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Abstract

This thesis is concerned with stochastic control problems under transaction costs.
In particular, we consider a generalized menu cost problem with partially con-
trolled regime switching, general multidimensional running cost problems and the
maximization of long-term growth rates in incomplete markets. The first two
problems are considered under a general cost structure that includes a fixed cost
component, whereas the latter is analyzed under proportional and Morton-Pliska
transaction costs.

For the menu cost problem and the running cost problem we provide an equiv-
alent characterization of the value function by means of a generalized version
of the Ito-Dynkin formula instead of the more restrictive, traditional approach
via the use of quasi-variational inequalities (QVIs). Based on the finite element
method and weak solutions of QVIs in suitable Sobolev spaces, the value function
is constructed iteratively. In addition to the analytical results, we study a novel
application of the menu cost problem in management science. We consider a com-
pany that aims to implement an optimal investment and marketing strategy and
must decide when to issue a new version of a product and when and how much
to invest into marketing.

For the long-term growth rate problem we provide a rigorous asymptotic analysis
under both proportional and Morton-Pliska transaction costs in a general incom-
plete market that includes, for instance, the Heston stochastic volatility model and
the Kim-Omberg stochastic excess return model as special cases. By means of a
dynamic programming approach leading-order optimal strategies are constructed
and the leading-order coefficients in the expansions of the long-term growth rates
are determined. Moreover, we analyze the asymptotic performance of Morton-
Pliska strategies in settings with proportional transaction costs. Finally, pathwise
optimality of the constructed strategies is established.
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Zusammenfassung

Diese Arbeit befasst sich mit stochastischen Kontrollproblemen unter Transakti-
onskosten. Insbesondere werden eine Verallgemeinerung des Menu-Cost-Problems
mit teilweise kontrolliertem Regimewechsel, allgemeine Running-Cost-Probleme
und die Maximierung von Wachstumsraten in unvollstdndigen Mérkten unter-
sucht. Die ersten beiden Probleme werden unter einer allgemeinen Kostenstruk-
tur mit einer fixen Kostenkomponente betrachtet, wohingegen das letzte Problem
unter proportionalen und Morton-Pliska Kosten untersucht wird.

Fiir das Menu-Cost-Problem and das Running-Cost-Problem beweisen wir ei-
ne aquivalente Charakterisierung der Wertfunktion durch eine verallgemeiner-
te Version der Ito-Dynkin Formel anstatt des restriktiveren traditionellen Zu-
gangs mittels quasi-variationeller Ungleichungen (QVIs). Basierend auf der Finite-
Elemente-Methode und schwachen Losungen von QVIs in geeigneten Sobolev-
Réaumen wird die Wertfunktion iterativ konstruiert. Zusétzlich zu unseren analy-
tischen Resultaten wird eine neuartige Anwendung des Menu-Cost-Problems in
Operations Research untersucht. Wir betrachten ein Unternehmen, das eine op-
timale Marketing- und Investmentstrategie umsetzt und dabei entscheiden muss,
wann eine neue Version eines Produkts einzufiihren ist und wann und wieviel in
das Marketing investiert werden muss.

Das Wachstumsratenproblem untersuchen wir asymptotisch fiir geringe propor-
tionale Transaktionskosten und kleine Kosten vom Morton-Pliska Typ in einem
unvollstdndigen Finanzmarktmodell. Dieses beinhaltet unter anderem das stochas-
tische Volatilitdtsmodell von Heston und das Modell von Kim und Omberg fiir
stochastische Uberschussrenditen. Mittels dynamischer Programmierung werden
Strategien konstruiert, die in fithrender Ordnung optimal sind, und die entspre-
chenden Koeffizienten in den Entwicklungen der Wachstumsraten bestimmt. Da-
riiber hinaus wird die Effizienz von Morton-Pliska Strategien in Méarkten mit pro-
portionalen Kosten analysiert. SchliefSlich zeigen wir, dass die zuvor bestimmten
Strategien pfadweise optimal sind.
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1 Introduction

Motivation. There are many everyday occurrences that are naturally modeled
by means of non-deterministic systems. Counteracting and/or taking advantage
of possible random outcomes of these systems gives rise to stochastic optimiza-
tion problems that play a crucial role in many aspects of modern life and sciences
including economics, operations research, financial mathematics etc. Formulat-
ing these problems always includes a trade-off between tractability and realism
of the underlying models. For this reason we often obtain solutions to stochastic
optimization problems such that the associated optimal strategies satisfy some
undesirable properties such as e.g. infinite variation over finite intervals, and are
therefore impossible to implement. A natural question in this context is: What
kind of strategies would we like to obtain and what are the corresponding opti-
mization problems?

One possible option are the so-called impulse control strategies S = {1y, ar }r>1
consisting of a sequence of intervention times {75 };>1 and corresponding actions
{ar}r>1 at those intervention times. This type of strategies are appealing for
two reasons: First, they can be implemented relatively easily; secondly, these
strategies arise naturally in stochastic optimization problems with transaction
costs that include a fized cost component and such problems are often discovered
in practice, see e.g. Bensoussan and Lions [1982], Dixit and Pindyck [1994], Stokey
[2008].

Mathematical Methods. A complete solution to a stochastic optimization prob-
lem with fixed costs consists of an optimal strategy and the value function that is
achieved if the controller implements the optimal strategy. A classical approach
consists of the following three steps: First, one relates the impulse control problem
to a system of (quasi)-variational inequalities (QVIs) by means of a verification
result, see e.g. Theorems 2.4, 3.6, 4.2 and 4.5. QVIs are given by a set of inequali-
ties such that for every state at least one of them holds with equality. Intuitively,
each inequality corresponds either to inaction of the controller or to a certain
action, thus naturally subdividing the state space into an inaction or no-trading
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region and an action or intervention region. Second, one intends to solve the quasi-
variational inequalities in a suitable sense. Finally, it has to be demonstrated that
the obtained solution is indeed the value function of the optimization problem.
Further, an optimal strategy has to be constructed.

There are four main methods to analyze quasi-variational inequalities:

(i)

(iii)

(iv)

Smooth-pasting technique. In general, it is notoriously difficult to find an
explicit solution to variational inequalities. However, for specific one-dimen-
sional models (or models that can be reduced to a one-dimensional case)
solutions can be constructed by solving each inequality separately. Suffi-
cient regularity for Itd’s formula at points of intersection of the inaction and
intervention regions is insured via imposing smooth-fit conditions, see e.g.
Dixit and Pindyck [1994].

Viscosity approach. A priori there is no evidence about regularity of the value
function. Nevertheless, it is often the case that the value function satisfies
the quasi-variational inequalities associated with the optimization problem
in a viscosity sense, see Fleming and Soner [2006]. This approach, however,
does not immediately yield an optimal strategy, as additional regularity is
required.

Sobolev space approach. A solution to the quasi-variational inequalities is
constructed by an iteration scheme in a suitable Sobolev space. The ver-
ification follows by Ito’s formula for weakly differentiable functions. This
scheme can also provide the basis for a numerical method using, e.g., fi-
nite element methods. However, the analysis of the QVIs in Sobolev spaces
requires additional regularity properties of the model, see Bensoussan and
Lions [1978] and Bensoussan and Lions [1982].

Via asymptotic analysis of the quasi-variational inequalities with respect to
a small cost parameter one can often demonstrate that the value function
admits an asymptotic expansion. Furthermore, the expansion of the value
function typically yields an intervention strategy that is asymptotically op-
timal, see, for instance, Atkinson and Wilmott [1995], Janecek and Shreve
[2004].

Contribution. In this thesis we address several stochastic optimization problems
and their applications in finance and economics. A key characteristic of the prob-
lems within the scope of the thesis is a state process that can be only partially



influenced by the controller of the system. Thus, in Chapter 2 we consider a
menu cost problem with regime shifts that can be triggered either by an underly-
ing Markov chain or an intervention of the controller. In Chapter 3 we consider
a multidimensional running cost problem where the controller is limited in her
actions, i.e. it is not allowed to shift the state process by an arbitrary value. This
setting subsumes, for instance, diffusion models that include unspanned factor
processes. Finally, in Chapter 4 we maximize long-term growth rates in a general
incomplete two-dimensional Markov factor model.

As we consider general models and work either in multiple dimensions or do not
know a priori the location of the inaction and intervention regions (as in the case
of Chapter 2, see Section 2.5), the smooth-pasting method (i) is inapplicable. For
this reason, in Chapters 2 and 3 we generalize the Sobolev method (iii). Instead
of characterizing the value function by means of quasi-variational inequalities, we
provide necessary and sufficient conditions in terms of a generalized It6-Dynkin
inequality for the value function (see Theorems 2.4 and 3.6). Thus, rather than
solving variational inequalities in a weak sense, we iteratively construct a function
satisfying the conditions in the verification results. This approach allows us to
weaken the assumptions imposed in similar problems in Bensoussan and Lions
[1978] and Bensoussan and Lions [1982]. Furthermore, in the setting of Chap-
ter 2 we provide a numerical method for variational inequalities that results in an
approximation scheme for the value function.

Our analysis in Chapter 4 is based on the asymptotic approach (iv). We in-
vestigate the maximization of long-term growth rates under both proportional
and Morton-Pliska transaction costs in a general Markov factor model. For both
types of costs we establish rigorous asymptotic expansions and provide leading-
order strategies: For proportional costs it is a combination of singular control and
discrete trades, whereas for Morton-Pliska costs it is optimal to use an impulse
control strategy. In addition, we investigate the performance of certain impulse
control strategies under proportional transaction costs. Finally, under a slightly
stronger ergodicity assumption we show that the constructed strategies maximize
long-term growth rates pathwise.






2 Stochastic Impulse Control with
Regime-Switching Dynamics

In this chapter we formulate and solve a general version of the menu cost prob-
lem with partially controlled regime shifts. Problems of this type originate, for
instance, in the optimal product management decision of a company that aims
to maximize expected profits by choosing an optimal investment and marketing
strategy. We formulate the corresponding system of quasi-variational inequalities
(QVIs) and construct a generalized solution to the QVIs by means of a modi-
fication of the finite element method. Thus we obtain a computational method
for solving the relevant class of QVIs and for deriving the associated optimal
strategies.

This chapter is based on joint work with Ralf Korn and Frank Thomas Seifried,
see Korn et al. [2015].

2.1 Introduction

In this chapter we solve a generalized version the menu cost problem, see e.g.
Chapter 7 in Stokey [2008]. The generalization includes the following key aspects:

(i) The dynamics of the underlying state process Y are modulated by a Markov
chain I tracking the regime of the system. The scope of the manager’s
control extends over the state process Y and, in certain regimes, also over
the Markov chain I, thus allowing for partial management of the system.

(ii) Instead of considering a particular model for the dynamics, we provide an
analytical method for constructing the solution in the context of a generic
model of the state process dynamics. Our approach also provides the basis
for a numerical computation of the solution.

(iii) We consider the problem under a general cost structure that may depend on
both the pre-intervention state of the system and the controller’s action.
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Thus, the generalized menu cost model under consideration can be formalized as
follows:
sup B[ 5% e PIS, V) dt - T, e ) (21)
S

where the supremum extends over all admissible impulse control strategies S =
{7k, ar }>1 consisting of an increasing sequence of intervention times {74 };>1 and
a sequence of corresponding management decisions {ay}r>1. The integral term
represents total discounted profits generated by the regime process I¢ and the
state process Y, whereas the sum denotes the costs of the strategy S. Here
% (ay,) are the costs that are due upon undertaking the action ay at 7.

Contribution. First, by means of a verification result (Theorem 2.4) we estab-
lish sufficient conditions for a function to be the value function of the optimiza-
tion problem (2.1). Instead of conventional quasi-variational inequalities these
conditions include, among others, an Ito-Dynkin inequality that generalizes the
associated Bellman programming principle, cf. (7.2) in Stokey [2008]. The Ito-
Dynkin inequality, in turn, relates the optimization problem (2.1) to a system of
variational inequalities, which also give rise to our approximating method.

Second, we construct a sequence that converges to the value function. For this
purpose we iteratively solve suitable systems of quasi-variational inequalities on
compact intervals in a similar fashion to Bensoussan and Lions [1982]! by means
of a version of the finite elements method, see Theorem 2.10. We conclude the
construction by establishing convergence of the constructed sequence to the value
function of (2.1). Besides the described analytical approach, we pay particular
attention to the numerical procedure of solving variational inequalities, see The-
orem 2.6 and Figure 2.1. In this way a numerical method is established.

Finally, we provide an application of our model in management science. More
precisely, we consider a company that focuses on a single product. The product
can be in one of two regimes: “old” and “new”. Transitions from “new” to “old”
are triggered by shifts in demand patterns that are beyond the management’s
control. By contrast, a transition from “old” to “new” can only take place as
a result of an explicit management investment decision to issue the next version
of the product. The sales of the product generate instantaneous profits that are
subject to random changes in consumer tastes, financial risks, etc. In addition,
instantaneous profits depend on the state of the product and can be influenced by

!Bensoussan and Lions [1982] do not consider systems with regime switching.
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the management’s marketing decisions. Transaction costs with a fixed component
are associated with every intervention (investment or marketing). The company
aims to maximize the net present value of total profits, which can be represented
in the form (2.1).

Related Literature. Besides providing both an analytical and a numerical me-
thod for an impulse control problem with regime shifts, this chapter fills the gap
between previous studies where regime switches represent an exogenous source
and are beyond any kind of control, and the literature on fully controlled regime
switching. The former was originally proposed by Hamilton [1989] for modeling
stock return times series and the idea of modulating non-deterministic systems
by Markov regime processes has become increasingly popular ever since. In par-
ticular, there are many studies of stochastic optimization problems with regime
shifts. Thus, optimal investment and consumption problems in frictionless Geo-
metric Brownian motion markets with regime switching are studied, among oth-
ers, by Béauerle and Rieder [2004], Sotomayor and Cadenillas [2009], Zhang et al.
[2010], Capponi and Figueroa-Lépez [2014]; we refer to Sotomayor and Cade-
nillas [2009] for an overview. Shen and Siu [2012] provide a numerical solution
to a similar problem in a market with a stochastic interest rate modulated by
regime switching. Gassiat et al. [2014] analyze a utility maximization problem in
a Black-Scholes market with regime switching under liquidity constraints. Guo
et al. [2005] consider an irreversible investment problem with regime shifts in a
Geometric Brownian motion model that is modulated by a Markov chain.

Several authors have combined regime switching with different types of frictions.
Zariphopoulou [1992] maximizes utility of consumption under proportional trans-
action costs in a market where stock returns are determined by a continuous-time
Markov chain and establishes a viscosity property of the value function. Similar
results for a Black-Scholes market with regime switching and proportional trans-
action costs are obtained by Liu [2014]. Sotomayor and Cadenillas [2013] solve a
dividend optimization problem in a Black-Scholes market with regime switching
and fixed transaction costs using the smooth-pasting approach.

The analysis of this chapter is also related to the literature on so-called reversible
investment or optimal switching problems that were originally introduced by Bren-
nan and Schwartz [1985] in the context of resource exploitation. In such problems,
the investor decides when to open or close production, i.e. regime shifts occur only
as a result of management’s decisions. Since each intervention is costly, admissi-
ble policies are restricted to impulse control strategies. There is a vast amount of
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articles studying problems of this type and we refer to Chapter 5 in Pham [2009]
and Zervos et al. [2013] for an overview. In some specific models it is possible to
construct solutions by the smooth-pasting technique based on explicit solutions
(as e.g. in Chapter 7 in Dixit and Pindyck [1994], Duckworth and Zervos [2001],
Johnson and Zervos [2010], Lumley and Zervos [2001], Zervos et al. [2013]; Ly
Vath and Pham [2007] combine the smooth-fit approach with viscosity proper-
ties). Hamadéne and Jeanblanc [2007] solve a reversible investment problem with
finite horizon using BSDE methods in a general market model. Tang and Yong
[1993] modify the problem by allowing for additional continuous and impulse con-
trol and establish a viscosity property for the value function. Finally, we note
that the proposed application of the optimization problem (2.1) can be consid-
ered as an iterated “goodwill” problem, see e.g. Lon and Zervos [2011], under the
assumption that the marketing actions take effect immediately.

In summary, (2.1) is a hybrid optimization problem that includes a) models with
completely controlled regimes switches and b) models with Markov-governed ob-
servable regime switches. By providing a complete analysis of (2.1) we add to the
literature on stochastic optimization problems with regime shifts and transaction
costs and study a novel application in management science.

Outline. The chapter is structured as follows: In Section 2.2 we rigorously for-
mulate the problem (2.1). The verification result for (2.1) and its relation to
certain quasi-variational inequalities are discussed in Section 2.3. The main re-
sults of the chapter are contained in Section 2.4. First, all the necessary results
for one-dimensional variational inequalities are established in Section 2.4.1. In
Section 2.4.2 quasi-variational inequalities on compact intervals are solved and,
finally, in Section 2.4.3 we construct a sequence of functions and establish its
convergence towards the value function of (2.1). All proofs are delegated to the
appendix.

The application of the model together with numerical illustrations is presented in
Section 2.5. In particular, by means of the numerical examples we demonstrate
why the classical smooth-pasting methods are inapplicable in the model under
consideration.

2.2 Mathematical Formulation

In this section we provide a general rigorous formulation of the optimization prob-
lem (2.1) described above. In particular, we detail the construction of the relevant
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state and regime processes Y and I as a controlled switching diffusion.

2.2.1 Probabilistic Setting

Throughout the chapter let (2, .4, P) be a complete probability space that carries
a standard Wiener process W and N? — N independent Poisson processes N%J
with intensities A%/ > 0 for i,j € &£, i # j. We set

FP & o(We, {NiTYijee,izg + 5 € [0,4]),
Fo & o(We, {N{"}ijee,izj + t €[0,00)).

Blumenthal’s 0-1 law implies that the completed filtration F = {F;}>0 is right-
continuous; see, e.g., [Sato, 2007, Proposition 40.3]. Hence the filtered probability
space (2, A, F,P) satisfies the usual conditions. Moreover, let?

J C R be a closed and unbounded interval and & = {1,...,N}.

For each regime i € £ we are given functions d;,S; : J° — R that satisfy the
following regularity conditions:

(A1) d; is continuous, S; is continuously differentiable and S; >0 on J°.

(A2) For every J°-valued initial value Y there exists a unique strong solution of
the stochastic differential equation (SDE)

& =1, d& = d;(&)dt + Si(&) dWy (2.2)
on [0, Too] With Too = inf{t >0 : & € 0T }.

In Section 2.4 we further require the following technical condition on the behavior
of the coefficients near the boundary 0.7 of J:

(A3) There exist p € (1,2] and a neighborhood B of 0J such that
(—di+SiS))e Lo (B), S}€Lr (B) and g €L » (B)
p—1 p—1 i 2-p

for every i € €.

2The corresponding analysis for a bounded interval is analogous, but simpler; see Section 2.4.
We therefore focus on the unbounded case, and leave it to the reader to modify our results
for the bounded case.
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Clearly, assumptions (A2) and (A3) are satisfied in the standard case where d;
and S; can be extended to locally Lipschitz functions of linear growth on J with
S; > 0 on J. In addition, (A3) also subsumes models where the coefficients d;
and S; degenerate on the boundary. In this context, note that by Theorem 51.2
in [Rogers and Williams, 2000, Chapter V] condition (A3) implies that the unique
solution to (2.2) reaches 0J a.s. Finally, let

A 79 4 1¢2 92
L2 dig + 557 50

denote the infinitesimal generator associated with (2.2).

Notation. If f is a function defined on € x T, we use the notation f;(y) = f(i,y)
interchangeably for the value of f at (i,y).

2.2.2 Construction of Switching Diffusions

Our first goal is to construct an uncontrolled switching diffusion, i.e. a diffusion
process Y that starts at a stopping time and whose dynamics are modulated by
an exogenous regime shift process I taking values in £. Let us fix a stopping time
7 and an Fr-measurable pair (¢, T) taking values in £ x J as initial data.

In a first step, define an n-variate point process {p,tr}r>0, in the sense of

Brémaud [1981], by setting (po, t0) = (7,¢) and

pr = min  inf{t > pp_q : ANth_l’j =1}
je&\{tk-1}

with _
i = argmin inf{t > py_1 : AN =1}
FEEN{th—1}

denoting the associated minimizer. By independence of {W;};>o and {NtZ J }>o0
and Theorem 7 from [Brémaud, 1981, Chaper III], the (P, F)-intensity of { p, tx } k>0
is given by

Ap(w, {5}) =200 Abkod Ipo<t<pp, for t>0 and je&

where by convention ¢ £ 0 for all i € &.

Second, we define the associated regime process I via

I 2 ZkZO Lk ]I[pk:karl) (t)a t>0 (23)

10



2.2 Mathematical Formulation

and the corresponding state process Y as the unique solution of the SDE
Vi ="+ [Tdr,(Ye)ds + [ Sp,(Ys) dW, (24)

on [T, Ts], where 7o = inf{t > 7 : Y; € J} denotes the first exit time of YV’
from J0.

Definition 2.1. The switching diffusion starting at time 7 in (¢, ) is given

by
ZtTw,Y A (IZ’L’Y,Y;T’L’T) A (IMTOO’YMTOO), t>T. (2.5)
We refer to I™Y as the associated regime process and to Y™ as the correspond-

ing state process. The stopping times {py }r>1 are called switching times.

Note that the switching diffusion is stopped if the state process reaches the bound-
ary of J. In order to construct controlled switching diffusions, we next address
interventions and intervention costs.

2.2.3 Intervention Costs and Intervention Operator

Intervention costs are captured by a cost function
€2 x J* = [K,+0)

Here € (i,i',y,y’) represents the costs of a regime shift from i to i’ and a simulta-
neous shift of the state process Y from y to ¢/, and K > 0. The cost function is
assumed to satisfy the following conditions:

(A4) € is continuous, and there is a function 0 € C*([0,00)) with 9(0) = 0 such
that

‘(g(iai/7y17y) - (g(i)i/7y27y)| < D(’yl - 3/2|)
for alli,i' € € and y,y1,y2 € J.

(A5) For every compact set K C J we have

”/Ielrlgaéielccﬁ(i,i',y,y') — 400 as y — oo.

Condition (A5) implies that large interventions become arbitrarily expensive.
(A4) is a regularity condition on the dependence of intervention costs on the
pre-intervention state. Conditions (A4) and (A5) are satisfied for a large number
of relevant cost specifications, including the following standard case:

11



2 Stochastic Impulse Control with Regime-Switching Dynamics

Example. Conditions (A4) and (A5) hold for fixed-plus-proportional costs of the
form

G (i,i,y,y) = co+ply —y'| + 1 Lz (2.6)

where ¢y, p, c1 are positive constants.

To model state-dependent constraints on interventions, we further fix a set-valued
function
A: € =2 suchthat ie A(i) forall iecé&.

Thus A(i) represents the set of regimes that are attainable with finite costs by
an intervention in regime i.> We next define the intervention operator, which
represents the state process after an immediate, optimal transaction.

Definition 2.2. For an interval Z C J and a bounded continuous function ¢ :
£ x I — R, the intervention operator .#7 is defined via

Mo y) 2 sup (oY) — €1y, y). (2.7)
'€ A(i),y' €l

For ease of notation we also write .#Z¢(y) = #T¢(i,y) and skip the upper
index if Z = J, i.e. #¢ = #7 . Note that condition (A4) implies that for all
y,y2 €71

AP0, y1) < ATP(i,y2) +0(|y1 — ya). (2.8)

In particular, it follows that
ME(CHE X T)) C Cyp(E x T)

where Cy(€ x I) denotes the set of bounded continuous functions on € x Z. Prop-
erty (2.8) is important for our theoretical analysis in Section 2.4 since it allows
us to use test functions from Sobolev spaces with bounded derivatives (see Theo-
rem 2.10 and Proposition 2.11 below).

Remark. The preceding assumptions on the cost function € and the set of ad-
missible decisions A are rather weak. In particular, they do not necessarily rule
out multiple simultaneous interventions. Simultaneous interventions do not occur

if for any ¢ € Cy(E X I)

o' y) > MP(i',y') where (i',y') is a mazimizer of M (i, y).

3By setting A(i) 2 {i} for every i € £ any influence of the controller on the regime process is
prohibited. Thus our setting subsumes models with uncontrolled regime switching.

12



2.2 Mathematical Formulation

The following additional conditions are sufficient to ensure this property:*

(i) A(j) C A(i) for all j € A(3)

(i) €(i,i",y,9y") < €Q,7,y,9) + €, ",y y").
We next construct the controlled switching diffusion and provide a rigorous for-
mulation of the impulse control problem (2.1) investigated in this chapter.

2.2.4 Impulse Control Problem

Let the initial regime ¢ € £ and the initial value of the state process y € J be
given. A control strategy S consists of a non-decreasing sequence of stopping
times {7 }x>1 and a sequence of actions {(tg, Ti)}x>1 where (¢x, Yi) is an € x J-
valued F;, -measurable random variable for each £ > 1. Given a strategy S =
{7k, tk, Tk }x>1 we construct the corresponding controlled regime process I S and
the controlled state process Y iteratively: We set 79 2 0, 19 =i and Ty £ y and
define the controlled switching diffusion Z% £ (I,Y) for t € [r}, Tk11) by

27 = (I7,Y") £ 2f = (IF,Y}) & 200 = (qjeee e YTy (2.)

where Z7 Yk is the switching diffusion defined by (2.5). This construction
is feasible whenever the strategy S is admissible in the sense of the following
definition:

Definition 2.3. A strateqy S = {7y, tk, T }x>1 is admissible if
(i) 0 <7 < Tpg1 — 00 a.s. as k — oo;
(i) w € .A(Ifk_l) for k>1 on {m <oo}.

Our goal is to find the optimal policy and the value function for the impulse
control problem

Uli,y) & sup J(S;i,y) where

J(S:i.y) [f°° et P(IS,YS) dt — Y30, e G(I5 ) 0y, YA, 1))

4(ii) is not implied by (A4) and (A5). A counterexample is given by the cost function €(y, z) £
e+ (ly—2|—1)Ijy—z>1, which satisfies €(0,2) = e+1 > 2e = €(0,1) +%/(1, 2) for sufficiently
small € > 0.

13



2 Stochastic Impulse Control with Regime-Switching Dynamics

and where the supremum extends over all admissible strategies. Here P(i,y)
represents profits in regime i if the state process is at y, where the profit function

(A6) P:&xJ —10,00) isbounded and continuous.

Due to this assumption the integral term in (P) is always finite and therefore J
is well-defined even for admissible strategies with infinite costs.

Standing Assumption. Throughout this chapter we assume (Al)—(A6) to hold
true without any further mentioning.

2.3 Quasi-Variational Inequalities and Verification

In this section we demonstrate how the value function of the impulse control
problem (P) is related to a corresponding system of quasi-variational inequalities
(QVIs). The key link is established by the following result:

Theorem 2.4 (Verification Theorem). Suppose that a function U : € x J — R
s such that

(i) U is non-negative, bounded and continuous;

(ii)) U > .A#U on J;
(iii) min{U; — %, Ui— #;U} =0 on 0J for each i€ E;
(iv) U satisfies the Ito-Dynkin Inequality (%) (see below).

Then U s the value function of the impulse control problem (P). The control
strateqy S, constructed as follows, is optimal:

(a) 7o 20 and (i, To) 2 (i,y);

(b) Given the controlled switching diffusion Z = (I,Y) on [0,7) and an inter-
vention (i, i) at 7y, set

Fopr 2 inf {t > 7 0 U(ZF) = .U (Z})}
where ZF = (I*, V) & Z7i Tk Then the process 2 = (1,Y) is defined as
ZF on [fg, Frq1). If Frp1 < 00, we set
(ZkJrl’ TkJrl) =Y (Zj'fkﬂ)

U is a measurable mazimizer of MU .

where =
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2.3 Quasi-Variational Inequalities and Verification

Proof. See Appendix 2.A. O

Note that no regularity assumptions are imposed on the function U in Theo-
rem 2.4; in particular, U need not be twice continuously differentiable. Instead,
we directly assume the key property required to verify optimality, i.e. the following
generalized version of It6’s formula:®

Ito-Dynkin Inequality (x). We say that a function U : € x J — R satisfies
the Ito-Dynkin Inequality (%) if the following two conditions hold for arbitrary
stopping times T < 01 < g9 and an arbitrary Fr-measurable £ X J -valued random
vector (¢, Y):

(i) For the switching diffusion Z = (I,Y) £ Z™%Y starting at 7 in (1,T), see
(2.5), the inequality

e~ TI1N\Teo U(Zo'l/\Too) H01<oo > E[eirgﬂ\ﬂm U(ZUQ/\TOO) ]I”1<°°
(2.10)
+ fUQ/\Too 6—7’t P(Zt) dt ]101<oo )Fgli|

01 N\Too
holds almost surely. Here 7o is the exit time of Y from J°, i.e.

Too Z=inf{t > 7 : V; € 0T}

(ii) (2.10) is an equality almost surely if o9 < 0 a.s., where 0 is defined via

02inf{t>o,: U(Z)=.4U(Z)}.

We wish to emphasize here that the Ito-Dynkin Inequality (%) is not a conclusion,
but a condition on U that will have to be verified separately whenever it is used;
we will do this for the solution we construct in the subsequent section. The Ito-
Dynkin Inequality (x) apparently holds true for every function U that is twice
continuously differentiable, bounded with bounded derivatives, and a strong of
the quasi-variational inequalities (QVIs)

min { — LU; +rU; =3 ;e XN9(U; = Uy) = Py, Ui — U} =0, y € J°

) P _ (2.11)
min{U; — =1, U; — #,U} =0, y € 0T

®Related results can be found in [Bensoussan and Lions, 1982, Chapter 6, Theorem 1.2,
Lemma 3.6].
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2 Stochastic Impulse Control with Regime-Switching Dynamics

where i € £ and J° denotes the interior of J. However, it is well-known that
in general we cannot expect the QVI system (2.11) to have a strong solution of
class C2. Even if it does, it may be difficult to obtain the solution in closed
form. Therefore, in the following we directly construct a function U that satisfies
the Ito-Dynkin Inequality (%) together with the other conditions of the Verification
Theorem 2.4 and therefore is the value function of the impulse control problem (P).
At the same time, our approach also yields a numerical method that is guaranteed
to converge to the value function. Thus we provide a complete solution of (P) on
both a theoretical and a practical level.

2.4 Solution of the Impulse Control Problem

In this section we construct the value function. We proceed as follows: First, we
demonstrate how to solve QVIs of the type (2.11) in a weak sense on compact
sets using a finite-element approach, and we establish a suitable version of the Ito-
Dynkin Inequality for the relevant solutions. Then we show that these solutions
on compacts converge as their domains increase. Finally, we demonstrate that the
conditions of the Verification Theorem 2.4 are satisfied for the limiting function, so
that using Theorem 2.4 we are able to conclude that this limit coincides with the
desired value function of the impulse control problem (P). For ease of exposition,
we focus here on the benchmark case

J =10,00)

but our results carry over mutatis mutandis to other closed subintervals J C R.

Notation. When there is no risk of confusion, we use the following short-hand
notation: For two non-negative functions £(-) and 7(-) defined on some set & we
write

€(-) S n(-) if there exists a C' > 0 such that £(s) < Cn(s) for all s € &.
Typically, G is either a set of functions in a Sobolev space, or a set of indices.

2.4.1 Variational Inequalities on Z = [a, ]

Weak solutions to QVIs of the type (2.11) on compact intervals will be constructed
by iteratively solving certain wvariational inequalities (VIs). This is in the spirit
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2.4 Solution of the Impulse Control Problem

of classical results as in, e.g., Bensoussan and Lions [1982]. As first step, in this
subsection we establish relevant results for general one-dimensional variational
inequalities that will be applied later in every regime ¢ € £ and every iteration
step. Among others, we prove a version of the Ito-Dynkin Inequality for solutions
to the variational inequalities. The results of this section are based on a finite
element approach and thus also provide the basis for our numerical approximation
method.

Setting

We fix an arbitrary interval Z £ [a, b] and consider continuous functions d, S, A,
f, ¥ :Z — R. Throughout this subsection we assume that

(A7) A >0 and d and S satisfy conditions (A1) and (A2) in Section 2.2.

We further fix » > 0 and define the differential operator . = %5288—;2 + da%,

which under our standing assumption (A2) is strictly elliptic on Z. We denote the
associated bilinear form by

a(u,v) £ [ [35% + (—d+ SS)u'v + (r+ Nuv]dy, u,veWE  (2.12)
where

WZ 2 W2(T) is equipped with the canonical norm ||uljyyz £ [[wllw2(z)-

Note that a is bounded in WZ, i.e. a(u,v) < |lullwzl|v]lwz. Throughout Sec-
tion 2.4.1 we assume in addition that a is coercive, i.e.

(A8) a(u,u) 2 ||lullaz  for all uwe W

Note that under the coercivity assumption the form a(:,-) is weakly lower semi-
continuous, i.e. for every {uy,},>1 that converges weakly towards a u in W%

lim inf a(uy, u,) > a(u, u).
n—oo

Indeed, this follows from the following inequality

a(Un, un) > a(u,w) + a(uy, — u,u) + a(u, up, —u) — a(u,u) n — oco.
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2 Stochastic Impulse Control with Regime-Switching Dynamics

Our goal is to solve the following system of variational inequalities (VIs):

min{—$u+(r+)\)u—f,u—‘ll}20, y € (a,b),
min {u — c,u — ¥} =0, =a, (2.13)
min{u',u—\P}:O, y=b,
where ¢ is a constant. The boundary condition at a is motivated by condition
(iii) in the Verification Theorem 2.4, and is equivalent to the Dirichlet condition

u(a) = ¥(a) V c. At the upper boundary b we impose a homogeneous Neumann
boundary condition.

Construction of Weak Solutions

Weak Formulation. Typically, we cannot expect to obtain a strong solution to
(2.13). Hence we attack (2.13) in a weak sense. For this purpose we use the
Sobolev spaces® WZ and

WZ 2 (v e WH(T) : v(a) = 0}.
If there exists a solution of (2.13) in W%, we must have
(A9) KE(W,c) 2 {veW? : v >V and v(a) = ¥(a) Ve # O

as a necessary condition. We will therefore assume (A9) throughout Section 2.4.1
(this will be verified explicitly in Sections 2.4.2 and 2.4.3 below). Then we obtain
the following weak formulation of (2.13):

Find u € KZ(¥, ¢) such that for all v € KI(¥, ¢)
a(u,v —u) > (f,v —u)t. (VI)

Here (-, -)7 denotes the inner product in L?(Z), and a is given by (2.12). Following
the classical approach of Bensoussan and Lions [1978], we also introduce the
associated penalized problem:

Find u € WZ such that u(a) = ¥(a) V ¢, and for all v € WZ
a(u,v) = (¥ — )™, o) = (f,v)". (VL)

SWe implicitly always use the continuous version of any function in W% = Wl‘Z(I).
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2.4 Solution of the Impulse Control Problem

Finite-Element Approach. We next introduce suitable finite-element subspaces
W’ and W and consider the discretized versions of the problems (VI) and (VI,).
Thus let h € IN be arbitrary and define an increasing sequence of partitions of 7
by setting 7, £ {xg = a,z1 :a—{—l’;—h“,...,:rl = a—|—lb2_—h“,...,x2h = b}. For each
h € N consider the finite-dimensional subspaces W" ¢ WZ spanned by pyramid
functions on 7, and the space W’(} C W" of functions in W” that are equal to 0
on 0Z; we refer to Appendix 2.B for formal definitions. The discretized versions

of (VI) and (VI,) thus read as follows:
Find u € W" such that u(a) = ¥(a) Ve, and for all v € W

a(u,v) = (¢(pry ¥ —u)*,0)F = (f,v)* (VI)
and
Find u € KX (pr, ¥, c) N W" such that for all v € KX (pr, ¥, c) N W"
a(u,v —u) > (f,v —u)?. (VI

Here pr, U € W" is defined as the unique element of W” that coincides with ¥ in
the nodes of .

Remark. (VI?) is equivalent to a linear complementarity problem. Such problems
are well-studied and numerically accessible; see Section 2.5 below.

To provide a rigorous basis for both our theoretical results here and our numerical
analysis in Section 2.5, we next establish several crucial convergence statements,
which are summarized in Figure 2.1.

(Vi) 22 (v

el 0 €l 0

(VIh) h — oo

(VI)
Figure 2.1: Convergence of discretized and penalized VIs.

In particular, (VI*)—(VI) guarantees convergence of our numerical method, and
(VI.)—(VI) is key for the proof of the Ito-Dynkin Inequality for the solution of
(VI). The construction of solutions to (VI*) and (VI,) is, in turn, based on the
other two convergence statements, which are established in the following conver-
gence result.
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2 Stochastic Impulse Control with Regime-Switching Dynamics

Theorem 2.5 ((VI?)—(VI") and (VI?)—(VL)). Suppose that (AT)-(A9) are
satisfied. Then we have:

(i) (Solution to (VIP)). There exists a unique solution ul to (VI?). Further-
more, the sequence {u?}6>07hem is bounded in WZ.

(ii) (Convergence (VI?)—(VI")). There exists a unique solution u” to (VI") and

u? —ul weakly in W and uniformly on T as € | 0.

Moreover, the sequence {u”};>1 is bounded in W7,

(iii) (Convergence (VI?)—(VI,)). There exists a unique C?-solution uc to (V1.),
and

u? — ue  weakly in WE and uniformly on T as h — co.

Moreover, the sequence {uc}e>o is bounded in WZ.

Proof. See Appendix 2.B.1. O

We next investigate the limit points of the sequences {u/};>1 and {ue}eso in (ii)
and (iii) of Theorem 2.5. The Banach-Alaoglu Theorem and compactness of the
embedding W? < C(Z) (see, e.g., Theorem 8.8 in Brezis [2010]) imply that each
of the sequences {uh}hzl and {uc}eso has an accumulation point with respect
to both weak convergence in WZ and uniform convergence on Z. The following
first main result of Section 2.4.1 uniquely identifies possible limit points and thus
shows that the above sequences in fact converge to the unique solution of (VI).

Theorem 2.6 ((VI.)—(VI) and (VI?)—(VI)). Under assumptions (AT)-(A9)
there exists a unique solution u to (VI), and we have

u = lim u. = lim ul
e—0+ h—o0

where {u"}p>1 and {uc}e=o converge both weakly in WX and uniformly on .
Proof. See Appendix 2.B.3. O
The key step in the proof of Theorem 2.6 is the following comparison principle
for solutions of the limiting equation (VI).

Proposition 2.7 (Comparison Principle for (VI)). Suppose that u; € KZ(U;, ¢;)
with

a(ug, v —u;) > (fi, v —u;)t
for allv € KE(W;, ¢;) and i =1,2. If Uy > Uy, f1 > fo and ¢ > co then uy > us.

Proof. See Appendix 2.B.2. O
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Ito-Dynkin Inequality for (VI)

For any stopping time 7 and any JF,-measurable Z-valued random variable 7, let
&2 denote the uniquely determined process such that fg T =0 for t € [0,7)
and

& =n+ [ld&)ds + [1S(&) AW, for t € [r,77]

where 77 = inf{t > 7 : & € OT}. The second main result of this subsection
establishes a version of the It6-Dynkin Inequality for the unique solution of (VI).

Theorem 2.8 (Ito-Dynkin Inequality for (VI)). Let u be the unique solution of
(VI), let T be a stopping time and let n be an Fr-measurable random variable.
Then for two arbitrary stopping times o1 and oo satisfying T < o1 < 09 we have

e TOINTT U(&m/\‘rz) Ipy<oo 2 E [E_TJQATI u(fdz/\Tz) Iy <co

. (2.14)
[T e = Mul(€) At Loycoo |Fon ]
Moreover, if oo < 0 a.s., where
jo ) inf {t > o011 uléinrr) = Y(&inrr)}, o1 <71 (2.15)
400, 01 2> Tr '

then (2.14) holds with equality almost surely.
Proof. The proof is based on the convergence statement (VI.)—(VI) in Theo-
rem 2.5. See Appendix 2.B.4. O

2.4.2 Quasi-Variational Inequalities on £ x 7

In this subsection we use the results of Section 2.4.1 to construct a weak solution
of a system of quasi-variational inequalities of the type (2.11), on an arbitrary
bounded interval Z £ [a,b] C J°. First, for each i € £ define the bilinear form a?
via

Y) 2 [ [LS280 + (—d; + SiSD'W + rév dy, 6, b € WE.  (2.16)

Here, in contrast to Section 2.4.1, we do not assume that al-I is coercive. However,
note that due to (A2) there exists a coercivity coefficient ¢* > 0 such that

ol (¢, 0) + H(p, 0)F 2 |||z forall peWr and i€é. (2.17)
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2 Stochastic Impulse Control with Regime-Switching Dynamics

The weak formulation of the QVIs (2.11) reads:

Find V : £ x T — [0, 00) such that for every i € £
Vi() € KE(aFV, P9) and for all v € KZ(.fV, Bl

T s

af (Vi,o = Vi) = (Xjee N9 (Vs = Vi), v = Vi)t > (Piv —u)T (2.18)

where the intervention operator .#7 is given by (2.7) and KZ(V, ¢) is defined
in (A9). Note that KZ(.#ZZV, P,(a)/r) # @ by (2.8) for an arbitrary continuous
function V on £ x .

We now iteratively construct a solution to (2.18). We define V2 £ 0 for i € €.
For any m > 1, given continuous functions Vim*1 :Z — R for each i € &,
we set V™Tl(i,-) £ V"), i € &, and note that .#7V™ ! is continuous.
Theorem 2.6 implies that for every fixed ¢ € £ there exists a unique continuous
solution V™ : 7 — R of the variational inequality

Find u € KZ(.zZvm=, £l guch that for all v e K (g Zym=1, Fila))

ol (u,v —u) + E{u,v — u) + (Xjee Nody, v — u)T
> (P4 AV 43 e AV g — )t (2.19)

The sequence {V"™},,>0 thus constructed is monotone:

Proposition 2.9. {V™},,>¢ is increasing and uniformly bounded above by a con-
stant that can be chosen independently of T.

Proof. See Appendix 2.C.1. O

Using Proposition 2.9 we can define a pointwise limit of {V""},,>¢. The following
result shows that this limit is, in fact, a solution of the QVIs (2.18), and that the
convergence is, in fact, uniform.

Theorem 2.10 (Weak Solution of the QVIs on 7). For each i € £ we can define

V; £ lim V"

m—r0o0

where the limits exist in the sense of both weak convergence in WT and uniform
convergence on L. Moreover, the function V' solves the QVIs (2.18) and is bounded
above by a constant independent of .

Proof. See Appendix 2.C.2. O
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The function V' can be interpreted as the value function of a related impulse
control problem on Z C J, where the underlying state process is absorbed at the
lower and reflected at the upper boundary of Z. However, we will neither prove
nor use this in the following.

2.4.3 Construction of the Value Function on £ x J

The goal of this subsection is to construct a function U on £ x J that satisfies
the conditions of the Verification Theorem 2.4. For this purpose we consider an
increasing sequence of intervals {Z,, },,>1 such that

jo = Unle— = UnZl[ana bn]

We denote by U™ the solutions of the QVIs (2.18) on £ x Z,,, whose existence
is guaranteed by Theorem 2.10. Theorem 2.10 also implies that {U"},>; is uni-
formly bounded, and hence so are the functions defined, for each n > 1 and ¢ € £,
via

U'(y) =

{ Uzn(y) for y € Z, (2.20)

Ulﬂ(an) = (//Z.I"U"(an)) V % for y € [0, ay).

The basic idea is to define U as the limit of U™ as n — co. The following result
is a first step in this direction and ensures that a suitable subsequence {U"(l)}lzl
has an accumulation point U with respect to uniform convergence on compacts.

Proposition 2.11. There exist a subsequence n(l) and a functionU : Ex T — R
such that
Ul U and HFOUM) — 4 TU

uniformly on compact sets of € x J for | — oo.

Proof. The key step in the proof is to construct a bounded sequence {v}'},>1 of
test functions, which is possible by (2.8). See Appendix 2.D.1. O

As an immediate consequence, we get

Corollary 2.12. The function U constructed in Proposition 2.11 is non-negative
and satisfies

U0) = (#U0)) v YD a5 well as U >.4U.
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Since each function U;" solves (2.18) on £ xT,, it satisfies the Ito-Dynkin inequality
stated in Theorem 2.8. Uniform convergence on compacts allows us to carry this
over to J and establish the It6-Dynkin Inequality (x) for U:

Proposition 2.13. The Ito-Dynkin Inequality (x) holds for the function U con-
structed in Proposition 2.11.

Proof. See Appendix 2.D.2. O

Using Proposition 2.11, Corollary 2.12 and Proposition 2.13 we are in a position
to apply the Verification Theorem 2.4 to the function U constructed in Proposi-
tion 2.11. Theorem 2.4 shows that U is the value function of the impulse control
problem (P). In particular, U is uniquely determined. Since Proposition 2.11
applies to an arbitrarily selected subsequence as well, this argument implies that
{U™},>1 converges to U uniformly on compacts. In summary, we have established
the following main result of this section:

Theorem 2.14 (Solution of the Impulse Control Problem (P)). We have
U —=U as n— oo wuniformly on compact subsets of € X J

and U is the value function of the impulse control problem (P). In particular, the
sufficient conditions in Theorem 2.4 are necessary and the impulse control strategy
S constructed in the verification theorem is optimal.

2.5 Application: Optimal Product Management

In this section we develop a showcase application of the framework discussed in
the current chapter in management science. For this purpose we reinterpret the
quantities used in the previous sections in economic terms and state a version
of the problem (P). We then conclude the chapter by providing results of some
numerical experiments for the version of (P).

2.5.1 An Optimal Product Marketing and Investment Problem.

Let us first attach an economic meaning to the model considered in Section 2.2.
For notational convenience and better understanding, in this subsection we do not
overcomplicate the notations and describe the problem rather informally.

We consider a company that produces a single product. The sales of this product
generate instantaneous profits at a rate X;. Thus, in the absence of marketing or
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2.5 Application: Optimal Product Management

product improvement investments, the expected net present value of total profits
is

E [foooeirtXt dt]

where r > 0 is a suitable discount rate. Instantaneous profits X; are to a certain
extent determined by the current regime I; and state process Y; describing current
performance of the product (for a more precise interpretation see below). However,
X, is also subject to random changes in consumers’ tastes, financial risks, etc. For
this reason we assume that instantaneous profits evolve in accordance with

dX; = —x[Xy — P(I,Yy)] dt + o (I, V3, X¢) AW, (2.21)

i.e. they are mean-reverting to a level P(It,ﬁ) that is a function of I; and Y;.
The noise term o(1I;,Y;, X;) dW; represents stochastic fluctuations in profits. Let
us specify the nature of the processes I and Y:

“Old” vs. “New”: The Regime Process [;. To model consumer tastes and other
persistent shifts in demand for the product, we assume there are two regimes: In
regime 1 the product is considered as “new” and in great demand, and in regime 2
it is “old” and therefore ceteris paribus in lower demand. The regime process
I, € £ = {1,2} is only partly under the control of the company’s management:
Transitions from “new” to “old” are triggered by shifts in demand patterns be-
yond the management’s control and occur with intensity A2 > 0 (black arrow in
Figure 2.2). By contrast, a transition from “old” to “new” can occur only as a
result of a management decision to issue a new version of the product (red arrow),

ie. A2l =0.

“new”: Iy =1 “old”: I; =2

UN_ U

Figure 2.2: Transitions between Different Regimes. Transitions from “old”
to “new” (red) occur on management interventions, whereas transitions from
“new” to “old” (black) are exogenous.
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2 Stochastic Impulse Control with Regime-Switching Dynamics

Cashflow Process Y;. The profit rate X; is driven by an underlying cashflow
process Yy that may represent, for instance, infinitesimal turnover or revenues.
This interpretation of Y justifies the assumption

J =10, 00).

The dynamics of the cashflow process Y; depend on the current regime (“new”
vs. “old”), and on the management’s product policy. In the absence of interven-
tions, Y; satisfies (2.4), i.e.

dY; = dIt (Y;f) dt + SIt (Y;f) dWi. (222)

Note that here we make the simplifying assumption that there is no market for
the product after the first time when Y hits 0, which corresponds to the stopping
of the switching diffusion in (2.5). In such situations the company can counteract
via appropriate management decisions.

Investment and Marketing Decisions. To maximize its profits the company
runs a trading strategy S = {7, tx, T }r>1 consisting of intervention times 75, and
the corresponding management decisions (¢, Tj). Every management decision
may include an investment decision v, and a marketing decision Y. Within the
model of Section 2.2 we focus exclusively on the impact of these interventions on
the regime process I and the cashflow process Y. We thus identify an investment
action with the decision to issue the next version of the product; this action is
represented by the red arrow in Figure 2.2. This is, of course, only possible in
the “old” product regime (when I = 2), i.e. the set of admissible actions A4 in the
case under consideration is given by

A1) ={1} and A(2)=¢&={1,2}.

By contrast, a marketing action is represented by a shift of the cashflow process
Y, but does not alter the regime of the product; marketing actions may be taken
independently of the current regime, i.e. for every k > 1 the marketing decision Ty,
is, as in Section 2.2, a [0, co0)-valued random variable. In Figure 2.2 the marketing
decisions are depicted as blue arrow.

Formally, the impact of management actions on the dynamics of the regime pro-
cess I and the state process Y is modeled as in Section 2.2.4: The decision (g, Yi)
is the initial value for the both the regime and the cashflow processes upon in-
tervening at 7. Of course, any investment or marketing action results in costs
C(Ir,—,tk, Yr,—, Ti) that depend on ¢f, T and the pre-action level of both the
regime process I, and the turnover process Y;, _.
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2.5 Application: Optimal Product Management

Summary and Goal. In summary, the model can be visualized in the following
diagram:

management  controlled profit resulting
decision at T, ~ processes function profits
% regime [;

management I P(I1,Y;) profit X,

—_

k state Y;

— ]

total profit

Costs

Figure 2.3: Optimal Marketing and Investment Model. Management deci-
sions are costly and influence both the regime process I; and the cashflow process
Y;. Profits are a function of the current regime and state, and the management
aims to maximize expected profits less costs.

In this setting, the management’s objective is to mazimize total profits
J(S;i,y,2) 2 E [ et Xy dt — Y e G (I 1y Yoy ) (2.23)

by choosing an optimal product management strategy S = {7x, tg, Ti }r>1, con-
sisting of intervention times 73 and investment-marketing decisions (tx, Tt ), sub-
ject to the above dynamics of Xy, Y; and I;. Using the dynamics of X, see (2.21),
it is not hard to see that maximizing (2.23) is equivalent to a problem of the

type (P):
U(i,y) = sup J(S;i,y) where
S

J(S5iyy) 2B [2e T Z PR, YS) dt = 532,67 (I, Yo, ).

T

2.5.2 Numerical Examples

In this section we provide numerical illustrations for the optimal product man-
agement problem discussed above. In the examples we assume that the diffusion
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2 Stochastic Impulse Control with Regime-Switching Dynamics

infinitesimal income

S
8T P(1,y)
P(2,y)
4
4 } 4 } > cash flow y
0 10 20

Figure 2.4: Profit functions.

coefficients in (2.22) depend only on the regime process I. Thus the assump-
tions from Section 2.2 are satisfied. We consider the following values for the SDE
coefficients and switching intensities:

Si=1, S,=02 d=-1, AM?2=05 and N> =0.

Here we assume that S < 57, as in the “new” regime we expect more variability
in the price of the product. The drift coefficient ds is one of the two parameters
varied in the numerical illustrations. The second varying value in the examples
below is the switching cost parameter ¢; in the following cost function, see (2.6):

(g(i,i/, y,y/) =05+ Ol‘y — y/| + ]Iz?gz/ Ci.

Finally,) it remains to specify the profit function P(i,y) = %irp(i,y) (see Fig-
ure 2.4):

P(i,y) =5(1 —e™¥) 4+ L;—; (arctan(y — 5) + arctan(b)).

Motivated by the dependence of the profits on the cash flow, the first summand is
chosen to be increasing and concave. The company obtains an additional premium
for the novelty of the product which is given by the second summand. Concavity
at infinity of the profit function is explained by the market saturation effect.

We can readily apply the procedure developed in Section 2.4 to solve the dis-
cretized version of quasi-variational inequalities (2.18) by iteratively solving the
finite-dimensional version of the inequalities (2.19) on a fixed interval [0,b] C J.
Then, by Theorems 2.6 and 2.10 we obtain an approximate solution of (2.18) and
therefore by Theorem 2.14 an approximation of the value function. As noted in
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2.5 Application: Optimal Product Management

Section 2.4.1, discretized variational inequalities are equivalent to linear comple-
mentarity problems. Therefore, to solve discretized versions of (2.19), we employ
the projected Gauss-Seidel method. For details, definitions and convergence re-
sults we refer to Cottle et al. [2009]. In particular, convergence of this method in
our case follows from Corollary 5.3.16 in Cottle et al. [2009].

The numerical results also provide an approximation for the inaction and inter-
vention regions. An optimal strategy can be extracted from the definition of the
intervention operator .#. In regime 1 the optimal strategy is to wait until the
cashflow process hits the shifting region given by {y € J : Ui(y) = #U(y)}
and the optimal shifting decision is given by a maximizer of .#,U (y). In contrast,
in regime 2 the optimal strategy is slightly more complex as it possibly includes
launching a new version of the product. Let us separate possible actions into those
that involve regime change and the ones that do not by transforming the inter-
vention operator: Immediately from the definition of .# and the cost function &
we obtain that

MU (y) = max{ U (y) — c1, U (y)}

where the shift-only operator My is given by

AU (y) 2 sup (Ua(y') — €(2,2,9,9)).
yveJ

Thus, in the “old” product regime it is optimal to only shift the cash flow process
Y whenever Y hits the shifting region given by {y € J : Ua(y) = #2U(y)}. The
optimal action in this case is given by a maximizer of MU Regime switching,
on the other hand, is optimal when Y is in the switching region {y € J : Ua(y) =
AU (y) — c1}. The associated optimal change of the cashflow process is given,
as previously, by a maximizer of .Z,U(y). On the graphs below these regions
together with optimal shifting decisions will be depicted as in Figure 2.5.

shifting region F—3 switching region optimal shifting decision

Figure 2.5: Legend
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total income total income

S A

7+ ‘ \Us

18 " } >y 15 £ } - 3 >y
0 544 10.21 20 01.54 3.74 16.27 20
(a) Regime 1. (b) Regime 2.

Figure 2.6: Switching region of the form [a, o) for ¢; = 3, do = 1.

total income total income
S
20 A 16.5
18 t t >y 145 ¢ 3

0 576 11.06 20
(a) Regime 1. (b) Regime 2.

Figure 2.7: Switching region of the form [0,a] U [8, 00) for ¢; =3, dy = —1.

From the interpretation of the model we expect that it is optimal to intervene
for low values of the cashflow process Y. Our intuition is substantiated by the
numerical results presented in Figures 2.6-2.9. Thus, in Figures 2.6 and 2.8 it is
optimal to only increase the cashflow process for small values of Y. In contrast, in
the cases of Figures 2.7 and 2.9 the optimal strategy in regime 2 for small values
of Y consists of switching between regimes and investing into marketing according
to the rules of regime 1. Figures 2.6 and 2.7 share another interesting property:
It is optimal to switch to regime 1 if the market is “too good”, i.e. for high values
of Y. Finally, we point out that the case of Figure 2.6 is the only example that
combines both switching and shifting in regime 2.
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total income total income
S A
20
18 - 14.5 - t t t ; >y
0 5.85 11.27 20 0 2.68 8.41 20
(a) Regime 1. (b) Regime 2.
Figure 2.8: An empty switching region for ¢; = 3.5, dy = —1.
total income total income
S Uz
U, MU — cq
19.5 - U 15.5 AU
17.5 - ; ; ; >y 135 >y
0 5.97 12.43 20
(a) Regime 1. (b) Regime 2.

Figure 2.9: Switching region of the form [0, a] for ¢; = 3.5, d2 = —3.

In summary, only by varying the drift parameter do and the switching costs
c1 we obtained completely different locations of shifting and switching regions.
Thus, without additional analysis the smooth-pasting method is inapplicable in
the model under consideration.

2.6 Conclusion and QOutlook

The main focus of this chapter was on an impulse control problem that relates
models modulated by a Markov chain and reversible investment problems where
regime shifts are under control of the manager. For a generic model we have
developed an analytic approach that allows us to construct the value function
and optimal strategies. An application of the developed theory in management
science has been discussed.
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2 Stochastic Impulse Control with Regime-Switching Dynamics

As noted above, our setting subsumes models with uncontrolled switching if
A(i) = {i} for every i € £, whereas models with fully controlled regime changes
and an uncontrolled state process Y are not covered by our setting. This is due to
the fact that the proofs of the main convergence results of this chapter (Theorem
2.10 and Proposition 2.11) rely on the smoothing property (2.8) of the interven-
tion operator .#. Therefore it is of great interest to extend the approach of this
chapter to reversible investment problems with an uncontrolled state process.
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Appendix to Chapter 2

2.A Proof of the Verification Theorem 2.4

The proof consists of two steps. In the first step, we prove that U is an upper
bound for the value of the impulse control problem (P). Second, we demonstrate
that the upper bound U is actually achieved by the strategy S defined in Theo-
rem 2.4. Recall that for this purpose we imposed the following assumptions on U:

(i) U is non-negative, bounded and continuous;

(ii) U satisfies U > .#U;
(iii) min{U; — %, Ui — #;U} =0 on 0J for each i € &;
(iv) U satifies the Ito-Dynkin Inequality (x).

Step 1: Upper Bound. Let S £ {ry, i, T4 }i>1 be an arbitrary admissible strategy
and let Z5 = (I°,Y®) denote the corresponding controlled switching diffusion,
see (2.9). In particular, Z* = (I*,Y*) denotes the switching diffusion starting at
time 73 in (1, Yg) for each k > 0 where 79 £ 0, 19 = i and Yo 2 y. Further, we
define the stopping times

Thoo 2inf{t > 7, : YF € 0T}, k>0

when Y* reaches 0.7. Note that by definition Z* is stopped in Tkoo- Bearing this
in mind, for each k& > 0 by the It6-Dynkin Inequality (x) and (iii) we obtain

IE“TT:“ et P(ZS) dt JITMO}
_ E[f;};k+1/\7k’oo et P(Z’ts) dt ]ITk<OO + f;z:ol et P(Zzs) dt I[Tk,oo<7'k+1
B[ U2 Ly — e U(ZE 0 L

+ U(Z"]?k,oo) (e—TTk,oo _ e—erJrl) H’Fk,oo<’rk+1 }

— E[e—w U(ZE) Iy cns — ™ U(ZE )T, oo } (2.24)
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Further, by (ii) we have for every k& > 0

—TT]
€ ktl %(I7k+1 b Lk+17 YTk«l»l’ Tk+1) ]ITk+1 <00

— k+ k
> e e U(ZE) I oo — €0 U(ZE VI coo -

(2.25)

Sequentially applying (2.24) and (2.25), we can estimate the profit generated by
the strategy S on [0, 7,,] for an arbitrary m > 1 via a telescopic sum:

E| Jym e P(ZE) dt = 7, e G (I 0, VAL 1) (2.26)
< U(i,y) — E[efTTmU(me)]' |

Letting m — oo in (2.26) yields that J(S;i,y) < U(i,y) and, as the strategy S

was chosen arbitrarily, we conclude that supg J(S;i,y) < U(i,y).

Step 2: Ezxact Upper Bound. Let us first recall the definition of S: We set 70 20

and (ip, Yo) 2 (i,9). For any k > 0, if the action at 7 is (ix, Y%), then define
P 2inf {t > 7,0 U(ZF) = 4U(ZF)}

= inf {t > 7 U( f ) ‘%U(Zf/\m )} (2.27)

where
JF = (1% YR & ZzeieTh and A 2inf{t > 7 1 VP € 0T}

On {741 < oo} we define
(Tkt1, Thon) = EY(ZE

where ZV is a measurable maximizer of .#ZU. Existence of such a measurable

selection is implied by Corollary 4 in Schael [1974] due to boundedness of U
and (A4), (A5); we refer to Proposition 3.4 in Chapter 2 where existence of a
measurable maximizer is discussed in great detail.

We now Verlfy that the strategy sS4 {7k, ik, Tk}k>1 is indeed optimal. For this
purpose let Z = (I Y) denote the associated controlled switching diffusion. The
definition (2.27) implies that either 741 < 7% o0 O Tp41 = 00. Therefore by (iii)
for every k > 0

E [ f;k-'—l et P(Zt) dt HTk 0o <Th+1 } =E [ fPo e "t P(Zf'k,oo) dt ]If'k,oo<7°k+1 }

Tk,c0

E |:e—1"7:k,0<> U(ZA{'k,oo) ]I’f'k,oo<'}k+1 :| .
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This, combined with the Ito-Dynkin Inequality (%), yields that (2.24) holds with
equality for the strategy S for each k£ > 0. ASo does (2.25) as by definition the
action (ig41, Yk+1) at Tp+1 maximizes ///U(kaﬂ) on {7,+1 < co}. Therefore, for

an arbitrary m > 1 (2.26) is an equality for S. This, in particular, implies that
E[Y e ] < .

Thus 7, — oo a.s. and S is admissible. By letting m — oo in (2.26) we conclude
that
U(i,y) = J(S;i,y) forall i€ yeJ

and the proof is complete. O

2.B Proofs for Section 2.4.1

We first provide formal definitions of W” and Wg. Recall that 7, = {zg = a,z; =
a+ b;—ha, ooy =a+1 l’;—ha, ..., Ton = b}, h > 1. The pyramid functions vlh over
7y, are defined by

[\
>

(x — 11

k=

- )
—a ($ - xl+1)7
0, otherwise

, T € [z1-1, 7]
T €

] h
o' (2, 141] for 1=1,...,2" —1

‘ o

k=

h
Sé { —b{—a(x—xl), x € [a,z1]

h
h 2 1]2,7(33 — Ton_1), T € [Ton_1,b]
0, otherwise

and vy, = .
0, otherwise.

Then the finite-dimensional subspaces W" ¢ WZ and Wg C Wg are generated by
vg, e ,vgh and v{‘, ey vgh, respectively. For every v € WZ we denote by prjv the
unique function in W” that coincides with v in the nodes of 7. Note that the

weak derivatives v' and (pr,v)" of v and prj,v satisfy

I(pryv)llzz < [[v']] 2

Moreover, standard Hilbert space theory (see, e.g., [Galantai, 2004, Theorem
7.87]) implies that
pryv — v in WE as h — oo.
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2.B.1 Proof of Theorem 2.5
Proof of Theorem 2.5 (i): Solution to (VI?)

Step 1: FEzistence. First, define a continuous function P : RrR2" — R by the
requirement that for all z,z € R2"

(B(2),2) = a(¥(a) V e+ usz,uz) — (2 (prp, ¥ — U(a) Ve — uz)+ + fruz)t
where u, = El L z1vt. Coercivity of a implies that a(u,u;) 2 ||z]|%. In combi-
nation with the inequality

(L(pr,¥ —¥(a)Ve— uz)+, pr, ¥ — ¥(a)Ve—u, )t >0

this implies that (P(z),z) — 0o as z — oo. Hence, by Brouwer’s fixed point
theorem (see, e.g., Lemma 4.3 in [Lions, 1969, Chapter 1]) there exists z* € R2"
such that P(z*) = 0 or, equivalently,

a(¥(a) Ve+uz-,v) — (L(pr, ¥ — V(a \/C—Uz)+, T=(f,0)"
for all v € W2, Thus the function ¥(a) V ¢ + u,+ solves (VI?).

=

Step 2: Uniqueness. Let u; and ug be two solutions to (VI?). Adding the equa-
tions for w;, ¢ = 1,2, with u; — uo and ug — u; as test functions, respectively,
yields

a(uy — ug,uy — ug) + %((prh\II —up)t — (prp ¥ — ug)t,ug —ug)t = 0.
Here each summand on the left-hand side of the equality is non-negative, so the
coercivity assumption (A8) implies that u; = ue.

Step 3: Boundedness. Let ul denote the unique solution of (VI?). By assumption
(A9) there exists some v € KZ(¥, ¢). Then we have pr,v € KX (pr, V¥, c). Moreover,
v & pryo — U(a) Ve and v £ ul — U(a) V c are elements of W2 and can thus be
used as test functions in (VI?). Using the coercivity assumption (AS8), we then
obtain

lug [z < alul,uf)

= a(u, ¥(a) V) + (f, ol + (L(pr, ¥ — ul)t, ol)?
< a(ut, U(a) v ¢) + (f,01)F + (L(pry ¥ — ul)t, o)
— a(u?, ¥(a) V ¢) + (£, o) + a(ut,oh) — (0T

< Cillullwz + Ca

where C1,Cy > 0 are constants that depend neither on h nor on ¢, and where the
last inequality follows from compactness of the embedding W% < C/(Z). O
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2.B Proofs for Section 2.4.1

Proof of Theorem 2.5 (ii): (VI?)—(VI?)

Step 1: FEuxistence. For every fixed h > 1, consider the sequence {u?}€>0, which
by part (i) is bounded in WZ. Since the embedding WZ — C(Z) is compact, we
conclude that

u? — u” weakly in W2 and uniformly on Z as € | 0 along a subsequence

for some u” € W" ¢ WZ. Now fix a function v € KZ(pr, ¥, c) N W". Then the
inequality
0 < (2 (prs® —ul) ¥, pr ¥ — ul)*
< (¥ —ul) v —ul)t = a(ul v —ul) = (fo—ut) 1
implies that [|(pr, ¥ —u™)™||2, < € and thus u” > pr, V. Since u”(a) = ¥(a) Vit
follows that u" € KZ(pr,¥,c), and it remains only to verify that u/ satisfies the
inequality in (VI").
Note that since 2(pr, U — ) is monotone in L*(Z), i.e. for an arbitrary v €
KZ(pr,¥,c) N W we have (—2(pr, U —v)* + 1(pr, ¥ — ul)*, 0 —uM)T > 0, it
follows that
aul v —ul) > a(ul, v — o) — (~L(pr,¥ ) + L(pr, ¥ — uf)* v - ul)?

€
- <f7 v = u?>I
Since a is weakly lower semi-continuous, letting € | 0 implies that u solves (VI").

Step 2: Uniqueness. As in the proof of uniqueness in part (i), for any two solutions
uy and ug of (VI") we have

a(u1 —U2,U1 — UQ) < 0

and therefore u; = uy by coercivity of a. Uniqueness implies that u* — u" weakly
in WZ and uniformly on Z as € | 0.

Step 3: Boundedness. This follows immediately since u* — u" weakly in W2 and
{ul}p>1,e=0 is uniformly bounded in WZ. O
Proof of Theorem 2.5 (iii): (VI?)—(VI.)

Step 1: Existence. For every fixed € > 0 the sequence {U?}hzl is bounded in WZ.
As in the proof of part (ii), compactness of the embedding W% « C(Z) yields
ue € WL such that

ul = u, weakly in W2 and uniformly on Z as h — oo (2.28)
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along a subsequence. Uniform convergence implies that uc(a) = ¥(a) V ¢. Fur-
thermore, for an arbitrary v € WOI we use v, = prv € Wg as a test function in
(VI?). Then upon letting h 1 oo we conclude that u, satisfies (VI,).

Step 2: Uniqueness. This is shown in exactly the same way as in Step 2 of the
proof of (i). Uniqueness implies in particular that (2.28) holds for the entire
sequence.

Step 3: Regularity. We now show that the weak solution u. of (VI,) is indeed a
classical solution. For an arbitrary ¢ € Cl(a,b) take 2% € VVO1 2([a, b)) as a test
function in (VI,) to get

Jo ! dy = [ (dul = (r+ Nu) 28 dy + (2(¥ —u) T, 25)7 + (f,25)7

and hence |fab ug¢’ dy| < C(e, ue)||d|l 27y for some constant C' = C(e, uc). There-
fore by Proposition 8.3 in Brezis [2010] we have u. € WY2(Z), i.e. u is twice
weakly differentiable. Integration by parts yields that for all v € L?(T)

b b
fa (_%Sz)ugv dy = fa (dué - (7" + )\)UE)U dy + <%(\II - u€)+a U>I + <f7 U>I'
Since ¥, f, d, r, S and u, are continuous, we can choose a continuous version of
u” and thus u. € C*(Z).

Step 4: Boundedness. This follows exactly as in the proof of (ii) above. ]

2.B.2 Proof of Proposition 2.7: Comparison Principle for (V1)

First note that u2(0) = Wa(a) V ez < ¥y(a) Ve = ug(a), so (ug —up)t € WI.
Hence we can take vy = uy+(ug—uq)" and va = up— (ug—uy) 7t as test functions in
the variational inequalities for u; and us, respectively. Adding these inequalities,
we obtain

a(ur — ug, (ug —u1)*) > (fi — fo, (ug —ur) ) >0

and the result follows from the coercivity property (A8) of a. O

2.B.3 Proof of Theorem 2.6: Solution to (VI)

Step 1: Uniqueness. Uniqueness of the solution to (VI) follows immediately from
the comparison principle for (VI), see Proposition 2.7.

Step 2: Egistence. Since {uc}eso and {u"},>1 are bounded in WZ, both have
accumulation points with respect to uniform convergence on Z and with respect
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to weak convergence in WZ. By Step 1, the proof will be complete if we can show
that every accumulation point u of {u}eso and every accumulation point @ of
{uh}p>1 solve the variational inequalities (VI).

Step 2a: u solves (VI). This can be seen analogously as in Step 1 of the proof
of Theorem 2.5 (ii) in Appendix 2.B.1: Uniform convergence and the inequality
(U — u)t||? < e imply that u € KI(¥,¢). On the other hand, monotonicity of
—1(w — )" in L*(T) and weak lower semi-continuity of a imply that u satisfies
the variational inequality (VI).

Step 2b: U solves (VI). Fix an arbitrary v € KZ(, ¢) and define v, = prjv € Wh.
Then v, € KZ(pr,¥,c) and v, — v in W% as h — co. By inserting v, as a test
function in (VI*) and letting h — oo along a subsequence that converges to 4, it
follows that @ solves the variational inequality (VI). O

2.B.4 Proof of Theorem 2.8: Ito-Dynkin Inequality for (VI)

Step 1: Inequality. By Theorem 2.6 the classical solutions {uc}~¢ of the penalized
problems (VI¢) converge to w uniformly on Z. It6’s formula for u, implies

e~ TOINTL Ue (501/\7—1> ]Iol<oo _ e TO2ATL Ue (502/\7.1) ]:[g'l <0

= [72/7 e (= Lue + )] (&) dt Toy <o

O1NTT

— [T e [Sul] (&) AW Loy <o

= [ZT e f + (W — o) — M (&) dt Ty, <o
- f;2ATI -t [SU ](ft) th ]I01<oo

1INTT
> ;712/<\:II —rt [f )\ue] (ft) dt ]10'1<oo
B ;12/<\7;I _rt [SU ] (gt) th 01<00 *

Rearranging and taking conditional expectations with respect to F,, yields

e TOINTZ Ue (501 /\7—1) ]Ln <oco =2 E[ —roaiTL Ue (502/\7'1) Hm <oo

TS = X () At Ty coo |Fon)

1INTT
Now the first part of the claim follows upon letting € | 0.
Step 2: FEquality. To establish the second part, let oo < 6 and define, for each
€ > 0, the stopping time

g ol o2 Anf {t > o1 @ ue(&inry) < V(nrg) ), 01 <71
‘ 092, o1 > Tz
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2 Stochastic Impulse Control with Regime-Switching Dynamics

Since u. — w uniformly on Z, it follows that 6. — o9 as € 4 0: Indeed, if we
had 0. — 0 < 0y as € | 0, then uniform convergence of {u,}eo would imply that
u(&gpr,) = ¥(&Ga,, ), contradicting the definition of 0. Using Ito’s formula for wu,
once again, we obtain

e TOINTL Ue (601/\71) ]101 <oo T E [e—r&/\ﬂ'z ue(gée/\TI) HUI<OO

4 fée/\TI efrt [f _ )\ue] (gt) dt H0'1<OO ‘fo‘l]

0'1/\7’1

and letting € | 0 yields the second part of the assertion. O

2.C Proofs for Section 2.4.2

2.C.1 Proof of Proposition 2.9
Step 1: Monotonicity. First, using v £ V! + (=V:1)T as a test function in (2.19)
we find that
I(=V:H vz S af (Vi (VD) + (¢ + e A9 (=VH, (V) )7
< (P, (-VHHF <0
so V1 > 0. Now the first part of the claim follows by induction from the compar-
ison principle in Proposition 2.7.

Step 2: Boundedness. Select C' > 0 such that P; < rC on [0,00) for each i € &.
By definition we have 0 = V9 < C; assume by induction that ijfl <C,jeg,
set v = (V™ — )" and take v £ V;™ — v} as a test function in (2.19). Then for
each 7 € £ we obtain

(V™ = OVt vz S af (V™ = Covf) + ((¢F + X 5ee )V = O),v)7)*
S((Pr=1CO)+ AV = C)+ X e N (V= C),0)T
<0

so V" < C. This completes the induction and demonstrates that V" is bounded
above by the universal constant C' > 0 fori € £, m > 1. O

2.C.2 Proof of Theorem 2.10

Step 1: Uniform Convergence on I and Convergence on WZ. Proposition 2.9
implies that the pointwise limit V £ lim,, oo V™ is well-defined and that the
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2.C Proofs for Section 2.4.2

sequence {V;™},,>1 is bounded above by a universal constant, and in particular
bounded in L?(Z), for each i € &£.

Next, we demonstrate that {V/"},,>1 is also bounded in WZ. Note that by (2.8)
we have v € KI(.#FV™=1, Pi(a)/r) for

o (y) 2 (AFVT T a) v D Loy —a), ye T

i T
Further note that {v/"},,>1 is bounded in W% by (A4) and since {V/"},,>; is
bounded in L?(Z). Hence using (2.19) we obtain

V™ vz < of (V™ V™) + ((cF + Ejee XV VME

< af (Vo) + (e + Y ee AV 0t
_ <Pz + CIVZ»m_l + Zjeg )\i,jvjm—l,vim o Vzm>I
so that, with suitable constants C1,Cy > 0 that are independent of m > 1,
IV [z < CLllV;™ lwz + Ca.

It follows that {V/™},,>1 is bounded in WZ. Hence by compactness and a subse-
quence argument we conclude that

V™ — V; weakly in W7 and uniformly on Z as m — oo for each i € €.

Moreover, uniform convergence immediately yields .ZZV™ 1 .#*V for m — oo
uniformly on £ x Z.

Step 2: 'V solves (2.18). Fix an arbitrary ¢ € £ and note that by construc-
tion V; > 0 and V; € KI(,//ZiIV,Pi(a)/r). To demonstrate that V; satisfies
the quasi-variational inequality (2.18), consider an arbitrary test function v €
KZ(#FV, P;(a)/r). We first construct suitable functions v§* that we can use as
test functions in (2.19) for V™. For each § > 0 and m > 1 set

wi'(y) £ (ATV" (@) v+ o(y —a)
+ 3 (vla+6) — (AFV (@) v D)y~ q)

T

and define
m a | w§Av on [a,a+ 0]
T e on (a+ 6,b).
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2 Stochastic Impulse Control with Regime-Switching Dynamics

Then for all sufficiently small § > 0 and m > 1 we have vJ* € KZ(.#FV ™1, Piy(,a) ),
S0

F (V03 = Vi) - V05— VI (5 e MV, 0t = V)

7

> (P + VI 4 Y e XV ot = VT
Using lower semi-continuity of aZ(-,-) + ¢ (-, )% and the fact that

lim lim of' =v in W%
610 m—o0

it follows that V; solves (2.18), as asserted. O

2.D Proofs for Section 2.4.3

2.D.1 Proof of Proposition 2.11

Step 1: Uniform Convergence of U™ on Compact Subsets of £ x J°. Theorem
2.10 implies that 0 < U™ < C for all n > 1, where C' > 0 is a universal constant.
Choose ng > 1 and set K £ [a,b] £ Z,,. For each i € £ and n > ng define the
function v}’ : Z,, =+ R by

v (y) £ min{Ua) +3(y — a) + CLE=2,UP(b) + (b —y) + C=L} Ik (y)
+ U (y) I,k (y)

and note that {v]'},>n, restricted to K is bounded in WX £ W12(K).

We next show that the sequence {U'},>n, is bounded in WX for each i € €.
It follows from (2.8) that vl € KIn (///Z-I”U”,Pi(an)/r) for each n > ng, so the
quasi-variational inequality (2.18) yields

QS (U 0 — UP) — (T X (U — U)o — UPYE > (P~ UF)E (2.29)

7 i ) i

where af is defined by (2.16) and (-, ) denotes the scalar product in L2(K). Let
® denote the coercivity coefficient of al*. Then al(-,-) + (-, )X is coercive, so
(2.29) yields

U7 e S o (U, U + (07, U

< af (U, vf) = (Cjee N (U = U, 0p = UMK
+ MU U = (P = US

7
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2.D Proofs for Section 2.4.3

Since {U}n>n, is bounded in L2(K) and {7}y, is bounded in WX it follows
that {U]"}n>n, is bounded in WX, Thus we can find a subsequence of {U™} >
that converges uniformly on & x K. Since Z,, C Z,,+1 for n > 1 and Up,>1Z,, = J 0,
we can use a diagonal argument to construct a subsequence n = n(l) and a
function U : € x J° — R such that

U™ — U uniformly on compact subsets of & x J° as | — oo.

Step 2: Uniform Convergence of U™ on Compact Subsets of € x J. By assump-
tion (A3) there exist p € (1,2] and 6 > 0 such that

(=d; + 5iS7) € L2 ([0,0)), S?€L 2 ([0,8]) and & €L

_p_ P
p— 2—-p

2 ([0,6]). (2.30)
It suffices to show that there exists a subsequence of {U "(l)}lzl that converges
uniformly on &€ x [0,0]. For simplicity of notation, we relabel the sequence and
replace {U™W};51 by {U"},>1 in the following. We also fix i € £ and fix ng > 1
such that [0,9) NZ, = [an,d) # @ for all n > ny and, similarly to Step 1, define
the test functions {v]'},>n, by setting

v (y) £ min{U (an) +0(y — an) + C4=52,U/(0) +0(0 — y) + C(;a:ai Hia,51(y)
+ UMY) Iz, \[an,5) (V)

As in Step 1 the functions {v}'},>p, are uniformly bounded and have uniformly
bounded derivatives on [ay,d]. Then, rewriting (2.29) with [a,,d] replacing K,
and using the definition of a; (see (2.12)) we get

Jo BSH(UEY)* AN < [ 3SAUPY () dA+ [ (~di + SiSHUPY (v = UF) dA

U = UPY = (5 e N (U = UF), o = U

177 1 7

- <P17 vzn - U7L>Zn

(2

Thus, by Theorem 2.10, Hélder’s inequality and the definition of U in (2.20) we
find a constant C' > 0 such that

@Y 115 < Cligell 2 [1+ (1531]2; + lldi = SiSill e ) 1TR) )

where all norms are taken over the interval [0, ¢]. Thus, taking into account (2.30),
we obtain boundedness of {(U")' }r>n, in Lp([0,0]) and therefore of {U]'},>p, in
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2 Stochastic Impulse Control with Regime-Switching Dynamics

WLP([0,4]) for some p > 1. This implies that the family {U},>n, is equicontin-
uous on [0, ], see e.g. Theorem 8.8 in Brezis [2010], so the Arzela-Ascoli theorem
yields a subsequence {n(l)};>1 such that U;" 05U uniformly” on [0, 6] as | — oo.
In combination with the result of Step 1, this shows that

ur) 5 U uniformly on compact subsets of £ x J as | — oo.

Step 3: Uniform Convergence of .M™U™ along a Subsequence. Let K C J be
compact. Then by (A5) and uniform boundedness of U"™ and U there exists a
compact set K’ C J such that for all y € K and n > 1 we have

MU (i, y) = sup U™ y') = 6,7, y,y)]
y' €K'NI, i/ € A(i)
and
MU (i,y) = sup U@, y) = €3, y,9)].
YK i€ A(4)

This implies

sup |///U—///I"(”U"(l)|§ sup [U—-U™)| 50 as | —

EXK EXK’

as asserted. O

2.D.2 Proof of Proposition 2.13: Ito-Dynkin Inequality (x)

The function U defined in Proposition 2.11 was constructed as an accumulation
point of the sequence {U™},>1. For notational simplicity we denote the subse-
quence of {U"},>1 approaching U by {U"},>1 in this proof.

Let Z = (I,Y) = Z™Y = (I"»T,Y™%T) denote the switching diffusion starting
at 7 in (¢, T), and let {py, 1y }x>0 denote the associated marked point process. To
establish (2.10) it suffices to verify that, for all stopping times o7 and o9 with
T < 01 < 02,

e "M U(Zoy) Loy <osnros 2 E[G_WMTOO U(Zoynree) Ior<oanros

+ fO'Q/\Too efT‘t P(Zt) dt ]I0—1<0'2/\Too "Fgl:|

o1

"In particular, U defined in Step 1 on £ x J° can be continuously extended to £ x 7.
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2.D Proofs for Section 2.4.3

with equality if o9 < 0. This is equivalent to the assertion that, for all stopping
times o1 and o9 with 7 < 01 < 09 < 7, and o1 < g3, we have

o1

E[ [72 ="t P(Z,) dt’ fal} <E [e*m U(Zy,) — e "2 U(Zy,)

]-"01]; (2.31)

and that (2.31) holds with equality if oo < 6. First, we subdivide the stochastic
interval (o1, 02| into subintervals where the regime process is constant via

(01,00) = Upo(Ce Gir1]  where ¢ 2 (01 V pg) Aoa, k> 0.

The proof is now divided into steps. In Step I we prove the inequality in (2.31) on
each interval (Cx, Cx+1]. In Step 2, we show that equality holds if o9 < 6. Finally,
in Step 3 we combine these results to obtain (2.31).

Step 1: Ito-Dynkin Inequality on ((k, Cra1]. First, for each £ > 0 and n > 1 define
(P2 ATy where 1,2 inf{t>7:Y, ¢7T,}

and note that 7, 1 7, so (f T (x as n — oo. Recall that for each n > 1 the
function U™ solves (2.18) on Z,, = [an,by], so U is the unique solution of the
following variational inequalities for every i € £

Find u € K (U™, Pilan) ) guch that for all v € KZn (aum, M)

r

uiI”(u, v —u) + I {u, v — u)

> (P S jee NI (U]~ UP) o B U v — )

Since a;™ (-, ) +ctn (-, -y is coercive, this problem is a special case of (VI). There-
fore, Theorem 2.8 applies to show that for every £ > 0

E[ Sk emrp(z,) dt‘fck}
—E [ SR emp, (v;) dt ‘fck]
P
— e e AN (U (V) — U (V) | R,

Next recall that by the projection theorem for marked point processes [Brémaud,
1981, Chaper VIII, Theorem 3, Corollary 4], the process

Sores Dot H(prs i) = Jo Sjee His 5) As({5}) ds (2.32)

<E[eUn(Yg,) — e R Un (v
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2 Stochastic Impulse Control with Regime-Switching Dynamics

is a (P, F)-martingale for every F-predictable &£-indexed bounded process H.
Since U" — U as n — oo uniformly on compacts, upon letting n — oo and
using the martingale property (2.32) we obtain

E[ JS+ et P(z) at] R, |

k

<E _eirgk U, (YCk) — e Okt Uy, (YCk+1)

- CC:H e > jee Me({7H(U;(Ye) = U, (V) dt )fc’“} (2.33)
=E _€_r<k ch (YCk) — e Tkt Ubk (YCk-H)

— e PR+l (ULk+1 (ka+1) - Ubk (ka+1 )) HU1<ﬂk+1§02

]

FCk]

=E _e—erU(ZCk) - e_TCkHU(ZCkH)

0 (2.31) holds on (Ck, Ckt1]-
Step 2: Equality in (2.33). Next suppose that oo < 0 and define, for all k,n > 1,

ak,n Y l?—&—l /\ek,n

where

g o [ inf{t > G2 UL (Yiar,) = MEU"(Yipr,)} on {G < 7}
+00 otherwise.

Then it follows that

08" 4 Gt as n — 0.

Indeed, assume by contradiction that, for some w € 2 and some subsequence

{n(D)}i=1, i
62 Jim 08" (W) < oy (w).
—00

Then there exists Iy = lp(w) such that for all [ > [y, and for that fixed w,

gkn(l) — gkn(l) - ng

By continuity we have UZ;(Z)(ng,n(z)) = %ﬁmU’n(l)(}/@k,n(l)), and since U" — U
locally uniformly, this would imply, again for the above w,

U(Z5) = Uy (Yg) = A, U(Yp) = AU(Zp)
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2.D Proofs for Section 2.4.3

contradicting the assumption oo < 0.

Since 88" < gk the second part of Theorem 2.8 yields
ak,n _r
E[J2" e rP(Z) dt‘fgk}
_E [e—TCk Ul (Ye,) — e UD (Vi)
g -7 : n n
O e S e MNP (V) — U (V) | .

Letting n — oo and using the martingale property (2.32) as in (2.33), we obtain,
as desired,

¢ —r -r -
E[fc:ﬂ e P (Zy) dt‘}—Ck} = E{e “U(Zg,) — e U (Zg,,)

fck] (2.34)

Step 3: Ito-Dynkin on (o1,02]. Summing (2.33) over k > 0 we obtain (2.31),
i.e. the first part of the claim, and doing the same with (2.34) yields the second
part. 0
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3 General Running Cost Problems

In this chapter we consider a general multidimensional running cost problem in
RN with possibly partially controlled state process and a cost structure that
includes a fixed cost component. For this problem we establish a verification result
where, as in Chapter 2, we replace the conventional quasi-variational inequalities
by a generalized dynamic programming principle which is referred to as the Ito-
Dynkin Inequality (x). Finally, we iteratively construct a function that satisfies all
the sufficient conditions, thus providing a solution to the underlying optimization
problem.

3.1 Introduction

In this chapter we study a generalization of the running cost problem considered
by Bensoussan and Lions [1982] in Chapter 6. We assume that the system is
characterized by a non-degenerate diffusion process Z that takes values in RY.
As costs with a fixed cost component apply, the controller’s goal is to minimize
the running costs

B[ J5 e farEdsp(zf) dt + 5032 e i ) 4o i (o)) (3.1)

over all admissible impulse control strategies S = {7, ar}r>1. Here the process
7S is defined by the strategy S, P is a running cost function and %(ay) denotes
the costs for the transaction ay.

Applications of this type problem range from optimal electricity production and
resource control to applications in finance and medicine, see e.g. Bensoussan and
Lions [1982], Stokey [2008]. The cost minimization problem is closely related to
the menu cost problem considered in Chapter 2. Furthermore, based on solutions
to running cost problems of the form (3.1) quasi-variational inequalities of ergodic
type (such as, for instance, (4.13) and (4.16) in Chapter 4) can be solved, as e.g.
by Akian et al. [2001] and Tamura [2008].

In comparison to Bensoussan and Lions [1982], the generalization considered in
this chapter includes the following aspects:
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3 General Running Cost Problems

(i) We do not impose boundedness on the coefficients describing the evolution
of the diffusion Z.

(ii) Admissible actions in every state z € R”Y are constrained by a set-valued
function A : RY — 2R In particular, this formulation subsumes models

with unspanned factor processes, such as e.g. stochastic excess return in the
Kim-Omberg model (see Kim and Omberg [1996]).

Thus, in contrast to Chapter 2, the unspanned randomness in the model under
consideration is provided by a diffusion process.

Contribution. Similarly to Theorem 2.4 in Chapter 2, we first establish a verifi-
cation result (Theorem 3.6) for the control problem (3.1). As previously, charac-
terization via the associated quasi-variational inequalities is replaced by a version
of the Ito6-Dynkin formula.

The remainder of the chapter is devoted to constructing a function, that satisfies
all sufficient conditions in the Verification Theorem 3.6. This is conducted in a
similar manner to Bensoussan and Lions [1982] by means of iteratively solving op-
timal stopping problems. We solve each stopping problem in RY by means of the
finite element method in a suitable weighted Sobolev space. For this purpose we
extend the penalization routine used by Bensoussan and Lions [1978] for bounded
domains to RY. The penalization method allows us to verify the relevant version
of the Ito-Dynkin inequality on every iteration step. Finally, we verify that there
is a limit of the iteratively constructed sequence that complies with the conditions
of Theorem 3.6. In particular, as a by-product of our analysis it follows that the
conditions required in the verification theorem are in fact necessary for the true
value function.

In comparison to Bensoussan and Lions [1982], we use probabilistic methods in
many proofs. In this way some assumptions that are required for the Sobolev-
space approach may be weakened.

Outline. In Section 3.2 we rigorously formulate the running cost problem (3.1).
The associated verification result is established in Section 3.3. As the running
cost problem can be interpreted as a sequence of optimal stopping problems, we
first construct value functions of relevant optimal stopping problems in Section 3.4
(Section 3.4.1 is devoted to the case with bounded coefficients whereas the un-
bounded case is treated in Section 3.4.1). Finally, in Section 3.5 the value function
of (3.1) is iteratively constructed.
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3.2 Mathematical Formulation

3.2 Mathematical Formulation

Probabilistic Setting. To define (3.1) in a rigorous way, we consider a probability
space (2, F,{Fi}t>0,P) with an N-dimensional Brownian motion W. Let the
diffusion coefficients d : RY — RY and S : RY — RM*¥ governing the state
process be given and satisfy the following assumptions:

(A1) d and S are Lipschitz continuous;

(A2) there exists a 6 > 0 such that’ for every w € RN and z € RN

w' S(2)S(2) Tw > 6wl|?.

Assumption (A2) ensures that the operator?
L A2VISSTV+d'V
is strictly elliptic in RY. Furthermore, we assume that

(A3) for every R > 0 there are bounded functions d® : RN — RN, S% . RY —
RN*N that satisfy (A1), (A2) and additionally

d"=d and S"=S5 on Bg
where Br = Br(0) is a closed ball around 0 of radius R in RY.

Remark. Note that if S(z) is symmetric for every z € RN, i.e. S = (S9)V/? =
(SST)1/2, then ST can be easily constructed: For every R > 0 define

SR(2) & (1 - +R(2)) 5(2)8(2) + 67"(2)1d) /2

with v8(z) = L.>r (1A (|2 = R)) and Id denoting the identity matriz. Then
SE obviously satisfies (A2), is bounded by definition and Lipschitz continuous by
Theorem 5.2.2 in Stroock and Varadhan [2006].

By assumption (A1) for every stopping time 7 and every Fr-measurable random
variable ¢ there exists a unique R¥-valued process {Z; ’C}tzo that solves the SDE

Zy=0, t€l0,7), Zi=C+ [fd(Zs)ds+ ['S(Zs)dWs. (3.2)

n what follows, | - | denotes the Euclidean norm.
Here V 2 (02y,...,0:5) .

o1



3 General Running Cost Problems

Without loss of generality we assume that {Z]*};>, is an element of the N-
dimensional Wiener space WY for every w in Q. Condition (A2) ensures that
Z7¢ is non-degenerate. We will refer to Z7¢ as the diffusion process starting
at time 7 in (. Note that the distribution of Z™¢ depends on S only through
the matrix SST, see e.g. [Stroock and Varadhan, 2006, Chapter 5]. Throughout
this chapter we will make use of the following two properties of Z7™¢:

Proposition 3.1 (Strong Markov Property.). For an arbitrary stopping time 6 >
7 and a bounded and measurable functional h : WY — R on the N-dimensional
Wiener space WY

E[h(Z:)|Fo) = E[n(Z%9)]|,_yre a.s. on {8 < co}.

2=27

Proof. The assertion is implied by Blagoves¢ensky-Freidlin Theorem (see Theorem
6.26 in Hackenbroch and Thalmaier [1994]) in a similar manner as the strong
Markov property for diffusion processes, see Theorem 1.25 in Diesinger [2009] for
a similar result. O

Proposition 3.2 (Convergence of Exit Times from Bg.). Let K C RY be an
arbitrary compact set and o > 0 be an arbitrary positive number. Then

sup E[e‘am(z)] —0 as R—0
zeK

with Tr(z) £ inf{t > 0 : Z* ¢ Br} and Br = Bg(0).

Proof. See Section 3.A. O

Intervention Costs and Intervention Operator. In the previous paragraph we
defined a model that governs the behaviour of the state process between interven-
tion times. Actions of the trader at intervention times will be determined by the
cost function

¢ RN x RY — [K,00) with some K >0
and the set of admissible actions
A(z) RN — RY

that satisfy the following conditions:
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(A4) A is closed-valued with z € A(z) for every z € RN and there exists an
increasing sequence of compact sets {Kr}r>1 in RN such that Ur>1 K =
RN and for every L > 1 the mapping RY > z — Kz NA(2) is continuous;’

(A5) € is continuous and such that for every compact set K C RN

min €(z,2') = 400 as 2 — .

zeK
€ (z,2') defines the costs for transaction from state z to z’. Note that, as in Chap-
ter 2, the assumptions (A4) and (A5) do not ensure suboptimality of strategies
with multiple interventions at the same time instant.
Example. Let us assume that the first N1 coordinates of the state process Z, here
denoted by X, are beyond management’s control, whereas the remaining Ny =
N — Ny can be arbitrarily changed. In this case A(z) = A(z,y) = {z} x RN?, 2 ¢
RNy € RM2, satisfies (A4) for Kp = Br(0) c RN, L > 1.

Definition 3.3. For every bounded and continuous function ¢ : RN — R, the
intervention operator .# is defined by

M) 2 g (9() +6(2.7)).

Proposition 3.4. Conditions (A4) and (A5) imply the following properties of A :

(i) For every ¢ € Cy(RYN) there exists a measurable minimizer =% : RN — RN
such that
M(z) = $(E7(2)) + € (2,E%(2))-

(ii) A applied to continuous bounded functions returns continuous bounded func-
tions:
A (Cy(RN)) € Cy(RY).

Proof. See Section 3.A. O

3As in Aubin and Frankowska [1990], a set-valued mapping RY > z — M(z) € 28" s called
continuous if M is both lower and upper semi-continuous at every z € Dom(M) £ {z € RY :
M(z) # o}
(i) M is called upper semi-continuous at z € Dom(M) if and only if for any neighborhood U
of M(z) there exists a neighborhood V of z such that M(¢) C U for every ¢ € V.

(ii) M is called lower semi-continuous at z € Dom(M) if and only if for any 2’ € M(z) and
for every sequence {zn}n>1 C Dom(M) that approximates z there exists a sequence of
elements z, € M(z,) that converges to z’.
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Admissible Strategies and the Impulse Control Problem. For every initial value
z € RN we define an impulse control strategy S as a sequence {7k, Ck } >0 where
020, (£ 2, {Tk}k>0 is a non-decreasing sequence of stopping times and for
every k > 1 the RV-valued random vector (j, is Fr.-measurable. Thus, for every
impulse control strategy S = {7, (1 } x>0 for an arbitrary £ > 0, by Zk & 776k we
denote the solutions to (3.2) with initial time 73 and initial value (. Then, every
impulse control strategy S defines the corresponding controlled state process that
is denoted by Z° and defined by

Z5EZF, t€[mTi), k>0
Similarly to Definition 2.3 we introduce the notion of admissibility:

Definition 3.5 (Admissible Strategies). An impulse control strategy S = {7,
Ck tre>o0 is called admissible whenever

(i) 7% — oo for k — oo almost surely;
(ii) for each k > 1 the action (i € .A(ka_l) on {m, < co}.

Our goal is to compute the value function and determine an optimal strategy for
the impulse control problem (3.1) that is specified by

U(z) & igf I(S;z) where
. (P)
1(8:2) 2 B[ [ e hor@ap(z8) at + Y2, e I E A gz )

where the infimum in (P) is taken over all admissible strategies. In the definition
the discount factor

(A6) r: RN — [rp,00) is bounded and continuous
where rg > 0 is some constant. P(z) represents now the infinitesimal running costs
in state z and will be referred to as the running cost function. We assume that
(A7) P:RY —[0,00) is bounded and continuous.

Standing Assumption. Throughout this chapter we impose without further men-
tioning assumptions (A1)—(AT).
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3.3 Quasi-Variational Inequalities and Verification

As in Chapter 2, prior to constructing a solution to (P), we establish sufficient
conditions for a bounded continuous function to be the value function of (P) in
the following verification theorem (cf. Theorem 2.4):

Theorem 3.6 (Verification Theorem). Assume that a function U : RN — R is
such that

(i) U is non-negative, bounded and continuous;
(i) U <. #U on RY;
(iii) U satisfies the Ito-Dynkin Inequality (x) (see below).

Then U is the value function of the impulse control problem (P) and an optimal
impulse control strategy S is given by:

(a) 7020 and (o 2 z;

(b) Given the controlled diffusion Z on [0,7;) and an intervention Cj, at 7y, we
define
Fopr 2 inf {t > 70 U(ZF) = 4U(Z))}

where Z% & Z7C . Then the process Z is defined as Zf on [Tk, Tk+1)- If
Tpr1 < 00, we set

U

where 2% is a measurable minimizer of H#U .

Proof. See Appendix 3.B. O

As previously, we do not require any differentiability properties of U in Theo-
rem 3.6 and assume instead the following reformulation of the It6-Dynkin In-
equality (*) from Chapter 2 for the case under consideration:

Ito-Dynkin Inequality (). We say that a function U : RN — R satisfies the
Ito-Dynkin Inequality (x) if the following two conditions hold for arbitrary stopping
times T < 01 < g9 and an arbitrary Fr-measurable RN -valued random vector ¢:
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3 General Running Cost Problems

(i) For the diffusion process Z = Z™¢ starting at T in ¢ and defined by (3.2)

U(Zgl) Iy <00 <E [6_ f;f r(Zs)ds U(ZOQ) Iy <o
(3.3)

t
e T P(2) dt T, oo | Fo
almost surely and
ii) (3.3) holds with equality if oo < 0 a.s., where 0 is defined via
(i) (3.3) quality

02 inf{t>0c, : UZ)=.4U(Z)}.

Note that if U is twice continuously differentiable and bounded together with its
derivatives, and solves the following system of quasi-variational inequalities

max { — LU +rU—~P,U—.#U} =0 on RN (3.4)

then the Ito-Dynkin Inequality (%) can be easily verified for U. This fact, how-
ever, is of limited use as the discussion following the It6-Dynkin Inequality (x) in
Section 2.3 applies mutatis mutandis to the case under consideration.

In the following sections we construct a sequence that approximates the value
function U of the problem (P). This, on the one hand, allows us to verify necessity
of the conditions in Theorem 3.6; on the other hand, the approximation procedure
can serve as a basis for a numerical method.

In contrast to Chapter 2, we do not solve quasi-variational inequalities (3.4) in a
weak sense on bounded domains. Instead, we extend the technique of Bensoussan
and Lions [1978] and Bensoussan and Lions [1982] for unbounded domains.

3.4 Optimal Stopping Problem

The value function U of the problem (P) will be approximated by a sequence
consisting of value functions that correspond to stopping problems of the type

V(z) = inf J(6;2) with
. A 0 —ft T‘(ngz)ds 0,z _f@ T(Zg’z)ds 0.2 (35)
J(0:2) SE| Jy e o P(Z;7)dt + e Jo V(Zy7)

where the infimum is taken over all stopping times 6. The function ¥ will be
called obstacle and in terms of the running cost problem (P) ¥ represents the
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value of the running cost problem upon the first optimal trade. Throughout this
chapter we assume that

(A8) ¥ : RN — [0,00) is bounded and continuous.

3.4.1 Optimal Stopping for Bounded Coefficients

In this section we suppose that, additionally to the assumptions of Section 3.2,
the SDE coefficients

(A9) d and S are bounded on RY.

The value function V' of (3.5) is constructed as a weak solution to variational
inequalities (cf. (3.4))

max{ — LV +rV-P,V-¥}=0 on R". (3.6)
The relation between these variational inequalities and the stopping problem (3.5)

can be established similarly to Theorem 3.6 by replacing .Z U with the obstacle W.

Note that (A8) together with (A6) and (A7) implies that the value function V/
is bounded and therefore does not necessarily belong to W12(R"). Therefore a
weak version of the variational inequalities (3.6) will be defined in the weighted
spaces

L2 {f:RY - R : fis measurable and [y |f[*7d\ < oo}
Wé{fe L : for every i = 1,..., N there exists D;f € L}

that are equipped with the scalar products
<fag>LéfRN fgﬂ-d)‘ and <fag>Wé<fag>L+er\L1<D’Lf7DZg>L

Here the weight function* 7 is defined by 7 £ exp{—+/1 + |z|?}, D; denotes
the weak derivative in the direction of z;, i € {1,..., N}, and X\ is the Lebesgue
measure on RY. Note that both L and W are separable Hilbert spaces. Therefore,

4 The weight function 7 can be specified in a different way, for instance m = m fory >0
large enough, as in Bensoussan and Lions [1978]. In general, the following conditions are
sufficient for 7 to be a weight function : (i) # > 0 and is bounded away from 0 on every
compact set; (i) m € C*(RN)N L' (RY) N L®(R"Y); (iii) 2 is bounded; (iv) 7 is Lipschitz
on every compact set.
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by the Banach-Alaoglu theorem, every bounded sequence in the weighted Sobolev
space W has a weakly converging subsequence. In what follows, the dual space of
W is denoted by W*.

To state (3.6) in weak form, we first define for every ¢ and j in {1,...,N}
Aij £ %(SST)U and A; £ —d; + Zé\le Dinj + Z;Vﬂ AZ]%

Note that the weak derivative of A;; exists and is bounded by Lipschitz continuity
of S and the product rule (see e.g. Propositions 9.3 and 9.4 in Brezis [2010]). Thus
both A;; and A; belong to L>®(RY). Therefore we can correctly define a bilinear
form a: W x W — R by setting

a(u,v) £ fRN (Zivjzl Aij Diu Djv + le\il A; D;uv —|—7"uv)7rd)\.

Note that by definition for every u € W N C?(RY) that has bounded derivatives
a(u,v) = (—Lu+ru,v). for every ve W.
Then the weak form of the variational inequalities (3.6) in W reads:
Find uw € K(¥) such that for all v € K(¥) a(u,v —u) > (P,o—u). (3.7)

Here
K@) 2{veW:v<Vae}.

Similarly to Chapter 2, we construct a solution by considering the associated
penalized problem for each € > 0:

Find u € W such that for all v e W a(u,v) + (Be(u),v)L = (P, v)L (3.8)
where the penalizing operator (. is defined by
Be(v) £ %(v — o)t

Note that (. is monotone, i.e. (Bc(u) — Be(v),u —v) > 0 for all u,v € L.

As before, by solving the penalized problems (3.8) for every € > 0 and investigating
properties of the limit of the solutions for € | 0 we are able to construct a bounded
solution to (3.7) and verify a relevant version of the It6-Dynkin Inequality (%) for
the constructed solution. In particular, in this way we establish that the bounded
solution to (3.7) coincides with the value function of the stopping problem (3.5).
Throughout the proofs we make use of the following key properties of a:
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(P1) Coercivity. By (A2) there exists a coercivity coefficient ¢ > 0 such that
a(u, u) + clu, w)e 2 [lulliy- (3.9)

(P2) Weak lower semi-continuity of a(-,-) 4+ ¢(-, )L is verified in the same fashion
as in Section 2.4.1.

(P3) Boundedness: For all u, v € W
la(u, v)[ S llullwllvflw

Here we keep the notation introduced in Section 2.4: If for some functions &, 7 :
S — [0,00) we can find a constant C' > 0 such that £ < Cn on &, we write

() < ().
Let us first establish existence and uniqueness of bounded solutions to the penal-
ized problem (3.8):

Theorem 3.7 (Existence, Uniqueness and Comparison Principle for (3.8)). Let
the additional assumptions (A8) and (A9) hold true. Then

(i) For every e € (0,00] there exists a unique bounded solution ue to (3.8).
Furthermore, there exists a constant C' > 0 such that for every e > 0

0 <wue <C almost everywhere in RN,

(ii) If ui € W are such that
a(ug, v) + (é(ul — U)o = (P,v)L forallveW, i=12 (3.10)

with oo > €1 > € >0, Uy > Uy >0, P, > P, >0 and V;, P; are bounded,
then uy > us.

(iii) For every € > 0 the solution u. to (3.8) is continuous. Furthermore, ue €
W22(RN) and

loc

—Luc +ruc =P — Be(us)  almost everywhere in RY.

Proof. The statement of the theorem is first verified under the assumption that
the form a is coercive, i.e. (3.9) holds with ¢ = 0. Then the result is extended to
the general case. Note that in the multidimensional case we cannot make use of
the compact inclusion W12 < C as in Chapter 2. The proof is therefore modified
in the spirit of Bensoussan and Lions [1978] and Bensoussan and Lions [1982].
For details see Section 3.C.1. O]
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Next, we are interested in a stochastic representation of u. and in a version of
Ito-Dynkin formula for ue. In contrast to Chapter 2, we do not have the relevant
regularity of u. to apply Ito’s lemma. Nevertheless, by means of the standard
mollification routine we are able to establish the following version of It6-Dynkin
formula and a stochastic representation for w.:

Theorem 3.8 (It6-Dynkin for u.). Let the additional assumptions (A8) and (A9)
hold true. Then for every fized € > 0:

(i) for arbitrary stopping times T < o1 < o9 and an Fr-measurable random
vector ¢ we find that

. %2 (27¢)d
we(Z5) Iy oo = E[ug(Z 7<) o de (ZT) ds

o1 ]I0'1<OO

T ISP 5 )] (27 dt T < | o |
where Z7¢ is a diffusion process starting at T in ¢ defined by (3.2).
(ii) ue(z) =inf, Je(v; 2) where
Je(y [fo exp { — fo r(297) + +2)ds} [P+ ] (Z?’Z)dt]

and the infimum is taken over all adapted processes {V}it>0 with values in
. . . ~ A

[0,1]. The optimal control is given by 44 = HUE(Z?,Z)Z\P(ZS,Z), t>0. In

particular, for e = 0o

Uoo(2) = E[fooo exp { — fg r(Z29%) ds} P(Z)%) dt].
Proof. See Section 3.C.2. O

An immediate consequence of (i) is the fact that u. is an upper bound for the
optimal stopping problem (3.5) for every ¢ > 0. Indeed, by taking oy = 7 = 0,
¢ =zand oy = inf{t >0 : u(Z)?) > U(Z>*)} we immediately see that

ue(z) = J(o2;2) > V(z) (3.11)

where J is given by (3.5). Further, note that by Theorem 3.7 we obtain that the
sequence {ue}eso of solutions to (3.8) is bounded and monotonically decreasing
as € . 0. Therefore the limit

u = lim . (3.12)
€l0

is well-defined in the pointwise sense. In the following theorem we verify that u
is indeed a solution to (3.7).
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Theorem 3.9. Let the additional assumptions (A8) and (A9) be true.
(i) u defined by (3.12) is the unique bounded solution to (3.7).
(ii) Let u; € K(U;) be the bounded solution to the variational inequality
a(u,v —u) > (P,v—u) forallve K(¥;), i=1,2 (3.13)

with P1 > Py > 0 and Uy > Wy > 0 satisfying (A7) and (A8) respectively.
Then uy > us.

Proof. See Section 3.C.3. O

Our next goal is to establish a version of the It6-Dynkin Inequality (%) for the
bounded solution u of (3.7). To deduce this from the It6-Dynkin formula for u.
(see Theorem 3.8 (i)) we need to verify that u. — u uniformly on compact sets.
This is verified indirectly by demonstrating the following result:

Theorem 3.10. Under the additional assumptions (A8) and (A9)
ue — V uniformly on compact sets in RY as €— 0

where V' is the value function of the stopping problem (3.5). In particular, the
unique bounded solution w of (3.7) is continuous and coincides with V.

Proof. The proof of this theorem is inspired by Theorem 3.7 in [Bensoussan and
Lions, 1978, Chapter 3], where a similar result is shown for a bounded state space.
See Section 3.C.4 for details. O

Remark. Toking into account the stochastic interpretation of u established in
Theorem 3.10, the comparison principle in Theorem 3.9 (ii) is an immediate con-
sequence of the definition of V in (3.5).

Having verified uniform convergence on compacts we can readily prove the relevant
version of the Ito-Dynkin Inequality (*) for the solution u = V to (3.7) in a similar
way to Theorem 2.8:

Theorem 3.11 (Ito-Dynkin Inequality for w = V). Let the additional assump-
tions (A8), (A9) hold true and u be the unique bounded solution to (3.7). Then
for arbitrary stopping times T < o1 < 09 and an Fr-measurable random vector ¢

— [2p(Z]%)ds
W25 Ty coo SE[u(Z50)e I T EDC L,

_ft (ZT’()d (314)
+ f;f e Joi r(Zg SP(ZZ-’C) dt ]10'1<OO ‘ ‘Fﬂ'l ] a.s.
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whereAZT’C is the diffusion process starting at T in ¢ defined by (3.2). Further, if
oo < 0 a.s., where 0 is defined by

0 Linf{t>71: u(Z]°)=V(Z ")}
then (3.14) holds with equality.

Proof. See Section 3.C.5. O

Remark. Theorem 3.11 provides an optimal stopping time for the stopping prob-
lem (3.5):
02inf{t>0: V(27 =0(Z)7).

3.4.2 Optimal Stopping for General Coefficients

In this section we extend the main result of the previous section, namely the
Ito-Dynkin inequality for the value function V' of the stopping problem (3.5), to
the case without the boundedness assumption (A9) on the SDE coefficients. To
approximate V we consider the sequence {VR} R>0 consisting of bounded solutions
to (3.7) with bilinear forms a = a’* defined by d® and S from assumption (A3).
Note that for every R > 0 by Theorem 3.10 V' coincides with the value function
of (3.5) with the underlying state process driven by d and S®. We use this
representation of V® to demonstrate the following convergence result:

Lemma 3.12. Under assumption (A8) VE — V uniformly on compact sets for
R — .

Proof. See Section 3.C.6. 0

Local uniform convergence of {VF}r.q allows us to verify the It6-Dynkin in-
equality from Theorem 3.11 for the value function V' associated with the stopping
problem (3.5):

Theorem 3.13 (Ito-Dynkin Inequality for V'). Under the additional assumption
(AB) the statement of Theorem 3.11 holds for V' given by (3.5).

Proof. See Section 3.C.7. O
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3.5 Solution of the Impulse Control Problem

In this section we conclude our analysis of the impulse control problem (P) and
prove necessity of the conditions in the verification theorem (Theorem 3.6). For
this purpose we construct two sequences of functions by iteratively solving optimal
stopping problems of the type (3.5) and prove the following two facts: first, the
constructed sequences converge towards the value function of (P) uniformly and,
second, the It6-Dynkin Inequality (%) holds for the limit. The approximating
sequences will be constructed via iterating the following operator, that is defined
on the set of all non-negative bounded functions C;' (R") on R¥:

T CF®RY) - ¢ (RY) with @D VY

where V¥ is the value of the optimal stopping problem (3.5) for the obstacle
function W. Note that by definition for every ¥ € G} (RY)

0< TU(2) <U2) 2 E[fooo e~ Jsr(Z7) ds p( 707 dt] (3.15)

Further, if ¥; € C;(IRN), i = 1,2, are such that ¥; < WUy, then immediately
by (3.5)
TV, < TV,

The value function will be approximated by the following sequences:
Un2 T(MUy_1) and U™ 2 T(a4U™1), m>1

with Uy £ 0 and U° given by (3.15). Note that by the properties of .7 both
{Um}m>0 and {U™},,>0 are monotone and

0<U1 <...<Up <U™< ... <U% < 0. (3.16)

Theorem 3.14 (Stochastic Representation of U, and U™). For an arbitrary
m >0
Un(z) = glf I(Sm;z) and U™(z) = iSnf I(Sm; 2) (3.17)

where the infima are taken over all admissible impulse control strategies S,, =
{7, G Yo<k<m for m > 0 (Sy denotes the no-action strategy) with at most m
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interventions® and

Im(Sm;Z) A E|:f07'm 6ffgr(me)dsP(me)dt+k¥1 e_foTk r(Z5™)ds %(ka_laCk) )

Here {Z5™ }1>0 and the processes {ZF}i>0, k >0, are determined by the strategy
S in the usual way, see in Section 3.2.

Proof. See Section 3.D.1. O

The stochastic representations were established with the purpose of proving the
announced convergence of both {Uy, } >0 and {U™ },,>0 towards the value func-
tion U of the impulse control problem (P). First, note that by the definition of
U and Theorem 3.14 we immediately obtain the missing part in the sequence of
inequalities (3.16), namely that

Up, <U<SU™ forevery m>0.

This observation is used in the proof of the following result which implies uniform
convergence and is demonstrated in a similar manner as Lemmas 1.29 and 1.36
in Diesinger [2009].

Theorem 3.15. For the approzimation sequences {Up }m>0 and {U™ }m>0

U = Ulloo < L and U™ — U < Ll (3.18)
Proof. See Section 3.D.2. O

This result implies uniform convergence of {Up, }m>0 and {U™ },>0 towards U and
therefore continuity of U. Moreover, the inequality |[.#Z ¢ — A0 < || — Vo0,
which holds for arbitrary continuous bounded functions ¢, v, implies

Corollary 3.16. Both {# Uy, }m>0 and { A U™ };>0 converge to AU uniformly
on RN as m — co. In particular, by construction we obtain that 0 < U < .#U.

5An admissible strategy S = {7, Ck }r>0 consists of at most m interventions if 7, = oo for all
k > m. To emphasize this for an admissible strategy Sp, we write Sy = {7k, (x fo<k<m. The
state process governed by an impulse control strategy Sm = {7k, (x fo<k<m is defined by the
standard routine presented in Section 3.2.

64



3.5 Solution of the Impulse Control Problem

This corollary together with Theorem 3.15 yields an alternative stochastic repre-
sentation of U: By the definition of U,, and monotonicity of .# we obtain the
following estimate

0< ianE[ 8 e Jor(Z2) s p( 202 4t 4 ¢ Jo (2 ds ///U(ngz)} — Un(Z2%)
ém 0,z s Z 2z
< Elemh" rZDE (A U(2)7) — MUm-1(257))]
< ||U - Umflnoo

where ém is the optimal stopping time in the stopping problem (3.5) for U, given
by Theorem 3.13. By the uniform convergence (3.18) we conclude that the value
function U of the impulse control problem (P) is a fixed point of the operator .7,
i.e. U solves the following optimal stopping problem:

U(z) 2 inf E [ I8 e for@N)as p(z0%) 4t 4 e~ S0 TED s (299,

This fact together with the Ito-Dynkin inequality for optimal stopping problems
of the type (3.5) proved in Theorem 3.13 immediately yields the Ito-Dynkin In-
equality () for U.

Corollary 3.17. Ito-Dynkin Inequality (x) holds for the value function U of the
stopping problem (P).

We conclude the chapter by noting, that Corollaries 3.16 and 3.17 yield the fol-
lowing characterization result:

Theorem 3.18. A function U : RN — R is the value function of the impulse
control problem (P) if and only if it satisfies the following conditions:

(i) U is non-negative, bounded and continuous;
(i) U<.2U;
(iii) U satisfies the Ito-Dynkin Inequality (x).

An optimal strategy is given by Theorem 3.6.
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3.6 Conclusion and QOutlook

The focus of this chapter was on a general version of the running cost problem.
We have verified an equivalent characterization of the value function via the Ito-
Dynkin Inequality (*) and iteratively constructed the value function. The iterative
procedure may serve as a basis for a numerical scheme if additional results on
convergence of finite elements in the spirit of Chapter 2 are established. Another
possible extension of our results was announced in the introduction to this chapter:
The running cost problem (P) can be used to construct solutions to variational
inequalities of ergodic type. This is an interesting problem to look at in the
context of Chapter 4 of the thesis.
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Appendix to Chapter 3

3.A Proofs for Section 3.2

Proof of Proposition 3.2
By the inequality
sup.ex E[e™ )] < [ sup.ex P(7r(z) < — 15t dt
it suffices to verify that for an arbitrary fixed 7' > 0
sup,cx P(7r(2) < T) -0, R — oo. (3.19)

For this purpose we fix a 2y € K and denote by Z° £ Z%20 the diffusion starting at
0 in zp defined by (3.2). By, for instance, Corollary 11.7 in [Rogers and Williams,
2000, Chapter 5] and Gronwall’s inequality there exists a constant D > 0 such
that for every z € K we have

07
E[SUPte[O,T] ‘Zt - Z?ﬂ < D|z— ZO|2-
Therefore for a fixed A > 0 and an arbitrary R > A

P(rr(z) < T) < P({7r(z) < T} N {supyeqory 12,7 = 20| < A})
+ P({Supte[O,T] |20% — 2| > A})
< P(supyepo,r |20 > B — &) + L5z — 20/
< ﬁE[snpte[QT] 1Z9)?] + %(diamlC)?
Thus
Hmsupg o SUP,cx P(7r(2) < T) < £ (diam K)?

and letting A — oo yields the assertion (3.19). O
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Proof of Proposition 3.4

Step 1: Proof of (i) It suffices to verify existence of a measurable minimizer E(f%

of M ¢(z) for z € Br = Br(0) for an arbitrary but fixed R > 0. Indeed, then =%
can be defined as RN 3 z — E{(2) <1 +Domes 29(2) L 1<iz)<n -
Therefore let R > 0 be fixed. By (A4) and (A5) there exists an L such that

inf N+ €(2,7) = inf "N+ €(2,7)) forall z€ Bgr. (3.20
i @)+ () = it (6() +%(2,2) forall z € Br. (320)

Further, by (A4) the mapping Br 2 z — K1 N.A(2) is compact-valued and upper
semi-continuous. Thus, existence of a measurable minimizer on B is implied by
Corollary 4 in Schael [1974].

Step 2: Proof of (ii) We fix an arbitrary bounded and continuous function ¢ in
RY and a zp € RY. It suffices to show that .#¢(z,) — A P(z) as n — oo
for an arbitrary sequence {zy}n>1 approximating zp. This, in turn, is equivalent
to the following statement: For every subsequence {n(k)}r>1 of IN there exists a
sub-subsequence {n(k)}r>1 C {n(k)}r>1 such that

MP(z7(k)) — A P(20) -0 as k — oo, (3.21)

First note, that by (A5) there exists an L such that (3.20) holds for every z,, n >
0, i.e. the sequence of minimizers {2} },>0 with 2], minimizing .#Z¢(zy,) lies in
Kr. In particular, z, € Dom(Kr N A) = {z : K N A(z,) # @} for all n > 0.
Thus, for an arbitrary fixed subsequence {n(k)},>1 there exists a sub-subsequence
{n(k)}i>1 C {n(k)}k>1 and a 2z € Kr, such that Z;_z(k) — z{ for k — oo. By
contradiction we easily derive from the definition of upper semi-continuity and
compactness of Ky N A(z) that zj € K N .A(z) and thus by continuity of ¢
and ¢

lim inf (A D(zn(r)) — A $(0))
> klgl(;lo (gb(z%(,c)) +C (zag), Z%(k)) — ¢(29) — € (20, Z(/J,)) =0.

On the other hand, by definition of the lower semi-continuity we find a sequence of
elements {Z;—:(k)}kzl such that qu‘z/(k) € KN A(zz()) for every k > 1 and z;_:(k) — 2|,
as k — oo. Then

limsup (A ¢(zn()) — A P(20))

k—ro0
< klggo (¢(Z%(k)) + Cg(zﬁ(k)a Z;—{(k)) — ¢(2)) — € (20, 26)) =0
and (3.21) follows. O
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3.B Proof of the Verification Theorem 3.6

As in the verification theorem from Chapter 2, we separate the proof in two steps:
first, we show, that every function U satisfying the conditions (i)(iii) is an upper
bound for the value function of the problem (P); second, we verify that this upper
bound is achieved if the trader follows the strategy S.

Step 1: Upper Bound. Let S = {7y, (k>0 be an admissible trading strategy and
Z¢ the corresponding state process, i.e.

Z3 =7ZF for t€[m, 1) with ZF2& 776k
For every k > 0 by the Ito-Dynkin Inequality () we obtain

E[f_;k+l e~ fot r(Zf)dsP(Zl{f) dt H7k<oo

> E[em B @S U(ZE ) e — e BT TENSU(ZE e |. .
On the other hand, the inequality U < .ZU yields that for each & > 0
C( 25 Ghr) 2 U(Z5 ) = U(Gesr) on {mpr <o} (3.23)
Combining (3.22) and (3.23) we find that for every n > 1
B fyr e b p(z8) dt 4+ Sy e I IS G (2 ) Ty (3.24)

>U(z) —E {e* Jor r(z3) ds U(¢n) H‘rn<oo}

Letting n — oo and taking infimum over all admissible strategies S yields that
infs I(S;2) > U(z), i.e. U is indeed a lower bound for the minimization prob-
lem (P).

Step 2: Fxact Lower Bound. To verify the assertion, let us first recall the definition
of S = {4, (k }x>0: To = 0 and (p = 2 and for any k& > 0, assumed that the action
at 7y is (x, the stopping time 741 was defined by

Fra1 2inf {t > 7 0 U(ZF) = .4U(ZF)}

with Z%F £ Z7Ce. On {Tk+1 < 0o} the intervention
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3 General Running Cost Problems

with ZV denoting a measurable minimizer .#ZU (see Proposition 3.4). Note, that
to verify admissibility of S it suffices to show that 7, — oo for k — oo almost
surely. By the Ito-Dynkin Inequality (%) and by definition both (3.22) and (3.23),
and hence (3.24), hold with equality for the strategy S for every n > 1. In
particular, for every n > 1

B[S, e "] < o0

and therefore 7, — oo almost surely as £ — oo. Thus the strategy S is admissible
and the proof is concluded by letting n — oo in (3.24) for S which implies that

I(S;2) =U(2) n

3.C Proofs for Section 3.4
3.C.1 Proof of Theorem 3.7

We proceed as follows: First, we establish the assertions of Theorem 3.7 under
the assumption that

a(-,-) is coercive, i.e. (3.9) holds for ¢ =0 (3.25)

and then extend them to the general case.

Proof of (ii) under Coercivity Assumption (3.25)

This result is shown similarly to the proof of uniqueness in Theorem 2.5 (i) and
(iii): First, we note that

(ug — Vo)t (ur — ug) )L 0.

e

(E(ur — W)t

Upon taking v = —(u; —ug)~ as a test function, we subtract (3.10) for i = 2 from
(3.10) for i = 1 to obtain by coercivity of a the following estimate:

[(ur — u2) ™ Iy S a(ur — ug, —(ug — ug) ™)
+ (A (u — W)t = (ug — W)t —(uy —ug) )L

T e

= (P, — Py, —(u; —u2)" )L <0.

Thus u; > ug almost everywhere in RY and the assertion follows. ]
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3.C Proofs for Section 3.4

Proof of (i) under Coercivity Assumption (3.25)

If assumption (3.25) holds true, uniqueness of the solution to (3.8) follows im-
mediately from the comparison principle in part (ii) demonstrated above for the
coercive case. Let us verify existence of the solution. The proof of this fact is
conducted in a similar fashion as the proof of Theorem 1.2 in [Bensoussan and
Lions, 1978, Chapter 3] and Theorem 2.5: We first solve discretized versions of
(3.8) and then construct a sequence converging toward the solution.

Step 1: Solution to (3.8) in Finite Dimensions. Due to separability of W there
exists a linearly independent sequence {vy }x>1 C W such that the set of all (finite)
linear combinations V = £({v}r>1) is dense in W. For evey m > 1 we consider
the finite-dimensional version of (3.8) in V,,, £ L(v1,. .., )

Find u € V,, such that for all v € V,;,  a(u,v) + (Be(u),v) = (P,v)L. (3.26)
We can define a continuous function B : R” — R™ such that

(B(n),7) = a(uy, ugz) + (Be(uy), ug) — (Pyug) for all n,7€R™ (3.27)

where u, = Y% nivi. Coercivity of a yields that a(u,,u,) 2> ||7]|? and therefore,
taking into the fact that (2(u—¥)*,u— ¥). > 0, from (3.27) we deduce that
(B(n),n) — oo as n — oo. Thus, by Brouwer’s fixed point theorem (see Lemma
4.3 in [Lions, 1969, Chapter 1]) there exists an n* € R™ such that L(n*) =0, i.e.
Uy« solves (3.26). On the other hand, similarly to the proof of the comparison
principle in (ii) under the coercivity assumption, we demonstrate that w,- is the
unique solution to (3.26) in V,,. For every m > 1 this unique solution will be

denoted by .

Step 2: Convergence of {um}m>1. Let us consider the sequence {uy,}m>1 of
solutions to (3.26). Then coercivity of a implies that {um, }m>1 is bounded in W:

”um”\QN S @(Umsy Um) + (Be(Um), um — W)L < (P um)L < ||P||Llwmllw-

Therefore, w.l.o.g. we may assume that {u, }m>1 converges weakly to some u €
W. Let us verify that u, solves the penalized problem (3.8). For this purpose we fix
a test function v € W and a sequence {vy, }m>1 such that v, € V,, for each m > 1
and v, — v in W for m — oco. Then (P, v,) — (P,v) and a(ty,, ) — a(te, v)
by boundedness of a as m — oo . Moreover, by taking u,, as a test function in
(3.26), we obtain boundedness of {S¢(um)}m>1 in L from the following inequality

€</Be(um)7186(um)>L + </Be(um)7 \I/>L = <ﬁ5(um)a um>L S <P7 um)L-
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Again, w.l.o.g. we assume that {Sc(um)}m>1 converges weakly to some £ in L for
m — oo and therefore (Bc(um), vm)L — (£, v)L as m — oo. Hence for an arbitrary
v € W we obtain that

Cl(ue,’U) + <£7U>L = <P7U>L
and it remains to verify that & = Se¢(ue). This is demonstrated by applying the
monotonicity argument from the proof of Theorem 1.2 in [Bensoussan and Lions,
1978, Chapter 3] without any modifications. O

Proof of (i) in the Non-Coercive Case

The idea of the proof of the results for the penalized problem (3.8) is inspired
by similar results for variational inequalities on bounded domains presented in
Section 1.7 in [Bensoussan and Lions, 1978, Chapter 3].

Step 1: Uniqueness among Bounded Non-Negative Solutions. Let us assume that
there exists a number py > 0 such that P > py and that there are two different
non-negative bounded solutions to (3.8) denoted by u; and ug. Then we define

a* Esup{a>0: auy <ugae.}

W.lo.g. we can assume that o € [0,1). Indeed, by definition a* > 0 and if
a* > 1 then the pair (ug,u;) possesses the desired property. Further, we find a
number £ € (a*, 1) such that

c(§ —a")supuy < po(1—=¢),

where c¢ is the coercivity coefficient from (3.9). Then ¢ (§ — a*)u; < P(1—¢) and
by definition of o
E(P+cuy) < P+ cus.

On the other hand, note that for an arbitrary v € V
a(ur,v) + ¢ (Eur, o) + (2w — W) T, o) = (E(P + cuy), )L
a(uz, v) + ¢ (ug, v)L + (L(ug — U)F,0)L = (P + cug, v)L

and therefore by (ii) in the coercive case we obtain that {u; < wug a.e., what
contradicts the definition of a* and the choice of £ > a*.

Step 2: Uniqueness for Bounded Solutions. Assume that u; and wug are two
bounded solutions to (3.8). Let us choose a p = infu; Ainfug A (—1) < 0. Then
;2 u; — p is non-negative and for an arbitrary v € W

a(@g, v)n+ (2(@ — (¥ —p)) o) = (P —pr,v)L.
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Thus the assertion is implied by Step I as p < 0 and r > rg > 0.

Step 3: FEuistence of a Bounded Solution. A solution to (3.8) is constructed
iteratively: ug = 0 and for every n > 1 u, is uniquely determined by

a(Un, v) 4+ ¢ (U, V)L + (Be(un),v)L = (P + cup—_1,v), veEW. (3.28)

Note that {u,},>1 is non-decreasing by the comparison principle from (ii) for the
coercive case. Furthermore, {uy},>1 is bounded from above: Choose C' > 0 such
that

U<C and P <Cry. (3.29)

Then assuming that u,—1 < C we obtain that u, < C in the following way:

[(un — C)F IRy S a(un = C, (un — C)F) + (¢ (un — C) + Be(un), (un — C) )1
=(P—Cr+c(up—1—C),(un—C)")L <0

Thus, by monotonicity and boundedness the pointwise limit ue £ lim,,—o0 Uy is
well-defined. On the other hand, {u,},>1 is bounded in W:

H’U’HH\QN S a(un,un) + (cun + /Be(un)7un>L = <P + Cun—l;“n)L < C < oo

for some constant C > 0 that is independent of n. Therefore we can choose a
subsequence {up, }x>1 converging weakly in W to u.. Thus, by letting ny — oo
in (3.28) we deduce that u. solves (3.8).

Step 4: An Upper Bound. By Step 3 every constant C' > 0 satisfying (3.29) can
be chosen as a universal upper bound. O

Proof of (ii) in the Non-Coercive Case

Let {uin}n>1 be the two sequences from the existence proof approximating u;,
i =1,2. Then for each n > 1 by induction from part (ii) for the coercive case we
obtain that uq, > u2,. Hence u; > us. O

Proof of (iii)

Let 2 C RYN be an arbitrary bounded domain. Then

Jo {381 Ay Diue Djv + 3%, A Divev + Fucv} dd = [, Poodh
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for every v € C'(2) with compact support. Here for 4,7 € {1,..., N}
Az’j éAZ’jﬂ', AiéAiﬂ', ’f’érﬂ, pﬁé(P—ﬂe(ue))’/T S LOO(RN)

Theorem 8.22 in Gilbarg and Trudinger [1998] yields local Holder continuity of u
in 2 and therefore continuity of u. in RY. On the other hand, the coefficients flij
are Lipschitz continuous in & and hence by Theorem 8.8 in Gilbarg and Trudinger
[1998] u, € W22(2') for every subdomain 2 CC 2. This yields that
P=— Zz]'?[jzl Aij Dijue + Zf\il (A,‘ — Z;V=1 Dinj)Diue + U,
= 71'( — Lu, +7’u€)

almost everywhere in 2’ and the assertion follows. O

3.C.2 Proof of Theorem 3.8
Proof of (i)

The It6’s formula for u, asserted in (i) is verified by constructing an approximating
sequence {uf}5>0 consisting of smooth functions that approximate u. uniformly
on compact sets.

Step 1: Construction of the Approximating Sequence. For every § > 0 we defined
uw & p®xu. on RN

with pd(z) £ (%Np(g) and p(z) = Cexp{w%l}]lmd denoting the standard mol-
lifier. The constant C' is defined by the condition f]RN pdX = 1. By properties
of mollifiers, see [Evans, 2010, Appendix C.3] for details, u® € C*°(R"Y) and for
every R >0

u’ — ue pointwise on RY for §—0

as U is continuous. On the other hand, it is known that Diu‘g = p% % (Djue) and
therefore
fu‘g =%« (Lue) = —p° x (P — Be(ue) — rue)

where the last relation is due to the property of u. established in Theorem 3.7 (iii),
namely that u. € T/VZQOCQ(IRN ) and —Zu. + ruc = P — c(ue) almost everywhere.
Therefore by continuity if P, ¥, r and u.

—~ 21’ — P — B(uc) — ruc  pointwise on RN for § — 0.
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Step 2: Ito’s Formula for ue. Let us consider the diffusion Z7¢ starting at 7 in

¢. For an arbitrary but fixed R > 0 we set 7g = inf{t > 7 : ZZ’C ¢ Br(0)} and

r(Z7%) ds

apply Ito’s formula to u(Z7¢) e~ Joineg ™ on [o1 A TR, 02 A TR]:

TYNT 7,¢
W (Z55m) = (25 f”lmg r(Z:7)ds

O1NTR Uz/\TR)

gz e I )

1ATR

7,¢
e e e I (Tud) T] () aw.

O1NTR

Note that the conditional expectation of the stochastic integrals w.r.t. F, is 0 as
(Vul) TS is bounded on Bg(0) and r(z) > 79 > 0. Therefore, upon conditioning
on F,, and letting 6 — 0 by dominated convergence we obtain

o9NATR T,¢
) fffl/\TR r(Zs°)ds

]E[UE( 0'1/\TR ‘”FUI] - |:UG(Z;-72€\TR

e e O IP g ()] (27 e

1ATR

We conclude the proof by letting R — oo and using boundedness of u., ¥, P and
the fact that r is bounded away from O . O

Proof of (ii)

The proof is inspired by a similar result for bounded domains (see Theorem 3.6
in [Bensoussan and Lions, 1978, Chapter 3]):

Let {uf}5>0 be the approximating sequence constructed in Step I of the proof
of (i) and {’Yt}tZO an arb1trary adapted process taking values in [0, 1]. Applying
Ito’s formula to u? (Z2%7) exp{— Jo(r( r(Z9%)+22)ds} on [0, 7g] for g £ inf{t >0 :
7Y% ¢ Bp(0)} and letting § — 0, as in the proof of (i), by dominated convergence
we obtain that

uc(z) = IE[ (ZOZ) o TR (2012 ds
e RIS B () + 2 (27) dt]
The proof is concluded by letting R — oo and taking into account the inequality
—Be(ue) + Lue < ¥

which holds with equality for 4. O
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3.C.3 Proof of Theorem 3.9

The proof is structured as similarly to the proof of the existence and uniqueness
result for the penalized problem (3.8), see Theorem 3.7: We first prove the com-
parison principle stated in (ii) in the coercive case, i.e. under assumption (3.25);
employing this result, we are able to verify uniqueness and existence of bounded
solutions to (3.7); finally, the comparison principle in (ii) in the general case is
deduced from an analogous result for penalized problems (Theorem 3.7 (ii)).

Proof of Theorem 3.9 (ii) under Coercivity Assumption (3.25)

The assertion is verified similarly to the comparison principle for penalized prob-
lems under the coercivity assumption (3.25) (cf. Section 3.C.1): in (3.13) we
take the following test functions: v = uj + (u; —u2)” € K(¥;) for i = 1 and
v =1ug — (u; —uz)” € K(¥3) for i = 2. Next, adding the inequalities together
with the coercivity assumption yields the assertion via the following inequality:

(w1 —u2) ™ Iy S alug —ug, —(ug —uz)™) < (Py — Po, —(ug —up) )L <0 O

Proof of Theorem 3.9 (i)

Step 1: Uniqueness for Bounded Non-Negative Solutions is demonstrated in a
similar fashion as in [Bensoussan and Lions, 1978, Chapter 3, Section 1.7]: First,
assuming that P > pg > 0 for some constant py, we repeat the considerations of
Step 1 in the proof of Theorem 3.7 (i) for the non-coercive case to obtain that for
two non-negative solutions u, ug of (3.7)

a(€ur,v —&ur) + ¢ (€ur,v — Eur)L > (E(P +cur),v —&uy) for all v € K(EWP)
a(ug, v — ug) + ¢ (ug, v — uz)L > (P + cug,v — ug) for all v € K(¥)

for some & € (a*,1) where a* £ sup{a > 0 : au; < up a.e.}. By the comparison
principle for the coercive case verified above we deduce that £u; < uo and obtain
a contradiction as in the proof of Theorem 3.7 (i).

Step 2: Uniqueness in the Class of Bounded Solutions is verified in the same way
as in Theorem 3.7 (i): For two bounded solutions u; and ug of (3.7) we find that
U; = u; —p, i = 1,2, for p = inf u; Ainfug A (—1) < 0 are non-negative and solve
the variational inequality

Find u € K(¥) such that for all v € K(¥) a(u,v —u) > (P,v —u)_
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with W 2 U —pand P2 P —pr > —prg > 0. Thus uniqueness in the class of
bounded solutions follows from Step 1.

Step 8: FEzistence. By Theorem 3.7 there exists a constant C' > 0 such that
0 <wu, < C for all € > 0. Therefore {uc}eso is bounded in L. Then we can derive
boundedness of {uc}>o in W by a coercivity argument similar to the one in the
proof of Theorem 2.5:

luellfy S alue, ue) + ¢ (ue, ueh + (Be(te), uehr = ¢ (ue, u )L + (Pyuc) < Ch < 00

for some C7 > 0 that does not depend on e. Hence, {uc}~o converges weakly to
u along a subsequence in W. Furthermore, u, solves (3.8) and therefore

(Be(ue),ue — V)L < (Pyue)L — aue, ue).

Thus ||(ue — ¥) || < € Cy for some constant Cy > 0. Hence, taking into account
the pointwise convergence ue — u, we deduce that u € K(¥). Similarly to Theo-
rem 2.6, we demonstrate that u solves the variational inequality in (3.7): For an
arbitrary fixed v € K(¥) monotonicity of the penalizing operator (. yields

(e, v — ue) > a(te, v — ue) + (Be(te) — Be(v),v —ue)L = (Pyv — ue) .

The assertion is thus obtained by letting ¢ — oo along the subsequence from above
and employing weak lower semi-continuity of a(-,-) + ¢ (-, ). O

Proof of Theorem 3.9 (ii)

The comparison principle in the general case is an immediate consequence of the
comparison principle for penalized problems (Theorem 3.7 (ii)) and the fact that
solutions of (3.8) converge pointwise to the unique bounded solution of (3.7). O

3.C.4 Proof of Theorem 3.10

As u, is an upper bound for the optimal stopping problem (3.5) for every € > 0
(see (3.11)), it suffices to verify that

limsup, | sup,ex(ue(z) —V(2)) <0 (3.30)

for an arbitrary compact set  in RY. For this purpose we fix K and estimate
the difference J.(v%; 2) — J(6; z) for an arbitrary stopping time § and z € K. Here
{(V}is0 & {I;>p }+>0 is an admissible control in the stochastic representation of
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ue (see Theorem 3.8 (ii)) and J¢ is the corresponding functional. J, on the other
hand, determines the optimal stopping problem (3.5). To simplify notation we
denote the discounting factor by

&G 2exp{— fgr(Zg’Z) ds}, t>0.

Then for arbitrary § € (0,1), z € K and R > 0 we set 7p(z) = inf{t >0 : Z0% ¢
Br} with Br £ Br(0) denoting the closed ball of radius R around 0 and obtain

Je(7%,2) = J(0; 2)
—E| [ P(Z)7) ¢ e—’i@ dt+ [ Lu(Z0%) & e

—0 2 .
<t — w(ZY )ge}
—E{fe Z)P) e dt+f9001\1’ ZP7) e ~at Tp>rp(2) (3.31)

1 0, —
+ f%ia ATR(Z) U(Z,7) e St Ty<rp(z)
i O L (2 e—t

0 2\ s
 dt Tpry(ey — W(Z)7) 5]

To estimate J.(7%; z) — J(0; 2) we consider each addend in the last equality sepa-
rately. Taking into account that & < e~"™! < 1, by straight-forward integration
we obtain that

t—6
B[ P 6 ] < [Pl
E[fgoo Ly(z)%) & e~ dt HQZTR(Z)} <[ Wl sUp, i E[em07r()]
An estimate for the third summand is given by
0, )
E[f(zoJré)/\TR(z) %\I’(Zt Z) gtz e < dt I[9<TR(Z):|
t—0
< H‘I/Hoo [foo %5 e dt ]L9<7-R(z)<9+6 + f9+5 P e e dt H9+5<TR(Z)}

< ¥ loo (sup,cx E[e 0] 4 e7¢).
(

Finally, the last line in (3.31) can be bounded from above as follows:

O0+)ATR(2 z\ ¢z —1=0 ) EZ
B [0 10(207) 6 ¢ 5 dt Tyeryy — W20 5]

0+0)ATR(z 2\ ¢z 2N ey =0
<E[ [T Lw(Z2)7) & - w(Z)) €) e T At Ty |

t—60
< dt :[[9<TR(Z):|

< B[ OO w2 g - w(Z)7) 6 e

O7 07
< ]E[SuptEZf:g W (Z,7) - ¥(Z, )l H0<7'R(Z):|
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with 7% £ [0, (0 + 6) A 7r(2)]. By uniform continuity of ¥ on Bg

pr(\) = sup |U(2) —¥(z)] =0 as A]O.

2,2/ €BR:|z—2"|<A

Therefore, employing the strong Markov property of Z%* and Doob’s maximal
inequality, we deduce that

E|supsez;, [W(2)7) = W(Z07) Tgry(s) |
< PR\ P(subyepp o151 20" — Zg " Tpcoo < A)
+ 2] 900 P(supseppora 120" — Z5* | Tocoo > A)
< pr(\) + 2= O (max; | dif|2,62 + max; ; [1S:5112.6)

for some non-negative constant Cy > 0. Therefore, taking into account all esti-
mates for the summands in (3.31), we find a constant C' > 0 such that

(%5 2) — J(6; 2)

< C(e+sup,ex Ele 0r()] + e + pr()) + ).

As the right-hand side depends neither on 6 nor on z, we obtain the following
estimate:

sup,exc(ue(z) —V(z2)) < C’(e + SupZGKIE[e_TOTR(Z)] + e’g +pr(\) + %) (3.32)

To finalize the proof we have to show that the right-hand side of (3.32) can be
chosen arbitrarily small. By Proposition 3.2

supze,CIE[e*mTR(z)] —0 as R—0.

and therefore we conclude the proof by noting that the right-hand side of (3.32)
can be made arbitrarily small by first choosing R large enough, then fixing a
A=AR)>0and d = () € (0,1) small enough and finally taking e such that

_9 .
€ + e~ ¢ remains small. O

3.C.5 Proof of Theorem 3.11

Let stopping times 7 < 01 < 09 and an Fr-measurable random variable ( be
fixed. As previously, Z™¢ denotes the diffusion starting at 7 in ¢ defined by (3.2).
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Step 1: Proof of the Inequality. Let {uc}c~o be the sequence of solutions to
penalized problems (3.8) that approximates u. Recalling non-negativity of ¢, we
deduce from the Ito-Dynkin formula for u. established in Theorem 3.8 (i) that

72 r(Z7%)ds

Ue(Zg’lc) Ipicoo <E [Ue(zgf) e Iy <oo

_rt 7,¢
7 e I EDC (27 by, < | B |

The assertion is obtained by dominated convergence upon € | 0.

Step 2: Proof of the Equality. To verify the equality result let oo be such that
oy <O =1inf{t >0 : u(Z]°) = ¥(Z°))}. Then for every € > 0 we set

08 £ oy Adnf {t > o1 1 u(Z7°) > W(Z70)).

As {uc}eso is monotonically decreasing towards u as e | 0, the stopping times
{05}e>0 are non-decreasing for € | 0. Furthermore, lim¢g 0§ = 02 almost surely.
Indeed, assume the contrary: let w € 2 be such that 0§ — 6 < 09, € | 0. Then

by continuity we have that uE(Z;’;) = ‘II(Z;-’;) and by local uniform convergence

of {ue}e>0 (see Theorem 3.10) we obtain for the w from above u(Zg’C) = \II(ZGT’C).

This contradicts the assumption oo < 6.

By Ito’s formula for u,. on the interval [o1, 05| we immediately obtain that

— [75r(27%)d
U Z58) Ty = Elue(Z5) & 1 EOS L

e _ [t ¢
7 e I T E R P70 | Fo .

The proof is finalized by letting ¢ | 0 and employing convergence of {o§}eso,
continuity of the paths and local uniform convergence of {uc}c~o from Theo-
rem 3.10. O

3.C.6 Proof of Lemma 3.12

For an arbitrary z € RV by Z%* we denote the diffusion process starting at 0 in
z that is uniquely determined by (3.2). Further, for every R > 0 let Z%*% be the
unique solution to

Zy=z+ [y dR(Zs)ds + [} S®(Zs)dW;, t>0 (3.33)
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where d and ST are the approximating sequences from assumption (A3). Then

707 = 70% for te[0,7p(2)] with Tg(z) 2 inf{t >0 : Z* ¢ Br}

with Br = Br(0). Hence for an arbitrary stopping time 6
Plloo —roTr(z
17(6;.2) = TR(8;2)] < E[2(L= 4 o) e Ty

where J and J¥ are the functionals defining the optimal stopping problem (3.5)
and the upper index R in J¥ indicates that the underlying state process is deter-
mined by (3.33) instead of (3.2). Therefore we find a constant C' > 0 such that
for an arbitrary compact set I C RY

sup,ex [V (2) — VR(Z)] < C'sup,ex E[Q*TOTR(Z)]

and the assertion follows by Proposition 3.2. O

3.C.7 Proof of Theorem 3.13

Let 7, 01 and o9 be arbitrary stopping times such that 7 < o7 < 3. Further,
we fix an F-measurable random vector ¢. To simplify notation we set {Z; }+>0 =
{ZZ’C}tZO and let {Z};>0 denote the unique solution of

Zy=0, tel0,7), Zi=C+ [LdB(Zs)ds+ [LSR(Z)dWy, t>7

for an arbitrary R > 0. As previously, d® and ST are given by assumption (A3).
Note that

Zy=2ZF for te|r,1g] with 72 inf{t>7 : Z, ¢ Br}

with Br = Bgr(0) and 7 — oo almost surely as R — oo.

Step 1: Ito-Dynkin Inequality. For every R > 0 Theorem 3.11 applied to VF
yields

— [P2p(ZR)ds
VA(ZE) gy coo <E[VR(ZE)e I

o1 ]101 <00

t
7 e I PR At oo | Fy .

81



3 General Running Cost Problems

Thus, by letting R — oo due to Lemma 3.12 we obtain the Ito-Dynkin inequality
(3.14) for the value function V:

V(ZUI)]IO'1<OO < E[V(Zgz) e f;f 7(Zs)ds Iy, <oo
 r(Zs)d (3.34)
4 [ e I () SP(Zt)dt]IgKoo’]:Ul}

Step 2: Equality in (3.34). Let us now demonstrate that (3.34) holds with equality
if o9 < 6 for
0Linf{t>71:V(Z°)=W(Z] )}

For this purpose we define
ol 2oy NOR for OF Linf{t > 7 : VE(ZE) = w(zF)}.

Then ot — o9 almost surely as R — oo. To verify this convergence we apply
a similar pointwise argument as in Theorem 3.11: Let w € € be such that there
exists a subsequence {R(l)};>1 converging to infinity

02 lliglo 05{([) (w) < oa(w).

Then, we can find an [y such that af 0 _ 6RO < o9 for all [ > ly. By continuity

of the state process and continuity of V' we find that VR(Z)(Z(;((IZ))) = \II(Z;E(ZZ))).

Then for [ — oo by means of local uniform convergence of {V}p~o we conclude
that
V(Z5) = ¥(Z).
for the w fixed above. This contradicts the assumption that oo < 0.
Next, Ito’s formula (3.14) applied to VI on the interval [o1,0%] immediately

yields

aR
VR(Z£> Iy co0 = E[VR(ZRR) o [72 r(z8) ds
73

HO’1<OO

t
e I T ISPz o0 | Foy |

o1

The proof is concluded by letting R — oo and employing convergence of {a?} R>0,
continuity of paths of state process and local uniform convergence of {V}g~q
towards V that we established in Lemma 3.12. O
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3.D Proofs for Section 3.5

3.D Proofs for Section 3.5
3.D.1 Proof of Theorem 3.14

We verify the assertion of the theorem only for the increasing sequence {Up, }m>0-
The result for {U™},,>0 is obtained in a similar manner.

Step 1: Lower Bound. Let us first verify that for every m > 1 (for m = 0 the
assertion obviously holds)

Un(2) <infs, I, (Sm;z). (3.35)

For this purpose we consider an arbitrary admissible strategy S = {7x, (x }1<k<m
with at most m interventions. Let {Z{ };>0 be the corresponding state process,
i.e. Zk & Z™% on [rg,7k11) for every k € {0,...,m} (here 7,1 = 00). By the
definition of .# from the inequality U,,—x+1 < # Uy, we derive that

Cg('za Z,) > Um—k’-l—l(z) - Um—k(zl)a ke {1) s 7m}'

Then, applying the It6-Dynkin inequality to Uy, —g+1 on [7x—1, 7x) (Theorem 3.13),
we obtain that

E[fon — Jyr(z8) dSP(ZS)dH—Zk e — o rZS)dS(g(Zk L)
Tk—1
+ X e B g2k g
>E[Zk 1( m— k+1(Zk71>€7f°k71r(zf)dsﬂrk,1<oo
— Upppir (ZE) e I r(Zf)dsHTNo)
+ 2k 1( k1 (ZE) e ot T

— Up—i(ZE ) e™ Jo* T(Zs)dsﬂrk@oﬂ
=Un(z)

_E[Zk lka e fo (ZS dsP(Zk l)dtﬂm 1<00

(3.36)

as Up = 0 and 79 = 0. As the strategy S was chosen arbitrarily, we deduce (3.35).

Step 2: Ezact Lower Bound. To prove that U,,(z) is the exact lower bound for
infs,, I, (Sm; 2), we define an impulse control strategy inductively and in the same
fashion as in the Verification Theorem 3.6 in Section 3.3:
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3 General Running Cost Problems

(a) f'g éO and 50 éz.

(b) For every k € {0,...,m—1}, assumed that the controlled process is already
defined on [0, 7) and an action (i at 7y is determined, we set

7A'k+1 = inf {t > 7A'k : Um,k(ZAf) = .//{Umfkfl(ZAf)}

where ZF £ Z 7w Then the state process Zt £ Zf for t € [Tk, Tit1). If

Tpt1 < 00, we set
s A =Up— k
Ck?"!‘l == k= 1(ZTk+1)

U,

Existence of a measurable minimizer =“m—+-1 of .#ZU,,_j_1 is ensured by

Proposition 3.4.
(¢) On {7, < co} the state process Z; coincides with ZmCm for t € [T, 00).

Let S 2 {7k, ék}lgk:gm denote the constructed strategy. S is obviously admissible.
Further, by construction we obtain for each k € {1,...,m}

C(ZEN 28 ) = U1 (Z571) = Ui (2E)

and hence by the Ito-Dynkin Formula from Theorem 3.13 the inequality (3.36)
holds with equality for §. This concludes the proof. 0

3.D.2 Proof of Theorem 3.15

First, we verify the statement for the non-decreasing sequence {Up,}m>1. Let
Sm = {7k, Ck }1<k<m be the optimal strategy defined in the proof of Theorem 3.14

and {Zt}t>o the corresponding state process. Note that 7 = ZTT"’C” for t > 7,
and therefore by the strong Markov property from Proposition 3.1 we obtain
0<U(z) = Un(z)
< I(8mi2) = In(Smi2)
B[ [y B pz .

Tm

—E[ (Zs)ds UO( )]Lfm<oo]~
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Boundedness of U° yields that

Fm (5 A 0 m [Tk r(Z)ds 7k—1
E|eJo™" r(Zs)ds UO(Z+m)]I+m<oo} = %E{Zkﬂe ot rze) s (2, I’Ck)}

1U°]loo

< T Unm(2)
lU°IZ,
S Km °

An estimate for {U™},,>1 is obtained in a similar fashion by noting that
0<U™z) —U(z) <U™z) — Un(2) < E[ S22 e forZ)asp(Z) dt L, oo

and applying the strong Markov property. O
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4 Small-Cost Asymptotics for Growth
Rates in Incomplete Markets

In Chapters 2 and 3 have analyzed methods for solving problems with transaction
costs that are based on finite element methods and convergence results in ap-
propriate Sobolev spaces. This approach requires additional regularity conditions
(cf. assumptions (A3) in Chapter 2 or (A2) in Chapter 3) that do not necessarily
hold for some important benchmark examples, as e.g. the Heston model. The key
characteristic that gives rise to the alternative method discussed in this chapter
is the fact that we often encounter cases of very small transaction fees in practice.
Mathematically, this means that one considers a financial market with transaction
costs of order € and investigates the asymptotic behavior of optimal strategies and
indirect utilities as € | 0.

This chapter is based on joint work with Frank Thomas Seifried and is an extended
version of Melnyk and Seifried [2014].

4.1 Introduction

In this chapter, we provide an asymptotic analysis for long-term growth rates un-
der both proportional and Morton-Pliska transaction costs in an incomplete finan-
cial market with an unspanned Markov factor process. This framework includes
the Heston stochastic volatility model Heston [1993] and the Kim-Omberg Kim
and Omberg [1996] stochastic excess return model as special cases. Our optimiza-
tion criterion is the long-term growth rate of the investor’s wealth,

E InZ$

R¢ = sup lim inf
S T—oo

where the supremum extends over all admissible trading strategies S.

Contribution. First, we demonstrate that the optimal long-term growth rate
satisfies
R = R 4+ ¢2Q + O(¢")
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

where RY denotes the optimal growth rate in the absence of frictions, a = 2/3,
B =1 for proportional transaction costs, and o = 1/2, 8 = 3/4 for Morton-Pliska
costs;! see Theorems 4.9 and 4.15. In both cases, we are able to identify the
leading-order coefficient @) as an average of a local correction term Qoc(v) with
respect to the stationary distribution of the factor process v,

Q= E[Qloc(voo) HvooEIO ] :

Moreover, we explicitly construct strategies that achieve the optimal long-term
growth rate at the leading order. The associated no-trading regions are given by
truncated, skewed tubular neighborhoods around the frictionless optimizer, with
widths of order /3 for proportional costs, and of order /4 for Morton-Pliska
costs; see, e.g., Figures 4.1 and 4.4.

Second, we analyze the performance of Morton-Pliska investment strategies? in
settings with proportional transaction costs. We find that the optimal Morton-
Pliska strategy achieves the leading-order optimal growth rate €2/3, with a leading-
order coefficient reduced by 26%. Equivalently, the optimal Morton-Pliska growth
rate is the same as the optimal one with costs increased by a factor v/2.

Third, we extend a classical result of Breiman [1961] and verify that the leading-
order optimal strategies are in fact pathwise optimal: They maximize the long-run
growth rate path by path, at the leading order.

The approach taken in this chapter is close in spirit to that of Jane¢ek and Shreve
[2004] and Bichuch [2012]. However, while their analysis involves exact sub- and
supersolutions, in this chapter we directly use asymptotic expansions of the value
functions and provide explicit bounds for the relevant higher-order terms.

Related Literature. This chapter adds to a growing literature in the area of asset
allocation under transaction costs by providing a rigorous asymptotic analysis of
long-run optimal portfolio choice in the presence of both transaction costs and
an unspanned factor process. While several alternative optimization criteria have
been used in the literature, including finite and infinite horizons, utility from

!This is in line with the formal results of Atkinson and Wilmott [1995] and Kallsen and Muhle-
Karbe [2013].

2Briefly, a Morton-Pliska strategy dictates that the investor does nothing as long as her risky
fraction stays within a no-trading region, and trades to a fixed point in the interior as soon
as it hits the boundary; see Section 4.5 for a rigorous definition.
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4.1 Introduction

terminal wealth and/or consumption, risk-sensitized growth rates, etc., in this
chapter we focus on the optimal long-term growth rate.

Asset allocation under transaction costs has been studied intensively since the
seminal work of Magill and Constantinides [1976]. Among many other important
contributions, Taksar et al. [1988] and Davis and Norman [1990] investigate opti-
mal portfolio strategies in single-factor Black-Scholes markets under proportional
transaction costs, and Korn [1998] extends their analysis to costs with a fixed
component. Morton and Pliska [1995] introduce and analyze transaction costs
proportional to the investor’s wealth. Bielecki and Pliska [2000] analyze optimal
long-term growth rates with a general transaction cost structure.

Atkinson and Wilmott [1995] are the first to provide formal small-cost asymp-
totics in a classical Black-Scholes market with Morton-Pliska costs. Kallsen
and Muhle-Karbe [2013, 2014] formally derive leading-order optimal trading poli-
cies for general market models in the presence of proportional transaction costs.
Bichuch and Sircar [2014] use a perturbation approach to analyze portfolio prob-
lems with fast- or slow-moving stochastic volatility and proportional transaction
costs. These heuristic approaches have been complemented by a number of pa-
pers that provide rigorous asymptotic expansions. Thus Janecek and Shreve [2004]
and Bichuch [2012] base their analysis on an exact sub-/supersolution approach
in one-dimensional Black-Scholes models. Gerhold et al. [2012, 2013] and Gerhold
et al. [2014] and Guasoni and Muhle-Karbe [2014] use a shadow price approach
to obtain asymptotic expansions in one-dimensional Black-Scholes markets under
small proportional transaction costs for finite and infinite time horizons and con-
stant absolute and relative risk aversion, and Kallsen and Ahrens [2014] verify
the main results of Kallsen and Muhle-Karbe [2014]. Soner and Touzi [2013] and
Possamai et al. [2013] attack portfolio problems with general utility functions and
asset dynamics using viscosity and homogenization techniques. Akian et al. [2001]
analyze optimal long-term growth rates using viscosity methods, but focus on a
Black-Scholes market model. Finally, Altarovici et al. [2015] investigate the case
of small fixed transaction costs.

Finally, there is a classical related literature on optimal strategies for long-term
growth rates in frictionless markets, including Kelly [1956], Breiman [1961], and
Bell and Cover [1980]; we refer to MacLean et al. [2011] for an overview. In con-
trast to this literature, in our setting returns are not independent and transaction
costs apply. Nevertheless, we find that the leading-order optimal strategy remains
both myopic and pathwise leading-order optimal as in Breiman [1961] and Kelly
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

[1956].

Outline. The remainder of this chapter is structured as follows: In Section 4.2
we introduce the financial market model, the long-run growth rate criterion, and
the portfolio optimization problem without transaction costs, with proportional
transaction costs, and with Morton-Pliska costs. We also report some classical
verification results on the corresponding variational inequalities (VIs). Section 4.3
provides heuristic intuition for the asymptotic expansions of optimal growth rates
using both stochastic and PDE-based arguments. In particular, we define the
leading-order VIs, which play a key role for the rigorous analysis of Sections 4.4-
4.7. Sections 4.4 and 4.5 establish the first two main results of the chapter: The-
orems 4.9 and 4.15 identify the asymptotic expansions of the optimal long-term
growth rates under proportional and Morton-Pliska costs, respectively, together
with detailed discussions of the proofs and explicit constructions of leading-order
optimal trading strategies. In Section 4.6 we analyze the performance of Morton-
Pliska strategies under proportional transaction costs and quantify the loss com-
pared to the globally optimal strategy (Theorem 4.21). Finally, Section 4.7 ex-
tends the main results of this chapter to pathwise, rather than expected, long-run
growth rates (Theorems 4.25, 4.26, 4.27). The Appendix contains proofs omitted
from the main text.

4.2 Financial Market Model and Variational Inequalities

This section introduces our mathematical framework. We define the long-term
growth rate and discuss the portfolio dynamics in the frictionless case and with
proportional or Morton-Pliska costs. We also state two general verification results
that apply if a sufficiently smooth solution of the associated dynamic program-
ming equations (variational inequalities), see (4.13) and (4.16), is available. The
asymptotic analysis of Sections 4.4 and 4.5 is based on these variational inequal-
ities.

4.2.1 Asset Price Dynamics and Long-Term Growth Rates

Financial Market. Throughout this chapter we fix a filtered probability space
(Q, A, F,P) where the filtration F = {F;};>0 satisfies the usual conditions. We
consider a general Markov factor financial market model with a cash account B
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that satisfies
dBt = Bt T(’Ut) dt (41)

and a stock (stock index) S with dynamics
dSy = Si[(r(ve) + A(ve)) dt + o (v) dW] . (4.2)

Here v is an underlying factor process that takes values in an open interval Z C R
and whose dynamics are given by

dvy = a(vy) dt + B(ve) dW;. (4.3)

The functions r, A, o, a, 8 : Z — R are Borel measurable and polynomially
bounded, and /3 and o are strictly positive and of class C2. W and W are Brownian
motions with

th th = p(vt) de

where p : T — [—1, 1] is Borel measurable. We assume that the system (4.1), (4.2),
(4.3) has a pathwise unique strong solution for all ¢ > 0 and every initial data
(v, Bo, So) € T x (0,00) x (0,00).3 This abstract model subsumes two important
benchmark examples as special cases:

Example 1: Heston Model. In the Heston stochastic volatility model (see Heston
[1993]) the asset price dynamics are given by

dBt = T'Bt dt
dSt = St [(T + )\) dt + ﬁth] (44)
dvy = —0(v, — n) dt + /v, AW,

where 7, \, 0, 0, B are constants, 20n > B? and p € (—1,1) is constant.* The
factor process v represents squared stochastic volatility and is modeled by a square-
root diffusion with values in T = (0, 00).

3This assumption is satisfied, e.g., under suitable Lipschitz conditions. We do not, however,
make any such assumption here.

4 Alternative specifications of the excess return subsumed by our framework include, e.g., AUt
which implies a constant market price of risk, and Av;. Our definition (4.4) coincides with
Heston’s original one and yields a non-constant market price of risk of A\//v;.
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Example 2: Kim-Omberg Model. The Kim-Omberg stochastic excess return
model introduced in Kim and Omberg [1996] specifies the price dynamics

dBt = TBt dt
dSt = St [(7’ + 'l)t) dt+ o th] (4.5)
dvy = —0(vy —n) dt + BdW;.

with constants r, o, 0, n, B, p. Thus the Ornstein-Uhlenbeck process v models a
stochastic, mean-reverting excess return in Z = R.

Remark. Our general framework also subsumes the 3/2 model of Chacko and
Viceira [2005], the Brownian version of the COGARCH model in Kliippelberg
et al. [2004], and the Schwartz commodity model in Schwartz [1997], among others.
With some additional care concerning integrability conditions (see assumptions
(A1) and (A2)), our analysis can also be accommodated for these models.

Throughout this chapter, we assume that the factor process v satisfies the follow-
ing assumption:
(A1) There exists a random variable vo, such that

(i) For every Borel measurable function h : T — R with E[|h(vs)|] < 0o
we have

Jim. %E[fOT h(vs)ds} = E[h(vso)].

(ii) The distribution of veo is absolutely continuous with a locally bounded
density and satisfies E[|vs|™] < 0o for all m > 1.
(iii) For all initial values vo € Z and all a € T we have
E[H"] <oco where H®*Z=inf{t>0: v =a}

and, moreover,

E[IOHG v ds} < oo for everym > 1.

Assumption (A1) ensures the long-term ergodic behavior of the state process that
is required for our subsequent analysis. The above conditions are easily verified
for both the Heston and the Kim-Omberg model.”

Notation. In the following, v always denotes the random variable in (Al).

5 The stationary distribution of v in the Heston model is a Gamma distribution with shape
2
parameter zﬁige and scale parameter 5—9. In the Kim-Omberg model the stationary distribution

is N'(n, %)
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4.2 Financial Market Model and Variational Inequalities

Long-Term Growth Rate. The investor focuses on her portfolio performance in
the long run. Her goal is to maximize the long-term growth rate of her wealth,

E InZS
R 2 supliminf ———L
R

(4.6)
over all admissible trading strategies® S. Here Z° denotes the investor’s paper
wealth process, or, equivalently for the purposes of (4.6), the liquidation value
of her portfolio; see the discussion of assumption (A2) below. In general, the
criterion (4.6) is also known as the Kelly criterion, see Kelly [1956]. Besides
maximizing the growth rate of the investor’s wealth (see, e.g., Algoet and Cover
[1988], Breiman [1961], Jamshidian [1992] and Karatzas [1989]), Kelly strategies
are also competitively optimal, see Bell and Cover [1980], and closely related
to the numéraire portfolio theory and the benchmark approach to finance (see,
among others, Becherer [2001], Karatzas and Kardaras [2007], Platen [2011]). We
refer to MacLean et al. [2011] for an overview and further properties of the Kelly
criterion.

(A2) Short positions in either cash or stock are prohibited. The fraction of the
investor’s wealth invested in stocks at time t = 0 is given by b°(vg), where

BO(v) 2 (28 v o) AL

Some observations concerning the criterion (4.6) and assumption (A2) are in order:

First, note that the long-term growth rate does not depend on the level of initial

wealth since s s
ElnZ E In(Z7/Z

lim inf ———L = lim inf (7T/0).

T—o0 T—o0 T
Second, for both proportional and Morton-Pliska costs (see below), the growth
rate is not affected by any single additional trade (e.g., at the beginning or at T'),
since the post-trade wealth is always in the interval [(1 —¢€)Zp, Z7]. In particular,
the long-term growth rate is the same whether we define it using paper wealth or
liquidation values. It is for the same reason that the second part of the preceding
assumption, concerning the initial stock position, is without loss of generality.

5In the sequel we consider different types of costs, and the class of admissible strategies S will
be defined accordingly.
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Third, in what follows we will focus on the case b°(vg) € (0,1). The proofs for
b0(vo) € {0,1} are entirely analogous with minor notational modifications.

Fourth, it is intuitively clear that the growth rate is also independent of the initial
value vg of the volatility process. In Theorems 4.9 and 4.15 below, we demonstrate
rigorously that, up to its leading order, the optimal long-term growth rate does
indeed not depend on wvyg.

To see heuristically why the initial volatility vy is immaterial for the long-term
growth rate, let a,b € Z and consider an arbitrary trading strategy S° that is
admissible for vg = b. Now define an admissible strategy S¢ for initial volatility

vy = a as follows: Keep all wealth in stock until the factor process hits level b, i.e.
until H® = inf{t > 0 : v; = b}, and apply the strategy S® on [Hj,00). Then for
all T > 0 it follows that

[ln zs

St —InZ5,] = EP[In 78" —n Zp]

so the long-term growth rates of S® and S satisfy

hTm inf X 7B [ln Zﬁ +T]
zs5, a
= hTHi,loréf 7E*[In gSiT +In Z‘Sb]

= lim inf £ (E° [ln ] + E° U r(vs) ds + In Zy — cost(0) — cost(H?)])

T—o0

= liminf = Eb [ In Z‘Sb}

T—o0

where cost(-) denotes potential transaction costs. In addition we have

lim inf TE“ [ln AN ]

T—o0 HO 4T
z8,
_hmmf 1E*[In Z$" + In ;SiT]
< liminf 7 (E*[In Z§"] + B [T (e (vg)] + [A(vs)]) ds])
= liminf +# E“[an‘Sa]
T—oo

Hence the long-term growth rate of S* exceeds that of S°. By interchanging the
roles of a and b it follows that the long-term growth rate is independent of initial
volatility.
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4.2.2 Optimal Growth Rates without Transaction Costs

Having set up our mathematical framework, we first briefly address the frictionless
case. In the absence of transaction costs, the investor can freely specify the desired
portfolio allocation and implement it without losses. Thus the set of admissible
trading strategies A consists of all progressively measurable processes S = {b; };>0
that take values in [0, 1] where b; represents the fraction of the investor’s wealth
invested in stocks at time ¢. The corresponding wealth process Z° satisfies

Az = Z8 (r(vy) + Moy by) dt + Z8 by o (vy) AW,

and remains positive almost surely. The long-term growth rate attained by the
strategy S is given by

lim inf ng = hmlnf [fo ( r(ve) + A(vg) by — 50’(’01&) bf) dt}.

T—o00

Thus we obtain the optimal long-term growth rate by maximizing the determin-
istic function

f(v,0) £ 7(v) + A(v) b — S0 (v)??
Aw)? 1 A(v) \2
( )+ 2 0(2)2 o QO-( ) (b_ O'(’U)z) :
It follows that the optimal strategy is given by the Merton proportion
_ )
b(v) = (25 VO) AL
The associated optimal long-term growth rate without transaction costs can now
be calculated directly with the help of assumption (A1) (i):

RO 2 fim FE| [ f(00,00(vs)) ds| = Elf (vae, b(v00))):

(4.7)

Equivalently, if we define the local growth rate for the frictionless market via

Ripe(v) £ f(v,0°(v)) (4.8)
then the optimal long-term growth rate rewrites as
R = E[Rf,,(vs0)). (4.9)

We will show in Sections 4.4 and 4.5 below that a representation of the form
(4.9) continues to hold, with a suitably modified local growth rate, under both
proportional and Morton-Pliska transaction costs.

In the following we impose a weak regularity condition on the frictionless optimal
strategy.
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(A3) The set
'L {wel:0< 2 <1}

O'(’U)2 —=

is an interval, and the function \/a? is of class C* with (\/o?)'(v) > 0
or (\/a?) (v) < 0 on ZI°. To rule out trivial cases, we further assume that
'+ @ and I° # T.

This assumption, as the previous ones, is satisfied for both the Heston model (with
A(v)/o(v)? = A/v) and the Kim-Omberg model (where \(v)/o(v)? = v/0?). Tt
implies that there is a bounded monotone function b* on Z that is of class C3(T)
with bounded derivatives and that satisfies

b*(v) = AW on 70,

We select and fix such a function b* for all that follows.

4.2.3 Wealth Dynamics with Proportional Costs

In the presence of proportional transaction costs, a trading strategy is defined as
a pair of F-adapted non-decreasing cadlag processes {(L¢, M;)}i>0 with Lo— =
My_ = 0 that represent the cumulative $-amounts transferred from the cash
account into stocks and from stocks into the cash account, respectively, by time ¢.
X; and Y; denote the $-holdings in cash and stock at time ¢, respectively. Then,
similarly to Davis and Norman [1990], the portfolio dynamics are given by

dX; =r(v)Xpdt — (1 +€)dL; + (1 — €) dMy,

aY; = Yi((r(ve) + Av)) dt + o(v) dWe) + dLe— dagy 1O

where € represents the size of the proportional transaction costs.

Notation. As a general rule, to avoid confusion we write Z to designate a quantity
z in the proportional costs setting; in the case of Morton-Pliska below, we will
write Z.

Definition 4.1. The set .A(x, y) of admissible trading strategies in the market with
proportional transaction costs consists of all pairs of F-adapted non-decreasing
cadlag processes (L, M) with Lo— = My— = 0 such that (4.10) initiated in (x,y)
has a unique solution in [0,00)? \ {(0,0)}.
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Note that this definition rules out short positions in either bond or stock, so
solvency is ensured at all times.

The paper wealth process associated with an admissible strategy {(L¢, My)}+>o is
defined by Z; £ X; +Y; and satisfies

dZ; = Zi(r(ve) + Mve) be) dt + Ziby o (ve) AWy — €d Ly — €dM;.
Here by £ Y;/Z; is the fraction process. 1t6’s formula yields the dynamics of b via
by = bo + i b 1—b)(/\( s) — o(vs)2 bs) ds—i—fot be(1 — b) AW,
+ Jy (L4 0s€) F5 o+ Jo (=1 + bsé) Z +20<s<t( — bs—)

where L€ and M€ are the continuous parts of L and M. For simplicity, we denote
the infinitesimal generators of {v;};>0 and of the pair {(v,bt)}+>0, respectively,
by

(4.11)

gvéa() 26() 3'02
L L 2L b(1-b)(A\v) — o(v)2b) L

+30(0)202(1 = )25 + p(v) Bv) o(v) b1 — b) ;2o .

Given an arbitrary admissible strategy S = (L, M) € A(z,y), we can now repre-
sent the long-term growth rate as

. . Emnzs$ ..
inind S5 =it LB b
T . dLS (T . dMS
_fo Zo —Jo €77 +Zo<s<T(1nZ anS,)}

where the function f is defined in (4.7). In particular, the optimal long-term
growth rate R® with proportional transaction costs is given by

RE 2 sup liminf 4 E[fo (vg, bs) ds
(L, M)GA =00 (4.12)

T dlg T Ay
S S el It =+ 3 gcs<r(InZs —In Z;_)

where the dependence of b and Z on (L, M) is implicit.

It is well-known from singular control theory (see, e.g., Fleming and Soner [2006])
that a sufficiently regular solution of the variational inequalities corresponding to
the stochastic control problem (4.12) yields an optimal strategy. In the context
of this chapter, a classical result in this spirit is as follows:
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Theorem 4.2 (Classical Verification). Suppose there are measurable functions
¢:Ix[0,1] =R and R:Z — R such that

(i) (;AS is of class C? and bounded together with its derivatives;
(it) E[|R(voo)[] < 00;
(iii) ¢ and R solve the variational inequalities (VIs) for (v,b) € T x [0,1]

min{ —Z¢(v,b) + R(v) — f(v,b),

—6b(v, b) (1 + éb) + & —p(v,b) (=1 + éb) + é} = 0. (4.13)

Then

AE < lim 1 T £ _ A . )

R < limint TE[ 15 R(vs)ds] E[R (000 )] (4.14)
Furthermore, if there exists an admissible strategy (f), M ) such that

(a) both L and M are continuous,

(b) the corresponding state process (v,b) stays inside the no-trading region

{(v,b) €T x[0,1] : —Ld(v,b) + R(v) — f(v,b) = 0}

(c) the process L (M) increases only at times when (v,b) is in the

buying region {(v,b) € T x [0,1] : —¢p(ve, b)(1 + €by) + € =0}
(selling region {(v,b) € T x [0,1] : —¢p(ve, by)(—1 + €by) + € = 0})

i.e. trading occurs only on the boundary of the no-trading region,

then (4.14) holds with equality, and (fJ,M) 18 an optimal trading strategy.

Proof. See Section 4.A.1. O

Definition 4.3. The function R in Theorem 4.2 will be called the local growth rate
and denoted by Rléoc' The optimal long-term growth rate can thus be represented
as

RE=E[R (vso)]-
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4.2 Financial Market Model and Variational Inequalities

To the best of our knowledge, closed-form solutions to the VIs (4.13) are not
available, and numerical methods are difficult to apply since the operator .Z de-
generates on the relevant boundaries. Thus, in concrete applications the abstract
result of Theorem 4.2 may be of limited use. Hence, in this chapter, we take
an alternative approach: We focus on analytical results for leading-order optimal
strategies. This will be done in Sections 4.3, 4.4 and 4.6. In the remainder of Sec-
tion 4.2, we first provide a similar classical verification result for Morton-Pliska
costs.

4.2.4 Wealth Dynamics with Morton-Pliska Costs

Morton-Pliska costs, as introduced in Morton and Pliska [1995], stipulate that for
each trade the investor must pay a constant proportion ¢ of her wealth. This type
of cost may appear unrealistic, but has benefits from both a mathematical point of
view (increased tractability), and from a practical point of view (attractive optimal
strategies). In general, Morton-Pliska costs do not allow for infinitely many trades
in finite time, for otherwise the investor would go bankrupt. Therefore only
impulse control strategies are feasible. The following definition is tailored to the
case under consideration and therefore differs from the definitions used in the
previous chapters:

Definition 4.4. The set of admissible trading policies A under Morton-Pliska
costs consists of all sequences {1y, T} >0 such that

(i) 7'0:0 and 7T0:b0;

(i) {7k }k>1 is a sequence of F-stopping times with 7, < Tp41 on {1, < oo} and
T — 00 almost surely;

(iii) 7 is a [0, 1]-valued F;, -measurable random variable for all k > 1.

As previously, the time 75, represents the k' intervention time, and 7 is the
updated value of the fraction process after trading at 7.

Remark. In view of the discussion following the long-term growth rate criterion
(4.6), Condition (i) is merely a notational convention. Note that Condition (ii) re-
quires the sequence of intervention times {1y} to be strictly increasing, thus ruling
out double interventions;” this is done to avoid unnecessary technical complica-

" It is intuitively obvious that double interventions are suboptimal in the case under consider-
ation.
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets
tions. We will demonstrate that the leading-order optimal strategy we construct
satisfies this property.

Proceeding similarly as in the case of proportional transaction costs, consider an
arbitrary admissible trading strategy S = {7, T }x>0. It0’s formula shows that
for each k£ > 0 the associated fraction process b = bS satisfies

b=k + [1 bs(1 = bs)(A(vs) — 0(vs)?bs) ds + [7 () bs(1 — by) AW, (4.15)
for t € [, Tk41). The wealth process Z = Z° evolves on |1}, Thy1) according to
Zy = Zn + [} Zo(r(vs) + Mva)bs) ds + [ Zebso(vs) AW

with Zr, ., = (1—¢)Z;,,—. Then using It6’s formula once again we can represent

the long-term growth rate as

Ré é sup hmlnf %E{fo’r f(v87 bf) dS + 1n<1 - é) 22021 HTk<T] :
Sed T—o00 B

Similarly as in the setting with proportional costs, the following classical result
can be proved along the lines of Bielecki and Pliska [2000]:

Theorem 4.5 (Classical Verification). Let ¢ : T x [0,1] = R and R: T — R be
measurable functions such that

(i) b is of class C? and bounded together with its derivatives;
(ii) E[|R(voo)l] < o0
(iii) ¢ and R satisfy for (v,b) € T x [0,1]

min{—Z¢(v,b) + R(v) — f(v,b), ¢(v,b)} =0,

4.16
SUPpe(o,1] ¢(v,b) +In(1—€) =0 ( )

Then the optimal long-term growth rate is given by

R =liminf $E| [ R(v,) ds| = E[R(vs0)]

T—o00

and is attained by the strategy S = {, Tk b k>0 that is defined in a similar way as
in Theorem 3.6: 7o £ 0 and 7o £ by and for ever k > 1
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4.2 Financial Market Model and Variational Inequalities
(a) 71, 2inf{t > 7_1 : (v, b)) &€ NT} with the no-trading region®

NT 2 {(v,b) € Tx[0,1] : d(v,b) > 0}

(b) 7, is a (measurable) maximizer of ¢(vs,,-) on 7 < oo and 0 otherwise.

Proof. See Section 4.A.2. O

Definition 4.6. The function R in Theorem 4.5 will be called the local growth
rate and is denoted Rléoc. In terms of this local growth rate, we have

RE = B[RS, (vs0)].

Remark. Note that (4.16) differs somewhat from the standard formulation of
variational inequalities that we saw in the previous chapters and which in the case
considered here would read (see, e.g., Bielecki and Pliska [2000], Korn [1998])

min{—2¢(v,b) + R(v) — f(v,b), $(v,b) — A $(v)} =0 (4.17)
where the intervention operator is given by

M P(v) = supyep 1) B(v,0) + In(1 —€).

Note that (4.16) immediately implies (4.17). Conversely, it is not straightforward
to derive (4.16) from (4.17) since it is not a priori clear that 4 ¢ belongs to the
kernel of £. In the context of asymptotic expansions for long-term growth rates
as studied in this chapter, the formulation (4.16) is more convenient.

The discussion following Theorem 4.2 applies mutatis mutandis to Theorem 4.5:
Since closed-form solutions to the VIs (4.16) are difficult to come by, we take an
asymptotic approach for small transaction costs. In the next section we first give
a heuristic derivation of the leading-order VIs corresponding to (4.13) and (4.16),
respectively.

¥Note that N7 C {(v,b) € Z x [0,1] : —Z¢(v,b) + R(v) — f(v,b) = 0} by the variational
inequalities (4.16)

101



4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

4.3 Heuristics for Leading-Order Variational Inequalities

Transaction costs alter tradeoffs in optimal portfolio allocation fundamentally.
Before we rigorously address optimal strategies, let us briefly recall the underlying
mechanisms on an intuitive level. In general, utility losses caused by transaction
costs are due to two effects:

(i) direct costs incurred in market transactions, and
(ii) indirect costs caused by misallocations in the investor’s portfolio.

At the optimum, the investor balances these two effects by a suitable choice of
the no-trading region. The resulting tradeoff between (i) and (ii) can be studied
analytically. Thus it has been shown for different optimization problems that the
correct scaling of the no-trading region and the leading-order loss are characterized
by elementary minimization problems: For proportional transaction costs, this
reads

min [C'¢® + £] (4.18)

q

(see Janecek and Shreve [2004], Rogers [2004]); for fixed transaction costs as in,
for instance, Altarovici et al. [2015], it becomes

min [Cq* + 5] (4.19)

Here q represents the half-width of the no-trading region. The summand C ¢ is
proportional to the losses due to misallocation, and the second terms are propor-
tional to the respective direct transaction costs.

In this section we provide two alternative heuristic methods to determine the
leading orders for the expansions of the relevant VIs (4.13) and (4.16). First,
using stochastic arguments tailored to the problem under consideration, we derive
elementary optimization problems similar to (4.18) and (4.19). These allow us not
only to determine the correct scaling, but also yield the correct width of the no-
trading region and the leading-order coefficients. Second, we confirm these results
analytically by inserting general expansions into the VIs (4.13) and (4.16) and
comparing the leading orders. In addition, that approach also yields variational
inequalities for the leading-order coefficients; see (4.35) and (4.36). These will be
the basis for the analysis in Sections 4.4 and 4.5.

The arguments in Section 4.3 are heuristic throughout; their merit is in the intu-
ition they provide. The conclusions in Section 4.3 are substantiated by the main
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4.3 Heuristics for Leading-Order Variational Inequalities

results of this chapter, which are contained in the rigorous analysis of Sections
4.4, 4.5 and 4.6.

4.3.1 Stochastic Approach

In the following we determine the leading orders and the leading-order coefficients
implied by proportional and Morton-Pliska transaction costs, as well as the widths
of the associated no-trading regions. To fix ideas, we focus on a simplified model
with frozen factor v = ¥ and assume as above that b = \(9)/0(v)? € (0,1).
Moreover we suppose that by = b.

First, we simplify the dynamics of the fraction process. Note that by (4.11) and
(4.15) the fraction process is mean-reverting towards b. Since the optimal fraction
process is typically close to b, we may ignore the drift term, so the dynamics of
{bt}+>0 are approximatively given by

db; = o(v) b(1 — b) dW;. (4.20)

In particular we expect the leading-order approximation of the no-trading region
B, £ (b—q,b+ q) to be symmetric around the Merton fraction b.”

Proportional Transaction Costs. Motivated by the classical verification result
of Theorem 4.2, we expect the optimal fraction process to be reflected on the
boundary of B;. Thus the optimal fraction process {b:};>0 is essentially a re-
flected Brownian motion in B,. By ergodicity, {b;}+>0 converges to its stationary
distribution on By, which is uniform. This puts us into a position to quantify the
effects of transaction costs: The local times of {b;};>0 on the lower and upper
boundary of B, are given, respectively, by

I+ (—a@Fe and  [5(1—(b+aq)e)FE.

¥ Motivated by Gerhold et al. [2014] and Gerhold et al. [2013], for proportional transaction
costs we expect the no-trading region to be non-symmetric in the third order, whereas the
second-order coefficient in the expansions of the boundaries of the no-trading region should
equal 0 as there is no consumption involved. In the case of Morton-Pliska costs the numerical
studies of Morton and Pliska [1995] indicate that the optimal rebalance point differs from
the Merton fraction b and that the no-trading region is asymmetric around both b and the
optimal rebalance point. To the best of our knowledge, there are no papers that provide
higher-order expansions for the Morton-Pliska case.
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

Hence the direct costs due to stock purchases are

lim IE[ Te dL]

T—o0 Zs
_ é : 1 T dLs
= T A FE[S 1+ 0 - 00 %

11
= - qleggolgfng*a [fo 203 (1 =)’ I cfpqp—gos) d

= Tr— q)ehmza"( 0)?0%(1 — b)? gqus Loe(p—q,5—q+s) b
= T@”_q)gﬁ o(v)2b?(1 - b)2.

Analogously we obtain for the direct costs of asset sales

1 T edM, | é 1 —\2 7.2 7\2
Tlgréo E[ €7 } = 1—(5+q)éﬂ0(v) b*(1—0b)*.

The indirect costs can be calculated using the fact that reflected Brownian motion
is ergodic with a uniform stationary distribution. We obtain

Jim 11@[[0 )ds}z 5.0) = & [, 30(0)* (0 = b)*db = R® — 0(0)* L ¢
where f is defined in (4.7). In total, the long-term growth rate corresponding to
the no-trading region B, is given by

RV — o (0)? (£ ¢* + %) +0(é) where D £ 1b%(1—1b)2 (4.21)
Thus the optimal half-width ¢ of the no-trading region is the solution of
min (54 + 2] (4.22)
and the optimal strategy is given by
G=¢Y3(3D)Y/3, (4.23)
The implied optimal long-term growth rate is given by
Ré =R+ &3(— 5 0(0)? (3D)%/3) + o(e*/3). (4.24)

This is in line with the insights of Kallsen and Muhle-Karbe [2014] who point
out that, for proportional transaction costs, in general 1/3 of the leading-order
coefficient results from indirect costs, while the remaining 2/3 are due to direct
trading costs. The expansion (4.24) and the width of the optimal no-trading
region ¢ are also consistent with the findings in [Gerhold et al., 2013, Sections 6.2
and 6.3], after a suitable rescaling of the cost parameter.
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4.3 Heuristics for Leading-Order Variational Inequalities

Remark. Note that (4.22) can be rewritten equivalently as

min [3Var'(q) + & gart 5] (4.25)

where Var'(q) denotes the variance of the uniform distribution on [—q,q]. The
term éq represents the cost of trading to the frictionless optimizer.

Morton-Pliska Costs. Similarly as for proportional costs, the classical verifi-
cation result in Theorem 4.5 yields the following candidate for a leading-order
optimal trading strategy: Whenever b hits the boundary of the no-trading region
Bg, the investor shifts her fraction process back to the frictionless optimizer b.
Strategies of this type will be called Morton-Pliska strategies. The stationary
distribution of the fraction process {b;};>¢ corresponding to the Morton-Pliska
strategy on B, is therefore given by the triangular distribution with density
a1 ) —b+(b+q), be( q)
d(b) = Z { b—(b—q), 5. (4.26)

Thus we have
Jim %E[fOT f(z’;,bs)ds} = [(0.0) ~ [, 4 0(2)* (b~ B)*d(b) db

o(9)?
:RO— (12) q2_

(4.27)

To quantify the direct trading costs, we consider the sequence of exit times {7, }n>1
of the fraction process from the interval B, and define o; 27— 71, i > 1 (here
70 = 0). Then {0;};>1 are i.i.d. and hence

#(T 2 T
A D) = g Lt 00 > Elow) = Sapiha and D 1

almost surely as " — oo. Here #(T") denotes the number of trades before time
T'. Therefore

lim inf BT - c@ 0 (4.28)

Hence, after combining (4.27) and (4.28), we obtain
0<RO—R6<L6)2 2 _In(1 — ¢)2@PA-0?
- =T ¢ -9 g (4.29)
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

Thus the appropriate scaling and width for the no-trading region under Morton-
Pliska costs are determined by the minimization problem

mqin[% ¢ + 2] (4.30)
The optimal half-width of the no-trading region is
G = &/4(24D)"/4
and by (4.29) the corresponding optimal long-term growth rate is given by
R = RO+ 8/2( — 1 o(0)2 (24D)1/2) + o(&/2).

This expansion and the width of the no-trading region ¢ coincide with those
obtained by Atkinson and Wilmott [1995]. In contrast to the case of proportional
costs, with Morton-Pliska costs direct and indirect costs contribute equally to the
leading-order coeflicient.

Remark. Similarly as above, we can represent the minimization problem (4.30)
via

min [3Var'™(q) + %W}. (4.31)
Here Var'"(q) is the variance of the triangular distribution on [—q,q]. The numer-
ator in the second summand again represents the cost of trading to the Merton
fraction.

4.3.2 PDE Approach and Leading-Order Vis

The rigorous analysis of Sections 4.4, 4.5 and 4.6 will be based on the leading-
order variational inequalities (VIs) corresponding to (4.13) and (4.16). In this
section we use a PDE approach to heuristically derive these leading-order Vls.
For this purpose consider the following formal expansions and rescalings:

¢ (v,b) = (v, TE) o)
Rfpe(v) = RY, (v) + €1 Quoc(v) + 0(€7) and € £ =0

loc

(4.32)

where (¢¢, R¢) is a solution to (4.13) or (4.16), respectively, with cost parameter
€. The first parts of the VIs (4.13) and (4.16) are identical and of the form

—Z¢(v,b) + R(v) — f(v,b).
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4.3 Heuristics for Leading-Order Variational Inequalities

Their expansions with respect to e can be calculated explicitly. For v € Z° they
read!?

—Z ¢ (v,b) = 0 (v)? D(v) Yee (v, §) + 0(X )
Rioe(v) = f(v,b) = € Quoc(v) + €50 (0)* € + o(€7)

D(v) £ L b3(0)2 200 — b (0) (1 — b (0))b3 () 220 4 L4 (0)2 (1 — b7 (v))? (4.33)

o(v)? o(v)

for v € Z. Note that for the case of a constant factor v (and, therefore, constant
b*) the definitions of D in (4.21) and (4.33) coincide. Further, note that the
definition (4.8) of R) (v) implies that the 0''-order coefficient in the expansion of
R;, .(v) — f(v,b) vanishes. Thus, equating the leading orders in these expansions,

we obtain
A—2a=7=20 (4.34)

These terms represent the indirect losses due to portfolio misallocations, which

are of the same order of magnitude for all types of transaction costs.

We next expand the relevant boundary conditions. For proportional costs we
obtain

D 1) +e= =T e(w.6) o) +e
~G5(0.0)(~1+eb) +e= A e(v,€) + oM7) + e

and therefore A—a = 1. In the case of Morton-Pliska costs the boundary condition

becomes
0 < eMp(v,8) < e+ oe)

and we obtain A = 1. Combining these results with (4.34) we obtain the same
orders that were identified with the stochastic arguments of the preceding subsec-
tion: For proportional transaction costs,

winNy

4 1
)\ =3 o = 3 a]ld Yy —
and fOl" MOI‘(OH—PliSka COStS,

A=1, a:% and fy:%.

10 Note that in the following heuristic arguments we follow a widespread convention and presume
implicitly that all derivatives of a function of order €* are of order €*, too.
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

More importantly, at the same time the above arguments allow us to determine
the variational inequalities for the leading-order coefficients ¥ and Q. in the ex-
pansions (4.32). Following our notational convention, we denote these coefficients
by 1]} and Qloc in a setting with proportional transaction costs, and by Qe and 1
in the case with Morton-Pliska transaction costs. Let us define the leading-order
variational inequalities (VIs) for these coefficients:

Definition 4.7. The leading-order VIs under proportional costs are given by

min{—0(v)? D(v) Yee(v,€) + Quoc(v) + 30(v)%,

. . (4.35)
—Ye(v,§) +1, ¥ (v,§) +1} =0, veL
Definition 4.8. The leading-order VIs under Morton-Pliska costs are
min{~0(v)* D(v) e (v,€) + Quoc(v) + 50(v)* €, (v, €)} = 0, (436)

supgeﬁlﬁ(v,f) —-1=0, vel

The leading-order VIs (4.35) and (4.36) can be derived formally by equating the
leading-order terms in the asymptotic expansions of (4.13) and (4.16), respectively.
Note that both (4.35) and (4.36) can be solved for each fixed v € 7 separately.

Remark. In the terminology of homogenization theory, the variable & in (4.32)
is the “fast variable”, and (4.35), (4.36) are called corrector equations (see, e.g.,
Soner and Touzi [2013] and the references therein).

Before we proceed, let us state a final assumption on the coefficients of the dy-
namics (4.1), (4.2), and (4.3):

(A4) Let the function D : T — R be defined as in (4.33). We assume that
D, 1/D, D, and D, are polynomially bounded on T°.

By a suitable choice of the function b*, we can further ensure that D is bounded
and strictly positive on Z \ Z°. This will always be assumed in the following.

Assumption (A4) is satisfied in both our benchmark applications:
Example 1: Heston Model. We have I° = [\, 00) and

D(v) = Lot2 (02— 20(p— v — Bp) + (p—7)2 + B2 = 20B(u — 7)), v >\

D, D, and D,, are polynomially bounded on [\, o0). Polynomial boundedness of
1/D on I° follows from the fact that the numerator of D is bounded away from 0.
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4.4 Asymptotic Optimality for Proportional Costs

Example 2: Kim-Omberg Model. Here Z° = [0,0?] and D is given by
2
D) = 42+ 4 2o = = p e ulo ).

Hence D, D, and Dy, are polynomially bounded and D 1is bounded away from 0.

Standing Assumption. In what follows we impose assumptions (A1l)—(A4) with-
out any further mentioning.

4.4 Asymptotic Optimality for Proportional Costs

In this section and the next, we substantiate the heuristic arguments of Section 4.3
by a rigorous mathematical analysis. This section focuses on proportional trans-
action costs. More precisely, we determine the exact asymptotic expansion of
the optimal long-term growth rate and identify a leading-order optimal strategy.
This will be achieved with the help of the leading-order VI (4.35). For the reader’s
convenience, we give detailed discussions of all relevant proofs and ideas, whereas
technical proofs are delegated to the Appendix.

Before we state the main result of this section, define 1) € C2(Z x R) via

g, &< —(3D(v))1/3
h(v,€) 2 ¢ =&, £> (3D(W)  (4.37)
iD%v)éA — %(BD(i))l/g £ — %(3D(v))1/3, otherwise
and set
Quoc(v) & =1 0(v)2 (3D(v))*3, veT. (4.38)

It is not difficult to verify that ¢ and Qe solve the leading-order VI (4.35). We
are now in a position to state the first main result of this chapter:

Theorem 4.9 (Asymptotic Optimality for Proportional Transaction Costs). Let
RO be the long-term growth rate in the frictionless market, see (4.9), and define

Q £ E[Qloc(voo) Hfuooel'o ] .
Then there exist €9 > 0 and constants C1,Co such that for every € < é
RE<R +BQ+ec (4.39)

and

RE> R+ &283Q —eCy. (4.40)
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

The idea of the proof is inspired by classical dynamic programming methodology:
We apply Ito’s formula to the state process corresponding to an arbitrary trading
strategy to obtain the upper bound (4.39); and to the trading strategy that is
determined by the no-trading region implied by 1& as defined in (4.37) to establish
the lower bound (4.40). In contrast to the standard case, however, here the exact
form of the value function is not known. We therefore have to rely on the solutions
of the leading-order VIs to prove Theorem 4.9. This means in particular that we
have to establish suitable bounds for all relevant error terms. More precisely, we
use different auxiliary functions to establish the upper and lower bounds, and
we separately estimate the higher-order terms that have been neglected in the
heuristic derivations of the leading-order VlIs.

In the following we provide a discussion of the corresponding leading-order optimal
strategies and the auxiliary results needed in the proof of Theorem 4.9. The proofs
of these results, and a complete proof of Theorem 4.9, are delegated to Appendices
4.B.4 and 4.B.5.

Approximate Value Functions. As an exact solution to (4.13) is not available,
our analysis is based on auxiliary functions that can be used to establish the
leading-order estimates (4.39) and (4.40) for the long-term growth rate. We con-
struct these functions as follows:

4/3

\ilft(vv b) é Elj:g 1&(1}7 b_;;gv))7 v E Z7 b € [07 1]

\ifi will be used to prove the upper bound (4.39), and Wé yields the lower bound
(4.40). Note that by construction

b € CX(T % [0,1]), WS is bounded, |2%| < £ (4.41)

Upper Bound. In the following we outline the proof of the upper bound (4.39).
Thus let (L, M) be an arbitrary admissible strategy. With {(v, bs)}+>0 denoting
the associated state process, we apply Ito’s formula to {W¢ (vy, b;) >0 and obtain

Elnz$ 1 T . dL¢ T »dM¢
7 = 7k fo (vs, bs)ds — fg €52 — [y €72

+ ZS<T(1H ZS — 111 ZS_) HSST]
; E |: fO lOC US) dS + é2/3 fOT Q;Ioc(vs) H’USGIO ds
+ o (LY (vs,bs) — 0 (v5)? D(vs)ee (v, 2 1, 70 ) ds

II/\
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+ \ifi(vo, b()) — \ifi(UT, bT)
—|—f0 (1+eb (vs,bs)—é)dsg
+ T (=1 + ebe) S (vs, bs) — € L

+ e (P (vg, by) — WE(vg,b5) +In Z, —In Z,) ﬂsg] (4.42)

where we have used the definitions (4.7) and (4.8) and the leading-order VIs (4.35)
for ¢). Upon letting T'— oo in (4.42) we find for the first two summands (line 3)

FE| S B, (0,) ds| — EIRY, (va0)] = B

and

IE[IO lOC )HUSGIO ds] - E[Qloc(voo) ]IUOOEIO ] = Q
As stated above, the proof of the upper bound (4.39) is based on \ilir Thus,

provided the remaining terms in (4.42) for \ili are of higher order, we obtain the
expansion (4.39) asserted in Theorem 4.9. To show that the quantities in lines
4-8 of (4.42) are indeed negligible at the leading order, we consider each of them
in turn.

Lines 6, 7 and 8 do not contribute to the leading order of the upper bound (4 39)
since they are non-positive for \I/E Line 5 does not contribute because \I/‘jr is
bounded. Finally, to show that the terms in line 4 are negligible at the leading
order, we need to estimate

LV (0,) = @0(0)* D) dee(v, ) on T°x [0,1] (443
LV (v,b) on T\ Z° x[0,1].
For this purpose we split Z \ Z° into two disjoint sets J¢ and K¢ defined by

JEE{veZ\TI0 : Ui (v,b) = £ (b—b*(v)) for all b € [0,1]}

and
K£T\(T°UJT9)
(see Figures 4.1 and 4.2 for illustration) and use the following auxiliary results:
Lemma 4.10. There exist constants €y > 0 and C > 0 such that for all € < é
AMKE < e3c

where \ denotes Lebesgue measure.
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Proof. See Appendix 4.B.2. O
Together with assumption (A1) (ii) this immediately yields

Corollary 4.11. Let éy be as in Lemma 4.10. Then there exist constants C' > 0
such that for all € < ég
P(vs € K) < €/3C.

Lemma 4.12. Let €y be as in Lemma 4.10. Then there exist constants C' > 0
and m € IN such that for all € < &

| L5 (v,0) — &3 0(v)? D(v) e (v, "2A) | < e(X+v™)C on 0 x[0,1]
| 2P (v,b)| <e@+v™C  on T x[0,1]
‘f@i(v,b)} <esce on  K¢x1[0,1].

Proof. See Appendix 4.B.3. O

It follows from Lemmas 4.10 and 4.12 that the terms in line 4 of (4.42), i.e.
in (4.43), do not contribute to the leading order. Put together, the preceding
arguments show that only the first two terms in (4.42) are relevant for the long-
term growth rate at the leading order. Hence we conclude that the asserted
estimate (4.39) holds.

Lower Bound and a Leading-Order Optimal Strategy. To establish the lower
bound (4.40) of the optimal long-term growth rate, we explicitly construct a can-
didate for the leading-order optimal trading strategy. Our candidate is motivated
by the solution of the leading-order VIs (4.35): The boundaries of the no-trading
regions implied by (4.37) are determined by the functions

gL (v) 2 b*(v) £ &BBDW)Y3, vel (4.44)

Note that since b; € [0,1] for every admissible strategy, the no-trading region
(4.44) is equivalent to [(g¢ V 0) A 1, (g5 V 0) A 1]. Note also that the half-width
of the no-trading region implied by (4.44) coincides with the half-width (4.23)
obtained by heuristic arguments, modulated by the volatility process; and with
the half-width obtained in (4.1) in Kallsen and Muhle-Karbe [2013]. The same
applies to the corresponding local and optimal long-term growth rates, see (4.39),
(4.40) and (4.24).
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4.4 Asymptotic Optimality for Proportional Costs

To construct a leading-order optimal strategy, we consider the no-trading region
{(v,b) : v€I’ and b € [gé_(v),gi(v)]} U{vel: b (v)>1} x{1l}
U{vel: b (v)<0}x{0}

with reflection on the boundary for v € Z°, see Figures 4.1 and 4.2.

fraction b
A
N
1 = — b0 (v)
== g% (v)
i [] NT region
| discrete trades
0 - i > volatility v
T¢

Figure 4.1: Leading-order optimal no-trading region in the Heston model.

fraction b

— °(v)

== g% (v)

D NT region
discrete trades

> excess return v

Jgé o Ke ¢ 70 ) EYIS
T

Figure 4.2: Leading-order optimal no-trading region in the Kim-Omberg model.

To avoid reflection on the part of the boundary where the fraction process degen-
erates, we enforce discrete trades at the stopping times {px}x>1, where

P2AU+1 = inf{t > pok V¢ € I\IO} and P2k+2 = inf{t > P2k+1 ;v € Ié}

A

for every k > 0 with pg £ 0 and Z¢ £ {v € Z° : ¢ (v) € (0,1) and ¢° (v) €
(0,1)} # @ for € < €y (see Figures 4.1 and 4.2 for illustration). Then our candidate
for the leading-order optimal strategy is defined as follows:
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

1. For t € [pag, pak+1) the controlled process { (v, bt)}i>0 is a diffusion in the
no-trading region that is reflected parallel to the b-axis. At pajy1 the fraction
process is shifted to b*(vp,,,,)-

2. For t € [par+1, par+2) the state process satisfies (vg, by) = (vg, 1) or (vg, by) =
(vt,0). As soon as {Vt}>p,,, hits Z¢, the fraction process is shifted to the
Merton proportion, i.e. by, ., £ p (Vpgyso) and we are back in Step 1.

A rigorous construction of this strategy and the associated state process, as well
as a proof of its admissibility, can be found in Appendix 4.B.5.

To establish the asserted lower bound, let {(v,b:)}+>0 denote the corresponding
state process. Applying Ito’s formula to {\ili(vt, bt) }+>0 yields equality in (4.42).
As in the proof of the upper bound, the limit of the first two summands in (4.42)
is RO + é2/3Q), as asserted in (4.40). Due to Lemmas 4.10 and 4.12, boundedness
of U¢ and non-negativity of the terms in lines 6-7 of (4.42) for W€ | none of the
terms in lines 4-7 contributes to the leading order in the lower bound. It remains
to estimate the jump terms in line 8, which represent the effects of discrete trades.
Thus it remains to show that, for our candidate strategy:

Discrete Trading Costs are of Higher Order. Our candidate for the leading-
order optimal strategy involves discrete transactions, and these are known not to
be optimal in the presence of proportional costs in general. Hence it is not a priori
clear that the losses implied by discrete trades are negligible at the leading order.
It is shown in Appendix 4.B.5 that the term

(Y (0, bp,) — U (vp, bpy—) + 0 Z, — In Zp,-)

is at most of order ¢*/3. Moreover, Lemmas 4.13 and 4.14 below imply that the

expected number of discrete interventions before time T, E[ZZO:I HkaT]a is of
order ¢ /3. Therefore, the terms in line 8 of (4.42) are at most of order é.

Lemma 4.13. Let éy be as in Lemma 4.10. There is a constant C' > 0 such that
for all € < &

A(T\Z°,Z° 2 inf{|v; — va| : v1 € T\ ZI°, vy € ¢} > ' /3C.

Proof. See Appendix 4.B.2. O
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4.4 Asymptotic Optimality for Proportional Costs

Lemma 4.14 (Up- and Downcrossings of Diffusion Processes). Let A and B be
R-valued progressively measurable processes, and let W be a Brownian motion
on the filtered probability space (2, A, F,P). Suppose that fOT B2ds < oo for every
T > 0, and define the process ¢ by

G & o+ o Asds + [§ B, AW,
for some arbitrary initial value Co. Fiz a, b € R with a # b and define pg £ 0,
pok—1 = inf{t > pop_o : G =a} and pop =inf{t > pop_q : {=b}, k>1.

Then for all T > 0 the number of up- and downcrossings of ¢ through |a,b] satisfies
00 T
B350 Tn<r ] < g (E[fo (1As| +4]Bs[?) dS} + 1>.
Proof. See Appendix 4.B.1. O

In summary, as in the proof of the upper bound, only the first two terms in
(4.42) are relevant for the long-term growth rate at the leading order. Hence the
candidate strategy constructed above attains the upper bound at the leading order
and is therefore leading-order optimal. In particular, the asserted asymptotic
expansion holds. This completes our discussion of the proof of Theorem 4.9.

Remark. Finally, we wish to point out that there also exist alternative leading-
order optimal strategies. To illustrate, in the Heston model another no-trading
region that defines a leading-order optimal strategy is given in Figure 4.3. The

fraction b

S

1 3 : — b0(v)
N 95 (v)
3 N \\ [] NT region

discrete trades

> volatility v

Figure 4.3: Alternative leading-order optimal no-trading region in the Heston
Model

trading strategy thus defined dictates discrete trades at the part of the boundary
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

where v < X and b < 1, and at (infZ¢,1). The equivalence of this strategy with
our candidate for the long-term growth rate criterion follows from Lemmas 4.10
and 4.12: By (4.42) the difference in the performance of the two strategies is
bounded above by

Tlgréo %E[IOT eRC(1+ o) [y exce ds} = &/3E [C(l +ve) Hvooelcg}
with constants C > 0 and m € IN. Hence the long-term growth rates achieved by
the two strategies differ only at order €.

4.5 Asymptotic Optimality for Morton-Pliska Costs

In the following we carry the results of Section 4.4 over to the setting with Morton-
Pliska transaction costs. The arguments that parallel those of Section 4.4 are
deliberately kept brief. As a first step, similarly as in Atkinson and Wilmott
[1995] we provide a closed-form solution of the leading-order VI (4.36):

p(v S)é{ Vi%‘l)?’ veZ and &€ (—y/24D(v), y24D(v))

0, otherwise
where D is defined by (4.33), and we set
Quoc(v) £~ o(v)2\/24D(0), veT. (4.45)
Then we have ¢ € C11(Z x R) and 4 € WZQC;ZZ(Z x R).
Given these definitions, we can state our second main result:

Theorem 4.15 (Asymptotic Optimality with Morton-Pliska Costs). Let R® be
the optimal long-term growth rate in the frictionless case as defined in (4.9) and
set

Q £ E[Qloc(voo) ]LUOQGIO ] .
Then there exist éy > 0 and constants C1,Cy such that for every é < &

RE< RV 4+ E2Q 4+ &40 (4.46)
and

RE > R4 €V2Q — &/ . (4.47)

The proof of this result follows along the same lines as that of Theorem 4.9
and can be found in Appendices 4.C.3 and 4.C.4. In the following we discuss the
associated leading-order optimal strategies and state the auxiliary results required
in the proof of Theorem 4.15.
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4.5 Asymptotic Optimality for Morton-Pliska Costs

Approximate Value Function. In contrast to the case of proportional costs, in
the Morton-Pliska setting we are able to prove both the lower and the upper
bound in Theorem 4.15 using the same approximation of the value function. This
function is defined by

P2 _In(1—&) oo, =20 vwez belo 1]

el/4
By construction we have
e C'nW;? on ZIx[0,1] and 0< ¥ < —In(l—é). (4.48)
In particular, by Theorem 8.5 in Bensoussan and Lions [1978] these conditions

are sufficient to apply a generalized version of Itd’s formula to W¢.

Upper Bound. As in the proportional costs setting, the leading-order VIs (4.35)
and It5’s formula applied to {W¢(vt, by) >0 for {(vt, bt) }+>0 defined by an arbitrary
admissible trading strategy {74, 7 }r>0 imply

nZzs o0 é
E lTZT _ %E[foT f(vs,bs)ds + > 72 1 In(1 — ¢€) HrkgT]

%E |: fOT R?oc(vs) dS + él/Q fOT Qloc(vs) HUSGZO dS
+ o (LT (v5,b5) = €2 0(05)? D (v )ee (vs, 28 T, cpo0 ) ds
+ U(vo, bo) — ¥ (v, b)

3% (B (vry bry) — W0y by ) + In(1 = €)) Iry<r } (4.49)

A

Again, the first two terms in line 2 yield the asserted leading-order expansion. To
estimate the integral in line 3, we need bounds for

LU (v,b) — é20(v)2D(v) Pee (v, %;E”)) on Z° x [0,1]
LP¢(v,b) on T\Z°x[0,1].

Following the same approach as for proportional transaction costs, we split Z \ Z°
into two disjoint sets (see Figures 4.4 and 4.5):

JE{weT\T : U(v,b) =0forallbc [0,1]} and K2 (T\ZI")\JT°

The following results show that line & in (4.49) does not contribute to the leading
order:
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

Lemma 4.16. There exist ¢y > 0 and a constant C' > 0 such that for all é < &
MK < é/4c.
Proof. See Appendix 4.C.1. O

Corollary 4.17. Let &y be as in Lemma 4.16. Then there exist constants C' > 0
such that for all € < & )
P(vs € KY) < EV4C.

Lemma 4.18. Let ¢y be as in Lemma 4.16. There are constants C > 0 and
m € IN such that for all € < &

| LF(0,) = & (w)? Do) dee (0, 57 | < &M (140" C on T0x[0,1]
‘3\116 v,b) | < 2g on K¢ x[0,1].

Proof. See Appendix 4.C.2. O

Finally, line 4 in (4.49) has no effect on the leading-order expansion since Ue is
bounded. The summands in line 5 are non-positive by (4.48). Hence all terms
except those in line 2 are negligible at the leading order. This concludes our
discussion of the proof of the upper bound (4.46).

Lower Bound and a Leading-Order Optimal Strategy. To establish the lower
bound (4.47) we define a candidate for a leading-order optimal strategy. This
candidate will be defined by the following no-trading region, which is motivated
by the VIs (4.36):

{(v,b) : veI’and b€ [¢° (v),¢5(V)]} U {veT: b (v)>1}x {1}

U {ve: b (v) <0} x{0} (4.50)

where )
g (v) 2 b*(v) £ /424 D)V, veTl.

We refer to Figures 4.4 and 4.5 for graphical illustrations in the Heston and the
Kim-Omberg models. The strategy corresponding to the no-trading region (4.50)
is then fully specified by the simple rule that, as soon as the fraction process hits
the boundary, the investor shifts her portfolio to the optimal frictionless fraction
b*(v). Strategies of this type are Morton-Pliska strategies in the sense of the
following definition:
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fraction b
AN
1 : — 0(v)
! 9% (v)
| D NT region
0 ; ; > volatility v
—% E
7 —z )
Té

Figure 4.4: Leading-order optimal no-trading region in the Heston model.

Definition 4.19 (Morton-Pliska Strategy). For an arbitrary strictly positive con-
tinuous function q : I° — (0,00) we define the no-trading region

NT?2 {(v,b) : veI andbe [g?(v),gl(V)]} U {veT:b*(v)>1}x {1}
U {vel: b (v) <0} x{0}
where the boundaries of the no-trading region are given by
gL(0) 2 b(0) £ q(v), veT.

The Morton-Pliska strategy corresponding to N'TY is formally defined as {7, 7k } >0,
where

(a) 0 =0 and m = b*(vo);
(b) Trp1 2 inf{t > 1 (v, b)) ENTY and 71 = 0% (vs), k>0,

where v is the factor process and b is the diffusion process that starts at
time Ty, in T, and follows the dynamics (4.15).

Note that by definition 7, < 741 a.s. on {73 < oo} since the state processes v
and b have continuous paths between trading times. Further, if {7;};>0 had a
finite accumulation point, then by assumption (A1) (iii) entrance and exit times
of {vt}+>0 into and out of the set {(v,b) : b € {0,1}} would have the same finite
accumulation point. This would contradict continuity of {v;};>0, and therefore
every Morton-Pliska strategy is admissible.
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fraction b
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9% (v)
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Figure 4.5: Leading-order optimal no-trading region in the Kim-Omberg model.

To prove (4.47) we apply Ito’s formula to {U¢(v, b)) }i>0. Here {(vg, bi)}iso is
the state process corresponding to the Morton-Pliska strategy defined by the no-
trading region (4.50). Then by construction (4.49) holds as an equality. Due to
boundedness of ¢ and Lemmas 4.16 and 4.18, the terms in lines 3-4 in (4.49)
do not contribute to the leading order of the lower bound. Let us now consider
the sum in line 5 of (4.49): For the Morton-Pliska strategy constructed above all
summands vanish, except those where the factor process v;, at time 7 is in o010,
This case is treated separately and can be dealt with by means of the up- and
downcrossing lemma (Lemma 4.14) and the following analog of Lemma 4.13:

Lemma 4.20. Let éy be as in Lemma 4.16. Then there is a constant C' > 0 such
that for all € < &

d(T\ZI° 7% 2 inf{|v; —va| : v € T\ IO, vy € T¢} > é/4C
where I¢ £ {v € I° = g% (v) € (0,1) and ¢¢ (v) € (0,1)} # @.
Proof. See Appendix 4.C.1. O

Hence the number of summands that do not vanish is of order ﬁ and the lower
bound (4.47) now follows from the fact that

U (v, by, ) — U (vr—,bry—) +1In(1 — &) > In(1 — €)

where In(1 — €) is of order é.
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fraction b
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9% (v)
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Figure 4.6: Alternative asymptotically optimal no-trading region in the Heston
model

Remark. As in the setting with proportional costs, there exist alternative strate-
gies that are asymptotically optimal. Consider, for instance, the trading strategy
given by the no-trading region in Figure 4.6. The difference in long-term growth
rates between this strategy and the one constructed in (4.50) is given by

+ lim %E“OT E2C(1+ ) I, exce dS} = iél/zE[C(l + %) vae;cé}

T—o0

and hence of higher order by Lemma 4.16.

4.6 Morton-Pliska Strategies under Proportional Costs

So far, we have investigated two types of transaction costs separately: propor-
tional costs and Morton-Pliska costs. For each type of costs we have identified
leading-order optimal strategies and derived asymptotic expansions for long-term
growth rates; see Sections 4.4 and 4.5. In this section we combine these two
threads: We determine the asymptotic expansions of the long-term growth rates
achieved by Morton-Pliska strategies under proportional transaction costs, de-
rive an asymptotically optimal Morton-Pliska strategy, and quantify its loss in
the long-term growth rate. First, in Section 4.6.1 we adopt an approach similar
to that of Section 4.3.1 to calculate the optimal width of the no-trading region
heuristically. Section 4.6.2 then provides the corresponding rigorous arguments
that justify the heuristic findings.

121



4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

4.6.1 Heuristics for Optimal Morton-Pliska Strategies

Throughout this subsection we work in the heuristic setting of Section 4.3.1. Thus
the volatility process is constant equal to v, the corresponding Merton fraction
b € (0,1) and by = b. As in Section 4.3.1, the candidate for the leading-order
optimal no-trading region is B, = (b—q, b+¢q). Recall further that the intervention
times of the Morton-Pliska strategy are given by the exit times of b from the
interval By, and that at each such time the investor rebalances her portfolio so
that the fraction process is shifted to b. Between trading times, the fraction
process has the dynamics specified in (4.20),

dbt = 0'(1_}) 5(1 — I_)) th

and its stationary distribution is the triangular law on By, see (4.26). In particular
)2
the losses due to misallocation remain unchanged and are thus given by (12) 7.
We next address the direct losses induced by the proportional transaction costs.

One easily confirms that

AZy=—Z; {25 for Aby >0 and AZy =7, {£4 for Ab, <0. (4.51)

Thus for the Morton-Pliska strategy we have

anZT In(1 — 1iEb) —éq + o(€)
and using (4.27) and (4.28) we obtain the following expression for the long-term
growth rate:

lim inf E [ Sy @) ds + X2y In 72 Ly o

= RO _ 0(1772)2 q2 _ éq o(® )21312(1 b)* +O(€)
= R’ — 0(0)* (15 ¢ + €22) + 0(é).

Hence the optimal half-width of the no-trading region for Morton-Pliska strategies
in the market with proportional transaction costs is

argmin [ ¢ + €2D] = ¢l/3(12D)1/3 (4.52)
q

and the optimal Morton-Pliska growth rate is given by

RO+ &3~z a(0)? (3D)*3) + o(é). (4.53)
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4.6 Morton-Pliska Strategies under Proportional Costs

Similarly to the case with proportional transaction costs, 1/3 of the leading-order
coefficient is due to misallocation, whereas the remaining 2/3 are due to direct
trading costs.

Remark. Note that, as in Section 4.3, we can equivalently rewrite the minimiza-
tion problem (4.52) in terms of the variance Var'™(q) of the triangular distribution
Via

min [$Var'”(q) + %Vareﬂ(q)].
q
This coincides with (4.22), except for the fact that the underlying distribution is
triangular rather than uniform. The above expression differs from (4.31) only in
the second summand, which here represents the proportional, rather than Morton-
Pliska, costs of trading to the frictionless optimizer.

Remark. A lower bound for the long-term growth rate under proportional costs
using Morton-Pliska strategies has previously been identified by Korn [2004]. His
analysis differs from ours since he focuses on a pathwise lower bound, based on
the fact that suitably chosen Morton-Pliska costs dominate proportional costs. In
the notation of this chapter, the lower bound in Korn [2004] is given by

RO+ ¢&3( - 25(0)%(3D)*?) + o(¢)

and corresponds to a no-trading region with half-width €1/3(24D)1/3. Note that in
contrast to (4.52), the width obtained in Korn [2004] has a typical Morton-Pliska
structure: 1/2 of the leading order is due to misallocation, the other 1/2 is due to
proportional costs. Our strategy, by contrast, achieves the optimal leading order
by using a more specific approximation in terms of Morton-Pliska strategies.

4.6.2 Asymptotically Optimal Morton-Pliska Strategies

We now underpin the heuristic arguments of Section 4.6.1 by a rigorous math-
ematical analysis. Given any continuous function ¢ : Z — (0,00) we define the
no-trading region

NTP 2 {(v,b):veI’ be [gq_’é(v),g?f(v)]} U{veZ:b*(v) >1} x {1}

(4.54)
U{veT:b*(v) <0} x {0}

where the boundaries are specified in terms of the functions

g% () 2 b*(v) £ 3q(v), vel.
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

Let {7, 7k }r>0 be the Morton-Pliska strategy implied by the no-trading region
NT%¢ see Definition 4.19. Further, let R%¢ denote the corresponding long-term
growth rate. Our goal is to compute the asymptotic expansion of R%¢ with re-
spect to the cost parameter €, together with the relevant leading-order coefficients,
and compare it to the leading-order coefficient Q for the asymptotically optimal
strategy under proportional costs:

Theorem 4.21 (Performance of Morton-Pliska Strategies under Proportional
Costs). Set

Q2 {q:T—(0,00) : ¢€CXT), q, v, Qoo % are polynomially bounded on T}

and let g € Q be arbitrary. Then there exist constants ég > 0 and C > 0 such that
for all € < & the long-term growth rate R of the Morton-Pliska strategy defined
by NT4 satisfies

[R? = RO — &P E[Q], (vo) Lyoem || < €C

where

v)?2 | 2D(v
Qlelv) £ —o () (% + 217)
and the function D is given by (4.33).
Proof. See Appendix 4.D. O
Note that
maxy Q},.(v) = —22% o(v)? (3D(v))%/?
and the maximizer is
d(v) £ (12D(v))"*.
Hence we obtain the following optimality result in the class Q:

Corollary 4.22 (Asymptotically Optimal Morton-Pliska Strategy). An asymp-
totically optimal strategy for proportional transaction costs, in the class of Morton-
Pliska strategies defined in terms of no-trading regions with q € Q, is given by

4(v) = (12D(v))"/2.

This is wider by a universal, model-independent constant 22/3 ~ 1.59 than the
leading-order optimal no-trading region (see Section 4.4). The associated long-
term growth rate satisfies

RI€ = RO 4+ &3( — 5B [0(v0)? (3D (v00)) 31, e70 ]) + 0(€*/?)
= RO+ (V28)2/3 Q + o(e%/?)
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4.6 Morton-Pliska Strategies under Proportional Costs

where Q 1s the leading-order coefficient in the expansion of the long-term growth
rate under proportional frictions defined in Theorem 4.9.

In particular, the long-term growth rate achieved by the optimal Morton-Pliska
strategy under proportional costs € is the same as the optimal growth rate under
increased proportional costs of size v/2¢.

The leading-order loss of the optimal Morton-Pliska strategy, as compared with
the leading-order optimal strategy, can thus be calculated in closed form as

& (52m — 3)E[0(vs)® (3D (ve0))** I, ez0 |-

In particular, the optimal Morton-Pliska strategy achieves the same order as the
asymptotically optimal strategy, and the relative loss in the leading-order coefhi-
cient is 2(22% — %) ~ 26.0%, independent of ¢ and all market coefficients. To get
an idea of the significance of that loss, we illustrate our results in two realistic
calibrations of the Heston and the Kim-Omberg model.

4.6.3 Example 1: Heston Model

We adopt the parameter calibration in Example 1 of Andersen et al. [2002]. After
rescaling to yearly units (see Table IIT in Andersen et al. [2002]) we get

r = 0.051, A =0.0246, 6 = 3.2508,
n=0.0134736, B =0.1850, p=—0.5877.

The optimal growth rate (4.9) and the leading-order coefficient identified in The-
orem 4.9 are given by

R =0.0689734, Q = —0.0170046.

To illustrate the performance of the leading-order optimal Morton-Pliska strat-
egy under proportional costs, Figure 4.7a displays the expansions of both the
asymptotically optimal long-term growth rate and that achieved by the optimal
Morton-Pliska strategy. It is apparent that for realistic values of the cost param-
eter, the difference between the two growth rates is small in both absolute and
relative terms (e.g., approximately 0.02% of the optimal growth rate 6.82% are
lost for transaction costs of 1%). As a second illustration, we compute the im-
plied liquidity premium. Following Constantinides [1986] we define the liquidity
premium as the additional excess return that is required to make the investor
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growth rate [%)] liquidity premium [%]
A AN
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I
RO 1 — RO 4+ ¢&2/3Q 0244
683 — R+ (V29)*?Q ' |
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6.8 I |
! |
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(a) Growth rates of the optimal (b) Liquidity premium as a function of
leading-order ~ and  Morton-Pliska the cost parameter.
strategies.

Figure 4.7: Heston model.

indifferent between the market with transaction costs and a hypothetical friction-
less, but otherwise identical, reference market. More formally, we ask for the
value of A = A(e) in (4.4) that equates the frictionless growth rate (4.9) to the
the long-term growth rate with transaction costs RY + €2/ 3@ derived in Theorem
4.9. The liquidity premium is then given as the difference A — A(-) and is shown
in Figure 4.7b. We conclude that the behavior of the liquidity premium is similar
to that documented in Constantinides [1986]: For realistic transaction costs, the
liquidity premium is an order of magnitude smaller than the cost rate.

4.6.4 Example 2: Kim-Omberg Model

We next consider the Kim-Omberg model of Example 2. We use the following
values for the model coefficients, which are derived from Table II in Barberis
[2000]:

r = 0.0432, o =0.142829, [ =0.0368496,

0 =0.2712, n = 0.0560018, p = —0.9351.

Using (4.9) and Theorem 4.9 we obtain
RO =0.121944, O = —0.0424355.

Figure 4.8a shows the growth rates achieved by the optimal and the optimal
Morton-Pliska strategies. As in the Heston model, the difference between them
is small for realistic cost parameters (e.g., 0.05% lost growth rate for transaction
costs of 1%). Second, Figure 4.8b illustrates the associated liquidity premium
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(a) Growth rates of the optimal (b) Liquidity premium as a function of
leading-order ~and  Morton-Pliska the cost parameter.

strategies.

Figure 4.8: Kim-Omberg model.

as a function of the transaction cost parameter. In contrast to our findings in
the Heston model, Figure 4.8b demonstrates that the liquidity premium may be
sizable in the Kim-Omberg model. This confirms the empirical findings of Lynch
and Tan [2011], who show that models with stochastic excess returns are able to
produce significant liquidity premia for reasonable cost parameters.

4.7 Pathwise Optimality

In this section we show that the strategies identified in Sections 4.4, 4.5 and 4.6 are
not merely optimal for the expected long-term growth rate, but in fact maximize
the long-run growth rate path by path. This is a well-known fact in the frictionless
case, see, e.g., Algoet and Cover [1988] for a discrete-time setting, [Karatzas
and Shreve, 1998, Section 3.10] for a continuous-time case and Goll and Kallsen
[2003] for a proof in a general semimartingale setting. Related results are also
established in the numraire portfolio theory or benchmark approach as in, e.g.,
Karatzas and Kardaras [2007] and Platen [2011]. In a Black-Scholes market with
proportional transaction costs, Taksar et al. [1988] show that the expectation can
be interchanged with the limit inferior in (4.6) for the optimal strategy. Kallsen
and Muhle-Karbe [2013] provide a formal shadow price argument to argue that
the growth-optimal portfolio is also pathwise optimal. We complement this by a
rigorous analysis for proportional and Morton-Pliska costs in the general setting
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

of this chapter. Let us denote the (pathwise) long-term growth rate by

S

InZ
R= Sgp thi}OI;f nTT (4.55)

where, as above, ZS denotes the investor’s wealth process. We continue to impose
the global assumptions (Al), (A2), (A3) and (A4). In addition, we suppose that
the following stronger version of assumption (A1) (i) holds:

(i)* For every Borel measurable function h : Z — R with E[|h(vs)|] < oo we
have

lim 1E[f h(vs)ds] = E[h(vs)] and lim L [T h(vs)ds = E[h(va)].

T—o00 T—o00

Both the Heston model and the Kim-Omberg model satisfy (i)* by, for instance,
the ergodic theorem from [Rogers and Williams, 2000, V.53]. In the following we
provide the leading-order expansions of (4.55) and establish pathwise optimality
of the strategies constructed in Sections 4.4, 4.5 and 4.6.

First, we focus on proportional costs and demonstrate that the asymptotic ex-
pansion in Theorem 4.9 in fact holds path by path. Arguing as in the proof of
optimality in Sections 4.2.3 and 4.4, we choose €y as in Lemma 4.10 and let € < €
be arbitrary. Then it follows from (4.42), Lemma 4.12 and Ito’s formula that the
long-term growth rate satisfies

1n7g§ S (fo RY) (vs)ds + é2/3 fo loc(Vs) L ezo ds
£ &3 [T O, e dsEé [ C(1+0)ds
+ W4 (g, bo) — W (vr, br)
0 b (02) AW+ [ O (0, 5,) (o) AT,
T (1, b) b, (1 by)o (v,) AW,

+ ngT (\I’i(vs, bs) — W (vs,bs_ ) +1InZ; — In ZS_)).

(4.56)

Here, as in Section 4.4, the upper bound holds for every admissible strategy,
whereas the lower bound applies only to the candidate constructed in Section 4.4.
As before, the integrals with respect to the control processes L and M are negli-
gible since they are non-positive for \i/i and non-negative for ¢ . Thus the only
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difference between the pointwise estimate (4.56) and its counterpart (4.42) in Sec-
tion 4.4 are the stochastic integrals in lines 4 and 5. To show that the asymptotic
expansion of Theorem 4.9 holds pathwise, we consider the terms in each line of
(4.56) separately:

The two summands in line I of (4.56) represent the leading-order expansion in
Theorem 4.9. The terms in line 2 do not contribute to the leading order by our
ergodicity assumption and Lemma 4.10, and those in line & do not contribute
since \i/; is bounded. The stochastic integrals in lines 4 and 5 have polynomi-
ally bounded integrands in v. The following “law of large numbers”-type result
therefore implies that they, too, are negligible at the leading order:

Proposition 4.23. Let W be a Brownian motion on (2, A, F,P) and suppose h

is an R-valued progressively measurable process with supp~ %E[[OT hg ds] < 00.
Then

%trer[lozf)%] ’ fg hs dWs‘ —0 as as T — oo.

Proof. Fix an arbitrary § > 0 and define the sets 4, = {max;¢(g an] ! fg hs dWs’ >
2"0}. By Doob’s martingale inequality we have

E 2" hgd
£ Bl < 4 T, A S o

Thus the Borel-Cantelli lemma implies that P(limsup,, 4,,) = 0, and the assertion
follows. O

Finally, each summand in line 6 of (4.56), i.e. in the sum
Yot (P& (v, bs) = U (vg, b ) +In Zy — In Z,) (4.57)

is non-positive. Therefore it suffices to show that these terms do not contribute
to the leading order for the lower bound, i.e. when the trader follows the strategy
constructed in Section 4.4. For this strategy the sum can be estimated from below
via

> ket (\i}i(vpkv boi) — ‘ili(vpkv bp—) + 102y, =02y, ) Iy, <7
> Ziil (ln Zpp — In Zpk—) HkaT > —elso 220:1 ]kaST

with a constant C' > 0, see Appendix 4.B.5. Proceeding similarly as in the proof
of (4.40) in Appendix 4.B.5, we define the stopping times for every k > 0

Pojsr = 0f{t > Py, © vy =supI®},  Pojyn & inf{t > Popyy : v = sup I
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

and

Pojein £ inf{t > Pop Ut = inf 7°}, Pojeio £ inf{t > Pojpiq © Ut = inf Z¢}

where p, £ py = 0. Then it is clear that

&)

o oo
> Iy = 2 I<r + 3° 1 <1
k=1 k=1 1

k=

and the fact that the relevant terms (4.57) are negligible at the leading order fol-
lows from Lemma 4.13 and the following pointwise version of the up- and down-
crossing lemma:

Lemma 4.24. Let {v;}1>0 solve (4.3) and a, b € T with a # b. If we define pp = 0
and

pok—1 = inf{t > por_o : vy =a} and por = inf{t > pop_1 : vy = b}

for every k > 1, then

o0
limsup 7 > I, <7 < ‘bia‘EHa(vm)H a.s.

Proof. Assume without loss that a < b. We have
(b—a) ZZO:Q Lpp<r = 220:2(_1)/%(”91@/\7“ - Upkfﬂ\T) Lo <t
AT AT =
= 220:2(_1)/%( ,f:,lAT a(vs) ds + fpik,l/\T B(vs) dWS) Lpw<r

T t =
</ |a(vs)|d5+trerfg>;]’fo hs dWs’

where hy = 5(“3)(Hseuk21[p2k_1,p2k) — LicUys1loanponsn) ). Hence the claim follows
from the ergodicity property (i)* of the factor process and Proposition 4.23. [

We have thus established the following pathwise analog of Theorem 4.9:

Theorem 4.25 (Pathwise Asymptotic Optimality for Proportional Costs). Let
RO be the optimal long-term growth rate in the frictionless market and set

Q £E [ Qloc(voo) ]Ivoo €70 ]
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4.7 Pathwise Optimality

where Qloc is given by (4.38). Then there exist €g > 0 and C' > 0 such that for all
€ < €
0, 22/3° - o IHZ% 0, 22/3A | »
R +¢é¢°Q —éC < supliminf —= < R+ €°Q 4+ éC  a.s.
ScA T—o00 T
The leading-order optimal strategy is the same as the one constructed in Sec-
tion 4.4.

Using analogous arguments as above, pathwise optimality can also be shown for
Morton-Pliska costs. More precisely, Theorems 4.15 and 4.21 can be reformulated
on a path-by-path basis in the following way:

Theorem 4.26 (Pathwise Asymptotic Optimality for Morton-Pliska Costs). Let
RY be the optimal long-term growth rate in the frictionless market, see (4.9), and
set

Q = E[Qloc(”oo) ]IvOOEIO ]
where Quoe is defined in (4.45). Then there are &y > 0 and C' > 0 such that for
every € < €

. InZ$ y
RO+ &/20 — &/ C < sup liTminf% <RV 4+ &)+ S0 as.
SeA 17

The leading-order optimal strateqy is the same as that constructed in Section 4.5.

Theorem 4.27 (Pathwise Performance of Morton-Pliska Strategies with Propor-
tional Costs). Let ¢ € Q where Q is defined as in Theorem 4.21. There are ég > 0
and a constant C > 0 such that for all é < é&y the long-term growth rate R of
the Morton-Pliska strategy defined by N'T%¢ satisfies

S4q

In Z
liminf =T — R — &P E[Q,(vee) Lo ]| S €€ as.

where QF (v) & —o(v)? (# + 251()1),)) and the function D is given by (4.33).

In particular, the Morton-Pliska strategy defined in Corollary 4.22 also maximizes,
at the leading order, the long-term growth rate under proportional costs path by
path.

In summary, the leading-order expansions for optimal expected long-term growth
rates established in Sections 4.4, 4.5 and 4.6 continue to hold on a path-by-path
basis. This is an important insight that links our analysis in a financial market
with an unspanned Markov factor process and transaction costs to classical results
on long-term growth rates, and concludes the chapter.
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Appendix to Chapter 4

4.A Proofs for Section 4.1: Classical Verification Results

4.A.1 Proof of Theorem 4.2

It suffices to show that for an arbitrary admissible strategy S = (L, M)

. . +EInZ3 . T pe A
lim inf =577 nggréo%E[fo R (vy)ds| = E[R(vso)] (4.58)

where the last relation is implied by assumption (A1) (i). Therefore we fix an
admissible strategy S = (L, M) and let b and Z denote the corresponding fraction
and wealth processes, respectively. The result is demonstrated as follows: By
means of the variational inequalities (4.13) we transform the right hand-side of
(4.12) in such a way that (4.58) immediately follows from It6’s formula.

Without loss of generality we assume that dL;dM; = 0 for ¢t € [0,00) almost
surely, i.e. there is no simultaneous transferring of wealth from the cash account
into stocks and vice versa.'! Taking this into account, we note that

AZp=—Z=2% for Aby >0 and AZ = —“Z=5"% for Ab; < 0.

Then for Ab; > 0 by the second inequality in (4.13)
_rl__az _ 1 —enp
hth*hthf—fO mdU— Omdu

1 —gby (ve,bs—ulby ) (14¢ by—wu eAby ) Ab
<Jo ol by 11L+e§;)t(—:eibtu DA% gy = —(vt, by) + p(vg, b—).

H¥or an arbitrary admissible strategy S = (L, M) we can define a pair of non-decreasing pro-
cesses (L, M) via the Jordan decomposition of (L — M) = L — M. Then (L, M) is an
admissible trading strategy and generates in comparison with S smaller transaction costs,
as Li + M, < Lt + M, for all t > 0. Furthermore, (E,J\Z) satisfies the desired property:
dL: dM; =0 for all t > 0.
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

To obtain the same estimate for the case Ab; < 0 we proceed similarly and employ
the third inequality in (4.13):

_rl AZ; _ —E|Ab]
InZy—InZ, = f(] Zy— +uAZt f(] T—€bi—ué[Ab| du

1 — by (ve,be—ulby ) (—1-+E by —u eAby )| Ab
< Jy Sl z%& PR BIAN] du = —g(vy, be) + (v bi-).

Thus, applying (4.13) and Itd’s formula to the right hand-side of (4.12) we ob-
tain (4.58):

lim inf %
T—o0

< liminf % E[fo e (Us ds—fo Lo(vs, b ds—fgqbb(vs,bs)(l—{—ébs)(g

T—o0
- fo @b (vs, bS)( 1+ ¢éb ) ZO<S<T(¢(U57 bs) — ¢(vs, bs—))
= lim LE[ [ R, (0, ds+¢<vo,bo) é(vr, br)|

= lim TE{fOT Rléoc(vs)ds}. (4.59)

T—o0

We conclude the proof by noting that (4.59) is an equality for (I:, M ) by conditions
(a), (b) and (c) and therefore the supremum in the definition of the long-term
growth rate R¢ (4.12) is achieved along (L, M). O

4.A.2 Proof of Theorem 4.5

Step 1: An Upper Bound. Let S = {7, T }x>0 be an arbitrary admissible strategy
and b and Z the corresponding fraction and wealth processes, respectively. Then,
by the variational inequalities (4.16) and Ito’s formula

In .

l%ni)géf E TZT = hTmmf E[fo (vs,bs)ds +1n(1 —€) >p2 HTkST]
< 1iTHi>ioI<1>f TE[fo (vs)ds — fo ,iﬂqb (vs, bs) ds

_Zk 1( (Uﬂw Tk) (23(1)7—16, Tr— ))]ITkSTi| (4.60)

= hm 1 E[fo US ds + (;5(1}0, bo) va)(’Ut, bT)}
= E[R(Uoo)]
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where the last equality is due to boundedness of ¢ and assumption (A1) (i). Thus,
as the strategy S was chosen arbitrarily, we infer that

R <E[R(veo)]-

Step 2: Exact Upper Bound. Let us first prove that the strategy S = { T T b >0
is admissible. Note that by Corollary 4 in Schael [1974] there exists a measurable
function = : T — [0, 1] that returns a maximizer of SUPpe|o,1] d(v,b) for every v € T.
Thus, 7 = E(ka) I3, <00 is a [0,1]-valued and Fs -measurable random variable.
Furthermore, (v, Z(v)) € int(N'T) for every v € Z, as by (4.16) SUPpeo,1) (v, b) =
—In(1 — €é) > 0. Therefore, by continuity, 7, < 7,41 a.s. for every £k > 1 and
the fraction process b controlled by {7y, T }x>0 is well-defined by (4.15) on [0, 7o)
with 7o = limy oo T-

Now, it remains to verify that 7o, = +o00 almost surely. We prove this by con-
tradiction analogously to Lemma 4.1 in Bielecki and Pliska [2000]. First, by 1to’s
formula for every n > 1 on {7,, < oo} from the variational inequalities (4.16) we
deduce that

In Z;i —In Zy
= 0%” f(vs, bs) ds + fT" b vs) dWs +nln(1l — e)
0 ™ R(vs)ds + fT” bs o( f Ld(vs,bs)ds +nin(l —¢)  (4.61)
= [7" R(vs)ds + f)" ( )dW +¢(vo,b0) —¢(v%n,6fn)
+f ¢U'US7S/3 W+f (bbv&s (l_b) (Us)dWs
as by construction ¢(vs,, bz, ) — d(vs,,bs,—) = —In(1 — ¢) on {#} < oo} for every
kE > 1. Assume that 7o, < oo for some w € 2. Then by letting n — oo in (4.61)

for this particular w we obtain a contradiction as the left hand-side converges to
—oo whereas the right hand-side remains bounded.

Optimality of {7y, 73 }x>0 follows from the fact, that by an appropriate modifica-
tion of (4.61) we verify that (4.60) is an equality for S. O
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4.B Proofs for Section 4.4

Let us first introduce some notation that is used throughout Appendices 4.B, 4.C
and 4.D:

v2infZ, W 2inf7’ TV EL2supZ’ and TEsupZ

where
I°2 {wel: b (v)e0,1]}.

As in the main text, see assumption (A1), v denotes a random variable with the
stationary distribution of the factor process v.
4.B.1 Proof of Lemma 4.14: Up- and Downcrossings for Diffusions
Assume without loss that a < b. Then
(b—a)> 0y Ip<r =Y oo (1) (Conr — Cppoinr) Lpp<t
= SR (D ([N p Acds + [0 Bed W) Ty <r

< J) 1Al ds + maxiepo gy | fi hs W]

where hy £ BS(HSGUk21[P2k—1>P2k) — HSEUkZl[mePQkJrl) ) Hence by Doob’s maximal
inequality

(b= QB[S Ler] = E| J3 (1A +41B,) ds| + 1
so the assertion follows. O

4.B.2 Proofs of Lemma 4.10 and Lemma 4.13

First recall the following definitions introduced in Section 4.4 (see Lemmas 4.10,
4.12 and 4.13):

JEE v eT\I0 : Ui (v,b) = & (b—b*(v)) for all b € [0,1]}
KE£(Z\I)\ T
2 {ve I : g (v) € (0,1) and ¢° (v) € (0,1)}

where ¢4 (v) £ b*(v) £ éY/3(3D(w))'/3, v e T.
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Recall that b* was chosen to be monotone. In the following we assume b* to be
non-decreasing; the case of a non-increasing b* is analogous. We further introduce
the following notations:

74 2sup{v e : g&(v) €[0,1]} and v§ £inf{v el : g&(v) €[0,1]}.
Proposition 4.28. There exist constants ég > 0, C1 > 0 and Cy > 0 such that
(i) Ifo° <, then for all ¢ < & we have v < v < ° < v < and
€1/3Cl < |50 — ﬁi’ < €1/3Cg.

Fiurt}}ermore, for every é < &, g% is strictly increasing on [Ei,ﬁi] and
9= () > 0.
(i) If v° > v, then for all ¢ < éy we have v < v < ¥ < yi <7 and
30 < ol — 0| < V30,
F:urti}ermore, for every é < €, gi is strictly increasing on [Qé_,yi_] and
95 () < 1.
Proof. We prove (i); (ii) is shown analogously.

Since by assumption 7° < T and b* is continuous, we have 7° € R and b*(7°) = 1.
There exist 94 € (?°,9) and 97— € (v°,2°) such that b} > 0 on [_,%;]. Then by
regularity of D and D, (see assumption (A4) and the following discussion) there
exist an €y > 0 and two constants ¢y, cg > 0 such that for all € < &

894 (v) L
<=5~ <cx on [0_,04]

0<cy

and
go(v)>1 on [0,,7) and ¢ (v)>0 on [0_,04].

Thus the inverse (g5)~! of g% exists on [0_,04] and we have (¢5)~(1) = 7%. By
the mean value theorem

s @) =11 < ol =% <

95 (@) - 1].

1
c1

The assertion (i) follows from the definition of g& (v) = b*(v) £€/3(3D(v))Y/3. O
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

Proof of Lemma 4.10. Let €y be as in Proposition 4.28. Then for all ¢ € (0, &)

(v, JUTS,D) ifv< wWand ?° < T
J = v, v | ifv<ov'and =7
[Ui,v) ifv=2v"and 7’ <o
and
(02,0 U@,v%) ifv<o®and?® <w
K¢ = (v€ %) ifv<vland ' =7
@, 7)) ifv=0"and ¥’ <®
Thus the assertion of Lemma 4.10 follows from Proposition 4.28. O

Proof of Lemma 4.13. Let €y be as in Proposition 4.28. Then for all € € (0, €y) we
have Z¢ # @ and we subdivide the proof into three cases:

Case 1: v < v° and v° < ©. In this case Proposition 4.28 implies that Z \ Z° =
(v,2°) U (2%, ), inf Z¢ = Qi and supZ¢ = v¢ .

Case 2: v < v° and 7° = . Here Proposition 4.28 yields Z \ 7' = (v,2°) and
inf 7¢ = fui.

Case 3: v = 1" and ?° < ©. Proposition 4.28 implies that Z \ Z° = (?°,9) and
supZ¢ = 7°..

In each case the claim now follows from Proposition 4.28. O

4.B.3 Proof of Lemma 4.12: Estimates for the Generators .2V
Proof of Lemma 4.12. Let € < éy be arbitrary. Then for v € Z\ J¢ we have

LV (0,0) = 30 (0)? D(v) dee(v, "FA™) F Tro(v)? D(v) mw bib’;§”>>
+é¢gg<v,%>(—p6<v>a<v> b3 (v) (1= b*(v) — b(v)
Jo)? ((1—b>+b*<v><1—b*<v>>)<1—b b ()2
+5 &gv( 1) (pBw) o(v) b1 — b) — B(0)? by (v))
+ 12 de(o, ) (= al)by(v) +b(1 = BAW) —bo(v)?) = B)* b, (v))
+ £ D0, ) 18(0)?
+ €8 (v, 2) a(v). (4.62)
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In order to estimate the relevant summands, we first consider the derivatives of
1 as defined in (4.37). A straightforward calculation shows that

|¢s
(D(v DREK (—(3D(v))1/37 (3D(v))l/3)
0, 0therw1se
Bl ¢ e (=(3DW)Y3, (3D(v)' /)
0, otherwise
(‘ D(v )(;}2)/‘33 (—(BD(U))1/37 (3D(v))1/3)
0, otherwise
va ‘ <K (| (v))i’i’)/|3 + (%){v()))5|/3, § € (—(SD(U))1/3, (SD(v))l/?’)
- 0, otherwise.

for some constant K > 0. Thus all summands in (4.62) are bounded on Z \ J¢ x
[0, 1] by a polynomial in v whose coefficients do not dependent on €. On the other
hand, for v € J ¢ we have

LV (0,0) = 75 (= a(0) b3(0) +b(1 =) (A(v) —bo(v)?) = 35(v)” b}, (v)).

Hence there exist constants C' and m € IN that do not depend on € such that

| LT (v,b) — 30 (0)2 D(v) dee (v, b;?j§”>)\ <eéC(l+v™) on I°x[0,1]

| LV (0,b)] < &/3C forall (v,b) € K¢ x [0,1]

and
| LV (v,b)| <eC(1+v™) forall (v,b) € T x[0,1].

This completes the proof. O

4.B.4 Proof of Theorem 4.9: Upper Bound (4.39)

Let S = {(L¢, M;)}¢>0 € A be an arbitrary admissible trading strategy and b £
b and Z £ Z5 the corresponding fraction and wealth processes, respectively.
Without loss of generality we may and do assume that Zy = 1. Ito’s formula
yields

E[InZr] = B[ [ (o) ds — 7 e 95— e 45 (nZ,~nZ. )]
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

In the following we estimate each summand separately.

Step 1: Estimate for f(v,b). By the VIs (4.35) and Lemma 4.12 we have

F0,0) < F ) — 00 o2 (01,
< Rp,.(v )+€2/3onc(v) veTo
— &36(0)2 D(v) dee (v, “HAD) Lego
< RP,.(0) + €/3Quoe(v) Tego (4.63)
- $W+(U, b) Lyezo +EC (14 v™) ,eq0
< R (v) + €3Quoe(v) Lyego
— LV (0,b) + EBC e +EC (1+0™).

Step 2: Estimates for Direct Transaction Costs Te dLs gnd [Te M The VIs
0o ¢z 0 Zs
(4.41) imply that ‘ (%* | < = . Hence we obtain
< (148 b)“’e and  — &< —(—1+eb)ls (4.64)

Step 3: Estimates for Jump Terms. To bound the jumps in InZ in terms of
increments of the fraction process Ab, we proceed similarly as in the proof of the
verification theorem (Theorem 4.9). First note that

AZp = — 280 for Aby >0 and AZ = —Z=5% for Ab < 0.

Hence for Ab; > 0 we get

_ —l__az L —eAby —e Ab,
InZ—Inz, = fo 7 vunz W= Jo T5ep, —uenp, AU < T
and for Ab; < 0 we obtain
Az _ —e|Ab] —¢|Aby|
nZ —Inz; = fo Zi-tunz; 4 fo T=eb—ueab) WU < 11

Step 4: Final Estimate. Combining the bounds established above, we obtain
E[InZr] < E[f(;f R (vs)ds + €2/3 foT Quoc(vs) I ez0 ds — f(;[ LV (v, bs) ds
NG o c
= I (4 €0 T (0 b 5 — [ (=1 ) T (v, )
— S ep Bl s (T Oy, e ds+é ) +vgn)ds}
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= B[ fo Bo(v5) ds + 7 [ Quoe(v,) T, e0 ds
+ 0 (vo, bo) — W4 (vr, br)
+ 2 s<r (U4 (vs, bs) — T (v, bs—) — é'ﬁ:’;')
+ & foT Cl, exe ds + €f0T C(+) ds}

< E[foT R, (v5) ds + &3 [ Qoc(vs) I eq0 ds + 2¢ K

+ &3 [TOn, e ds+ e[l C(1 +v;n)ds}

where the last inequality follows from boundedness of \fJir and its derivative,

\\ili] < K with a constant K > 0 and ‘%P—bi‘ < l%re Observe that the final
estimate in the preceding chain of inequalities does not depend on the strategy S
anymore. Hence we have established a uniform bound, and taking the supremum
over all admissible trading strategies and using the ergodicity properties of the
factor process, we obtain the following estimate for the optimal long-term growth
rate R®:

R <E[R) (vs0)] + € E[Qioc(voc) Ly cq0 | + E/PCE[L,_cxe | + ¢ CE[L+v2].

Now (4.39) follows from Corollary 4.11. O

4.B.5 Proof of Theorem 4.9: Lower Bound (4.40)

We establish the lower bound (4.40) for the long-term growth rate using the no-
trading region illustrated in Figures 4.1 and 4.2:

NT 2 {(v,0) : v eI’ belgh(v),gb(W)]} U{v €T : b*(v) > 1} x {1}

U{veZ: b*(v) <0} x {0} (4.65)

Throughout the proof we assume that € € (0, €y) with &y chosen as in Lemma 4.10.

Step 1: Construction of a Leading-Order Optimal Candidate Strategy

Without loss of generality, we assume that the initial value of the factor process
satisfies vy € int(Z°) (otherwise it suffices to relabel the stopping times py); and
that by = b*(vo) (a single trade at time 0 does not influence R¢). First, recall from
Section 4.4 the intervention times

por1 = inf{t > pop : v, € T\I°} and  popio = inf{t > popyy @ v € I}
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

defined k > 0. Here pp £ 0 and Z¢ £ {v € I° : g% (v) € (0,1)}. The candidate
for the leading-order trading strategy is constructed iteratively as follows.

Step 1a: Trading Strategy on [pak, par+1). To construct a control that ensures
that the fraction process remains inside the no-trading region N'7¢, we proceed
similarly to Bichuch [2012] and make use of the existence result established by
Dupuis and Ishii [1993]. Thus we define the no-trading region corresponding to
(4.65) in the variables (v, x,y) for the case v € I, where z and y represent the
bond and stock holdings, respectively, via
NT 2 {(v,z,y) €T° x [0,00)* : z+y#0 and (v, 75) € NT¢}.

We assume that the state process (v, X,Y) is in the interior of NT at time P2k
this holds by assumption for k = 0, and will be proved inductively for k¥ > 1 in
Step 1b below. Further, let the initial values of the controls L,, and M,, be
given; for k = 0 we have Ly = 0 and My = 0, and L,,, and M,,, will be defined
accordingly for £ > 1 in Step 1b. Choose ng sufficiently large so that for all n > ng

(Vpors Xpors Yoor) E/\//?'i'; 2NT N {(v,z,y) : 2 <z+y<nand —n<ov<n}
We subdivide the boundary of NT ; into two components:

Bgé{(vw,y)éﬁii v=12"V (-n) or v =2" An}

U {(v,z,y) E./\//’\'f;: r+y=norz+y==1}
denotes the absorbing part of the boundary, whereas ONT. ; \ Bl is the reflect-
ing part.!> By Case 1 of Theorem 4.8 in Dupuis and Ishii [1993] there exists
a unique strong solution {(v¢, X¢,Y:) }i>p,, of (4.3) and (4.10) with initial value

(Vpors Xpors Ypgy,) and reflection directions given by

(0,—(1+¢€),1) whenever Yi =g (v;) and

o (o (4.66)
(0,1 —¢—1) whenever i g5 (ve) .

for t € [pak, ), where 7, is the hitting time of the absorbing component B..
Thus we can define the process (X,Y) corresponding to the controls (L, M) on
[por, T) for T 2 limy, o0 Tp.

12Note that there are parts of the reflecting boundary ONT. ; \ By that are inaccessible for the
state process in the absence of interventions, namely those with x =0 or y = 0.

142



4.B Proofs for Section 4.4

Step 1b: Verification of T = popt1 and Z,— € (0,00). The next goal is to show
that the limits as n — oo of L., M, , X; and Y, exist and are finite. Further,
we will show that the limit of the wealth process satisfies Z,_ € (0,00) and
T = pog+1- 10 establish this, we apply Ito’s formula to the process In Z:

InZ;, =WZ,, + [ f(vs,bs)ds
+ [0 bso(vs) AW — [0 e G — [T & e

Zs P2k

(4.67)

From the estimates (4.63) and (4.64) we obtain the upper bound
InZy,, < Z,,, + [ Ry (vs)ds + &3 [ Qloc (v5)ds + [T bso(vs) AW

P2k loc

+ 0 (UP%’bP%) W (v, br, +f2k ot U87bs)/8(vs)dws
+ 7 T (03 b) bs(1 = by)o(v) AW, + & [T C (1+ v ds. (4.68)
On the other hand, for s € [pok, 7,,] Lemma 4.12 yields
Floerbe) = F(va b (02) + 7 ( = Fo()?(2d)?)
= R, (03) + /3 Quoc(vs) — /30 (03)? D(vs) thee(vs, 20 (4.69)
> R (vs) 4+ €3Quoe(vs) — LVE (vg,bs) — €C (1 +v™).
Furthermore, for U¢ we have

63—; = & and therefore 63—;(1 + bé) =

eltbe > ¢ (4.70)

on the lower boundary of the no-trading region (where dL; > 0), and

8\811Ti = —%é and hence 8;)1}—;_(—1 + be) = e1=b <> ¢ (4.71)

on the upper boundary of the no-trading region (where dM; > 0). Thus we get
InZy, > Zy, + [ Rp,(05)ds + &/ [ Quoe(vs) ds + [ byo(vs) AW,

_ l;’—n g\:[/ﬁ (’US, bs) ds — f;;; Tl;(l + bs€) dZ[;s

Tn 8\11 ; n
— Jor 55 (= 1+bedM— Jom € (14 v") ds
>InZz,, + ;21 Rloc vs)ds+€2/3 an Qloc vs) ds + f bso(vs) AW

+ \ijé_(vPQk?mec) - \i}ﬁ (Um, Tn + ka 8v vs’bs) B(US) dWs

+ fp% = (vs,bs) bs(1 — bs)o(vs) AW — éfp; C(l+v")ds. (4.72)
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

By assumption (A1), hitting times of {v:};>0 have finite expectations, so the
strong Markov property of {v;}+>0 implies that for every [ > 1

E[ p’;ik“ v ds] = E“P%[f v2ds] < oo for 1>1 and E[ [J" vZds] < oo
where H £ H7\70 is the first hitting time of the set Z \Z°. Hence, as the integrands
in the stochastic integrals in (4.72) and (4.68) are bounded by polynomials in
v € I°, there exist a.s. finite limits of the stochastic integrals as n — oo, namely

a4 T
fp2k b g ’Us) dWs, fp% avi /U57b8) /B(US) dW5

and
I agbi (vs,bs) bs(1 — bs)o(vs) dWs.

P2k

Thus we conclude that

—oo < liminfln Z, <limsuplnZ, < oo a.s.
n—oo n—o00
By (4.67) the limits lim, o0 L;, and lim, _,o M., are finite and thus Z,_ =
lim,, 00 Z;, € (0,00). In particular we get 7 = pog+1. Furthermore X,_ and Y;_
are in (0, 00).

Step 1c: Trading Strategy for t € [pag+1, par+2). Having defined the trading strat-
egy (L, M) and the corresponding processes X and Y, the wealth process Z, and
the fraction process b on [0, poj11) we proceed as follows: At time poy1 the whole
wealth is invested either into stocks or into bonds (i.e. by, ,, £ b*(Upyyy,)) and no
further action is taken until the factor process v hits Z¢ (vg, by) = (ve, b* (Vs )
for t € [pak+1, Pok+2). At time pokyo the fraction process is shifted to the Mer-
ton fraction, i.e. by, ., = b*(Vpyy.,) and we are back in Step Ia. Formally, the

corresponding controls are specified via

A l_b/)Q}H_l* A
ALpys = 136 Zpoen— and Ly = Ly, for ¢ € (parg1, por+2]
and
M, 2 M, for ¢ € | ) and AM,, & U Weki)
t = Mpypq— 10T P2k+15 P2k+2 1 P2ht2 = T=&(vpy, ) “P2kt2~

for the case b*(vp,,,,) = 1. For the case b*(v,,,.,) = 0 we define the controls as
follows:

AM, =

P2Ek+1

N
P2k+1— “P2k+1— and My = M02k+1 for t € (p2k+1ap2k+2]
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4.B Proofs for Section 4.4

and

b*
Lt = Lp2k+1* for t € [P2k;+17p2k+2) and AL ) = (vp2k+2)

P2k+2 1+éb* (vp2k+2) P2k+2—"

Then it develops that

7, = e

P2k+1 1+¢ P2k4+1— and

_ 1—¢€ * o
ZP2k+2 - 1—€b*(up2k+2)szk+2* on {b (/Up2k+1) =1}

and

ZP2k+1 =(1 EbPZk )Z, P2k4+1— and
1 *
Zp2k+2 = 1+gb*(q)pzk+2)Zﬂzk+2* on {b (UP%H) = 0}
while for t € [pag+1, por+2) the wealth process Z; evolves according to either the
bond dynamics (4.1) or the stock dynamics (4.2). Note that the state process

(Vpaisor Xpopsar Yparso) is in the interior of NT at pak+2, and that the wealth
process Z remains positive on [poki1, p2r+2]-

The control defined in Steps 1a, 1b and 1cis admissible by construction, and will be
denoted by (L, M) in what follows. For simplicity of notation we write {b; }+>o for
the corresponding fraction process and {Z;};>¢ for the associated wealth process.

Step 2: Proof of (4.40)

Step 2a: A Lower Bound. We assume without loss of generality that Zg = 1. The
process {Z; }1>0 jumps only at pg, k> 1. Therefore Ito’s formula yields

c c oS
E[In Zr] = [fo (s, b OTé dZLSS_ OTé d%S‘FZ(anpk_anpkf)HkaT :
k=1

Next, similarly as in (4.63) and (4.69), from the leading-order VIs (4.35) and
Lemma 4.12 we get

f(vs,bs) = loc(US)
R) (vs) + ¢ /3onc(vs) I, ez0

— &30 (vs)? D(vs) e (vs, *7/@
> RY) (05) + €3 Quoc(vs) L e10

— LV (vg,bs) — 30T, e —eC (1 +0).

bs—b*(vs)\2
2/31 (05)2( 1/;v)) I, cz0

) ]Ivs €70
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

Thus by Ito’s formula for ¥¢

E[InZr] 2 E| [) B,,(0,)ds + &/ [ Quoclv,) I, ez ds
+ W€ (vg, bo) — W& (v, br)
— e2/3 fOTC’I[USG,Cg ds—eé [l C(1+vm)ds
S (B (g be) (L + beé) — €) 9
T (G (0, b) (1 4 byé) — &) 0t
+ D e 1(‘1'6(%“ bpy.) — ‘Ijé(vpkv bo—) +InZy, —InZy, )1y <r

> B[ fy Riyo(vs) ds + &0 [ Quocl,) L, epo ds

+ W (vg, bo) — W€ (v, br)
— &3 [T O, e ds — ¢ [ C(1+v™)ds
(0 2y~ Zp )Ty | (4.73)

where the last inequality follows from (4.70), (4.71) and the fact that, by con-
struction, Wé(v,, by, ) > Ué(v,,, by,—) for each k > 1.

Step 2b: Estimate for the Jump Term. It remains only to estimate the jump term
n (4.73). First not, that there exists a constant that bounds (3D(v))'/3 for v in
{09, inf Z¢, sup Z¢,7°} \ {v, 7} uniformly in é € (0, &). Therefore

InZ, —InZ —€Aby, |

f é|Aby, |
Pe— T JO 1£éby, —ué|Aby, |

1-2¢

du > — > K éd/3

where the signs + and — in the denominator correspond to the cases Ab, > 0
and Ab,, < 0, respectively, and K; > 0 is a constant. Next, we define for every
k>0

Doy = I0f{t > Py, = vy =T}, Pogrg & inf{t > Popyy vy =sup I}
and

- 0 : e
Pojein 2 inf{t > Pop t Vt=10}, Pojero £ inf{t > Pojprq © V= inf Z¢}

with p £ 5y 2 0. Applying Lemma 4.13 and Lemma 4.14 to the process {v; }1>0
we find that

E[>02 It ] = E[ 2500 Tn<r + 3002, p <r] < Ky BVE [foT(l"‘Uf)dH‘l]

146



4.C Proofs for Section 4.5

with a constant K5 > 0 and n > m. Therefore we obtain the following estimate,
uniform in €, for the jump term:

B[ (02, —nZ, Vyer] > —KiKo e B[ [T(1+0p)dt +1].  (4.74)

Step 2c¢: Combining the FEstimates. Inserting the estimate for the jump term
(4.74) into (4.73) we conclude that there exists a constant K > 0 such that for all
€ < €

loc

E[InZr] > E| J) B, (0,) ds + &/ [ Quoc(v,) L, ezo ds — K
— 2B [TKT, e ds—é [T K (1+07) ds}
as W¢ is bounded. Thus we arrive at the following lower bound for RE:
R > R + &PE[Quoc(voo) Lyezo | — EPKE[L, cxe| — ¢ KE[1 407

The desired result now follows from Corollary 4.11. O

4.C Proofs for Section 4.5

The general structure of this appendix parallels that of Appendix 4.B.

4.C.1 Lemmas 4.16 and 4.20: Bounds for the No-Trading Region

First, we recall the relevant definitions from Section 4.5:

JE2{veT\1I0: ¥é(v,b) =0 for all b € [0,1]}
K°E I\ 1)\ 7"
T2 {ve 1l g% (v) € (0,1) and ¢ (v) € (0,1)}
where g4 (v) £ b*(v) £ é/4(24 D(v))Y/*, v € . Again, without loss of general-

ity, throughout this part of the appendix we assume that b* is non-decreasing.
Moreover we set

e Esup{vel : g&(v) €[0,1]} and 0§ =inf{fv e : g5 (v) €[0,1]}.

Proposition 4.29. There exist constants ég > 0, C1 > 0 and Cy > 0 such that

147



4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

(i) Ifv° < then for all € < & we have v < ¢ <’ <V <7 and

ety < ¥ =8| < /40,

Furthermore, for every € < &, g is strictly increasing on [Ué_,@i_] and
gc (v%) > 0.
(ii) If v > v then for all ¢ < & we have v < v& < 1% < yi < T and
ety < - ol | <.

Furthermore, for every € < &, g% is strictly increasing on [Qi,gi] and

g (v8) < 1.
Proof. The proof is analogous to that of Proposition 4.28. O
Proof of Lemma 4.16. Using Proposition 4.29, the claim can be verified on a case-
by-case basis as in the proof of Lemma 4.10. O
Proof of Lemma 4.20. The assertion follows from Proposition 4.29 in the same
way as for proportional costs (see the proof of Lemma 4.13). O
4.C.2 Proof of Lemma 4.18: Estimates for the Generators .2 ¢
Let € < €y be arbitrary. Then for all v € Z\ J ¢ we have
LU (0,b) = E20(0)% D(v) e (v, L)

—In(1-¢) . b—b* (v
+ (T = €17) 0(0)? D(w) dee (v, s
b—b* (v)

)
+ =0 e (0, S0 (= pB() o(v) by (v) (1 = b (v) — b)
+ 2 0(v)? (b(1 = b) + b*(v)(1 — b*(v)))(

+ =0 e (0, ) (0 B) o (0) (1 = ) = B(0)?H;(v))
+i§9%4mi%%(—aw@w>

+5(1 = B)(A@W) —bo(0)?) = $B(0)* bl (v))

+ %ﬂ}w(v, b_;#) $B(v)?
+ 2G04, (v, ) a(v).
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The following estimates follow immediately from the definition of ¥

¢ € (—(24D(v))"/*, (24D(v))"/*)

otherwise

1
‘7]){(”75)‘ < K{ (()D(v))l/zu

)

Pee(v,€)] K{ W’ ¢ € (—(24D(v))V/*, (24D(v))/*4)

0, otherwise

|thew(v,8)] < K {MM@| ¢ € (—(24D(v)"/*4, (24 D(v))M/*)

0, otherwise

o (v, €)] < K{ L ¢ e (=24 D)4, (24 D(v)) YY)

0, otherwise

|ty (v, €)] < K{ (I)sz(sj)l + ‘(D”((qf)))l , e (—(24Dw)Y4, (24 D(v))Y4)

otherwise

)

where K > 0 is constant. As in the case of proportional transaction costs, all
summands in (4.75) are bounded on Z \ J¢ x [0,1] by a polynomial in v whose
coefficients are independent of ¢. Hence there exist constants C > 0 and m € IN
such that for all € < &g

| LW (0,b) — €/20(0)? D(v) dee(v, 21 2)| < E4C(1+v™) on T°x[0,1]
and
| LTé(v,b)| <EV2C for veEK® and be[0,1].

This completes the proof. O

4.C.3 Proof of Theorem 4.15: Upper Bound (4.46)

Let €y be as in Proposition 4.29 and let € € (0, éy) be arbitrary. Using the leading-
order VIs (4.36) we obtain by Lemma 4.18 that

f(v,b) < RY (v) — Vl/Zl (U)g(b_v?jz(iv))Qﬂvezo
< RY (v) + E/2Quo(v) T veIO
~ &/%0(0)? D(v) dee(v, A Lo
< Ripe(v) + €2 Quoc(v) Lezo
— LV (0,b) + /20 Lyege + E/AC (1 +0™)
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for some constants C' > 0 and m € IN that do not depend on é. Next consider
an arbitrary admissible impulse control strategy S = {Tk, Wk}k>1 and the corre-

sponding fraction process b = bS. Itd’s formula yields

B[ Jy f(vs,bs)ds +n(1 = X5, Lncr |
<E| Jy BY(0)ds + &2 [ Quoe(v,) Lo ds + &/2 [ CT, e ds
+ & [T O+ 0y ds + B¢ (vg, bo) — U (vr, br)
300 (950 bry) = U5 (0 by ) + (1l =€) T |
= E[foT R?oc<vs) ds + &'/2 foT QIOC(Us) Ly,ezo ds

+ &2 [T Ol ds + /4 [ C(1 407 ds — In(1 - )]

where we have used the fact that 0 < ¥¢ < —In(1 — €). Since the upper bound in
the last line does not depend on the strategy S,
R® <E[R)

loc

(Voo)] + €Y2E[Qroc (voo) L 70 | + EV2CE[L,_exe | + E/4CE[L + 0]

Hence the desired inequality (4.46) follows from Corollary 4.17. ]

4.C.4 Proof of Theorem 4.15: Lower Bound (4.47)

As before, we assume without loss that vy € int(Z°) and by = b*(vg). Let S =
{7k, Tk} k>0 be the Morton-Pliska strategy corresponding to the no-trading region
(4.50) constructed in Section 4.5. This strategy is admissible since the paths of the
corresponding state process {v}+>0 are continuous. In the following we establish
leading-order optimality of this strategy.

Step 1: Lower Bound for f(v,b). The leading-order VIs (4.36) and Lemma 4.18
imply that

F(0s,bs) = RO, (vs) — /2% o (0)? (2) T, g0
= R, (vs) + €/%Quoc(vs) I e
— &20(v5)? D(vs) ee (vs, 2N I, eq0
> R?oc<vs) + 61/262100(”5) [, ez0
— LU (vs,bs) — EV2C T, e — EMC (1 +0T).

s
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4.D Proof of Theorem 4.21 in Section 4.6

Step 2: Lower Bound. Using Step 1 and Ito’s formula we obtain

FE[ Jo f(0s,b5) ds +In(1 — ) S22, Lner |
> %E[IOT R) (vs)ds + ¢/? fOT Qioc(vs) I cz0 ds — €/2 fOT Cl,,exce ds
— & [T C(1+v)ds + (g, by) — U (vr, br)
3200 (950 br) = O b ) + (1 = ©)) L |
To obtain the lower bound in (4.47) it remains to estimate the sum in the preceding
inequality. Note that by construction of W€ all summands in the sum vanish,

except those where 7, coincides with either p,, 41 OF Pary1 Here, similarly as in
the proof of (4.40) in Appendix 4.B.5, for every [ > 0

Do = nf{t > Py o v, =0}, Py & inf{t > Poyyq ¢ vy = sup I}
and
A . 0 A . . &
Por = inf{t > Pyt V=0 1, Porin = inf{t > Popq V= inf Z¢}

with Py £ Py 2 0. Thus, as in the case with proportional transaction costs, by

Lemmas 4.14 and 4.20 applied to the intervals (v°, inf Z¢) and (sup Z¢,2°) we find
two constants K > 0 and n > m such that for all € < ¢

E[In Z7] > IE[ JTRY (02)ds + &/ [T Qroo(ve) I czo ds
K= &2 (TR, e ds — /4 [T K (1407 ds]
Hence, using assumption (A1), for every é < €y we get
R > RO+ &PE[Qoc(voc) Lyeqo | — EPPKE[L, e | — &/ KE[1+0%]

and the result follows from Corollary 4.17. O

4.D Proof of Theorem 4.21 in Section 4.6

The proof of Theorem 4.21 is subdivided into several steps.

Step 1: Trading Strategy and Auziliary Definitions. Let {1y, ﬂ'k}kz() be the Morton-
Pliska strategy corresponding to the no-trading region N'7%¢ defined by (4.54).
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

The corresponding state process will be denoted by {(vt, b:)}1>0. As above, we
define

¢ A { inf{fv eZ : gi’g(v) € (0,1) and ¢*(v) € (0,1)}, >
v = 0_
v, v=v
and
oA { sup{v € T : ¢%¢(v) € (0,1) and ¢%“(v) € (0,1)}, T <7v
= E’ —0 — E

where g2¢(v) £ b*(v) £ é/3¢(v) for v € Z. Similarly as in Proposition 4.28, the
mean value theorem yields an ¢y > 0 and constants C; > 0 and C2 > 0 such that
for all € < ¢y the set {v € Z : g2°(v) € (0,1) and ¢*“(v) € (0,1)} is non-empty
and

e 0 < —of| <é/3Cy if ¥>w and
e < —v <éBey if 0 <.

This implies that there is a constant C3 > 0 such that for all € < €
P(veo € K9€) < €35,  where K%€ £ cl((2”,v¢) U (v¢,2%)). (4.76)

Step 2: Ito Formula. Next we define a subsequence {pj }r>0 of {7k }x>0 via po = 0
and

pok+1 = nf{t > po + v € {000}, popge & Inf{t > popy1 vy € {06, 0°}}

for every k > 0. We assume without loss of generality that Zy = 1. 1t6’s formula
yields

E[In Z7|
=E| Jy f(0s,b5) ds + 323, (n Zy — 0 Zr, ) Tpcr |
= o [fTAA,ZZ:H f(vs,bs)ds =372 (In Zr, —In Zy, ) Lne@npar T Apati1)
+ 0| SR (0 b (Upay)) ds|

+Y R [(m Z, —InZ, _) ]kaST] . (4.77)
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Step 3: FEstimates for the Jump Terms. By (4.51) we can estimate the costs
incurred by the Morton-Pliska strategy, see line 3 in (4.77), via

£4/3
InZ, —InZ, > -0 (4.78)

Furthermore, for those £ > 0 with 74, ¢ {px}r>0 we also have the upper bound

24/3
InZ, —InZ, <-4 (4.79)

Step 4: Estimate of Line 8 in (4.77). We consider the function ¢ defined by
WI(0,6) 2 sb€t — S (1 + )€ +alv), (v, T xR
Note that 19(v,0) = q(v), Y1(v,+q(v)) =0 and

&/30(0)” D(v) Y (v, ™) = §o(0) (b= b*(0))* + 3 QL (),

Hence

F(0,5) = Ry, (v) = &3 30(0)? (“34)* Liero
- R?OC( )+ é2/3QE]oc(U) ’UEIO (480)
— &Ba(v)? D(v) Y (v, ) Lo

In addition, if we define

W (0,0) 2 £ pa(o, X (u,0) € Tx [0,1]

we can represent £U4 as follows:

5/3

LU (0,0) = 30 (v)2 D(v) Ve (v, TA2) F f5z0(0)2 D(v) e (v, “A2)
+ e Vv, ) (= 9 B0) 0 (0) B (0) (1 = b () — ) A
+ 300 <b<1 —b) + b (o) (1= b7 (0)) (1 = b = b*(0) 42 )
e V8, (0, 2 (0 B(0) o () b(1 = b) = B0) b3 (v))
+ i 0, ) (= a@)bi(v) + b1 = BAR) = bo(v)?) = §8(0)2 by, (v))
+ & Vo (0, 252) 1B (v)?

e4/3

+ i P (v, - ;;gv)) a(v).
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4 Small-Cost Asymptotics for Growth Rates in Incomplete Markets

Thus there exist m € IN and Cy > 0 such that for all € < é, v € Z9 and

be (9%(v), g% (v))
LU (0,0) — &30 (v)? D(v) Y (v, =) < eCy (1 +0™), (4.81)

Hence, combining (4.78), (4.80) and (4.81) and using Itd’s formula, we obtain an
estimate for the terms in line 3 of (4.77):

/\T
{ fp’f:X% (05, 5) ds + 3202 (I0 Zp, — 10 Zr,—) Ly (o AT o s AT) }

P21+1AT" B0 ~2/3 p2e+1/\T ~q
|:f92k/J\rT RlOC ’Us) ds +¢€ / prk/J\rT Qloc(vs) ds
p2r+1 AT q,é e4/3
paNT 3\11 ('U57 b ) Zl 1 1:|:2€ Q(Uﬂ) T1€(p2r AT, P2k+1/\T)
T
e T G4 o) ]

AT AT
—EMQH RY(0,) ds + /3 [P0 Q8 (1) ds

+ [\I’% (Upzk’ bpzk) - \I’(L (vp2k+1/\Tv bP2k+1/\T*)] ]IP2k<T

F e [P T o1+ oy )ds]

Note that by definition \II?F’é(vp%, by, ) equals either ﬁiq(ye) or ef;/iq(@e) for all
k> 1.

Step 5: Estimate of Line 4 in (4.77). By definition of @} and Step I, there exists
a constant Cs > 0 such that for all € < €

b* 0 —b* 2
‘Q?OC(U)‘ ]IUEICq’é + ‘%G v)? %} HUE[UO V] ]IQO>U

* 50 —b*(v 2
+ 15 0(0)* T T 0y ooy < Cs Ly

Thus we obtain the following upper and lower bounds for the integral in line 4
of (4.77):

AT
B[ [ f(v,,b) ds|

AT AT
- [ PZQkkj12AT R?oc(vs) ds — p?:jf/\T %0(2}5) (bs - b*(vs))2 HUSEIC‘”A ds

P22 T 1O 22/3 P2k+2AT .
[fp2k+1/\T Rloc US dS +e f a1 AT loc Us) HUSEKL” ds

2 3 [p2k42NT .
/ f Pkt 1/\T 05 ]I,USEICq,e ds] .
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4.D Proof of Theorem 4.21 in Section 4.6

Step 6: Combining the Estimates. Putting together the estimates from Step 3,
Step 4, and Step 5 we conclude that for every é < éy we have

E[In Zr|

2 B[ ) Rios) ds + &0 7 Q) T s
F P [} Ol exae dsFé fy Cu(1+07)ds
+ 2 ko [\Ilglf(vp%’ bpo) — \Ilgf(/UPQkJrl/\T’ bp2k+1/\T*)] Lpy<r
(02— Zy ) pcr |

B[ T Rl (0) ds + @5 7 Qo) Ly ero ds
F &3 [T Cs T, cxeae ds F € fi Ca(l+ 0 ds
+ WL (00, b0) = 32720 Tpa<T<parss V4 (vr,br-)
+ ZZO:O [ - \IJ(:]F’é(UPijLl’bPZkJrl*) Hp2k+1<T + Wgﬁé(vpzkuv bP2k+2) I[/)21c+2<T]
(0 2y~ Zy ) pcr |

2 B[ 7 B (00 ds + &% [T QU (0) L e ds
F &3 [T Cs T, cxeae ds F € fi Ca(l+ ) ds
+ \Ifié(vo, bo) F %pq(w) ¥ %/236 Co > et Lpp<r |-

The last inequality is due to the fact that

[09(0,6)] < pI(v) 2 B +24(v) forall £ € (—q(v), q(v)).

Cs is an upper bound for g(v) + pi(v) for v € {v°,7°, v, 7} \ {v,7}. To finish
the proof we use the up- and downcrossing lemma (Lemma 4.14) to estimate the
expectation of the sum Y 72| I, <7 together with the fact that

|LVpl(v)] < C7(1+0"), vel (4.82)
for some C'7 > 0 and n > m. Hence there exists a constants C' > 0 such that
liminf 7E[In Z7] Z R®+ &/ E[Qf, (voo) Lo e10]

FEBCE[L, cxae | FECE[L+ 0L ]

for all € € (0,€p). The claim now follows from (4.76). O
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