the set where the expected per capita rate at which the
reserves are increasing dominate the opportunity cost of investment; second, since the
optimal dividend threshold is attained on the set where the net appreciation rate of
the underlying reserve is decreasing, at the optimum the marginal yield accrued from
retaining yet another marginal unit of stock undistributed is smaller than the interest
rate r. Thus, the optimal dividend policy diverges from the deterministic golden rule
of capital accumulation in the present jump-diffusion case as well. An important
implication of Theorems 4.1 and 3.6 is now summarized in the following.

Corollary 4.2 Assume that the assumptions of Theorem 3.5 are satisfied, that p(x) —
(1 — 2)Ax is increasing on a neighborhood of 0 and that lim,_, 5, (p(x) + Azx) < O.
Then, for all x € I it holds

ViTh(x) < Vs(x) < Vi),

where

o0
\75‘9(x) = sup ]Ex/e_e‘vdf)s,
DeA

and

dXP = i(XP)dt — o (XP)dW, — dD;, XP = x.

Proof Since Vg(x) = H(x,x*) and f/S@ (x) = Hp(x,x*(0)) the result follows from
Theorem 3.6.

Corollary 4.2 states a set of conditions under which the value of the optimal singular
dividend policy is bounded by the value of an associated singular stochastic control
problem of the continuous diffusion X. It is worth noticing that even though the jump
intensity A does not affect the existence of the optimal threshold x* it affects the
existence of an optimal policy for the associated problems. As the jump intensity A
increases the local growth rate of p(x) — (1 — 7)Ax decreases and eventually vanishes
(provided that 1/ (0+) < 00). At the critical level (1 — Z)A = u/(0+) the optimal
policy associated to the smallest value becomes trivial (instantaneous liquidation) and
‘N/SHF (x) = x. Analogous conclusions can be naturally drawn for the highest value as
well.

Having analyzed the considered singular control problem, we now proceed in our
analysis and study the associated optimal liquidation problem. An important impli-
cation of Theorems 3.6 and 4.1 characterizing the relationship between the optimal

@ Springer



Optimal payout policy in presence of downside risk 129

singular dividend policy and the value of the optimal liquidation policy is now sum-
marized in the following representation theorem for the associated optimal stopping
problem.

Theorem 4.3 Suppose assumptions of Theorem 3.5 are satisfied and that
limy o0 (0 (x)+AZx) < 0. Then, the value of the associated optimal stopping problem
(9) reads as

Vosp(x) = ¥ (x) { Y } * X =% (24)
X) = X)su _— ] x*
o o] T reogts v <,

where the optimal stopping boundary x§ > x* is the unique root of Y (x) = x'(x). In
particular, Vosp(x) = H(x, x§j). Moreover, Vosp(x) < Vs(x) and V/,3p(x) < Vi(x)
forall x € 1.

Proof First we need to establish existence and uniqueness of x;. For this, note that by
Theorem 3.5, under our assumptions " (x) < Oforx < x*andvy”(x) > Oforx > x*,
which implies that i (x) is strictly concave for x < x* and strictly convex for x > x*.
The strict concavity of ¥ (x) on (0, x*) implies that 0 = ¥ (0) < ¥ (x) — ¥'(x)x for
all x € (0, x*). Hence,

Dx[ x ] _Y0-we 05)
¥

¥2(x)
for all x < x*. On the other hand, the monotonicity of the function v (x) and the
spectral negativity of the jumps imply

d [x/mx) B ¢/<x)] _

dx | 500 " s ﬁ(x)W(X)+x/IIf(X(l—z))V(dz) m’(x)

0.1)
(p(x) + AZx)Y (x)m' (x).

IA

Combining this finding with the assumption lim,_, o, (0 (x) + Azx) < 0 and the positi-
vity of §’(x) shows that there mustexistx € I suchthaty(x) < xy’(x). By continuity,
this implies the existence of x;j > x* such that ¥ (x;) = x§¥’(x;). Moreover, the
convexity of ¥ (x) on (x*, co) implies that

Dy [Y(x) = x¢/' ()] = —x¢""(x) <0

for all x > x*. Thus x /¥ (x) is decreasing for all x > x* and so x; is unique. Note,
in particular, that x + x /v (x) is now a unimodal function with a unique maximum
at xg.

We will use the notation v(x) = ¥ (x) SUp >y {y/¥(y)}. It is immediate from
the definition that v(x) > x for all x € I, that v € C'(I) N C>(1\{x}), and that
[v” (xgE)| < co. We will now prove that v(x) is r-superharmonic with respect to X.
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It is clear that since v(x) = ¥ (x)/¥'(xg) on (0, x§) and (G,¥)(x) = 0, we have
(Grv)(x) = 0 for all x € (0, x5). To establish the r-superharmonicity of v(x) on
[x;, 00) we first note that since ¥ (x5) = ¥'(x})x; and ¥”(x§) > O the identity
(Gr¥)(x) = 0 implies that

1

1
OZ—EUZ(XE)")W(XZ)")=p(x(’)'<)w/(x(3k)+/ (Vg (1 = 2) =1 = 2)x5¥' () v(d2).

0
Dividing this inequality with ¥(x§) then shows that

1

lim (Gu)() = p(af) + / (M
X—)XO
0

Ve -1 - z)xo) v(dz) < 0.

We will now prove that (G,v)(x) is non-increasing on (x;, o) and, therefore, that
(Grv)(x) =< O for all x € (xg,00). Differentiating the functional (G,v)(x) and
applying the inequalities (G, V)’ (x) < 0 and v'(x) < Vé(x) established in Theo-
rem 3.6 demonstrates that for all x € (x;, 00) we have

GroY @ = e+ [ W = 2) = D1 = da)
0.1)
1—x*/x
<@+ [ W= 2) = DA - 2w <0

I—xg/x

since v (x) is convex on (x*, x;). Hence (G,v)(x) < 0 for all x € I. Consequently,
v(x) constitutes a nonnegative r-superharmonic majorant of x and, therefore, v(x) >
Vosp(x), as the latter is by the general theory the least r-superharmonic majorant of
x [cf. Peskir and Shiryaev (2006), especially Sect. IV.9 therein].

In order to establish the opposite inequality we first observe that for y > x

v Y (x)
Y(y)

B [/ X | = yE, [] =

and for y < x, E, [e_”yXT_V] = x. Hence the choice y = argmax[z/¥ ()] = x;
yields

—FT %

v =By [e X | < Vose (o).
0

Thus Vosp(x) < v(x) < Vosp(x), and the claimed representation is proved. In par-

. o * 1 X VG x
ticular, by definition of x; we have VED = TeD and VD xq = 0, and hence,
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recalling the definition of H (x, y) from (11), we get that

V(xg)
_x(>)k+ 07

vy T
Y (x)
V) =vY(x) - W(X*)’ X <x6<-

x> xg,
H(x,x;) =

The last two claims follow in a straightforward fashion from Theorem 3.6, since
Vosp(x) = H (x, x{)).

We wish to point out that the representation of the value of the stopping problem
given in the previous theorem holds also for more general jump diffusions and
reward functions under some additional conditions, as has been shown in Alvarez
and Rakkolainen (2006). An interesting implication of Theorem 4.3 and Lemma 3.2
extending the observation of Corollary 4.2 to the optimal liquidation case as well is
now summarized in the following.

Corollary 4.4 Assume that the assumptions of Theorem 3.5 are satisfied, that p(x) —
(1 — 2)Ax is increasing on a neighborhood of 0 and that limy_, o (p(x) + Azx) < 0.
Then, for all x € I it holds

Vi (x) < Vosp(x) < Vigp(x), (26)

where

Vsp(x) = sgp E, [e_‘gtf(f] = Y (x) sup [%y(y)] .

y=x

Moreover, X5(r + L) < x5 < X;(r), where X;(0) denotes the unique root of the
optimality condition s (35 (0)) = W (X5 (0)) %5 (0).

Proof Since Vosp(x) = H (x, x3) and Vigp(x) = Hp(x, ¥*(9)) inequality (26) fol-

lows from Theorem 3.6 and Lemma 3.2. The ordering Xj(r + 1) < x5 < X;j(r) is

a direct 1mphcat10n of Corollary 3.3, the proof of Theorem 4.3, and the inequality
<

w (x) S 0forx = xO(Q)

5 Optimal impulse control of dividends

Let us next consider the problem of determining the optimal impulse control in our
Lévy diffusion model in case where the corporation incurs a fixed cost ¢ > 0 each time
it distributes dividends. An impulse type dividend control consists of an increasing
sequence of F-stopping times 7 = (t(i)), i < N < oo, (intervention times) and a
corresponding sequence of non-negative impulses £ = (£(i)), i < N < oo, (inter-
ventions). The standard approach is to seek an optimal impulse control ¥ = (7, £) in
the whole class of admissible impulse controls

={(t.&) : 1) € T. 0<&() < X5, 1 <i <N}
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such that the expected cumulative present value of the policy,

N
J7(x) = By [Ze”“)(sa) - c>} :

i=1

is maximized, that is, (7, é ) should satisfy

N
Vi) = sup J7E(x) = Ey [Ze’“’“(é(i)—c)]
(T.6)eV i1

The associated optimal stopping problem is defined as

Vésp(x) = sup By [e7"7(Xr —0)]. 27)
el

The following analogue of Theorem 4.3 and its Corollary 4.4 holds for this stopping
problem.

Lemma 5.1 (A) Suppose assumptions of Theorem 3.5 are satisfied. Then the value of
the associated optimal stopping problem (27) reads as

y—c

= H(x,x* 28
w<y>} 0, xe) =

Vsp(x) = ¥ (x) sup [

y=x

where the optimal stopping boundary x}¥ > x5 > x* is the unique root of V(x) =
(x — )Y/ (x). Moreover, Vigp(x) < Vs(x) and Vigp(x) < Vi(x) forall x € 1.

B) Ifalso p(x) — (1 —2)Ax is increasing on a neighborhood of 0 and limy _, oo (p (x) +
Azx) < O then, for all x € I it holds

Voen < (0) < Vsp(x) < V(). (29)

where

‘79’6 _ Ex —0t Xr _ — |:(¥_C):|
5sp() = supE [~ (Xe — 0 Ve

Moreover, X} (r + A) < x} < X%(r), where X}(0) denotes the unique root of the
optimality condition Yo (X¥(0)) = V) (¥(0))X(6).

Proof This is simply a straightforward replication of the proof of Theorem 4.3 and its
Corollary 4.4, mutatis mutandis.
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Lemma 5.1 states a set of conditions under which the solution of the associated
liquidation problem (27) is an ordinary threshold policy. As Lemma 5.1 proves, the
standard balance equation, requiring that the value of the optimal policy is equal to
its total costs (the sum of the direct cost and the lost option value), is satisfied at the
optimal exercise threshold in the discontinuous setting as well. Moreover, according to
the findings of Lemma 5.1 the value of the liquidation problem (27) can be sandwiched
between the values of two associated stopping problems defined with respect to a
continuous diffusion process.

We shall follow an approach similar to the one adopted in Alvarez and Virtanen
(2006) and determine the optimal choice within a more restricted class of impulse
dividend controls based on a single threshold level and a fixed dividend size. We will
then proceed to give reasonably general conditions under which this optimal choice in
the restricted class is, in fact, optimal also in the larger class V. To avoid unnecessary
duplication, we will mostly refer to Alvarez and Virtanen (2006) for detailed arguments
when the presence of jumps does not affect the analysis.

Consider a dividend policy (zy, 1) such that a constant dividend 7 is paid out when
the underlying reaches a specified threshold level y, and in case x > y an exceptional,
state-dependent initial dividend x — y + n is paid out to bring the state below level
y. By relying on a similar reasoning as in Sect.4 of Alvarez and Virtanen (2006) we
find that the value of such a policy has the following representation in terms of the
minimal r-superharmonic map ¥ (x):

=¥ )
, xX—y+ — =y, X =Y
JoN(x) = Fo(x) = { (n_c)w(;/g(y) v (y=m) (30)
TV r=r

Consider now the inequality constrained nonlinear programming problem

sup h(p.y) = sup (n—c) 31)

nel0,y], yel neloyl, yel V) =¥ (v —n)’

If there exists a unique optimal pair (1, y)) maximizing & (1, y), we can define

(32)

c

Frxy = | ¥ Y TROLYOVOD. 1z
h(n:’ Y:)W(x)a x < y:f

It is an immediate consequence of the necessary first order conditions for optimality
in (31) that

LAG) «
X — y* _|_ . (* , X Z y
F¥(x) = H(x,y") = { vo ¢ TYOH c

° (33)
oD X<

(to see this, consider the function 4 : (0, y) x I — Rin (31), which under our assump-
tions is a smooth function of two variables, and set the gradient equal to zero—the
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resulting equations imply that h(n}, y7) = m , from which the claimed represen-
tation of F(x) follows). It is now clear that F*(x) belongs to the class of mappings
considered in Theorem 3.6 and hence F(x) < Vs(x) and F}'(x) < V¢(x) (given
existence and uniqueness of (17, y¥)). We will now establish a set of sufficient condi-
tions for the existence of a unique optimal pair (1}, y¥) solving (31).

Lemma 5.2 Suppose, in addition to the assumptions of Theorem 3.5, that
limy o ¥'(x) = oo. Then there exists a unique pair (n}, yy) € (c, yy) x (x*, x}),
which satisfies the necessary first order conditions ¥'(y) = ' (y¥—nk) and  (y¥) —
VOE—nd) =90k = nHnk —o).

Proof Under assumptions of Theorem 3.5 there exists a unique x* such that v/’ (x) is
decreasing (increasing) on (0, x*) ((x*, 00)). If lim, | o ¥'(x) = oo, then this implies
that for any y € (x*, 0o) there exists a unique y € (0, x*) such that ¥/(y) = ¥/(9).
Moreover, we can define x* = x*. Hence the function y +— 3 from [x*, co) onto
(Pmin, x*]is well-defined, where $min = (¥") ™ (limy_, o0 ¥/ (x)). It is decreasing and
continuous (even C', see the proof of Lemma 3.4). Consider then the continuous
function

L) =90 =¥ =¥ D=9 +c-¥' Q)
defined for y € [x*, 00). Now L(x*) = ¢ - ¥/'(x*) > 0 and

L)) =y () — v @) =/ @) =) +c- /(@)
= (Y} =Y/ GHxE) = v @D + Y GHIE +c- v/ (3D
= (V) =Y OxE) — v R + Y EHRE+ - Y (&)
=—c Y (x) — (VE) — ¥ EDEE) + - Y@ <0,

since ¥ (x) — ¢'(x)x > O for all x < x*. Thus there exists y* € (x*, x}) such that
L(y}) = 0, in other words, the choice (1, y) = (y} — 3, y}) satisfies the first order
conditions for optimality in (31). To establish uniqueness of this solution, note that

L'M=y"® -3 -Cc—y+H+W®»-v'®),

whose sign is determined by the last factor of the first term on the right hand side,
both other factors of the term being always negative for y € (x*, co)—observe that
the second term equals zero, by definition of y. As¢c — y + 3 = ¢ > 0 for y = x*,
limy_, (¢ — y + §) = —o0 and furthermore ¢ — y +  is decreasing in y, we see that
L(y) is a unimodal function with a unique maximum. Since L(x*) = ¢ > 0, the root
of L(y) = 0 is necessarily unique.

Having established sufficient conditions for existence and uniqueness of the pair

(n}, y}) satisfying the necessary optimality conditions of (31), we now proceed to
state our second main theorem, whose proof requires a verification lemma.
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Lemma 5.3 Assume that the mapping g : I — I is increasing and satisfies the
conditions g € CY(I)NC2(I\D), where D is a set of zero measure, and |g" (x+)| < oo
forall x € D. Suppose further that g satisfies the quasi-variational inequality

sup {n—c+glx—n}=<gk)
nel0,x]

for all x € I and the variational inequality (G,g) (x) < 0 for all x € I \ D. Then
g(x) = Vf(x) forallx € 1.

Proof The estimations in the proof of Lemma 2.1 in Alvarez and Virtanen (2006) go
through also in our setting, when one notices two things. First, an application of the
dominated convergence theorem yields

1 1
/wk(x —xz2)m(dz) — /w(x —xz)m(dz)
0 0

as k — oo, for any x € I, and thus uniformly on compact subsets of /. Hence the
approximation result from Appendix D in @ksendal (2003) is valid also in our jump
diffusion model. Second, for a spectrally negative jump diffusion X and an increasing
non-negative function g

g(XY ) = g(X¥) = (X!, ) — g(XV,_ — 1, — |AXY])
> 8(X7, 1) — 8(Xz,— — 1)),

which ensures that the inequalities derived in Alvarez and Virtanen (2006) remain
valid in our model.

Having proved the auxiliary Lemma 5.3, we are now in position to present our main
finding on the optimal stochastic lump-sum dividend policy and its value.

Theorem 5.4 Suppose the assumptions of Lemma 5.2 are satisfied. Then
VE() =I5 () = () = H(x, y)),

where yi € (x*,x}) and n} = yX — y} solve (31). In other words, the value of
the optimal single threshold dividend policy coincides with the value of the optimal
impulse control problem.

Proof As the single threshold dividend policy v = v(n}, y}) is clearly an admis-
sible impulse control, we have F(x) < V| (x). To establish the converse inequality,
by Lemma 5.3 it is enough to show that the increasing function FJ(x) is
sufficiently smooth and satisfies the relevant quasi-variational inequalities. It is easy
to see by standard differentiations that F(x) € C'(I) N C>(I \ {y}}) and that
limy yy [FF"(x)| = 0 and limy4 s |F¥”(x)] < oo. By boundedness on compacts
of continuous maps and the fact that X} < y*, r-almost everywhere, we furthermore
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have lim;_, o Ey [e‘”FC*(X;’)] = 0 for all x € I. To see that F*(x) satisfies the
variational inequality, note that for x < y*

(G F¥) () = (¥'(55) ' Gr) (x) =0,

and for x > y¥, by Theorem 3.6,

1
(G- FF) (x) = p'(x) +/{F:’(x —x2) — 1} (1 = 2)v(d2)
0

1—x*/x
< (G-Vs)'(x) + / (FX(x(1 =2)) = D1 = 2)v(dz) <0,

1=y¥/x

since ¥ (x) is convex on (x*, y*). This implies that (g, F j) (x) is decreasing forx > y*
and hence (gr F C*) (x) < Oforall x € I.Finally, to establish that the quasi-variational
inequality " (x) > sup, (o x] [n —c+ Ff(x — n)] holds, we may proceed exactly as
in Appendix E in Alvarez and Virtanen (2006). Thus, since F*(x) satisfies the quasi-
variational inequalities, by Lemma 5.3, F*(x) > V["(x) and hence F(x) = V[ (x).

Results obtained in this section are similar to the ones obtained for continuous linear
diffusions in Alvarez and Virtanen (2006) and highlight the similarities in behavior of
continuous diffusions and spectrally negative jump diffusions with natural boundaries
and geometric jumps. Along the lines of our previous analysis, we are now in position
to establish the following interesting comparison result extending our sandwiching
results to the present setting as well.

Theorem 5.5 For a~ll n € [c,y] and x € I we have I%r_M(x) < F.(x) < I%r(x),
where the function Ky : 1 — Ry is defined as

(n—=0)Po (y)
X—y+———tro x>y
~ Yo (V) =Yg (y—n)
Kooy = (=)o (x) 59
T~ (y—n)° r=Y

Consequently, if the conditions of Lemma 5.2 are satisfied, p(x) — (1 —Z)Ax is increa-
sing on a neighborhood of 0, lim,_, o (p(x) + Azx) < 0, and lim, w;H(x) =

limy o ¥/ (x) = oo, then Hyy(x, 53(r + 1) < Vf(x) < Hy(x, 3} (r), where
(VX (0). 1%(0)) denotes the unique pair maximizing the function

(n—o)
Vo(y) —do(y — 1)

Proof The inequality Ier(x) < F.(x) < kr (x) is a direct consequence of part
(A) of our Corollary 3.3. As was established in Lemma 4.1 of Alvarez and Virtanen
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(2006), our assumptions guarantee the existence and uniqueness of the optimal pairs
X(r+A), ni(r+ 1)) and (3 (r), 77 (r)). Combining this observation with the result
of Theorem 5.4 completes our proof.

6 Explicit illustration: logistic jump diffusion

To illustrate our general results with a particular example, we consider a logistic jump
diffusion given by

1
dX, =X, a(b—Xt)dt—l—Gth—/ZN(dt,dz) , (35)
0

where parameters a > 0, b > 0, 0 > 0 and the associated Lévy measure of the
compensated compound Poisson process N is v = Am(dz), where m is the relative
jump size distribution defined on (0, 1). The downside risk is thus characterized
by the jump intensity A and the form of the jump size distribution. If ab > r, the
considered jump diffusion satisfies the conditions of Theorem 4.1, as then the net
appreciationrate p(x) = ax(b—x) —rx = —ax?+ (ab—r)x. In this chapter we will
take the relative jump size to be Beta(, 8) distributed. This allows us to consider both
symmetric and skewed distributions by varying the parameters « and . We assume
that the discount rate » = 0.025 and the fixed transaction cost ¢ = 0.05.

With regard to analyzing the effect of A, we wish to point out that care may be
needed when dealing with large values of A, since in the limit A — oo we get a
spectrally negative compound Poisson process with drift Az > 0, which (being a
martingale) does not satisfy the classical Cramer—Lundberg net profit condition and
hence oscillates and will hit O in finite time almost surely, violating our assumptions
on the boundary behavior of the jump diffusion.

We are interested in the effect of introducing jumps—downside risk—on the optimal
thresholds. The benchmark case is now the absence of downside risk, A = 0, in
which case the associated integro-differential equation G,u = 0 reduces to a linear
ordinary second order differential equation, whose increasing fundamental solution
¥ (x) can be expressed in terms of the Kummer confluent hypergeometric function.
Optimal boundaries for the singular control, impulse control and stopping problems
(respectively) can then be solved from equations

¥ (x) =0,
Y =Y —n =9 —nh—oc)
v () =v¢(y—mn and

Y (x) =9 ()(x — o).

(36)

This yields with the assumed parameter values the first row of Table 1. For non-
zero intensities A, the integro-differential equation is not (semi-)explicitly solvable
except in the case « = B = 1, i.e. when relative jump sizes are uniformly distri-
buted. In this special case the integro-differential equation can be reduced to a third
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Tab.le 1 O.ptin?al boundaries for o o Vv " o
the jump diffusion (35) and the ¢ ¢ ¢
3::?12‘;‘3:“‘;:1‘;“;‘;0?8?lf]fusl‘(‘)’? - & 1.003 1423 0781 2378
and relative jump size 0.1 - (X,r) 1.263 1.734 0.887 3.011
distribution is Beta(a, &), - X, 7 0.684 1.134  0.782 1.472
o €{1.6,10) (X, r) 1.053 1.503  0.830 2.469
6 (X, r) 1.054 1.500  0.824 2.509
10 (X5 1.054 1.500  0.824 2511
1 - X, r) 3.546 4383  1.639 8.594
(X, r) 1.169 1.833  1.166 2514
6 (X, r) 1.296 1931  1.133 2.901
10 (X.r) 1.307 1939  1.129 2.947
10 - X,r) 2607 29.05 5932 69.35

(X,r) 1.168 2.699 2.340 2.921
6 (X,r) 1.356 2.795 2.278 3.164
10 (X,r) 1.381 2.808 2.270 3.199

order linear differential equation by considering ®(x) := fox ¥ (y)dy; the obtained
differential equation is then solvable in terms of generalized hypergeometric func-
tions. For the general case, A # 0 and either « # B or @ # 1, we can apply the
Frobenius method. That is, we will assume that the solution v of G,u = 0 is of form
YU(x) = x° Z;C;O:O Y x"t with ¢ > 0 (which is clearly in C3(I)), plug thisinto G,u = 0
and solve the resulting indicial (integral) equation

1

B W S NP\ (SR S DUy S

(ab+ka+ﬁ)g+20 c(c—1) r+B(a,,3)/(1 27271 — )P 'dz=0
0

for ¢ and the recursion relation

2
o (o2
(ab+/\—) Yn(s +n)—ayu—1(c+n—1)+ —wy(sc+n(sc+n-—1)

a+p 2
N 1
—|F-—=—"— =2 0= dz |y, =0.
B(a, /3)0/ v

for {y,,}. If ¢ > 0O solves the indicial equation and the obtained sequence of coefficients
{yn} is such that the power series converges, we have found a smooth solution of the
considered integro-differential equation satisfying the required boundary condition.
In Rakkolainen (2007) it is shown that in the logistic jump diffusion case such a solu-
tion is necessarily monotone and unique up to a multiplicative constant. A numerical
approximation (to desired accuracy) for ¥ can be obtained by truncating the infinite
series in ¥ (x) = x¢ Z;’(’:O vux" at some ng € N. In the present case, the recursion
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Table 2 Optimal boundaries for

the jump diffusion (35) and the z ¥ e e te
jvss‘e’g‘f‘;f:n‘;ﬁ‘y“;“‘;"?g?lf]fusll(‘)’? 0.1 025 (X L1133 1579 0835 2.696
and relative jump size (X,r) 1.019 1.448 0.795 2.430
distribution is Beta distributed (f{7 7) 0.551 0.971 0.715 1.204
with variance 0.01 and mean -
% € {0.25.0.5,0.75) 0.5 X, r 1.263 1734 0.887 3.011
(X.r) 1.054 1.499  0.823 2.511
(X, F) 0.684 1134 0.782 1.472
075  (X,r) 1.392 1.887  0.937 3.324
(X, r) 1.086 1.555  0.862 2.529
(X, 7) 0.817 1294  0.844 1.744
1 025 (X, 2.284 2932 1.253 5.495
X, r) 1.151 1.647  0.906 2.806
0.5 X, r 3.546 4383  1.639 8.594
(X.r) 1.309 1.941  1.128 2.959
075  (X,r) 4.803 5.809  1.982 11.73
X, r) 1.192 1.977  1.348 2.557
10 025 (X.r) 1357 15.51 3.864 34.68
(X, r) 1.501 2401  1.549 3.293
0.5 X,r) 2607 29.05 5.932 69.35
(X, r) 1.387 2.811  2.268 3.208
075 (X,r) 3858 42.42 7.684 1053
X, r) 1.184 3106 2.824 3.256

relation can be manipulated to the form y,4+1 = [c1(n)/c2(n)]y,, where essentially
(since the integral term is in any case bounded from above by 1) ¢ is linear and ¢
quadratic in n. This implies that y,, ~ (1/n")yo and thus the coefficients converge to
zero quite rapidly as n increases.

It is worth noting that in principle, the outlined approximation approach is always
applicable if the jump component has the geometric form assumed throughout our
study and the coefficient functions of the compensated diffusion part are polynomials
i) = 3, pix’ and (1/2)0%(x) = Y1) qix’ such that g = g1 = po = 0.
Naturally in more general cases the rate of convergence for the coefficient sequence
is not necessarily as rapid as in the logistic case.

We apply the outlined procedure to solve the (approximative) optimal thresholds
for intensities A € {0.1, 1, 100} and two different sets of parameters « and §:

(1) symmetric jump size distribution with constant mean 1/2 (¢ = ), for o €
{1, 5, 10}; as parameter value increases, the distribution becomes more concen-
trated around its mean; and

(i) skewed jump size distribution with constant variance 0.01 and variable mean
z € {0.25,0.5, 0.75};
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This gives us an illustration of the impact of variable uncertainty in the jump risk with
constant “average jump risk” (i), and of skewness of the jump size distribution (ii).
Note that with variance fixed, skewness and mean have opposing effects: for a small
mean (which is “good” in the sense that downward jumps are small on average) the
distribution is skewed to the right, i.e. towards larger jump sizes, and vice versa. In
addition, we will compute the optimal policies in the associated optimization problems
for the corresponding continuous (drift-corrected) diffusion X. It should be noted that
for the associated diffusion instantaneous liquidation is optimal in the problem with
discount rate r 4+ A if 7 := r + A > ab). The results are given in Tables 1 (symmetric
distributions) and 2 (skewed distributions). In both tables, instantaneous liquidation is
optimal for A € {1, 10} and hence rows corresponding to (X, 7) have been omitted in
these cases.

Inspection of the results shows that the numerical results are in line with our fin-
dings: the exercise boundaries for the jump diffusion X are in all cases between the
corresponding boundaries for the associated diffusion X, provided that the lower boun-
daries in question exist (i.e. that take the money and run policy is not optimal). From
Table 1 one sees that increasingly concentrated jump size distribution seems to lead
to higher exercise thresholds for all problems and to a lower dividend size for the
impulse control problem. This effect is similar for all sample values of A, though
naturally almost negligible for the smallest sample value and more pronounced for
the larger values. It appears from Table 2 that such monotonicity does not hold for the
case (ii).

7 Concluding comments

In this study we considered the determination of the optimal dividend policy of a risk-
neutral firm when the stochastic dynamics of the underlying cash flow are characte-
rizable as a spectrally negative jump diffusion with natural boundaries and geometric
jumps. We established a relatively broad set of conditions typically satisfied in most
mean-reverting models under which the optimal singular dividend policy is charac-
terizable via the minimal r-superharmonic map with respect to the underlying jump
diffusion. A significant consequence of this representation is that the dynamic dividend
optimization problem can be reduced to an equivalent static nonlinear minimization
problem. As corollaries of this result we then showed that the associated sequential
impulse dividend problem as well as the associated optimal liquidation problem are
also solvable in terms of the minimal r-superharmonic map. In line with previous
observations based on continuous cash flow dynamics, the values of these problems
were shown to be ordered in an exceptionally strong way: the value of the singular
stochastic control problem dominates the value of the associated impulse control pro-
blem which, in turn, dominates the value of the associated optimal stopping problem.
However, we also demonstrated that the marginal values are ordered in an analogous
way. Hence our results unambiguously indicate that increased policy flexibility has a
positive effect on both the value as well as on the marginal value of the optimal policy
in the jump diffusion case as well. We also stated a set of typically satisfied condi-
tions under which the values of the considered dividend optimization problems can
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be sandwiched between the values of two associated dividend optimization problems
based on a continuous cash flow dynamics.

Our results generalize the results obtained previously in literature for linear diffu-
sions and demonstrate the strong similarities between the behavior of linear diffusions
and spectrally negative jump diffusions with geometric jumps and natural bounda-
ries. From an applied point of view, spectrally negative processes are a very relevant
generalization of processes with continuous paths, as they allow the incorporation of
discontinuous unanticipated negative shocks into the modeling of the underlying cash
flow dynamics. Taking this downside risk into account can be viewed as essential for
any model meant to be used in prudent risk management.

While our model allows fairly rich jump structures, as we are reasonably free to
choose the distribution of the relative jump sizes, it assumes that the jump component
enters the defining stochastic differential equation in geometric form and that the
boundaries are natural. It might be of interest to know whether, and to what extent, our
results could be extended to encompass more general forms of the jump component and
different boundary behaviors [a partial answer is given by Loeffen (2008), who derives
sufficient conditions for optimality of barrier strategies in the case of a spectrally
negative Lévy process]. Such extensions are out of the scope of the present study and
are, therefore, left for future research.
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ABSTRACT

We consider a broad class of singular stochastic control problems of spec-
trally negative jump diffusions in the presence of potentially nonlinear state-
dependent exercise payoffs. We analyze these problems by relying on associ-
ated variational inequalities and state a set of sufficient conditions under which
the value of the considered problems can be explicitly derived in terms of
the increasing minimal r-harmonic map. We also present a set of inequali-
ties bounding the value of the optimal policy and prove that increased policy
flexibility increases both the value of the optimal strategy as well as the rate at
which this value grows.
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1 INTRODUCTION

One of the principal lessons in the literature on real options is that policy flex-
ibility creates value (for example, investment timing or operational flexibility
in general, cf. [15]). This result is intuitively clear, since increased policy
flexibility can typically be interpreted as an enlargement of the class of ad-
missible policies and, therefore, as a larger opportunity set from which the
applied policy can be chosen. However, even though the positivity of the sign
of the relationship between increased policy flexibility and value is intuitive,
it is not beforehand obvious how increased policy flexibility affects the rate at
which the value of the optimal policy grows as a function of the current state
of the controlled stochastic dynamics. This question was recently addressed in
[5] within a dividend optimization framework based on continuous diffusion
processes modeling the underlying cash flow dynamics. They established that
increased policy flexibility unambiguously raises both the value of the optimal
policy as well as the rate at which it grows in the typically applied case where
the admissible controls are assumed to be non-negative, non-decreasing, right-
continuous, and adapted. The analysis of [5] was subsequently extended to the
discontinuous jump diffusion setting in [4]. They reconsidered the class of cash
flow management problems addressed in [5] in the case where the underlying
cash flow is modeled as a spectrally negative jump diffusion and established
that increased flexibility has a positive effect both on the value and on the
marginal value of the optimal policy in that setting as well. Even though the
findings of [5] and [4] are interesting from the point of view of cash flow man-
agement applications (especially under risk neutrality) their results are based
on linear payoffs. Hence, their analysis overlooks the potentially significant ef-
fect of nonlinear payoffs arising, for example, in studies considering cash flow
management in the presence of risk aversion or in studies analyzing optimal
harvesting of renewable resources in the presence of variable stock dependent
prices.

For reasons of mathematical convenience, processes with continuous paths
have been more popular in modeling the underlying stochastic dynamics of
cash flow management problems than processes with discontinuities. The
problem of optimal dividend distribution policy in the continuous path set-
ting has been considered, for example, in [27] and [19] (among many others).

From a risk management point of view, the models with continuous sample
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paths fail to capture the downside risk: the possibility of a large instantaneous
drop in the asset value. The effects of stock market crashes demonstrate the
potential significance of this discontinuous risk and indicate that in prudent
risk management this risk should not be overlooked. Moreover, especially in
insurance applications many quantities of interest are jump processes. Fur-
thermore, the celebrated bad news principle introduced in [10] tells us that the
market reacts to new information in an asymmetrical way: the impact of bad
news is considerably more dramatic than that of good news. In recent years
these considerations have led to an increased interest and activity in studying
models with stochastic dynamics allowing jumps, and several results have been
obtained. Because of the relative tractability of the ensuing models, by far the
most popular choice of dynamics has been the Lévy process or its exponential.
Our main object of interest in this study is the optimal dividend problem, and
of the many fairly recent results in this area, we wish to mention particularly
[24] and [8], where the underlying dynamics are characterized by a finite ac-
tivity Lévy process, and the recent papers by [7] and [20], where the dynamics
are assumed to be characterizable via a spectrally negative Lévy process and
the fluctuation theory of such Lévy processes is then used to solve the optimal
policies. For a taste of the by now extensively studied optimal stopping and
option pricing applications in the context of general and one-sided arithmetic
and geometric Lévy processes, see [17], [18], [21], [22], [6], [13] and [23].
In a recent preprint [9] venture capital investments in a jump diffusion model
are optimized. In [16], transforms applicable to solving many econometric and

valuation problems for affine jump diffusions have been considered.

It is somewhat surprising that despite the increased interest in models based
on Lévy processes and recognition of the importance of downside risk in pru-
dent risk management, the tools provided by the classical theory of diffusions
and minimal excessive maps have largely been neglected in the analysis of
one-dimensional jump diffusion models (an exception is [23]). However, the
results allowing the reduction of the dynamic problem to static optimization,
which have been derived for diffusions via the classical theory in [1], also hold
true for spectrally negative jump diffusions (modulo some conditions). This
has already been demonstrated for optimal stopping problems in [3] and for

singular control problems with a linear payoff in [4].

Motivated by the arguments stated above, our objective in this study is
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to consider, within a relatively general spectrally negative jump-diffusion set-
ting, the impact of increased policy flexibility on both the value as well as on
the marginal value of the optimal policy in the presence of a nonlinear and
state-dependent payoff. To be precise, we consider the value of the singular

stochastic control problem
J(x) =supE, | e "¢ (X?)dZ, (1)
ZeA 0

(where A denotes the class of non-negative, non-decreasing, right-continuous,
and adapted processes), and the value of the optimal stopping problem

V(x) = sup E, [e ""g(Xc)], 2)
1€ T

(where .7 is the appropriate set of stopping times), when the underlying process

X is a jump diffusion with dynamics described by
X, = p(X,)dt + o(X,)dW; — /( 0 K . d), 3)

Xo = x >0, where N(dt,dz) is a compensated Poisson random measure. Along
the lines of the studies [5] and [4] we first present a class of functionals consti-
tuting the solutions of two associated boundary value problems and establish
an ordering between these values. Given that these functionals depend on the
arbitrary boundary, we then investigate those circumstances under which these
functionals attain a global maximum as functions of the boundary by relying
on ordinary static optimization techniques. We then state both in a continu-
ous diffusion setting as well as in the general discontinuous jump-diffusion
setting a set of sufficient conditions under which these extreme values of the
associated functionals constitute the values of the considered stochastic con-
trol problems. In accordance with the findings based on linear payoffs, we
find that increased policy flexibility increases both the value and the marginal
value of the optimal policy in the nonlinear setting as well. Moreover, in accor-
dance with the observations of [3] on optimal stopping of spectrally negative
jump-diffusions, our results indicate within a relatively broad setting that the
value of the optimal singular stochastic policy of the underlying discontinuous
jump-process can be typically sandwiched between the values of two asso-
ciated singular control problems of a continuous diffusion. This result is of
interest since it characterizes circumstances under which the value of the op-

timal policy can be attained with the value of the optimal policy defined with
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respect to the associated continuous diffusion by appropriately adjusting the
discount rate (i.e. makes possible the interpretation of downside jump risk as
a discount rate effect).

The content of this study is as follows. In section two we present in detail
the assumptions on the considered underlying jump diffusion and the associ-
ated continuous diffusion process. Furthermore, we define some classes of
auxiliary functionals related to the variational inequalities associated to the
considered problems and state a technical lemma characterizing how the func-
tionals associated to the underlying jump diffusion are related to the function-
als associated to continuous diffusion models. The proof of this lemma is rel-
egated to Appendix. In section three we then begin to analyze the considered
functionals in the continuous diffusion setting and establish a set of conditions
under which these functionals can be interpreted as the values of associated
singular stochastic control problems. The results of this section are finally ex-
tended to the jump diffusion case in section four. In section five we illustrate
numerically our findings by relying on a logistic jump-diffusion model. Some

concluding comments are stated in section six.

2 BASIC SETUP AND ASSUMPTIONS

The main objective of this study is to analyze the impact of a state dependent
yield on the value maximizing singular stochastic control policy of a spectrally
negative jump diffusion and in this way extend previous findings based on a
constant yield. In order to accomplish this task, we assume that the controlled
jump diffusion evolves in the absence of interventions according to a Lévy
diffusion defined on a complete probability space (Q,.#,[P) equipped with
the natural filtration F = {o(X, : s <t)},cr,. The stochastically fluctuating
dynamics of the controlled process are assumed to be governed in the absence
of interventions on the state space .# = (0,c0) by the stochastic differential
equation

dX, = p(X,)dt + o(X,)dW, — /(O Xt ), )

Xo = x > 0, where N(dt,dz) is a compensated Poisson random measure with
the associated Lévy measure v = Am, and m is the jump size distribution,
which is assumed to have a density f, € C((0,1)). Notice that we are here as-

suming that the total mass of Vv is finite, or, equivalently, that the discontinuous
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component of the driving Lévy process can be described as a (compensated)
compound Poisson process — however, some of the results we shall derive hold
also in the case when the total mass of Vv is infinite, provided that v possesses
a density in C((0,1)), and we will return to this matter at the end of section
four. The drift coefficient p(x) and the volatility coefficient o(x) > 0 are,
in turn, assumed to satisfy the usual conditions for the existence of a unique
adapted cadlag solution X € L*(P) of (4) (Lipschitz continuity and at most
linear growth, see [29] Theorem 1.19). In addition, we assume that p(x) is
continuously differentiable.

For the sake of simplicity, we assume that the boundaries 0 and o of the
state space of X; are unattainable. In light of this assumption it is clear that in
the present setting even though the underlying jump diffusion may be expected
to tend towards its boundaries, it is never expected to hit them in finite time (i.e.
Ty = o a.s.). Hence, the considered jump-diffusion cannot vanish nor become
infinitely large exogenously. As usually, we define the class .#! as the space

of measurable mappings 4 : . — R satisfying the inequality

E, / S| h(Xs)|ds < oo, 5)
0

where r > 0 denotes the constant discount rate.

The negative coefficient of the jump part in (4) implies that the process is
spectrally negative: even though the process can decrease discontinuously, it
can increase only continuously. This spectral negativity will play a crucial role

in our analysis. The following assumption is made:

Al. X is regular in the sense that for all x,y € . it holds that P(7, < o) =1,
where 7, = inf{r >0 : X; > y}.

Assumption A/ ascertains the a.s. finiteness of the first exit time 7, of X from
any interval of form (0,u) with u < oo.

The integro-differential operator associated to the jump-diffusion X is de-
fined for sufficiently smooth mappings f(x) by

()() = 30°() ") + B0 ()

(6)
A [ {f (emx2) = £ +x2f () ()
(0,1)

We will make use of the notation 4,u = %u — ru and assume
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A2. There exists an increasing solution W € C?>(.#) of 4,y = 0 such that
y(0) =0.

By virtue of Lemma 3.2 in [3] such increasing solution whenever it exists is
unique up to a multiplicative constant. With regard to the existence of such a
solution, in [14] it is shown that in the case of an (arithmetic) Lévy process
with a nonzero Gaussian coefficient the solution (which in this particular case
is called r-scale function) belongs to C2(.#). Moreover, in [26] such a solution
is constructed by a Frobenius type method for a (from an applied point of view)
reasonably extensive class of jump diffusions. However, it is worth mentioning
that the smoothness of the solution may present some problems in a completely
general setting.
We define a differential operator associated with %, for f € C?(.#) by

(o f)(x) = 367" () + B3 (x) — 07 2, )
where 6 € (0, ) and
R =) +Ax- [ am(dz) = () + Az ®)
(0,1)

This operator is related to the continuous diffusion X given by

Along the lines of our previous notation, we denote as Jy(x) the increasing
fundamental solution of the ordinary linear second order differential equation
(eZpu)(x) = 0 (for a comprehensive characterization of these mappings, see
[12], p. 33). As we will later demonstrate, the mappings ¥,(x) and W, ,; (x)
can be applied for providing useful inequalities concerning the considered sto-

chastic control problems. We also denote as

. 20(x)
/() —
S'(x) =exp <—/ o20) a’x)
the density of the scale function and as 7/ (x) = 2/(c%(x)S'(x)) the density of

the speed measure of the diffusion X.

Recall that we were interested in problems (1) and (2). We assume that
the mapping g : .# — R is twice continuously differentiable, non-decreasing,
and satisfies the limiting inequalities lim,|og(x) = 0 < lim,_...g(x). Now we
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can present two classes of functionals associated to the considered stochastic
control problems. Given our assumptions on the function g(x) we define the
continuously differentiable mappings H : .#2 — R and Hg : #2 — R as

_ g/(y) >
Hx.y) = gx) =g+ vy x=y 10)

Y ys) x<y

and

~ '(y)
5 g(x) =g+ We(y) 3 x>y
H@(xay): ~( ) /( ) 6( ) 9()’)
Vo (x) Al

(1D

Q.
l—
NG
=

NS
N

Analogously, we define the continuous mappings K : .#2 — R and Ky : #2 —
R as

g(x) x>y
K(x,y) = () (12)
g(y) vo) <y
and
. g(x) x>y
K(x,y) = 7o () (13)

g(y) () X <.

It is now worth pointing out that for a given fixed y € .# the functions x —

H(x,y) and x — Hpg(x,y) satisfy the variational equalities

(%H)(x,y) = 07 x<y
OH(x,y) = g'(x), x>y

and

(%Iflg)(x,y) = 07 x <Yy
8x1:19(xay) = g/(x)’ X2y,

respectively. Analogously, we also notice that for a given fixed y € .# the
functions x — K(x,y) and x — Kpg(x,y) satisfy the variational equalities

(9K)(x,y) = 0, x<y
K(x,y) = gx), x>y
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and

(%KQ)(XJ)) = 07 x<y
kg(x7y) = g(X), X2y,

respectively. As we will later observe in our analysis, these functions can be
applied for solving the variational inequalities max{(¥4,v)(x),g(x) —v(x)} =0,
max{(%v)(x),g (x) =V (x)} = 0, max{(v)(x),g(x) —v(x)} = 0, and max{
(gv)(x),g' (x) —V/(x)} = 0 associated to a relatively broad class of singular
stochastic control and optimal stopping problems of the underlying stochastic
processes.

We end this section by stating the following technical result, which extends
previous observations in [4] on linear payoffs to our more complex setting and
characterizes how the values of the mappings Hg(x,y) and Kg(x,y) can be
applied for bounding the values of the mappings H(x,y) and K(x,y).

Lemma 2.1. (A) For all x € .# it holds that H, ; (x,y) < H(x,y) < H,(x,y).
Thus, supyc » H,., 5 (x,y) < supye s H(x,y) < sup,c » H,(x,y) provided that the
suprema exist.

(B) Forallx € .#, K, (x,y) < K(x,y) < K.(x,y). Thus, supyejkr+,1 (x,y) <
supye s K(x,y) < supyc » K, (x,y) provided the suprema exist. Moreover

(0920~ 80 < 800 1% —4(0) < £ P ()
r+ r

forallx € 7.

Proof. See Appendix. ]

Lemma 2.1 states two interesting inequalities characterizing how the value

of the function H (x,y) can be sandwiched between the values H,, (x,y) and
I:I" (xay) .

3 THE CONTINUOUS DIFFUSION CASE

We begin our analysis by focusing on the case where the underlying controlled
dynamics evolve according to the continuous diffusion X described by the sto-
chastic differential equation (9). Before proceeding in our analysis, we assume

that the following assumptions are satisfied throughout this section.
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(A1) The boundaries of the state-space are natural for X.
(A2) (pg) € L.

(A3) There is a unique threshold £ € .# so that (<pg)(x) is increasing on

(0,%9) and decreasing on (£g,c0).

(A4) The mapping (</pg)(x) satisfies the limiting inequalities lim,|o(<pg) (x) >
0 > lim, e (Apg) (x).

In light of these assumptions, we are now in position to prove our first
result on the considered class of control problems.

Theorem 3.1. (A) There is a unique threshold % = argmax{g'(x) /Wy (x)} sat-

b
(Xy) so that

isfying the ordinary first order condition g" (%) Wy (Xy) = &' (%5) Wy
€ .72 More-

Hy (x,%5) > Ho(x,y) and d.Hy (x,%5) >0 Hg (x,y) for all (x,y)

over,

Ay (1.53) = W5 sup { j,e((y >) } |

(B) There is a unique threshold Z, = argmax{g(x)/Wg(x)} satisfying the or-
dinary first order condition g'(Z)We(Zy) = g(Z5) Wy (Z5) so that Kg(x,75) >

Ko (x,y) for all (x,y) € #2. Moreover;

o () g0)
Ko(x,Z5) = Ve sup{ }
( 9) ( )y>x W@(y)

(C) FIG(X’ZE) = I?g(x,Z’é), 8XF19(x,Z§) = axKG(vaZ))) H@(xvig) > KQ(X,ZB),
and 0 Hy (x,%y) > 0K (x, Z’é)forallx €S
(D) For all x € . it holds that H,.; (x, %, ;) < supc ,H(x,y) < H,(x,%) and
Kr+/l(xvzr+a) < supijK(x,y) < Kr(x7zr)'
Proof. (A) As was established in Corollary 3.2 of [2] our assumptions imply

that for all x € .# we have

g"(x) Wo(x) , \ 2ri(x)
09 %~ 50 €W =52 (14

where the functional 7 : .# — R is defined as

0= [ 060 (hg) () ~ (o) Ol 1)y (15)
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It is clear from our assumptions on (.27pg)(x) that I(x) is increasing on (0, %)
and decreasing on (£g,0). Moreover, since the integrand in (15) is positive as
long as x € (0,%9) we find that I(x) > 0 for all x € (0,%). However, since

(o) =~ [ o) () ) () <0,

where % is the unique root of equation (.27 g)(x) = 0, we find by invoking the
continuity and monotonicity of 7(x) that equation /(x) = 0 has a unique root
% € (%9,%x0) so that I(x) % 0 for all x % . Noticing from (15) that

alEw]_ 2
wwa o

finally proves that &, = argmax{g’(x) /Wy (x)}. Since

OHo v oy o d [80)
L) = min(o ). ) 5, | 7

we observe that Hp(x, %) > Hg(x,y) for all (x,y) € .#2. Establishing that
dyHp (x, %) > dHg(x,y) for all (x,y) € £ is entirely analogous. Finally, the

representation

e — o e d £O)
dyHg (x,Xg) = Wy ( )§>§{ 117(/9()’)}

follows directly from the proven monotonicity properties of the mapping g’(x) /¥y (x).
Part (B), in turn, follows directly form Lemma 4.1 in [2]. Finally, part (C) and
(D) follow from our Lemma 2.1. L]

In light of our results in Theorem 3.1 it is naturally of interest to investigate
the properties of the extremal values associated to the critical thresholds. This
is accomplished in the following.

Theorem 3.2. (A) The function Jo(x) = Hg(x, %) satisfies the variational in-

equalities
max{(/aJp)(x),g'(x) = Jp(x)} = 0.
Especially, N
Jo(x) = supE, e_esg'(XSZ)dZS, (16)
Zeh /0
where

dX? = p(X%)dt + 6(X2)dW, — dZ,, X¢. = x, (17)
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and A denotes the class of non-negative, non-decreasing, right-continuous,
and adapted processes.

(B) The function Vg(x) = Ko (x,Z}) satisfies the variational inequalities

max{(/pVp) (), g(x) — Vo (x)} = 0.

Especially,
Vo(x) = sup B |e~*7g(%s)| (18)
teT

where 7 is the set of all F-stopping times.

Proof. (A)Itis clear that (27pJp)(x) = 0 for all x € (0,%). On the other hand,
since (pJp) (%) =0 and & € (fg,0), we find that (ZpJp)(x) < 0 on (&}, o).
Noticing that

o
0 X > Xy

/ g d) -
V) [ - o] x <

and invoking the maximality of the value g'(£}) /' (%) then proves that Jj (x) >
g’ (x) for all x € .# and that the value Jy(x) satisfies the alleged variational in-
equalities. The interpretation of the function Jy(x) as the value of the associ-
ated singular stochastic control problem (16) follows from Theorem 1 in [1].
Establishing part (B) is entirely analogous. OJ

Theorem 3.2 demonstrates that under our assumptions the considered func-
tionals Hg(x, %) and Kg(x,Z}) can be interpreted as the values of associated
stochastic control problems. It is worth emphasizing that part (C) of our The-
orem 3.1 demonstrates that Jy(x) > Vp(x) and Jj(x) > V) (x) for all x € .#.
Consequently, given the interpretation of these values in terms of the values of
two associated singular stochastic control problems (16) and (18) we find that
increased policy flexibility has a positive impact both on the value and on its
growth rate in the present setting as well. The second order properties and the
resulting comparative static properties of the value of the optimal policy are
now characterized in the following.

Theorem 3.3. Assume that the payoff g(x) is concave. Then the value function
Jo(x) is concave. Moreover, increased volatility decreases the value Jy(x) of

the optimal policy.
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Proof. Noticing that y”(x)g’(x) < g"(x)y'(x) <0on (0,%}) proves the alleged
concavity of the value function Jg(x). Assume that 6(x) < 6(x) for all x €
# and denote the value of the optimal policy associated to the more volatile
dynamics as JS (x). Since J(x) > g'(x) forall x € .# and

1, N > L.

67 (05 (x) + ()T (x) — 05 (x) < (67 (x) — 0 (x)) Ty (x) <0
we find that Jg (x) dominates the value J§ (x) of the optimal policy associated
to the more volatile dynamics and, therefore, that Jp(x) > Jg (x) for all x €

g ]

4 THE JUMP-DIFFUSION CASE

The results of the previous sections indicate that the values of the functionals
H(x,y) and K (x,y) associated to the underlying jump-diffusion can be bounded
by the corresponding functionals defined with respect to the continuous diffu-
sion X. It is not, however, directly clear when the conclusions of our Theorem
3.1 and Theorem 3.2 can be extended to the jump-diffusion case and more
analysis is needed. A set of sufficient conditions under which the considered
functionals constitute the value of the associated stochastic control problems

are now summarized in the following.

Theorem 4.1. (A) Assume that the mapping g'(x) /W' (x) attains a unique global
maximum at x* = argmax{g’(x)/y'(x)} and that the mapping J(x) = H (x,x")
satisfies the inequality (4,J)(x) <0 for all x € .Z. Then,
J(x)=supE, [ e "¢ (X?)dZ,, (19)
ZeA 0

where
dX? = u(X?)dt + o(X7?)dw, — X7 / )zf\?(dt,dz) —dZ, X¢ =x, (20)
(0,1

and A denotes the class of non-negative, non-decreasing, right-continuous,
and adapted processes. The optimal policy consists of reflecting the controlled
process downwards at level x* (see [27] pp. 39—40 for a characterization of
the associated Skorohod problem). Furthermore, J(x) > H(x,y) and J'(x) >
H,(x,y) for all (x,y) € 72, and if g (x)/y'(x) is non-increasing on (x*,)
then

) = W (x g )
J'(x) =/ )ig [w/(y)} (21)
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(B) Assume that the mapping g(x)/y(x) attains a unique global maximum at
7" = argmax{g(x)/w(x)} and that the mapping V (x) = K(x,z") satisfies the
inequality (4,V)(x) <0 for all x € .. Then,

V(x) = sup E, [e ""g(X:)], (22)
€T

where .7 is the set of all F-stopping times. Moreover, if g(x)/y(x) is non-

increasing on (z*,0) then

= y(x)su Ly)
e = vy e

(C) If the conditions of part (A) and (B) are satisfied, then J(x) > V(x) and
J'(x) > V'(x) forallx € 7.

Proof. (A) Differentiating the function J(x) = H (x,x") and dividing the result-

ing derivative with g’(x) yields

J'(x) 1 x> x*
(X)) Yge) ]
g'(x) v X <X

The assumed maximality of x* and the monotonicity of g(x) then imply that
J'(x) > g'(x) for all x € .#. Applying now the generalized Itd theorem (see
[25] Theorem I1.32) to the mapping (¢,x) — e ""J(x) yields

T, Tn
E:[e™I(XE)] = J(x)+E, / e " (4,J) (X% )ds — E, / e T (X%)dZs
0 0
+ Ee Y e X)) —I(XT) - T (X )AXT]

s<Ty
where the summation goes over the control-driven intervention dates and 7;, =
nAinf{t > 0:X? & (1/n,n)} is a sequence of almost surely finite stopping
times converging to t& = inf{t > 0: X7 = 0} (given the assumed unattainabil-
ity of o). Since (¢4,J)(X?) = 0 almost surely for all ¢, the proposed policy
increases only when J'(X?) = g'(X?), and J(XZ) — J(XZ.) = g(X?) — g(XZ.)
at the optimal boundary, we find that

T,
Efe )] = I - [ ey XDz,
0

+ B Y e " [g(XF)—g(x2) — g (X7 )AX?].

s<T,
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Noticing that the proposed singular control policy is continuous ¢-almost every-
where since the underlying jump-diffusion increases continuously to the bound-
ary x* (due to the spectrally negative jumps) finally shows that

Tn
Ec[e ™MI(XE)] = J(x) —Ex /O e g (X7)dZ,

Letting n — oo and invoking the finiteness of the value J(x) on compacts then

implies
E / rs ! XZ Z
proving the first part of our claim. Noticing that

a—Hx = min(y(x i A6
27 1) = min(0). ) [ww}

then proves that J(x) > H(x,y) and J'(x) > H,(x,y) for all (x,y) € .#? and that
J'(x) can be expressed as in (21). Establishing part (B) is entirely analogous.
Part (C) finally follows from the proof of part (A). O

Theorem 4.1 states a set of sufficient conditions under which H (x,x*) con-
stitutes the value of an associated singular stochastic control problem and
K(x,z") constitutes the value of an associated optimal stopping problem of
the underlying jump diffusion. Along the lines of our previous observations
on the relationship between these values, Theorem 4.1 proves that increased
policy flexibility does not only increase the value of the optimal policy, it also
increases the rate at which this value grows in the presence of a state dependent
yield as well.

A set of useful inequalities characterizing how the values H(x,x*) and
K(x,z*) are related to the values Jy(x) and Vg (x) are now summarized in the

following.

Lemma 4.2, Assume that the conditions (Al)-(A4) are satisfied for 0 = r and
0 = r+A. Then, for all x € .¥ it holds

(l) jr-l-)« ()C) < SupyGfH(xay) < jr(x)’ and
(”) Vr—&-l (X) < SupijK(xay) < Vr(x)-

Moreover,
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(a) If the conditions of part (A) of Theorem 4.1 are also satisfied, then
Jopa (x) <J(x) < J(x) forall x € 7.

(b) If the conditions of part (B) of Theorem 4.1 are also satisfied, then
Vipa(x) SV (x) <Vi(x) forallx e .7 and 7!, <z* <Z.

Proof. The alleged inequalities are direct implications of Lemma 2.1, Theorem
3.2, and Theorem 4.1. OJ

Having stated a set of sufficient conditions under which the optimal policy
constitutes a standard threshold policy, we now plan to proceed in our analy-
sis and state a relatively general set of sufficient conditions, in terms of the
infinitesimal characteristics of the underlying jump diffusion and the payoff,
under which the existence and uniqueness of an optimal threshold is guaran-
teed. Along the lines of our previous section, we now make the following

assumptions.

(B1) There is a unique threshold £ = argmax{(¥,¢)(x)} € . so that (¢,g)(x)

is increasing on (0, %) and decreasing on (£, ),

(B2) The mapping (%,¢)(x) satisfies the limiting inequalities lim,|(%,g) (x) >
0 > limy_(%-8)(x),

(B3) (¥,g) (x) is locally concave on (£,0), and
(B4) (%.g) (x) is continuously differentiable on .#.

Given these assumptions, we can now establish the following theorem,

which characterizes unambiguously the monotonicity properties of the map-
ping g'(x)/y’(x) on 7.

Theorem 4.3. Assume that conditions (Bl) - (B4) are satisfied, that the payoff
g(x) is concave, that lim,|og(x) = 0, and that limy|og'(x)/y'(x) < eo. Then
there exists a unique threshold
/
. g'(x) } A
X" = argmax € (%,x0),
L < 6
where x := arg{(¥4,g) (x) = 0}, such that
402,
dx [y'(x)] <7

=
VIIA
=
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Proof. Applying the identity (¢, y)(x) = 0 shows that

i [v0] ~ v (270 -5 )] = s
where
1) = (%) 09+ rR() + [ (e v(a2) @
R() = 8(2) — & (Y ()/ /(). and
1002) = g00) — gl —12) ~ £ tx) - i)

We begin by showing that /(x) > 0 necessarily on a neighborhood of 0. As-
sume that this is not the case and that there exists some € € (0,£) such that
I(x) <0 and, therefore, such that g’(x)/y’(x) is non-increasing for all x €
(0,¢€). Combining assumptions (B1) and (B2) with the observations lim, o R(x) =
0,

R =yl | £ 20 w0
N(x,0) =0, and

_(gmx) S0
nz(sz)—<w,(x_xz) Vf’(x)> V' (x—xz) >0, xe(0,¢)

shows that /(x) > 0 for all x € (0, €) which is a contradiction with our supposi-
tion (x) <0 on (0, €). Thus, we necessarily have /(x) > 0 on a neighborhood
of 0.

Second, we will show that 7(x) > 0 for all x € (0,£). Suppose to the con-
trary that /(X) = 0 at some X < £. Then

1
16 = (@) @O+R®+ | nEve:)

— @@+ [ 1-ave-m) (59 - LT v

VE  VE-w)
The term (%,g)’ (%) in the above expression is positive by the assumed monotonic-

ity of (¢,¢)(x) on (0,%). Moreover, since 5’((?) is increasing on (0, %), we find

that the integrand is positive as well. Hence, I’(X) > 0, which is a contradiction
as I(x) must be decreasing at x. Thus, /(x) > 0 for all x € (0,%).

Third, we show that there exists y € (£,x0) such that I(y) < 0. Suppose
that this is not the case and that I(x) > 0 for all x < xo. Then 1(x,z) <0 and
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R(x) < 0 for all x € (0,x0) since n(x,0) =0, n;(x,z) <0, and R'(x) <0 on
(0,x0) by the monotonicity of g’(x)/y’(x). This implies that

I(x0) = rR(xo) —l—/ol M (x0,2)v(dz) <0 (25)

which is a contradiction and shows that there exists x* € (£,x9) such that
I(x*) =0and I(x) < 0 on some interval (x*,x* +¢€).

Finally, to establish uniqueness of x*, we show that once negative, /(x)
cannot become positive at a higher state. We proceed again by contradiction.
Suppose there exists y* € (x*,c0) such that /(y*) = 0. The desired contradiction
is obtained, if we can show that we necessarily have I’(y*) < 0, as a negative

quantity cannot decrease to 0. Consider

o) =@e)' 0+
+ o {(1 —2) (f,%)) ¥ —y'z) =g —y*Z)) } v(dz).

We can split the second term above into two parts as follows. Denote

(26)

W(X,y) =

and define for all x € (x*,y*|

X:= sup{y<x* : W) < g(x)} (27)

and consider

fol_j/x(l —z)W(x,x—xz)v(dz)+

| (28)

+ iz (L =)W (x,x —xz) v (dz).
The first integral corresponds to ”small” jumps and is always negative since for
g ~ £0)
V() = v()
jumps is always positive. To obtain the desired contradiction, it is enough to

y € (%,x) we have

. The second integral, corresponding to “’large”

show that the second integral in (28) is a decreasing function of x, because then
by local concavity of (¢,¢)’ (x) on (%, o),
1
I'o") < (%g) (x)+ / (1= )W (", x" —x*2)v(dz) = I(x*) <0
1—%* /x*
(note here that ¥ T x* as x | x*). To show the required monotonicity, apply the
Leibniz rule to the second term of (28) to obtain its derivative as

/11)%{(1 —2) (Dx [5}&” W (x—x2)+ (1 —z)Wy(x,x—xz)>

——

v(dz)
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by the definition of . The first part of the integrand is negative, because x €
(x*,y*) and on this interval I(x) < 0. By concavity of g(x), for all x < x*

and hence y”(x) <0 on (0,x*). Then, for all y € (0,%)
Wy(xay) S Wy()’ay) S O

Thus the second term of (28) is decreasing on (x*,y*) and I'(y*) < 0, which

completes the proof of our theorem. OJ

Theorem 4.3 presents a set of relatively general conditions under which
there is a unique interior threshold x* at which the ratio g’(x)/y’(x) is maxi-
mized. Along the lines of the findings of our sufficiency Theorem 4.1 we are
now in position to establish our key result on the considered class of singular
stochastic control problems of jump diffusions.

Theorem 4.4. Assume that the conditions of Theorem 4.3 are satisfied. Then
H(x,x*) is r-superharmonic for the underlying jump diffusion X, and, there-
fore, constitutes the value of the associated singular stochastic control problem
(19). Moreover, H(x,x*) is strictly concave and increased volatility decreases

its value.

Proof. Since v(x) = H(x,x*) is r-harmonic for the underlying jump diffusion
X; on (0,x*) it is sufficient to consider the functional (%,v)(x) on (x*,eo).

Noticing that v(x) = g(x) — R(x*), where R(x) = g(x) — 5,(();)) y(x) yields

g'(x%)
V' (x)

In this expression (4,g)'(x) < 0 since x* is attained on the set (£,00) where

@0 =@+ [ (EE - - ¢t ) (1-2via)

(4,g)(x) is decreasing. On the other hand, since

£0) i £6)
v'(1) V'(x)
for all r € (0,x*), we find that the integrand is decreasing as a function of
x as well and, therefore, that (4v)'(x) < (4v)'(x*) = 0 for all x € (x*,00).
Hence, (¢4,v)'(x) < 0 for all x € (x*,00). Combining this observation with the
identity (¥4,v)(x) = 0 on (0,x*) then proves that (¢4,v)(x) <0 for all x € .

g'(t)>v"(1)
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and, therefore, that the proposed value function is r-superharmonic for the
underlying jump diffusion. H (x,x*) now constitutes the value of the associated
singular stochastic control problem (19) by part (A) of Theorem 4.1.

It is clear from the proof of our Theorem 4.3 that the proposed value func-
tion is concave on .# by the assumed concavity of the payoff g(x). Establishing
now the negativity of the sign of the relationship between increased volatility
and the value of the optimal policy is analogous with the proof of Theorem
3.3. 0

An interesting direct consequence of Theorem 4.4 presenting a natural or-
dering between the values of the considered control problems is now summa-

rized in our next corollary.

Corollary 4.5. Assume that the conditions of Theorem 4.3 are satisfied. Then
J(x) > V(x) forallx € ..

Proof. ltis clear from the proof of Theorem 4.4 that (¢4,J)(x) <O forallx € .#.
Moreover, since J'(x) > g'(x) for all x € .# we find by integrating over the set
(0,x) and invoking the limits lim, o J(x) = lim,|o g(x) = O that J(x) > g(x) for
all x € .. Hence, J(x) constitutes a r-excessive majorant of the payoff g(x).
Since V (x) is the least of these majorants, we find that J(x) > V(x). O

Having characterized circumstances under which the considered singular
stochastic control problem is solved by a standard threshold policy and under
which the value of the optimal policy dominates the value of the associated op-
timal stopping problem, it is natural of interest to investigate when the optimal
stopping problem admits a similar solution in the general setting as well. This
is accomplished in our next theorem.

Theorem 4.6. Assume that the conditions of Theorem 4.3 are satisfied and that
limy_e0 g'(x) /W' (x) = 0. Then, the conditions of part (B) of Theorem 4.1 are
satisfied and there is a unique z* = argmax{g(x)/y(x)} € (x*, o) satisfying
the ordinary first order condition g’ (z*)y(z*) = g(2")y/(z"). In that case the
value of the optimal stopping policy T.- = inf{t > 0: X, > z*} reads as (23).

Proof. Consider the behavior of the function u(x) = g(x)/y(x). Standard dif-

ferentiation shows that
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It is clear from the proof of Theorem 4.3 that
ddx)] <

R (x) = — - =0

(X) l[/(X) dx |:w/(x) =%

and lim,|oR(x) = 0. Applying these results show that u/(x) > 0 for all x €

*

xSx
>

(0,x*). We will now demonstrate that the function u(x) cannot be increasing
on the entire .#. To see that this is indeed the case, assume the opposite and,
therefore, that u(x) is increasing on the entire .. Then u(x) > u(y) for all

x > y and, therefore,

gx) gx) &) gy

Vi) v v w(y)

for all x > y. Letting x — oo and invoking the assumption limy_,. g’ (x)/y'(x) =

0 shows that () () o)
- [gk) g sl
im [ 65 w) < o)
which is a contradiction, since
iy = Y [8x)  8(x)
0= [ i)

Hence, equation «'(x) = 0 has at least one root z* € (x*,0). The uniqueness of

<0

X—00

this root follows from the monotonicity of R(x).
Having established the existence and uniqueness of the threshold z*, we
now denote the proposed value function as P(x) and notice that since

P(x) =By [e "% g(X,.)]

we necessarily have that V (x) > P(x). In order to prove the opposite inequality,
we firs notice that P € C!'(#)NC?(#\{z*}), that |P"(z*+)| < oo, that P(x) >
g(x) for all x € .#, and that (¢,P)(x) = 0 on (0,z"). We now establish that
(4,P)(x) < 0on (z*,00). To see that this is indeed the case, we first consider

OO
S V)~ i 80,

§'(x) = exp <— / 358 dx> |

Itis clear from our analysis above that (Lyg)(x) % 0 for all x § Zfand (Lyg)'(z¥) <
0. Applying the identity (¢, y)(x) = 0 shows that

(L) ()= | @)e) + | ! (¥l Do)

the functional

(Lyg)(x) =

where

~6('(1-2) ) v(ds) | M),
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where M (x) = w(x)m'(x) and m'(x) = 2/(0?(x)S'(x)). Since
L ! %
lim(%,P)(x) = M
xlz y(z")m'(z¥)
we notice that the proposed value function is locally r-superharmonic at the
optimal threshold z*. Moreover, we also observe that for all x € (z*,)

(4:P)(x) = (%8)(x) + / ( (x—x2) j//((zz?) —g(X—xz)> v(dz)
implying that
(4.P) (x) = +/_, < X—2x7) :g;((z;)) —g’(x—xz)) (1 —z)v(dz).

Applying the proof of Theorem 4.4 yields

@) = @I+ [ i) | S5 EE v

§'(z") /
+ L |V (x—x2) 5 =g (x—xz) | (1 —2)v(dz) <O
£ V(%)

since z* is attained on the set where (¢,J)’(x) is decreasing, x* = argmax{g’(x)/
y'(x)}, and g’ (x)/y/(x) is strictly decreasing on (x*,z*). Hence, (¢,P)'(x) <0
on (z*,00) which guarantees that (¢,P)(x) < 0 for all x € (z*, ). Consequently,
P(x) constitutes a r-excessive majorant of the payoff g(x). Since V(x) is the
least of these majorants, we find that P(x) > V(x) which completes the proof

of our theorem. OJ

It is worth noticing that Theorems 4.1, 4.3, 4.4 and 4.6 hold true even in the
case when the Lévy measure of the driving process has infinite total mass (this
is the so-called infinite activity (of jumps) case) — provided that the measure
has a continuously differentiable density. This can been seen by examining
the proofs carefully and noticing that the only potential problems arising from
fol v(dz) = o are related to the v-integrability of several functions defined in
terms of y(x) and g(x). However, the assumptions made on y/(x) and (¥4,¢) (x)
clearly imply that

‘/ flx—xz) f(x)+xzf,(x)}v(dz)‘<

for f = y and f = g. This, in turn, implies the v-integrability of 1(x,z) de-

fined in the proof of Theorem 4.3. With regard to other functions we need to
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integrate with respect to v, we note that on any set (g,1) C (0,1), € > 0, the
measure V has finite total mass, and all integrands considered in the proofs are
at least continuous on these sets. Hence the relevant integrals are finite-valued,
and since we assume V(dz) = h(z)dz for h € C((0,1)), also Leibniz rule can
be applied where necessary. Naturally, the results concerning the associated
diffusion X are not generalizable to the case of a jump diffusion with infinite
activity of jumps, since X can not be defined as we have done here if the total
mass of Vv is infinite. It is perhaps worth mentioning here that models driven
by Lévy processes encountered in the financial literature tend to have either
a nonzero Brownian part and finite jump activity or no Brownian component

and infinite jump activity.

5 ILLUSTRATION

To illustrate our general results we consider the logistic jump diffusion model,
where the stochastic dynamics of the underlying cash flow are characterized

by the stochastic differential equation
1
dX; = aX;(b—X;)dt + o X,dW, — X, / N (dz,dt), (29)
0

where a,b, 6 >0, ab > r and the Lévy measure associated with N is Ab(a; B;z)dz
with A being the jump intensity and b(ct; ;z) being the density of a Beta(o, )
distribution. As we are interested in the impacts of volatility ¢ and the jump
structure (characterized in this setting by parameters A, & and f3)) on the op-
timal control, we shall fix the values a = 0.5, b = 2 and assume the constant
risk-free interest rate 7 to be 5 %. In [4] it was demonstrated that in this setting
the increasing fundamental solution of %,u = 0 has a Frobenius series repre-
sentation with coefficients that converge to zero fairly quickly — we capitalize
on this fact in solving the control problems.

We assume that the reward function g(x) = 1/x, which is a special case
of the popular power utility function form x”, y € (0,1) — in terms of the in-
vestor’s risk preferences, such utility functions imply that the investor is risk
averse. We investigate the impacts of jump intensity, shape and location of the
relative jump size distribution and diffusion volatility on the optimal singular
control and the optimal stopping rule. With regard to the relative jump size

distribution, we shall here consider two aspects. First, the impact of the degree
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of concentration of the distribution by fixing o =  (and hence the mean to
1/2); increasing the common value of these parameters leads to a distribution
more and more concentrated around its mean. Second, the impact of the loca-
tion of the distribution by fixing & = 1; then as 8 increases from a value close
to 0 to a very large value, the mean of the distribution decreases from nearly
1 to nearly 0. To study the effect of risk aversion on the optimal policy, we
compare the obtained numerical results with the corresponding results in the
risk neutral situation, i.e. in the linear case g(x) = x.

Using Theorem 3.2, we can determine the optimal thresholds for the opti-
mal control problems for the associated continuous diffusion X. The results of
doing this for various values of intensity A, volatility ¢ and different combi-
nations of ¢ and 3 are given in Tables 1-4. From Table 2 and Figure 1 we can
see that increased volatility increases the optimal threshold and decreases the
optimal value, which is in accordance with Theorem 3.3.

Similarly, since the reward satisfies the assumptions of Theorems 4.4 and
4.6, we can apply these results to determine the optimal thresholds for the
optimal control problems for the jump diffusion X. The results of doing this
for various values of intensity A4, volatility o and different combinations of o
and f are also given in Tables 1-4. From Table 2 and Figure 2 we see that in
accordance with the last part of Theorem 4.4, increased volatility increases the
optimal threshold and decreases the optimal value.

A
0.2 0.4 0.6 0.8 1
X x*|0.676981 0.743883 0.81075 0.87759  0.944409
7" [ 2.244790 2.472510 2.70115 2.93073 3.161240
X x*|0.618723 0.625722 0.630787 0.633582 0.633675
Z" 12.079780 2.129780 2.166390 2.187830 2.192210

Table 1: The impact of jump intensity A on the optimal thresholds x* and z* for the
diffusion X and the jump diffusion X .

We can compare the obtained numerical results with the risk neutral situ-
ation. Tables 5-8 reproduce the optimal thresholds expressed now as a pro-
portion of the optimal threshold in the risk neutral case. It is seen that in
comparison with a risk-neutral investor, the risk averse investor has lower op-

timal thresholds. The difference is more pronounced in the singular control
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(6
0.2 0.4 0.6 0.8
x* 1 0.944409 0.974522 1.01746  1.06725
7" 1 3.161240 3.593280 4.12726 4.66522
X x*]0.633675 0.646766 0.659945 0.660685
7512192210 2.347260 2.477770 2.489330

<

Table 2: The impact of volatility ¢ on the optimal thresholds x* and z* for the diffu-
sion X and the jump diffusion X .

J(x)

0.25 0.5 0.75 1 1.25 15

Figure 1: The value J(x) of the singular control problem for different volatilities ¢
when the underlying process is the diffusion X. The highest value corresponds to
o0 = 0.2 and the lowest value to ¢ = 0.8.

(04
0.1 0.5 1.0 10
X x*]0.375831 0.588971 0.633675 0.649268
Z° | 1.145130 1.943590 2.192210 2.331930

Table 3: The impact of varying o« = 3 on the optimal thresholds x* and z* for the
jump diffusion X. The optimal thresholds for the diffusion X do not depend on o and
are x* = 0.944409 and z* = 3.16124.

problems, where the threshold values for the risk averse investor are between
37 — 64 % of the corresponding values for the risk neutral investor, with the
most typical values being around 50 — 60 %. For the stopping problems the
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J(x)

05

0.2 0.4 0.6 0.8 1

Figure 2: The value J(x) of the singular control problem for different volatilities ¢
when the underlying process is the jump diffusion X. The highest value corresponds

to 0 = 0.2 and the lowest value to ¢ = 0.8.

B
0.5 1.0 10

X x*| 1.14477 1.05573  0.72159
28| 3.85820 3.54745  2.39650
X x*|0.517487 0.633675 0.613266
Z" 1 1.653030 2.192210 2.052190

Table 4: The impact of varying parameter 3 with oc = 1 on the optimal thresholds x*
and z* for the diffusion X and the jump diffusion X .

corresponding range is 54 — 91 %, with most values being around 75 —91 %.

6 CONCLUDING COMMENTS

In this study we considered the optimal singular control and optimal stopping
problems with a nonlinear and state-dependent payoff for a class of spectrally
negative jump diffusions. In the language of economics, these problems have
meaningful interpretations both in financial economics and in natural resource
economics. In the first case we speak about an investor’s optimal dividend
policy and optimal timing of an irreversible investment, in the second about

optimal harvesting and optimal depletion of a renewable resource. We showed
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A

0.2 0.4 0.6 0.8 1
X x*|0.624 0.628 0.631 0.633 0.636
Z510.894 0.898 0.902 0.905 0.908
X x*10.609 0.599 0.588 0.575 0.564
Z5 10.881 0.871 0.860 0.847 0.831

Table 5: The optimal thresholds x* and z* for the diffusion X and the jump diffusion X
with different values of A, as a proportion of the optimal threshold in the risk-neutral

case.

0.2

o
0.4 0.6

0.8

<N

*

*

0.636
0.908

0.617 0.593
0.888 0.862

0.569
0.834

*

*

I R I 1

0.564
0.831

0.542 0.504
0.793 0.743

0.471
0.680

Table 6: The optimal thresholds x* and z* for the diffusion X and the jump diffusion X

with different values of ©, as a proportion of the optimal threshold in the risk-neutral

case.

0.1

o
0.5 1.0

10

X

x*

*

0.370 0.531 0.564 0.581
0.546 0.782 0.831 0.857

Table 7: The optimal thresholds x* and z* for the jump diffusion X with different

values of ¢, as a proportion of the optimal threshold in the risk-neutral case.

that under some relatively general conditions typically satisfied in most mean-

reverting models with a risk averse investor or diminishing marginal utility

(captured by a decreasing demand function), the problems are solvable in terms

of the increasing fundamental solution of the associated integro-differential

equation. Moreover, for continuous diffusions, this result was shown to hold

without any assumption on the investor’s risk preferences or behavior of mar-

ginal utility as described by the convexity properties of the payoff.
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B
0.5 10 10

X x*|0.641 0.639 0.627
Z°10.914 0911 0.897
X x*[0.461 0.564 0.617
Z*10.679 0.831 0.886

Table 8: The optimal thresholds x* and z* for the diffusion X and the jump diffusion X
with ditferent values of 3, as a proportion of the optimal threshold in the risk-neutral

case.

We focused on studying the impact of increased policy flexibility on both
the value as well as on the marginal value of the optimal singular control.
Along the lines of previous studies based on linear models, we established
that the impact of increased flexibility is positive in the nonlinear setting as
well by relying on a combination of variational inequalities and ordinary static
optimization techniques. We also demonstrated that the value of the optimal
control in the jump diffusion setting can be sandwiched between the values of
the optimal controls for two associated diffusions and established that under
our assumptions the sign of the relationship between volatility of the underly-
ing and the optimal value is negative.

Restricting the attention to one-sided jumps can be justified by two argu-
ments. First, there is the time-honored principle of prudence: A risk manager
should take into account all uncertain future losses, while it may be prudent to
disregard some uncertain future profits. Second, there is the asymmetrical re-
sponse of the market to unexpected shocks: upward movements in asset values
caused by a positive shock tend to be smaller and less steep than downward
movements caused by a negative shock. While certainly interesting if it is pos-
sible, a generalization of our results to Lévy diffusions with two-sided jumps
may prove to be a very challenging problem, as we crucially relied on the fact
that by virtue of spectral negativity, the underlying process can increase only
continuously. Such a highly nontrivial generalization is out of the scope of the
present study and is left for future research.

An interesting (and perhaps less difficult to address) question is whether
our sufficient conditions in the jump diffusion case could be restated solely in

terms of the functional obtained by applying the associated integro-differential
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operator to the payoff, and whether this would lead to weaker sufficient con-
ditions than the ones stated here — in particular, could the results be made
independent of the convexity properties of the payoff, as our results for the as-
sociated diffusion seem to suggest. However, given that our aim in this study
was to obtain results applicable in models relevant from an applied point of
view, and in this respect risk aversion and diminishing marginal utility are
widely accepted as reasonable assumptions, such a generalization is, despite
its aesthetic appeal from a mathematician’s point of view, out of the scope of
the present study and we leave it for future research.

A third potentially interesting extension of our approach would be to ana-

lyze the considered stochastic control problems in the presence of a potentially
finite exogenous liquidation time. Such an extension would cast light on the
question of how liquidation risk affects the optimal dividend policy and in this
way the minimal reserves.
Acknowledgements: The authors are grateful to an anonymous referee for
helpful comments. The financial support from the Foundation for the Promo-
tion of the Actuarial Profession, the Finnish Insurance Society, and the Re-
search Unit of Economic Structures and Growth (RUESG) at the University of
Helsinki to Luis H. R. Alvarez is gratefully acknowledged. Both authors grate-
fully acknowledge the financial support from OP Bank Research Foundation.

A PROOF OF LEMMA 2.1

Proof. As was established in Theorem 4.1 of [3] we have that
Pal) _ v _ i)
V2 (y) — w(y) T ()
for all 0 < x <y < co. Thus, we find by multiplying inequality (30) with g(y),
where y € .#, that
Ppoa (x yix Wi x
V2 () v(y) V(y)

proving the two first claims of part (B) of our lemma. As was established in

(30)

Theorem 4.1 of [3] inequality (30) and the fundamental theorem of integral
calculus in turn imply that

7!

wr-‘:—?t (y) > l///(y)
V() w(y)

V()
W (y)

> €1V
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for all y € .#. Noticing now that

and

v _v@ YO | W) B () _ Wea )
v v V) T a0, 0 v, 0)

and invoking the monotonicity of the function g(x) then shows that

1\ Wi (x) o W) s Ue(x)
g (y)rHL o) <g®) w0 <g) W0)

which completes the proof of the remaining alleged results.
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Abstract We demonstrate that the value of a single threshold investment strategy
under stochastic dynamics allowing both continuous fluctuations and instantaneous
downward jumps has a certainty equivalent representation in terms of the value of this
strategy under risk-adjusted deterministic dynamics, and that this risk adjustment can
be made either to the discount rate or to the expected infinitesimal growth rate of the
underlying. In this way our analysis characterizes a class of optimal timing problems
of irreversible investments for which the solution of the stochastic problem coincides
with the solutions of certain risk-adjusted deterministic optimal timing problems.
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1 Introduction

Most major investment projects share three common features. First, the industry spe-
cificity of capital and other similar factors imply that most investments are irrever-
sible and, therefore, that the costs associated with undertaking the project are sunk.
Second, investment returns and costs are typically subject to considerable uncertainty.
Third, most investment projects can be delayed in time resulting into valuable timing
flexibility. In light of these arguments it is clear that the determination of the optimal
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exercise strategy of deferrable irreversible investment opportunities in the presence
of uncertainty constitutes one of the key problems in the modern literature on real
options and its application in modeling irreversible investment decisions (cf. Dixit and
Pindyck 1994, chaps. 5 and 6). In standard approaches to this subject the underlying
stochastic dynamics characterizing the uncertainty faced by the risk neutral investor
are modeled as a geometric process, which can be either a geometric Brownian motion
with its continuous paths, or, in the more recent literature, an exponential Lévy process
which allows path discontinuities. As the planning horizon in real options problems is
typically very long, the usual approach is to model the valuation and rational exercise
of the investment opportunity as the determination of the price and exercise policy of
a perpetual American option written on dividend paying stock. This pricing problem
was originally solved within a continuous setting by Samuelson (1965) and McKean
(1965) (see also McDonald and Siegel 1986; Merton 1973) for extensions and Chap. 5
in Dixit and Pindyck (1994) and Chap. 28 of Hull (2003) for accessible textbook treat-
ments). Subsequently, the investment timing problem was solved in full generality by
modeling the underlying return dynamics as a Lévy process by Mordecki (2002) (see
also Boyarchenko and Levendorskii 2002; Boyarchenko 2004).

The reason for the popularity of the geometric model in the financial literature is of
course its delightful tractability given its close connection to first order autoregressive
processes. This tractability allows a detailed analysis of the dependencies and interre-
lations of model parameters, thus enhancing the possibilities of deriving statistically
testable implications, economic interpretations and comparative static properties of the
model. For an exemplary economic interpretation of the results in Mordecki (2002),
see Boyarchenko (2004) and the record-setting news principles formulated therein.
Especially tractable is the situation where only downward jumps are allowed, that is,
when the driving discontinuous Lévy process is spectrally negative. There are two
practical justifications for relying on such a one-sided model capturing the potentially
catastrophic downside risk. The first justification is the bad news priciple introduced
in Bernanke (1983) (see also Boyarchenko and Levendorskii 2005a) for the record
setting bad news principle extending Bernanke’s result). According to this principle
the market response to new information is asymmetric in the sense that only bad
news affect investment. Competitive factors like entry or patent races and innovation
processes are also natural justifications for downward jumps in revenue dynamics
(cf. Dixit and Pindyck 1994, p. 65). A third natural justification is loss aversion since
it also results into an asymmetric response to increased risk of potential losses.

Despite the wealth of first class research done on the optimal stopping of spectrally
negative exponential models, studies dealing with the certainty equivalent formulation
of optimal investment timing problems in the presence of downside risk are scarce (for
a comprehensive characterization and economic motivation of certainty equivalence
principles, see Chap. 3 in Laffont 1989); see, however, Boyarchenko and Levendorskii
(2005b), where a certainty equivalence in terms of deterministic functions and with a
view to explaining discounted utility anomalies is considered. This scarcity is somew-
hat surprising, since in spite of the presence of two very different underlying driving
processes, the continuous risk characterized by the Wiener process on one hand and
the discontinuous downside risk described by the jump process on the other, our study
demonstrates that both the value and optimal exercise boundary of the optimal timing

@ Springer
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of an irreversible investment opportunity under uncertainty coincide for a large class
of investment problems with the value and optimal exercise boundary of an associated
risk adjusted continuous and deterministic optimal investment timing problem. Along
the lines indicated by the capital asset pricing model, our findings show that this risk
adjustment can be made either to the rate at which the exercise payoftf is discounted
or to the percentage growth rate of the deterministic process modeling the underlying
state variable in the absence of uncertainty. By extending the analysis of the study
(Alvarez 2004) focusing on continuous dynamics to the present discontinuous setting,
we derive the risk adjusted discount rate and percentage growth rate of the associated
deterministic dynamics explicitly and analyze the sensitivity of the adjustments with
respect to changes in volatility and in the intensity at which jumps are expected to
occur. Interestingly, our findings indicate that the sign of the impact of increased vola-
tility or increased jump intensity depends on the convexity/concavity of the value on
the continuation region where the investment opportunity is left unexercised which,
in turn, is dictated by the sign of the difference between the risk free interest rate
and the expected percentage growth rate of the underlying. According to our findings,
increased volatility or increased jump intensity decreases the risk adjusted discount
rate and, therefore, the opportunity cost of investment whenever the risk free inter-
est rate dominates the percentage growth rate of the underlying. The reason for this
observation is naturally the convexity of the expected present value of a unit of money
received at exercise as a function of the current state of the underlying. Under such
circumstances the positive impact of increased uncertainty on the value of waiting
always dominates its impact on the expected present value of the exercise payoff. This
increases the required rate of return which, in turn, results into a lower risk adjusted
discount rate. In contrast, if the percentage growth rate of the underlying dominates
the risk free interest rate then the opposite conclusion is valid. Analogously, increased
volatility or increased jump intensity increases (decreases) the risk adjusted growth
rate in the convex (concave) case. We also state a set of sufficient conditions under
which both the values and the optimal investment thresholds of the original disconti-
nuous optimal stopping problem and the risk adjusted continuous deterministic timing
problem coincide.

It is worth emphasizing that Boyarchenko and Levendorskii (see Boyarchenko
and Levendorskii 2002, 2005a,b, 2006, 2007a,b,c) have also applied single threshold
policies as a starting point for their analysis. However, instead of focusing on the
minimal functions associated to the underlying state variable as we do, they rely on
general Wiener—Hopf factorization techniques (see Boyarchenko and Levendorskii
2007a,b) for a careful explanation of that approach in a discrete time framework and
an intuitive interpretation in terms of so-called expected present value operators). Due
to the chosen factorization approach, they have to rely on the infimum and supremum
processes of the underlying. Naturally, operating with these processes in a general
setting is a demanding task given their complex behavior in the jump diffusion setting.
However, in light of the close connection between the probability distribution of first
passage times and the distribution of the supremum and infimum process, it is clear
that our approaches are related.

The content of this study is as follows. In Sect. 2 we present the considered class
of exponential Lévy models. Our certainty equivalent representations of the values
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of threshold policies are stated and proved in the following section, followed by the
sufficient conditions for the stochastic optimal timing problem to have a similar repre-
sentation. An explicit illustration based on beta-distributed jumps is then presented in
Sect. 4, and finally concluding comments are made in Sect. 5.

2 Basic setup and assumptions

The main objective of our study is to state an explicit certainty equivalent formulation
for a class of investment timing problems subject to discontinuous downside risk.
To accomplish this task, let (2, F, P, F) be a filtered probability space equipped
with the natural filtration ' of a Lévy process L = {L; : t € [0, 0co)}, which is a
superposition of two martingales: a standard Wiener process W = {W, : ¢t € [0, c0)}
and J = {J; : t € [0,00)}, a compensated jump process whose Poisson random
measure and Lévy measure are N (dt,dz) and Am(dz), respectively. The distribution
of the size of individual jumps, m, is assumed to be absolutely continuous with support
contained in (0, 1) and expectation equal to 7. The evolution of the underlying jump
diffusion X is governed on the state space (0, 0o) by the stochastic differential equation

1
dX[ = X[_ //Ldt + UdW[ _/ZAN](dZ, dZ) y X() = X. (1)
0

The minus sign before the last term on the right hand side of (1) means that the
process is spectrally negative: it can jump downwards discontinuously but increases
only continuously. These downward jumps represent the downside risk: the possibility
of an unanticipated instantaneous potentially significant deterioration in the value
of the underlying. As usually, the integro-differential operator £, associated to the
underlying jump-diffusion X in the presence of discounting is defined for sufficiently
smooth mappings u by

(Lru) (x) = %sz%t”(x) + pxu' (x) — ru(x)

1
+A/ {u(x — x2) —u(x) + xzu' (x)} m(dz), )
0

where r > 0 denotes the prevailing discount rate. The increasing fundamental solution
of the integro-differential equation (L,u)(x) = 0 is x¥, where ¥ > 0 constitutes the
unique positive root of the characteristic equation

1
Py) = %Uzlﬁ(l// — D+ (n+rmy — (r+ 1) +)»/(1 —2)¥m(dz) = 0. (3)
0
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In particular, we observe that ¥ § 1 when r § u (since P(0) = —r < 0, P(1) =
w—r,limy o P(Y) = 00, and P (/) is convex).

Given our characterization of the underlying stochastically fluctuating return dyna-
mics, define the first entrance time of the underlying to the set [y, 00) as t, = inf{r >
0: X; > y} and assume that the payoff g : R +— R received whenever the invest-
ment opportunity is exercised is continuous and non-decreasing. The expected present
value of the payoff received by following the timing rule based on the single exercise
threshold y now reads as

T (x) =By [e7 ™ g(Xq,)]. (4)

It is at this point worth pointing out that the first entrance time of the underlying to
the set [y, o0) may be infinite. Therefore, more conditions are required in order to
guarantee the almost sure attainability of the state y in finite time. Our next auxiliary
lemma states a sufficient condition under which 7, < oo almost surely.

Lemma 2.1 Assume that
1 2
w4+ AE[z +1In(1 —z)] > 56 . 5)

Then, Py[ty < ool =1 forall x <y.
Proof See Appendix A. O

In light of the considered class of threshold strategies, it is naturally also of interest
to investigate the optimal stopping problem

V(x) =sup Ex [¢e7"g(X0)], (6)
teT

where 7 is the set of all F-stopping times, and to establish conditions under which the
optimal policy constitutes a threshold policy. It is worth noticing that the results we
obtain in this case where an instantaneous lump-sum payoff is obtained by exercising at
an admissible stopping time, are (under a certain integrability condition) also valid for
more general problems subject to accumulated cash flows arising typically in studies
focusing on either optimal entry or exit. Namely, if the cash flow f(x) accrued from
continuing operation has a finite expected cumulative present value and

r>M+Am+A(E[ : }—1), (N
11—z

then the optimal entry problem

o0

sup E, / e F (X, )ds + e Tg(Xy) ®)
teT ]
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and the optimal exit problem

T

sup E; / e F(Xy_)ds + e T g(Xy) ©)
teT
0

can be reduced to an optimal stopping problem of form (6) by using the expected
cumulative present value

o0

(R )(x) = Ex /6_”f(Xs—)dS : (10)

0
To be precise, we have the following.

Lemma 2.2 Suppose that (7) holds. If the cash flow f(x) is Lipschitz continuous and
non-decreasing, then (R, f)(x) inherits these properties. Furthermore, problems (8)
and (9) are equivalent to optimal stopping problems

Ventry(x) = ngg]Ex {7 (R H(X1) + g(X1))} (1)
and
Vexit(x) = (R f)(x) + TSlelgEx {e7™ (¢(X0) — (R ) (X))} (12)
respectively.
Proof See Appendix B. O

Lemma 2.2 characterizes how standard entry or exit problems involving cumulative
cash flows can be reduced into a standard stopping problem based on a lump-sum
exercise payoff. It is worth noticing that even though the payoffis lump sum, it naturally
depends on the characteristics of the underlying jump-diffusion.

Having characterized the considered class of valuations, we now introduce an asso-
ciated continuous and deterministic process Z whose evolution on (0, co) is described
by the ordinary first order differential equation

Z,=aZ;,, Zo=x € (0,00), (13)

where the constant percentage growth rate « € R, will be defined explicitly in our
subsequent analysis. It is worth noticing that if « = u then the process Z can be
viewed as the deterministic limiting case in the dynamics (1) which is attained as the
volatility coefficient o and the jump intensity A vanish. For notational convenience,
we denote the (deterministic) first entrance time of Z to the set [y, oo) by 7, and by

Ly () = e " g(Zy)
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the discounted present value of a policy based on the single threshold y (cf. (4)) when
the discount rate is & > 0. Accordingly, we denote by

VE(x) =supe " g(Z,)
IZO

the value of the associated deterministic optimal timing problem. The corresponding
optimal threshold (if it exists) is denoted by y; .

3 Certainty equivalence and investment timing

The considered stochastic model for the underlying dynamics is subject to two different
sources of uncertainty: the continuous risk represented by the Wiener process and
the discontinuous downside risk captured by the jump process. However, despite the
presence of these two fundamentally different sources of stochasticity, it can be shown
that there exists a continuous deterministic process for which the values of a threshold
policy coincide in the deterministic and stochastic case. This is the content of our first
theorem.

Theorem 3.1 Assume that 6 > 0, that y € (0, 00) is an arbitrary exercise threshold,
and that condition (5) is satisfied. If 0 /o = ¥, then Lg’a(x) = JY(x) forall x € R;.

Proof See Appendix C. O

Theorem 3.1 is a certainty equivalence relation: by making an appropriate risk adjust-
ment, we can characterize the value of a threshold policy in presence of uncertainty as
the value of the same policy in absence of uncertainty. According to Theorem 3.1 this
appropriate adjustment can be made in such a way that the growth rate of the determi-
nistic process equals the infinitesimal drift ;¢ of the stochastic process by changing the
applied discount rate from r to . In that case, Lf/; L. M(x) = JY(x). Alternatively,
to keep the discount rate invariant with respect to the risk adjustment, we can set the
growth rate of the deterministic process equal to 74y instead of w. In that case, we
naturally have that Li iy (x) = JV(x).

An important consequence of Theorem 3.1 is that if the overall optimal investment
rule is a threshold policy, then the optimal timing problem (6) is equivalent to the
optimal stopping problem of the deterministic process Z subject to « = p and a
risk adjusted discount rate. Furthermore, it is also equivalent to the optimal stopping
problem of Z subject to the discount rate r and the risk adjusted percentage growth
rate « = r/y. These results are now summarized in the following theorem, which
gives sufficient conditions for the optimal investment rule to be a standard threshold
policy.

Theorem 3.2 Suppose that x~V g(x) attains a unique global maximum at x* €
(0, 00), that the functional (L, Jx*)(x) is non-increasing for all x > x*, and that
condition (5) is satisfied.

(A) Letp = uy. Then y;’ﬂ = x* and V,ﬁl(x) = V(x).

(B) Leta=r/y. Then y;, = x* and V*(x) = V(x).

Proof See Appendix D. O
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Theorem 3.2 states a set of sufficient conditions under which the problem of
determining the optimal timing of an irreversible investment in a market subject to
both continuous risk and discontinuous downside risk can be reduced to a certainty
equivalent deterministic stopping problem of a continuous underlying state variable by
making a suitable risk-adjustment either to the discount rate applied in discounting the
future cash flows or to the infinitesimal growth rate at which the underlying stochastic
process is expected to grow. Essentially, this means that the impact of both types of
risk on the optimal decision can be characterized as a discount rate effect.

We feel that Theorem 3.2 offers a relatively straightforward and simple comple-
mentary alternative to other solution methods obtained in the literature for optimal
investment timing problems of the type considered here. In our method one needs to
first solve the increasing solution of an integro-differential equation. After that the
optimal timing problem can be reduced into a standard non-linear programming pro-
blem which can be handled by relying on ordinary optimization techniques. In this
way the original problem is taken into a framework which permits the application
of standard marginalistic arguments familiar from basic microeconomic theory. In
our opinion, the use of such arguments makes the chain of reasoning more transparent
than does invoking highly sophisticated mathematical results such as the Wiener—Hopf
factorization.

In particular, the independence of the risk-adjusted discount rate on the exact form
of the reward structure allows a quick assessment of the riskiness of several alternative
cash flows with equal infinitesimal growth rates modeled as spectrally negative geo-
metric Lévy processes: simply solve the positive root of the characteristic equation,
¥, and calculate the adjusted discount rate p = py for each process. The differences
r — p are then measures of the riskiness of the different cash flows. The relationship
between infinitesimal growth rate and risk adjustment can be illustrated a la Markowitz
in the (i, r — p)-plane: different volatilities and jump structures generate different
functions p(u) = puyr(w). In contrast, such comparisons cannot be done via solving
the optimal thresholds, as these will, in addition to the characteristics of the process,
depend also on the reward function g(x).

Having presented our main findings on the certainty equivalent formulation of the
considered class of investment timing problems, we are now in a position to establish
some comparative static results on the behavior of the risk adjustment as a function of
diffusion volatility o and jump intensity A. This is accomplished in our next theorem.

Theorem 3.3 The risk adjusted discount rate p = pu resulting into certainty equi-
valence when o = . satisfies the inequalities

<, < I < >
,o—m//;r, 530 and 530 when rzu
Analogously, the risk adjusted percentage growth rate o« = r/{ resulting into
certainty equivalence satisfies the inequalities
o du
> > > >
a:r/wzu, 3_020 and B_AZO when r=u
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Proof See Appendix E. O

Theorem 3.3 characterizes the sensitivity of the risk adjustment resulting into certainty
equivalence with respect to changes in the volatility coefficient and in the jump inten-
sity of the underlying dynamics. An interesting implication of our observations is that
the impact of discontinuous downside risk on the risk adjustments depends on the
convexity or concavity of the fundamental solution x¥. As a consequence, it is clear
from Theorem 3.3

1 1 22
5_:_24_\/(5_%) +0_’;’ whenever r

Therefore, our findings indicate that discontinuous downside risk decreases the risk
adjusted discount rate and increases the risk adjusted growth rate in comparison with
the continuous diffusion case where jump risk is absent whenever the condition r» > p
is satisfied. Naturally, if r < u then the opposite conclusion is true. As our nume-
rical illustrations indicate, the impact of jump risk may be significant and therefore
approaches overlooking it may either under- or overestimate significantly the required
rate of return of a rational investor.

v

AV
AV

u.

4 Tllustration: beta-distributed jumps

In order to illustrate our general findings explicitly, we now assume that the jump-size
is beta-distributed with density

_ T(a+b)

a—1l,4 _ \b—1
_F(a)F(b)Z (1—-2)""".

m'(2)
In this case i constitutes the positive root of the equation

Fa+brb+y)
FrOTa+b+vy)

1, | ra 24
7° v — )+(M+m)‘ﬂ—(”+ )+

The risk adjusted discount rate p = iy is explicitly illustrated as a function of
volatility in Fig. 1 both in the absence of downside risk (dashed curve) and in the

uy uy
0.045 1=4.5%, p=6%
004251 0.0565
004] N\ 0.054

0.0375 N, 1=4.5%, u=3% 0.0515

0.035 0.049

0.0325 0.0465

9 o
0.2 0.4 0.6 0.8 1 0.2 04 0.6 0.8 1

Fig. 1 The risk adjusted discount rate p = puy as a function of o

@ Springer



190 L. H. R. Alvarez, T. A. Rakkolainen

/¥ ad
4.5%, u=3% 0001~
r=4.5%, u=53% ™~
0.0425 ’/‘__— 0.0575 \\ 1=4.5%, u=6%

0.04
0.055

0.0375
0.0525

0.035
0.05

00325}
0.0475
0031

9

0.2 0.4 0.6 0.8 1

Fig. 2 The risk adjusted growth rate « = /v as a function of o

1/ 1/
0.04 r=4.5%, 1=3%
0.0575 1=4.5%, u=6%
0.038
0.036 0053
0.034 0.0525
A

0.1 0.2 0.3 0.4 0.5

Fig. 3 The risk adjusted growth rate @ = /v as a function of A

presence of downside risk (uniform curve) under the parameter specifications a =
1.5,b = 2, and A = 0.1 (implying that m = 3/7). The risk adjusted growth rate
o = r/y is in turn explicitly illustrated as a function of volatility in Fig. 2 both in
the absence of downside risk (dashed curve) and in the presence of downside risk
(uniform curve) under the parameter specifications a = 1.5, b = 2, and A = 0.1.

The sensitivity of the risk adjusted growth rate « = r/v with respect to changes
in the jump intensity A is illustrated in Fig. 3 under the parameter specifications a =
1.5,b=2,and o =0.1.

Finally, in Fig. 4 we have plotted the riskiness—as measured by the difference
r — p—of the underlying cash flow as a function of the infinitesimal growth rate p
for some different values of volatility o, jump intensity A and jump size distribution
parameter a.

5 Concluding comments

In this study we presented a certainty equivalent characterization of the value of a single
threshold investment policy in a spectrally negative geometric Lévy market. We also
stated a set of sufficient conditions under which such a threshold timing policy is
optimal and in that way derived a certainty equivalent formulation for a relatively
broad class of irreversible investment problems in the presence of downside risk. By
transforming the original problem subject to discontinuous stochastic dynamics to a
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r-p r—p
0.04 0.04
0.03 0 =0.75,0.5,0.25 0.03 A=10,1,0.1
0.02 0.02
0.01 0.01
u H
0.04
0.03
0.02
0.01
u

Fig. 4 The risk adjustment r — p as a function of p for some different values of risk parameters

problem subject to risk-adjusted continuous deterministic dynamics, we were able
to use the tools of standard differential calculus to obtain comparative static results
on the dependency of the risk adjustment on the model parameters such as volatility
and jump intensity. According to our findings, the impact of increased volatility or
increased jump intensity on the risk-adjustments depend on the convexity or concavity
of the value on the region where the investment opportunity is left unexercised. We
showed that increased volatility or increased jump intensity decreases (increases)
the risk adjusted discount rate in the convex (concave) case. Analogously, increased
volatility or increased jump intensity increases (decreases) the risk adjusted growth
rate in the convex (concave) case.

Generalizing our analysis to situations allowing upward jumps would naturally
constitute an interesting extension of our analysis. However, in that case establishing
arepresentation of the values of the optimal threshold policies in terms of the minimal
excessive maps is not so straightforward as in the present setting since the supremum
process of the underlying is no longer continuous. Consequently, such a generalization
would require different techniques than the one we have applied here, and is hence
out of the scope of the present study. A more promising direction in many ways is
to consider a wider class of spectrally negative jump diffusions. However, as such
a general setting nonetheless is far more complex to analyze, we leave it for future
research.
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A Proof of Lemma 2.1

Proof Since

for all x < y we find that
\V
Py[ry < oo] = lim (—) .
rJ0 \y
Consider now the convex function

1

Py(¥) = %azw(w — D+ (u+rm)y —r+ )»/ew In(=2)m(dz).
0

Since Py(0) =0, Pp(1) = u > 0, and

1

1

PO == 30>+ [ 4+ nl = )mida)
0

we notice that condition (5) guarantees that lim, o ¥ = 0 and, therefore, that P, [z, <
oo]=1forallx € Ry. O

B Proof of Lemma 2.2

Proof Denote the Lipschitz constant of f(x) by K. Since

o0

(R, )(x) = Eg / 5 F el )ds,

0

where Y is a Lévy process with dynamics

t 1
1
Y, = (M+km—Eoz)t—l—th—i—//ln(l—z)N(ds,dz),
0 0

Yo = 0, it follows that for x, y € (0, 00)

e¢]

(R )(x) = (R Y] = Kx — yIEO/e_”eYs—ds,

0
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which shows that (R, f)(x) is continuous, if the expectation in the last expression
is finite. But this expectation is the resolvent operator of Y applied to the function
y > e”. For T ~ exp(r) independent of Y, this resolvent, R, satisfies equation

E[f(Y:)] = (R} )(0)

(see Bertoin 1996, 1.2). Using conditioning on t we get
Y 1 Y
(RY £)(0) = -E {E {e . |z}},
r

and by the mutual independence of the components of Y, the inner expectation has
the following explicit expression as a function of 7:

exp {(u + Am + A(E[1/(1 = 2)] = D)t} =: exp(y 7).

As t ~ exp(r), the outer expectation is computed by integrating exp((y — r)t) with
respect to ¢ from O to co. The integral is finite if y —r < 0, which is equivalent to (7).

Denote the transition density of ¥ by p(s, y). Then for all 0 < x; < x; < oo and
a non-decreasing function f(x) we have

(R f)(x1) — (Rr f)(x2) = Eg / e (f(xleYs_) - f(X2€YS‘)) ds

0
:/O /0 e (f(x1e”) — f(x2e”)) p(s, y)dyds <0,

s0 (R, f)(x) is non-decreasing.
Finally, to obtain the equivalence of problems (9) and (12), we note that

T oo

Ex/e_”f(Xs—)dS = (R /(%) —Ex/e_”f(Xs—)ds

0 T

and do the change of variables s = 7 + u in the last term. Then, conditioning on X
and observing that X;4, = X; X,,, where X ~ (X | Xo = 1), we get

o0

Ex, /e_ruf(Xr-i-u)du = (R, f)(Xo),

0

which establishes the required result. The proof for the entry problem is completely
analogous. O
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C Proof of Theorem 3.1

Proof By virtue of the spectral negativity of X, g(X ) = g(y) a.s., and by Theorem

¥
3.2 in Alvarez and Rakkolainen (2006) E,[e™"™] = (;—‘) for x < y. Hence

g(x), x>y,

JV(x) =Ex |67 g (Xe)| = v
| 2 g(y)(i) ;X <Y

(14)

Thus in the stochastic case the expected present value of a stopping policy based on a
single threshold has a simple representation in terms of the payoff g and the increasing
fundamental solution of (£, u)(x) = 0. On the other hand, for the deterministic process
Z it is easy to compute 7, = (1/a)(Iny — Inx) and consequently

g(x), x>y,
Ly, (x) = N\ (15)
g(y)(;) ;X <Y
We see that if v = 6/«, then (14) and (15) coincide and we are done. O

D Proof of Theorem 3.2

Proof Using the notation of (4), the value of the single threshold policy is J*" (x) <
V(x) by maximality of V(x). To establish the opposite inequality, note that in the
current setup J¥ (x) € CL((0,00)) N C2((0,00) \ {x*}) with the limits
limy_ x| D2 J¥ (x)] < 00, J* (x) > g(x)forallx € (0, 00), J*" (x) is r-harmonic
for all x < x* and the assumptions of the theorem guarantee the superharmonicity of
Jx (x) for x > x*. Hence J x* (x) is a superharmonic majorant of g(x) and conse-
quently J x* (x) = V(x) since V(x) is the least superharmonic majorant of g(x).
Thus

g(x), x> x*

16
g(x*)(;‘—*)w, x < x*, (16)

Vix)=J (x) = i

where x* = argmax{x~¥g(x)}. On the other hand, the fundamental solution of
axy’(x) — 0y (x) = 0 is x?/% and hence we also have

g(x), X = y;,a

ey an
g(YQ,a) (m) o X < Vg

where y;"a = argmax{x~%/“g(x)}. Thus we see that if = 6 /«, then Yoo =X and
V' (x) = V(x). But since ¥ solves (3), taking 6 = uy and o = p yields (A), while
taking 6 = r and o = r/if yields (B). O
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E Proof of Theorem 3.3

Proof 1t is clear from the definition of the root v that
/ 1
wp=r— x/[(l — 9V +yz—1lm(dz) — S0y (Y — D).
0

Since the twice continuously differentiable (on (0, 1)) mapping 7 (z) = (1 — )V +
Wz — 1 satisfies the conditions 7(0) = 0, 7 (1) = ¥ — 1,7/ (z) = v (1 — (1 —7)¥ 1),
and 7 (z) = ¥ ( —1)(1 —z)¥ 2 we observe that ;v § r when r % w. Analogously,
noticing that

r

1
V= w+ A/ YA =2V + vz — 1lm(dz) + %02@ -1
0

demonstrates that r /1 % u when r % “w.
Assume that 6 > o and r > u and denote the increasing solution of the integro-
differential equation (L7 u)(x) = 0 as x¥, where

(L7u) (x) = %szzu,,(x) + (e dm)xu (x) = (r + Ru(x)
1

+)»/u(x —xz)m(dz).

0

It is now clear that

1
(L7xV) = 2(0 = 65 (W5 — Dx¥7 <0
since Y5 > 1 whenever r > . Dynkin’s theorem now implies that for all x < y we
have

wh X Wa
xVe > By [ X1 | = 3R, [T ] = e (—)
‘ y

demonstrating that v, > 15 whenever r > u. Establishing the opposite inequality
when r < p is entirely analogous. If r = u then v = 1. Hence, we have established
that

oy

< >
— = hen r = u.
a>0 whe =

Assume now that A > A and r > n and denote the increasing solution of the
integro-differential equation (Eﬁu)(x) =0 as x¥*, where
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(ﬁi‘u) (x) = %szzu”(x) + puxu'(x) — ru(x)
1
+k/[u(x —xz) —u(x) +u'(x)xz]lm(dz).
0

Now
1
(LrxVi) = (0 — A)x¥s / [(1—2)Y% — 1 +y;zlm(dz) <O
0

by the convexity of the increasing solution x¥4 when r > . Applying analogous
arguments as in the analysis of the sensitivity with respect to changes in the volatility
coefficient now proves that

Iy
A

0 when r

VIIA
ANV

“w.

The alleged inequalities now follow directly from the definition of the risk adjustments
by standard differentiation. O
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ABSTRACT

We consider the characteristic integro-differential equation associated to a spec-
trally negative Lévy diffusion with proportional jumps and natural boundaries,
discounted at rate r, and present sufficient conditions for the unique increasing
solution of this equation to be expressible in terms of a Frobenius series. This
solution corresponds in some sense to the scale function (or r-scale function)
of a linear diffusion (or a Lévy process) and can be utilized to solve several
optimal control problems of such a Lévy diffusion. To illustrate the general

result, we consider as specific examples two mean-reverting Lévy diffusions.

Keywords: Frobenius method; infinitesimal generator; integro-differential equation; Lévy

diffusion; optimal stochastic control;
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1 INTRODUCTION

Stochastic control theory plays a major role in modern financial and insurance
mathematics, as several problems relevant in financial theory can conveniently
be posed and (often) solved in the framework of optimal control of stochastic
processes. In the optimal control problem quantities of interest are the value
function, giving the value of the optimal action as a function of the state of
the underlying process, and the corresponding optimal values of the decision

variables.

To name the two applications which were the primary motivations for the
author of this study, real option models of the optimal timing of irreversible
investment opportunities lead to optimal stopping problems (cf. [8], [14], [16],
[17], [18], [23], [24], [25] and [4]), and optimal dividend payout policies of
a firm can be determined in the framework of singular stochastic control or
stochastic impulse control, the choice depending on the absence or presence of
transaction costs (cf. [1], [2], [3], [5], [7], [9], [10], [11], [19], [21], [22], [26]
and [28]). It is well known (cf. [2], [3] and [7]) that if X is a continuous dif-
fusion, then the value functions of these problems under a discount (or killing)
rate r > 0 are characterizable in terms of the minimal r-harmonic maps, that
is, the fundamental solutions of the second order linear differential equation
(< u) (x) = ru(x), where < is the infinitesimal generator of X (see [13] for
a thorough characterization of these mappings). The scale function of a con-
tinuous diffusion satisfies an equation of this type with » = 0 and the g-scale
function of a Lévy process with r = ¢ (cf. [13] and [12] or [20]).

The representation of values in terms of minimal r-harmonic maps has
been (partially) extended to spectrally negative jump diffusions and their in-
finitesimal generators ¢ in [4] and [5] — however, subject to some restrictive
assumptions. In particular, in these studies it is assumed that a smooth (that
is, ©) increasing solution of the integro-differential equation defined by the
infinitesimal generator of the jump diffusion satisfying the boundary condi-
tion #(0) = 0 exists. In general, questions of existence and uniqueness of a
smooth solution to an integro-differential equation are not easy to resolve, and
actually constructing a solution is a difficult task. Hence there is room for im-
provement, and this is what we are going to do in this study. We will derive a

set of sufficient conditions under which the Dirichlet problem defined by the
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characteristic integro-differential equation
(Gu) (x) = ru(x) (D

together with the boundary condition #(0) = 0 has a unique (up to a multi-
plicative constant) increasing and non-negative solution expressible in terms

of a Frobenius series.

2 BASIC SETUP AND ASSUMPTIONS

Let (Q,.%#,P,F) be a filtered probability space equipped with the completed
natural filtration F := {.ZX }ielo,eo) Of @ Lévy diffusion X := {X; },c[0 ) With
state space S := (0,u), u € (0,0|, and dynamics governed by the stochastlc
differential equation

1
dX;— = u(X,—)dt + o (X;—)dw; —X,,/O N(dt,dz), 2)

Xo = x. In equation (2) W := {W; } (9 ) is a standard Wiener process, N(¢,U)
is a Poisson random measure with Levy measure Am so that for each Borel set
U CR,UN{0} =0, the process N(t,U) := N(t,U) — Am(U )t is a martingale.
From equation (2) we see that process X has proportional jumps and is spec-
trally negative, i.e. can jump downwards but increases only continuously. We
assume a constant discount rate » > (0. Coefficient functions tt and o, discount
rate r, intensity A and distribution m constitute what we shall refer to as the

given data. We make the following assumptions concerning the behavior of X:

X1. X is regular, i.e. Py(1, < oo) = 1 for all x,y € S, where 7, = inf{r >
0:X >yh

X2. The boundaries 0 and u are natural for X, i.e. unattainable in finite

time.

Furthermore, we assume that the functions 4 : S - Randa:S — R;, a:=

%62, are analytic at 0, i.e. we assume

Al. Maclaurin series p(x) = Y50 L20)yi and alx) =Y, a(izl(o)xi are

absolutely convergent.

In addition, tt(x) and a(x) are required to satisfy the boundary conditions
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BI. 11(0) =0, u’'(0) >0, a(0) =0 and a (0) =0
and the condition

RI. There exists n € N such that ™ (0) = 0 and u(™(0) = 0 for all

m>n.

Note, in particular, that the boundary conditions B/ imply that a”(O) > 0. For
fe ‘502, we define the integro-differential operator

"

() () = (@) +Amx) £ (@) + 252 £ (x) = (r+ A) @)+

I 3)
+A [y f(x—xz)m(dz),

where the Lévy measure v := Am and m := fol zm(dz). This operator is related
to the infinitesimal generator ¢ of X via the identity %,u = Gu — ru.

To summarize, our standing assumptions on X and the coefficients of the
stochastic differential equation (2) are X/, X2, Al, Bl and RI.

3  EXISTENCE AND UNIQUENESS OF THE INCREAS-
ING SOLUTION

Some auxiliary notation (to be used throughout the rest of this study) and two

simple lemmas are needed before we can state our main theorem. Define

ply):= az(o)lllz—k (ul(O) + Am— aé())) 1//—(r+l)+/’t/l(1—z)"’m(dz),
0
“)
e(y) = Afol(l —z)¥m(dz) and p(y) := p(y) — e(y). Moreover, denote

gi=arg{(p(y) =0: y >0} 5)
(if the right hand side exists) and denote by {¢;}3*, the sequence such that the
power series ) -~ ¢:x' is absolutely convergent and the ¢; solve the recurrence

_ ~uo
i enr (W n ok 1= )

U ; - . . ald)
F Y 2 e (B2 (20— 24300+ (n— j+2)(n— j+ 1) 04 (6)

e (AP )+ 4 [ (1= 2) ¥ m(dz) = (r+4)) =0
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with initial values ¢; = ¢;, i = 0,1,...,d, in case such a sequence exists. Here

the required number of initial values
d= max{ﬁ{i t Ay #0} },
neN

where the coefficients A, ; are obtained from the representation
n
ZA,,JC,‘ =0 (7)
i=0

of the recurrence (6). These coefficients depend on the derivatives of p(x) and
a(x) at x = 0, and by virtue of assumption R1, d is finite. Armed with these
notations, we are in a position to state the following lemma giving sufficient

conditions for the existence of a unique positive root ¥ of p(y) = 0.

Lemma 3.1. Under our standing assumptions there exists a unique ¢ > 0 such
that p(¥) = 0. Furthermore, ¥ § 1ifu’(0) % r.
Proof. Using the notations introduced in the beginning of this section, we con-

sider p(y) = p(y) +e(y) as the sum of a second degree polynomial p(y) and
a “perturbation” e(y). For y > 0 we have

1
e(y) = ;L/O (1—2)¥m(dz) € (0,1)

and thus p(y) < p(y) < p(y) + A for y € (0,). Hence p(0) € (—(r+
A),—r). If a"(0) > 0, then p(y) — oo, as ¥ — oo, and hence also () — oo,
as Y — oo, which by continuity of p(y) establishes the existence of a positive
root to p(y) = 0. Since the sum of convex functions is convex and 5(0) < 0,
this positive root is necessarily unique. Similar arguments apply, if aN(O) =0
and u'(0) > —Am. Moreover, p(1) = u'(0) — r, which establishes the last
claim. 0

The following lemma requires one additional assumption.

Lemma 3.2. Let y be the unique positive root of p(y) = 0 and assume that
1 1
w'(0) + Am + (l//+ 2) a’(0) > —?L/ In(1-z)(1-2)¥"'m(dz) (8)
0
Then the function

A = (W+R)(1(0) +Am) + (W2 + (2k — Dy +k(k— 1)) L0

>+

2 g (1 =2) ¥ m(dz) —r— A

(which corresponds to Ay, in equation (7)) is strictly positive for k € [1,e0).
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Proof. Because y is the root of p(y) = 0, we have
At = p(y)+d" O+ 0/(0) +Am+2 fy (1-2)¥ 'm(dz) = 2 fy (1 —2)¥m(dz)

)

= a"(0)y+ 1 (0)+ A ( fj zm(dz) — 3 (1~ 2)¥m(dz2) ).,

and this is strictly positive under our assumptions on a”(0) and u’(0). Further-

more,

;kAk’k =u'(0)+Am+ ya"(0)+ (2k— 1)a”§0) +A /01 In(1—z)(1—2)¥"*m(dz)

is nondecreasing in k for k > 1 and at k = 1 equals
’ — " a"(0) ! +1
W(0) + A+ ya'(0) + +A/0 In(1 —2)(1 —2)¥*'m(dz),
which is positive by assumption (8). OJ

Note that the additional assumption (8) is of different type than our stand-
ing assumptions listed in Section 2, as it involves the root of p(y) = 0, which
is typically solvable only numerically.

With the help of lemmas 3.1 and 3.2, we can prove the following theorem
establishing the existence of a smooth solution to the Dirichlet problem given
by (1) together with the boundary condition u(0) = 0. The theorem relies
on the Frobenius method for obtaining series solutions to linear differential
equations, as presented in [31]. Due to the form in which the jump component
enters the stochastic differential equation (2), this method can be applied to
our integro-differential equation.

Theorem 3.3. If the series Y52 ,ix' is absolutely convergent and condition
(8) is satisfied, then y(x) := x¥ Yito ¢ix' is a smooth solution of (1) such that
y(0) = 0. Moreover; this solution is unique (up to a multiplicative constant)
in the class of solutions expressible in terms of a Frobenius series.

Proof. Consider the function ¢ (x) := x¥ Y5 cxx*, where y > 0 and {cx}7,
is a sequence of real numbers such that the above power series is absolutely

convergent. Then it is straightforward to calculate
9" () =¥ K g ex(y + R,

"

o (x) =xV2 X g (w(w— 1) +2yk+k(k—1))x* and

O(x—xz) =x¥Y (1 —2)V Ly g (1 —2)*.
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By plugging these expressions into equation (1) we get the equation

1) Lo cr(y+ k) +al) Do e (w(w — 1) +2yk +k(k — 1)) 22—
—(r+A) L g + Am Lo ey + k)t + ©)

FALT o fy (1 —2)YHm(dz)xk = 0.

Replacing now pt(x) and a(x) by their Maclaurin series and applying the Cauchy
rule for products of absolutely convergent infinite sums this can be written in

the form -
Y dt =0, (10)
k=0

where the coefficient dj depends on {u(0)}*2, {a®@(0)}2, m, A, r, v
and {c,}f;roz This follows from assumption B/, under which the coefficients
of negative powers of x in (10) equal zero: to illustrate, we can represent the
computations of the second product in equation (9) in the form of a table as

i|k 0 1 2

0 a(0)coy(y—1)x72 a(@cry(y+1x~" a(0)ea(y?+3y +2)x°

1
1 d0)coy(y—1)x"" d0)cry(y+1)x" @ (0)cr(y?+ 3y +2)x!

2 DOy(y—1) e y(y+1)xt L (y? 43y +2)x2

from which is easy to see that under our assumptions the first two lines will

contain only zeroes. By general properties of power series, equation (10)
holds, if and only if dy = 0 for all k € NU{0}. These relations can be rep-

resented as an infinite system of linear equations

Apoco +Ap1c1 +Apoc2 =0
Ajoco +Ar1c1 +HA1p00 +Aj3c3 =0
: : : (1D
Arpco tAgicr +HAgpca +... +Agk+2¢k+2 =0

Writing out dy = 0 (the first equation of system (11)) explicitly we get

co {“z%fu <u/(0)—|—7tm—“2(0)> W= (r+2)+A [ (1—2)Ym(dz) | +
(12)

Fer [y D (0) + ¥ (0)] +ea(y? + 3y +2)a(0) = 0.
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The coefficient of cg in (12) can be written, using the notations introduced
in the beginning of this section, as p(y). Assumption B/ implies that the
coefficients of ¢; and c¢; in (12) vanish, and hence under our assumptions dy =
0, if and only if v solves p(y) = 0. By lemma 3.1, under the assumptions of
the theorem the positive solution of p(y) = 0 exists and is unique. Generally,
the explicit expression for d; = 0 in (10) is

~u(o
T e (k41— R

. . . ()
+ XA erga s (WP 2k =2 +3)y+ (k— j+2)(k—j+1)) 52+ (13)

ek [Am(w+k)+7tf01(l — )V Hm(dz) — (r+/1)} —0.

Again by assumption B, terms containing ¢ and ¢y, in equation (13) will
vanish, yielding the linear recursion relation (6), which is of form A ¢y =
Z’;;(l)Ah jcj- Moreover, by assumption R/ only finitely many A, ; differ from
zero and consequently the system of linear equations (11) is under our assump-
tions a finite system of d equations:

Ao,0c0 =0
Ajoco +A11c1 =0 a4

Agoco +Agict +Agacr +... +Agzgcqg =0,

from which it is easy to see that if Ay # 0, for all k = 1,2,...,d, then we can
choose any ¢y # 0 and successively solve ¢; for i = 1,2,...,d from (14). By
lemma 3.2, the map k — Ay ; is nondecreasing on [1,00) and A1 > 0, if we
choose ¥ = W, where Y is defined in (5). Hence, with this choice of y we
necessarily have Ay > 0, for all k = 1,2,...,d and we can solve the values
c1,...,cq required for initiating the recursion.

If the sequence {;}7°, is such that Y7 &rxk converges, then the function

is a solution of (1) which is obviously smooth and vanishes at x = 0. Since we
can freely choose ¢y, any scalar multiple of y(x) is also a solution, so that this
solution is unique up to a multiplicative constant in the class of solutions of
form x¥ Y22 cix'. O
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A question left unanswered by theorem 3.3 is whether there are smooth
solutions u(x) to (1) which satisfy the boundary condition #(0) = 0 and are not
of the form x¥ Y, c;x'. The next theorem states that under our assumptions

such solutions cannot exist.

Theorem 3.4. Under our assumptions a smooth solution y(x) of the Dirichlet

problem
(4 ) (x)=0, x€S
v(0)=0

is unique up to a multiplicative constant. Moreover, it is necessarily monotone.

(15)

Proof. Let y(x) be a smooth solution of (¢4,y) (x) = 0 such that y(0) = 0. By
regularity of X, 7, :=inf{r > 0 : X; € [y,u)} < oo (a:s.) for any y € S. Hence
by the Dynkin formula

E.{e™y(Xg)} = w(x +IE/ (G ) (X)dt = y(x).
By spectral negativity of X, if x <y, then w(Xr,) = y(y) (a.s.). Thus we get

(0,1] 3 E {7} = w(x)/w(y) (16)

for any 0 < x < y < u. In particular, this representation implies that y(x) is
monotone on S.

Suppose that 717(x) is also a smooth solution of the considered Dirich-
let problem. But then E,{e™"%} has a similar representation in terms of
N(x) as the one given in (16) in terms of y(x), and this implies that n(x) =
M©»)/w(y)]y(x). Hence n(x) is a scalar multiple of y(x). O

Now we can state our solvability result as a corollary of theorems 3.3 and
3.4.

Corollary 3.5. Under the assumptions of theorems 3.3 and 3.4, the function

8

y(x) =x"Y et (17)

is the unique (up to a multiplicative constant) monotone and smooth solution
of Dirichlet problem (15).

Note in particular that we can always choose the multiplicative constant in
such a way that we obtain an increasing solution, which then by virtue of the

boundary condition y(0) = 0 will be non-negative.
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4 ILLUSTRATIONS

In this last section we illustrate our general findings with two explicit exam-
ples, both being instances of a stochastic version of the logistic growth model.
We shall compare the obtained solutions with the known solutions of the corre-
sponding (linear differential) equations for a continuous diffusion (cf. [1] and
[7]). In the first example the state space is the positive half-line.

Example 4.1. (Logistic jump diffusion on (0,0)) Consider a regular jump dif-

fusion living on (0,e0) with dynamics characterized by
1
dXt_ :Xl‘— {(a—bX,_)dt-i-O'dW} _/ ZN(d[,dZ)} y (18)
0

Xo =x > 0, where a, b and o are strictly positive real numbers and the
Lévy measure of Poisson point process N is [A/B(at, B)]z% 1 (1 —z)P~dz with
B(a, B) being the Beta function (i.e. relative jump sizes follow a Beta distrib-

ution). In this case, [1(x) = ax— bx* and a(x) = J6*x*

are analytic and satisfy
boundary conditions B1. Furthermore, now

o’ , _ o?
p(y) =Sy +(atAm——)y—(r+A)

and e(y) = (A/B(a, B)) o 27 (1 =2)¥*P~1dz = A (B(a, w + B) /B(ex, B)).
By theorem 3.3 the unique smooth increasing solution to the integro-differential

equation associated with jump diffusion (18) is given by
v(x)=x" Z Gix, (19)
i=0

where ¥ is as in theorem 3.3 and the sequence {¢;} solves recurrence

_ ) _ 2)
cn(W+n)k 1,(0) +en 1 (FH+n—1)E 2!(0)

ton (P2 + (2n—3) P +n(n—1)) S0 ¢ 20)

e (A4 1)+ A (1= 2P Pen(dz) — (r4+2)) = .

In this particular example the convergence of the power series in (19) presents
no problems, as recursion (20) can easily be rearranged to form ¢, = [s(n) /t(n)|cp—1

with s(n) a first degree polynomial in n and t(n) essentially a second degree
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polynomial in n since the integral term containing n is bounded from above
and below. Hence |C,/¢y—1| — 0 as n — oo and thus the power series in (19)
has radius of convergence oo,

If there is no jump component N, process X is a continuous diffusion and
the solution @(x) of the corresponding linear differential equation can be ex-

pressed in terms of confluent hypergeometric functions as
o(x) =x"M(n,1+1n — a,2abx/c?), (21)
where M is the Kummer confluent hypergeometric function and
2
1 2r2
J(-a)+x
(22)

_a _ 1_ a 2+22
o2 2 o2 c

8=

n -t

R
Il
=

(cf [7]).

As a numerical illustration, consider the case a = 0.1, b =0.05, c = 0.3,
A=0.1, a=p=1and r =0.05. Then the positive root of p(y) =0 is
W = 0.66667 and we can check numerically that condition (8) is satisfied.
Taking the first 250 terms (€49 is here of order 107*38) of the power series,
we obtain the numerical approximation of Y (x) presented graphically on the
left in Figure 1 (unbroken curve). For comparison, we have also plotted the
increasing fundamental solution of the linear differential equation associated
with the diffusion X, + X, [y zN(dt,dz) (dashed curve). Note that the magni-
tudes of the function values are meaningless, since the solutions are unique
only up to a multiplicative constant. It appears to be the case that although the
solutions have broadly similar convexity properties (first concave, then after a
certain threshold convex), the impact of jumps on the value of this threshold is
quite dramatic: in presence of jumps the threshold value (x* ~ 0.694) is only
a fraction of the corresponding value in absence of jumps (X* ~ 15.3). As it
is precisely this threshold value which is of essential importance in determin-
ing the optimal dividend distribution or optimal harvesting strategies (cf. [7]
and [5]), this result illustrates the fact that adding martingale jumps to the
underlying dynamics does have serious implications from the point of view of
optimal control.

In table 1, we have solved the critical value x* such that l,l/” (x*) = 0 for dif-

. .o, . ~ " o~
ferent values of . For comparison, also critical values ¥* such that ¢ (¥*) =0
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005 1 1.5 2 2.5 3% 10 20 30 40*%

Figure 1: The increasing solutions y(x) and ¢(x) for Example 1.

o 0.1 025 0.5 0.75 0.9

x* 0.568 0.659 0.814 0.899 0.926
X 108 14.0 194 195 195

Table 1: Critical values x* for the jump diffusion of Example 1 for different values of para-

meter ©.

are presented in the table.

Our second example illustrates the case of a state space with a finite up-
per boundary. This example has been considered in the context of optimal
harvesting of a population in [22] and [1] in absence of jumps.

Example 4.2. (Logistic jump diffusion on (0,1/c)) Consider a regular jump
diffusion living on (0,1/c) with dynamics characterized by

1
aX, =X, {a(l —cX;_)dt +b(1 —cXt_)th—/O zN(dt,dz)}, (23)

Xo =x> 0, where a,b,c € R and the characteristic measure of Poisson point
process N is again [A/B(a, B)]z* (1 — z)P~'dz with B(a, B) being the Beta
function. In this case [1(x) = ax — acx* and a(x) = $b*x*(1 — cx)%. These are

analytic at x = 0 and differentiation yields

a'(x) = bx(1 —cx)(1—2cx), a' (x) = b*(1 —6cx+6c2x2),

a® (x) = b*(—6c+12¢%),  a™(x) = 1207,

and a'? (x) =0fori>5. By theorem 3.3 the unique increasing solution to the

integro-differential equation associated with jump diffusion (23) is given by

v (x) :x"”iax", (24)
i=0
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where ¥ is as in theorem 3.3 and the sequence {¢;} solves recurrence

Cn [(a+km)(ll_,+n) + (V_/Z‘i‘ (271— 1)l[7—|—n(n- 1)) %_i_

+A fy (1—2)"+"m(dz) — (r+A)]—
(25)

—cn Jac(F+n—1)+b* (P> +(2n=3)¥+ (n—1)(n—2))] +
tena [507 (WP + (2n—5) ¥+ (n—2)(n—3))] =0,

which is of form r(n)c, = s(n)cp—1 —t(n)cp—a. In this case the question of
convergence of the power series in representation (24) is slightly more prob-
lematic than in the previous example. We would, of course, like to have a
radius of convergence R > 1/c in order for (24) to be well-defined in the state

space (0,1/c). Using notations
r(n) = (a+Am) (§ +n) + (9% + 20— )G +n(n—1)) 5+
+A fy (1 =2)¥"m(dz) — (r+ ),
s(n) :=ac(F+n—1)+b%c (P> +(2n—3)F+(n—1)(n—2)),
t(n) := 307 (92 + (2= 5)¥ + (n—2)(n - 3))

and dividing recurrence (25) by r(n)c,—1, we obtain

Cn s(n)  t(n)cp—2 26)

cno1 o r(n)  r(n)en—r

Denoting now R :=lim,,_., C’Z—;l #£ 0 (if R = 0, then the radius of convergence
would equal oo and there would be nothing to prove) and letting n — oo in (26)

we obtain the equation

It is an easy computation to check that lim, .. % =2c and lim;, % =2

Then multiplication with R leads to equation

AR —2eR+1=0,
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whose unique solution is R = % But then the radius of convergence R = |R| = %
and hence the power series in (24) always converges in the state space (0,1/c).

If there is no jump component N, process X is a continuous diffusion and
the solution @(x) of the corresponding linear differential equation can be rep-

resented in terms of standard hypergeometric functions as

(p(x):<1ix ) F(YlaYZa%v_(lix ))7 (27)

cX cXx

where F is the hypergeometric function and

ho=1-%+% -1 /B 202+ @)+ (2 )

) :1—%+%+%\/a§—2a2(2+a1)+(2—a1)2

')/3 - 1 - 052 + al (28)

1 a 1 a 2 2r
o =5t (z—ﬁ) T

2
1 a 1 a 2r2
0 =3-pt (5—172) %

(cf [1]).

As a numerical illustration, consider the case a = 0.1, b = 0.3, ¢ = 1,
A=0.1 a=p=1and r=0.05 Then the positive root of p(y) =0 is
W =~ 0.66667, condition (8) can be checked numerically, and taking the first
250 terms of the power series, we obtain the numerical approximation of Y(x)
presented graphically on the left in Figure 2 (unbroken curve). For compari-
son, the increasing fundamental solution ¢(x) given by (27) is also plotted on
the right in Figure 2 (dashed curve). We can make the same observations as in
the previous example: while convexity properties of the solutions are broadly
similar, the presence of jumps has a considerable impact on the inflection point
where the second derivative of the solution vanishes. Now x* =~ 0.146, while
X~ 0.924.

In table 2, we have solved the critical value x* such that l//” (x*) = 0 for dif-
ferent values of b. For comparison, also critical values X* such that (p” (x*)=0

are presented in the table. We see that while increased volatility increases the
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X X

0.2 0.40.6 0.8 1 0.2 0.4 0.6 0.8 1

Figure 2: The increasing solutions y(x) and ¢(x) for Example 2.

b 0.1 025 0.5 0.75 0.9

x* 0.169 0.154 0.109 0.077 0.054
X 0.511 0.577 0.886 0.951 0.957

Table 2: Critical value x* for the jump diffusion of Example 2 for different values of para-

meter b.

critical values in absence of jumps, the effect is reversed in presence of jumps
(it should be noted, however, that in both cases the value functions of the cor-
responding singular control problems decrease as volatility increases, in ac-

cordance with the general results on the impact of volatility on the value in

[6]).
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