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Abstract

In the present thesis we consider the problem of maximizing the power utility
from terminal wealth where the stocks have continuous semimartingale dynamics and
there are investment and information constraints on the agent’s strategies. The main
focus is on the backward stochastic differential equation (BSDE) that encodes the
dynamic value process and on transferring new results on quadratic semimartingale
BSDE:s to the portfolio choice problem, in particular to its stability properties. This
is accomplished under the assumption of finite exponential moments of the mean-
variance tradeoff, generalizing previous results which require boundedness.

We first recall the precise relationship between the duality and BSDE approaches
to solving the above problem and then study the quadratic semimartingale BSDE
which arises in such a problem when the market price of risk is of BMO type. We
show that even for a bounded mean-variance tradeoff there is always a continuum of
distinct solutions to the BSDE with square-integrable martingale part (with only one
of them being a bounded solution). For this we prove that in contrast to the classical
It6 decomposition theorem an L2-representation of random variables in terms of
stochastic exponentials is not unique. We then provide a new sharp condition on
the dynamic exponential moments of the mean-variance tradeoff which guarantees
the boundedness of BSDE solutions in a general filtration. The main results are
complemented by several interesting examples which illustrate their sharpness as
well as important properties of the utility maximization BSDE.

In a subsequent step we establish existence, uniqueness and stability results for
general quadratic continuous BSDEs under an exponential moments condition. An
important additional result is that the martingale part of a solution does provide a
true measure change even though the first component of the solution triple might not
be bounded, equivalently, even though the martingale part might not be of BMO
type. As a consequence, the verification argument for the utility maximization
problem becomes feasible for unbounded mean-variance tradeoff variables which
satisfy an appropriate exponential moments assumption.

We use these results to study the portfolio selection problem when there are conic
investment constraints. Building on a decomposition result for the elements of the
so-called dual domain we have the associated BSDE satisfied by the dynamic value
process (the opportunity process) and show that by our moments assumptions this
value process is contained in a specific space in which BSDE solutions are unique.
This provides an argument for verification. A consequence of the stability result for
BSDEs is then the continuity of the optimizers with respect to the input parameters
of the model, i.e. the investor’s relative risk aversion, the market price of risk process,
the statistical probability measure and the constraints sets, in the semimartingale
topology. This result integrates previous research into a unified BSDE framework.

Finally, we study the existence, uniqueness and stability of the optimal investment
problem under exponential moments, compact constraints and restricted informa-
tion. This is done by referring to BSDE results only and performing the verification
argument using the previous measure change result, which is beyond the bounded-
ness assumptions of recent literature.



Zusammenfassung

In der vorliegenden Dissertation befassen wir uns mit der Erwartungsnutzenma-
ximierung des Endvermogens fiir Potenznutzen, wenn die Aktienpreise stetigen Se-
mimartingaldynamiken geniigen und die Strategien des Agenten Investitions- und
Informationsrestriktionen unterworfen sind. Hauptaugenmerk liegt dabei auf der
stochastischen Riickwértsdifferentialgleichung (BSDE) fiir den dynamischen Wert-
prozess und auf der Ubertragung von neuen Ergebnissen zu quadratischen Semi-
martingal-BSDEs auf das Investitionsproblem, insbesondere auf dessen Stabilitéts-
eigenschaften. Dieses gelingt unter der Annahme endlicher exponentiellen Momente
des so genannten Mean-Variance Tradeoff und verallgemeinert frithere Resultate, die
Beschranktheit fordern.

Wir betrachten dabei zunichst die genaue Beziehung zwischen den Dualitéts-
und BSDE-Ansétzen zur Losung des obigen Problems und gehen dann iiber zum
Studium der quadratischen Semimartingal-BSDE, die in solch einem Problem auf-
tritt, wenn der Marktpreis des Risikos vom BMO-Typ ist. Wir zeigen, dass es selbst
fiir einen beschrinkten Mean-Variance Tradeoff stets ein Kontinuum verschiedener
BSDE-Losungen mit quadratisch integrierbarem Martingalanteil gibt (wobei nur ei-
ne dieser Losungen beschriankt ist). Hierfiir beweisen wir, dass im Gegensatz zum
Darstellungssatz von It6 eine L2-Darstellung von Zufallsvariablen als stochastische
Exponentiale nicht eindeutig ist. Wir stellen dann eine neue scharfe Bedingung an
die dynamischen exponentiellen Momente des Mean-Variance Tradeoffs vor, die die
Beschranktheit der BSDE-Losungen in einer allgemeinen Filtration garantiert. Die
Hauptergebnisse werden mit mehreren Beispielen vervollstiandigt, die ihre Schérfe
sowie wichtige Figenschaften der Nutzenmaximierungs-BSDE veranschaulichen.

In weiterer Folge weisen wir Existenz-, Eindeutigkeits- und Stabilitétsresultate
fiir allgemeine quadratische stetige BSDEs unter exponentiellen Momenten nach.
Ein wichtiges zusétzliches Ergebnis ist, dass der Martingalanteil einer Losung einen
MafBiwechsel definiert, auch wenn die erste Komponente eines Losungstripels nicht be-
schrankt bzw. der Martingalanteil nicht vom BMO-Typ ist. Folgerichtig lasst sich das
Verifikationsargument fiir das Nutzenmaximierungsproblem auch fiir unbeschréankte
Mean-Variance Tradeoff Variablen, die einer geeigneten Bedingung an die exponen-
tiellen Momente geniigen, durchfithren.

Diese Ergebnisse verwenden wir, um das Investitionsproblem fiir den Fall konischer
Investitionsrestriktionen zu untersuchen. Ausgehend von der Zerlegung von Elemen-
ten des dualen Gebietes erhalten wir die entsprechende BSDE fiir den dynamischen
Wertprozess (den Opportunitatsprozess) und beweisen, dass dieser in einem Raum
liegt, in welchem Loésungen quadratischer BSDEs eindeutig sind. Dies liefert ein Ar-
gument fiir den Verifikationsschritt. Als Folgerung aus dem Stabilitétsresultat fir
BSDEs erhalten wir die Stetigkeit der Optimierer in der Semimartingaltopologie in
den Parametern des Modells, d. h. in der relativen Risikoaversion des Investors, dem
Marktpreis des Risikos, dem statistischen Wahrscheinlichkeitsmafl und den Mengen,
die die Restriktionen modellieren. Dieses Ergebnis vereinigt frithere Forschung in
einem gemeinsamen BSDE-Rahmen.

SchlieBllich betrachten wir die Existenz, Eindeutigkeit und Stabilitdt des Investiti-
onsproblems unter exponentiellen Momenten, kompakten Handelsrestriktionen und
eingeschriankter Information. Hierbei benutzen wir ausschliefllich BSDE-Resultate
und fithren das Verifikationsargument aus, indem wir uns nun auf die Aussage {iber
den Mafwechsel beziehen, was wiederum auflerhalb der Beschrinktheitsannahmen
neuerer Literatur liegt.
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1 General Concepts and Preliminaries

1.1 Background and Introduction

Backward Stochastic Differential Equations

Since their introduction by Bismut [1973] within the Pontryagin maximum principle,
backward stochastic differential equations (BSDEs) have attracted much attention in the
mathematical literature. In a Brownian framework such equations are usually written

AV, = Z,dW, — F(t, ¥, Z,)dt, Up=¢, (1.1.1)

where £ is an Fp-measurable random variable, the terminal value, F' is the so-called
driver or generator and T' > 0 is a real number. Here, (F);c[o,7] denotes the filtration
generated by the one-dimensional Brownian motion (W3)yc(o,7). Solving such a BSDE
corresponds to finding a pair of adapted processes (¥, Z) such that the integrated version
of (1.1.1) holds. The presence of the control process Z stems from the requirement of
adaptedness for ¥ together with the fact that ¥ must be driven into the random variable
& at time T. One may think of Z as arising from the martingale representation theorem.
To be more concrete, for a square-integrable &, consider the BSDE

d¥, = Z; dWy, Vp =g,

which is solved explicitly by setting W, := E[{|F;], which gives a square-integrable
martingale, and then applying the martingale representation theorem,

t
U, = B[¢| 7] = B[¢] +/O Z.dW..

The above BSDE (1.1.1) is an extension of this example; it includes an additional driver
F.

In a more general semimartingale framework, where the main source of randomness
is encoded in a fixed continuous (one-dimensional) local martingale M on a filtration
(}—t>te[0,T] which is not necessarily generated by it, we have to add an extra orthogonal
component N. The corresponding BSDE then takes the form

d\Pt = Zt th + dNt - f(t, ‘Ift, Zt) d<M>t — gt d<N>t, \IIT = g (112)

Solving (1.1.2) now corresponds to finding an adapted triple (¥, Z, N') of processes sat-
isfying the integrated version of (1.1.2), where N is a (continuous) one-dimensional local
martingale orthogonal to M, i.e. (M, N) = 0, where (-,-) denotes the quadratic covari-
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ation. We refer to Z - M + N as the martingale part of a solution to the BSDE (1.1.2).
In a multidimensional setting we write this BSDE as

dV, = Z] dM; + dNy — F(t, Yy, Z;) dA; — gy d(N)y, T =&, (1.1.3)

where A is a predictable increasing process that encodes the variation of the continuous
d-dimensional local martingale M and N is now orthogonal to each component of M.
Moreover, in all our applications, g equals the constant 1/2 reflecting the fact that the
drivers F' of the BSDEs considered here are of quadratic type (in Z). In fact, it is
well-known that such BSDEs can be solved by using an exponential transform and this
fact will be a recurrent theme in the following exposition. To motivate, we state the
prototype of a quadratic BSDE,

1
dU; = Z7 dW; — 3 | Ze||?dt, Tp=E¢.

Given suitable conditions, this is solved explicitly by setting ¥, := log(E[exp ()| F¢]) and
applying the martingale representation theorem to the random variable exp(&), together
with an appropriate transformation, in order to find Z. In the general case, assuming
that M does not exhibit the representation property, an additional orthogonal martin-
gale enters the formula and the exponential transformation requires that its quadratic
variation appear with factor 1/2.

As already mentioned, BSDEs of type (1.1.1) and (1.1.3) have found many fields of
application in mathematical finance and the present thesis is one of the many contribu-
tions. The reader is directed to El Karoui et al. [1997] for a first survey. In view of the
specific focus of the present work we remark that appropriate BSDEs have been derived
in Hu et al. [2005] for the value processes of several constrained utility maximization
problems. This article extends earlier work by Rouge and El Karoui [2000] as well as
Sekine [2006] and motivated a subsequent extension of the Brownian framework to a
continuous semimartingale setting by Morlais [2009]. Building on the work by Mania
and Tevzadze [2003, 2008], the respective BSDE for a power utility function is investi-
gated in Nutz [2011] in even more generality establishing a one-to-one correspondence
between solutions to BSDEs and solutions to the so-called primal and dual problems
of utility maximization. In Mania and Schweizer [2005] the authors use a BSDE to
describe the dynamic indifference price for exponential utility and their approach is ex-
tended to robust utility in Bordigoni et al. [2007] and to an infinite time horizon in Hu
and Schweizer [2009]. We also mention Becherer [2006] for further extensions to BSDEs
with jumps and Mania and Tevzadze [2008] to backward stochastic partial differential
equations (BSPDEs).

With regards to the theory of BSDEs, existence and uniqueness results were first
provided in a Brownian setting by Pardoux and Peng [1990] under Lipschitz conditions.
They were extended by Lepeltier and San Martin [1997] to continuous drivers with
linear growth and by Kobylanski [2000] to generators which are quadratic as a function
of the control variable Z. Corresponding results for a semimartingale framework may
be found in Morlais [2009] and Tevzadze [2008]. In the situation when the generator
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has superquadratic growth, Delbaen et al. [2010] show that such BSDEs are essentially
ill-posed.

A strong requirement present in the articles Kobylanski [2000], Morlais [2009] and
Tevzadze [2008] is that the terminal condition as well as the processes which appear
in the quadratic growth estimates be bounded. In a Brownian setting Briand and Hu
[2006, 2008] have replaced this by the assumption that they need only have exponential
moments but in addition, for uniqueness to hold, the driver is convex in the Z variable.
More recently, by interpreting the ¥ component as the solution to a specific stochastic
control problem, Delbaen et al. [2011] extend these results and show that one can reduce
the order of exponential moments required. In addition, in the cited references as well
as the recent articles by Frei [2009] and Barrieu and El Karoui [2011], the reader will
also find — in various degrees of generality — stability theorems for such BSDEs.

Stability is meant here in the following sense. Suppose we are given a sequence
(F™)nen, of drivers and a sequence ({")nen, of terminal values such that in some fixed
space of processes unique solutions (U™, Z", N™),cn, to the BSDE (1.1.3) with F' = F"
and £ = " exist. In addition, under suitable conditions (typically that some specific
boundedness or integrability assumptions are uniform in n), then, if

F'= lim F" and ¢ = lim ¢"

n—+00 n—-+o0o

hold it is the case that

(0, z° N = lim (¥",Z" N")
n—-+o0o
where all these limits are taken with respect to appropriate norms.

The aim of this thesis is now to use the above mentioned link between BSDEs and the
portfolio choice problem and to transfer the theorems that are proved within a thorough
study of quadratic semimartingale BSDEs under an exponential moments assumption
to results on the constrained investment problem under incomplete information. A
particular focus is on the stability of the power utility maximization problem via BSDE
methods alone. We now introduce this utility maximization problem.

The Portfolio Choice Problem

We assume that there is given a financial market of one bond and d stocks modelled on
a stochastic basis (€2, F, (Ft)e[o,17, P), with the major sources of randomness encoded in
a continuous d-dimensional local martingale M and a predictable, M-integrable process
A, the market price of risk, such that

dS; = Dlag(St) (th + d<M>t)\t)

We write X*" for the wealth process associated with an investment strategy v when the
initial capital is x > 0,
X i=xEWw-M+v- (M. (1.1.4)
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In particular, investment strategies represent the proportion of wealth invested in the
stocks.

We then consider a risk averse agent trading in the above market and assume that
their preferences are given by a power utility function U. In particular, their relative risk
aversion is constant, they are CRRA-investors. We also assume that the agent is a price-
taker, i.e. their actions do not affect the stock prices. Their goal is then to maximize
the expected utility of terminal wealth. This leads to the following formulation of the
primal optimization problem,

u(z) = 51613 E[U(Xgﬁ’y)} (1.1.5)

where A denotes some family of admissible investment strategies.

The strategies available to the agent are those which are valued in either a convex
cone (Chapter 4) or a compact set (Chapter 5), where we mention that using the notion
of “compact” constraints is for ease of formulation. Such sets represent constraints like
no short selling. We assume them to be stochastic and we can think of the following
example where our framework is suited for application. Consider a market in which
a regulator bans the short selling of certain stocks as soon as some reference levels
are attained. For instance, if stock prices drop dramatically or some volatility index
indicates a sharp spike, the regulatory framework might enforce a ban on short selling
to discourage aggressive speculators. Similarly, the board of an investment, pension
or hedge fund may impose rules on the fund manager’s investment possibilities that
come into effect when the market exhibits a specified behaviour. Clearly, both the
unconstrained and the incomplete case can be included within such a framework. The
former corresponds to the case in which the constraints sets equal the whole space R€.
In the latter some of the stocks cannot be traded but rather stand for latent factors;
formally, some components of the strategies are prescribed to be zero.

In addition to such investment constraints, in Chapter 5, we study the effects of
information constraints. More precisely, we assume that both the agent and the regulator
do not have access to the full information inherent in the economy but only to some
restricted information flow modelled by a subfiltration of the main filtration. The most
natural assumption in the context of such a partial information framework is that the
market participants can observe the evolution of the stock prices or, more generally, of
the stock returns. This situation has been studied in Lakner [1998], Pham and Quenez
[2001] and Sass [2007] for instance. Although such a setting may serve as the major
example we do not assume it in general but follow the ideas of Mania and Santacroce
[2010] and Covello and Santacroce [2010], i.e. we consider a filtration which is possibly
even smaller than the filtration generated by the stock prices or stock returns. We then
extend the reasoning of these articles to the multidimensional as well as constrained case
where the mean-variance tradeoff (\- M) is unbounded. The latter object is exactly that
which enters the quadratic growth estimates of the associated BSDE to which we have
alluded above.

The above portfolio selection problem (1.1.5) is classical in mathematical finance and
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has been extensively studied. It dates back to Merton [1969, 1971]. For general util-
ity functions (not necessarily power) the main solution technique is convex duality, we
mention Karatzas et al. [1991], Cvitani¢ and Karatzas [1992], Kramkov and Schacher-
mayer [1999], Cvitani¢ et al. [2001], Karatzas and Zitkovi¢ [2003] as well as the survey
article of Schachermayer [2004] which gives an overview of the ideas involved together
with many further references to which we refer the reader. The above list of references
reflects the development and increasing complexity of the attacked problems, starting
with nondegenerate incomplete Itd6 models (under constraints) and progressing to the
semimartingale framework with random endowment, intertemporal consumption and
fixed constraints. During this development the so-called dual domain evolved from the
local martingale to the supermartingale and eventually to the finitely additive measures.
Namely, one associates with the above primal problem (1.1.5) a dual problem involving
the convex conjugate U of the utility function U. The dual problem consists of min-
imizing, over a suitable domain of, say, supermartingale measures for the stocks, the
expectation of the U-values of (the densities of) these measures. Here, the notion of
supermartingale measures refers to the fact that all the admissible wealth processes are
supermartingales under them. One can think of this approach as looking for a pricing
measure, i.e. a measure under which the wealth process becomes a martingale (see condi-
tion (A) below). In the literature the duality approach is thus also called the “martingale
method”. The dual problem usually is easier to solve and by the conjugacy relations then
yields a solution to the primal problem.

A second approach to tackling the problem (1.1.5) is via BSDEs using the factorization
property of the value process when, as an example, the utility function is of power
type. This allows one to apply the martingale optimality principle and, as shown in
Hu et al. [2005], to describe the value process and optimal trading strategy completely
via a BSDE. By the martingale optimality principle we mean the well-known paradigm
of stochastic control theory to formulate an optimization problem in such a way that
for all admissible strategies some controlled process is a supermartingale while it is a
martingale for (only) one admissible strategy. The latter then optimizes the expectation
value of the controlled process over the set of admissible strategies. As an alternative,
one may attack the problem by pointwise minimization of the drivers of the BSDEs
associated to the strategies. This is more in the spirit of the HJB equation in a Markov
setting, but is based on the same principles.

From the above references we know that a major difficulty in the present topic con-
sists of showing that a solution to the BSDE (assuming it exists) indeed provides the
optimizers of the portfolio choice problem and, when appropriate, of the associated dual
problem. In contrast to Nutz [2011], where for verification a condition is given that
involves the martingale part of the BSDE solution, we here strive for criteria on the
parameters of the model, mainly focussing on the market price of risk A. Under an
exponential moments condition on the mean-variance tradeoff, we study the existence
and uniqueness of an optimal solution to problem (1.1.5), together with the solution to
the associated dual problem. In Chapter 4, we show that under cone constraints, the
dual domain can conveniently be restricted to be the family of supermartingale mea-
sures for the stock. We then describe the direct correspondence between the solutions
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of a quadratic BSDE and the primal and dual optimizers. The main tool for this is an
extension of the decomposition of elements in the dual domain given in Karatzas and
Zitkovié¢ [2003] and Larsen and Zitkovié [2007] to the case of semimartingale dynamics
with predictably measurable cone constraints, a contribution to the convex duality liter-
ature. We also mention that we derive our verification statement from BSDE comparison
principles in the spirit of Hu et al. [2005] and Morlais [2009] but relax the boundedness
and nondegeneracy assumptions there, instead building on the theoretical results for
quadratic BSDEs proved in Chapter 3.

The Stability of the Portfolio Choice Problem

The most interesting application of the theoretical results on stability of BSDEs that we
provide in Chapter 3 is in using the one-to-one correspondence between optimizers and
BSDE solutions addressing the following question.

“Do the components of the solution, such as the optimal wealth and in-
vestment strategy, depend continuously on the input parameters, i.e. utility
function, asset price dynamics and investment constraints?”

Since we focus specifically on power utility our results are simultaneously more and less
general than previous literature. Namely we are fixed within a class of utility functions
but allow for a more general market model with continuous semimartingale dynamics.
Moreover, using the link with BSDEs we can simultaneously consider continuity with
respect to utility function, model dynamics, statistical probability measure and con-
straints, integrating previous research into one framework. Here, continuity with respect
to the utility function is given in terms of the investor’s relative risk aversion parameter.
The continuity with respect to the model dynamics is formulated for the mean-variance
tradeoff process. With regards to the stability in the statistical probability measure we
consider convergence of the corresponding densities while for the constraints we rely on
the notion of the closed set limit.

These modes of convergence are appropriate for an investigation of the stability of
the utility maximization problem. For instance, in the motivating example above the
regulator may well be concerned about the effect of having their decision taken under
misspecifications of the market dynamics. As a second application no investor knows
their risk aversion exactly, similarly the stock dynamics and the probability measure
are based on historical estimation and thus it is necessary to investigate the impact of
slight misspecifications on the optimal variables. Our results are to the stability of the
portfolio choice problem, and we provide a mathematical framework to study this. We
derive convergence of the optimal strategies, as well as convergence of the optimal wealth
and dual processes in the semimartingale topology, which is stronger than convergence
at terminal time in probability. We are thus able to improve the statements in Larsen
and Zitkovié [2007], Larsen [2009] and Kardaras and Zitkovié¢ [2011].

The BSDE approach to the study of the stability of the utility maximization problem
is a new feature, in particular, the current literature in this area typically relies upon
duality methods. More precisely, the previous research is divided into two themes,
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beginning with the article of Jouini and Napp [2004], the first analyzes continuity with
respect to the preferences. A sequence (U™),en, of utility functions (not necessarily of
power type) converging to U = U" is considered and the continuity of the corresponding
optimizers investigated, for complete Ité-price models in Jouini and Napp [2004] and
for incomplete markets with continuous semimartingale dynamics in Larsen [2009]. In
the complete case, due to uniform boundedness of the market price of risk process, the
authors of Jouini and Napp [2004] prove the L?, o > 1, as well as pointwise convergence
of the optimal wealth and consumption at each date, whereas in Larsen [2009] this is
weakened to convergence in probability of only the optimal terminal wealth. We mention
that both articles assume a regularity condition in the sense that all utility functions are
dominated by a fixed one. More recently, in Kardaras and Zitkovi¢ [2011] it is shown that
such convergence in probability of the optimal terminal wealth also holds when there
are illiquid assets which the investor may add to their portfolio and when the statistical
probability measure simultaneously varies, modelled by a sequence of measures (P"),en,
converging in total variation norm. Again, there is a uniform integrability assumption.
In fact, building on Larsen and Zitkovi¢ [2007], one can provide an example which shows
that convergence of the optimal wealth in probability may fail otherwise. Finally we
mention the work of Nutz [2010a] who looks at risk aversion asymptotics for the power
utility function, but also provides results on the continuity with respect to the risk
aversion parameter. In addition, in Kramkov and Sirbu [2006] the reader will find a
related sensitivity analysis for the utility indifference prices.

The second theme, beginning with Larsen and Zitkovié [2007], relates to misspecifica-
tions in the model, i.e. the utility function is fixed (again, not necessarily of power type)
and the asset price dynamics vary. Typically there is a continuous semimartingale S*,
modelling the financial market, which is indexed by a market price of risk A. A sequence
A™ is then chosen, appropriately convergent to some A, and the convergence of the opti-
mal terminal wealths X%n is studied, again in probability. Continuity is shown under a
suitable uniform integrability assumption (which is indispensable as an example shows).
The results therein have recently been generalized to the conditional value functions and
optimal wealth random variables Xﬁ‘n for a stopping time 7 valued in [0, T], we refer to
Bayraktar and Kravitz [2010] for further details.

The previous articles consider stability/continuity only in the situation when there
are neither investment nor information constraints. As an exception, in the specific case
when the utility function is the logarithm, appropriate stability results can be found in
a recent article by Kardaras [2010]. The optimizing investment strategy is then called
the numéraire portfolio and by using its known explicit formula it is shown to depend
continuously on the filtration, probability measure as well as the investment constraints,
which are modelled by a sequence of cones.

Summary of the First Chapter

Let us now give a summary of the content of each chapter and provide additional re-
marks about our contributions to the literature. Following this introduction we fix the
framework and the notation which will be used throughout. We give an overview of the
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general concepts of utility maximization which we consider to be for the unconstrained
problem in a first step. More precisely, along with the primal problem (1.1.5), we also
introduce the dual optimization problem. From Kramkov and Schachermayer [1999] we
then recall that, under suitable no arbitrage and nondegeneracy assumptions, there is
a unique primal optimizer X together with a unique dual optimizer Y. In particular,
we show that these optimizers exist under the condition that the mean-variance tradeoff
(A M)7 have all exponential moments which is the major structural assumption within
the entire thesis. As a matter of fact, finite exponential moments of some specific order
are sufficient as we show in Chapter 5. This then improves the results from the literature
which are for a bounded mean-variance tradeoff, see Hu et al. [2005] and Morlais [2009].

Two properties of the optimal pair (X , }A’) turn out to be essential. Given that they
satisfy the initial condition Yy = u/(Xy), where u is the value function from (1.1.5), we
have that

(A) the process XY isa martingale and
(B) it holds that Y7 = U’(Xr).

In view of the relation (B) it is then natural to define

. Y

and to investigate the dynamics of this process which in this case are accompanied by
the terminal condition ¥ = 0. We are thus led to considering a BSDE for the process
¥, which turns out to be the (logarithmic transform of the) dynamic value process for
the problem (1.1.5) and which is called opportunity process in Nutz [2010b]. We then
obtain that

1
A0, = Z] dM; + dN, — 5 d(N),

1 N
+ %(Zt AT d(M)(Z+ M) = 5 27 d(M)iZe, Br =0 (L16)
The associated control process Z is defined in terms of the optimal strategy © and the

market price of risk A, i.e.
Z==-A+1-pp

while N stems from representing Y as a stochastic exponential and is assumed continuous
(which would hold in the case of a continuous filtration, for instance),

YV =Y0E(-\- M+ N).

In the equation (1.1.6) ¢ stands for the dual number to p € (—o0, 1), i.e. ¢ := %, where
1 — p is the investor’s relative risk aversion. We observe that the BSDE is quadratic in
the control variable Z and in the subsequent analysis we verify that the driver of (1.1.6)
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is convex in Z, which is due to our sign conventions and the fact that ¢ € (—oo,1).

The above item (A) provides an argument for verification. Given a solution (¥, Z, N)
to the BSDE in question and defining a wealth process X and a dual variable Y as
suggested by the preceding remarks we find that (X,Y") is the pair of primal and dual
optimizers if condition (A) is satisfied by XY = Y0P E([(1 — q¢)Z — q\] - M + N), see
Nutz [2011] for a recent treatment of this martingale principle. The uniqueness of the
optimal pair then may be used to derive uniqueness of solutions to the BSDE (1.1.6) for
which condition (A) is satisfied. However, this condition involves the martingale part
from a solution triple and hence may be difficult to check, given that the martingale part
is derived from the martingale representation theorem and in general is only implicit.
For verification we thus follow another idea. Namely, in Chapter 4, where the more
general framework of the cone constrained problem is considered, we deduce that U is
contained in a specific space that we call €. It consists of all processes whose supremum
has finite exponential moments of all orders. The proof of this fact relies crucially on
us being able to choose the dual domain as a set of supermartingale measures. Indeed,
we show that in the cone constrained setting of Chapter 4 this is feasible, so that we
can conclude the verification argument from the theoretical results in Chapter 3. These
results establish that uniqueness in the space € holds for quadratic BSDEs with convex
generators. The reader is referred to Table 1.1 in Section 1.3 for an overview of this
discussion.

Summary of the Second Chapter

In Chapter 2 we then study the quadratic semimartingale BSDE (1.1.6) of power utility
maximization in more detail, in particular when the market price of risk is of BMO
type. We know that a solution to the BSDE provides candidates for the optimizers
and that verification is the difficult part. It typically requires extra regularity of the
BSDE solution which is guaranteed by the boundedness of the mean-variance tradeoff
or, as we show in Chapter 3 in combination with Chapters 4 and 5, by the existence of
specific exponential moments of the mean-variance tradeoff. In particular, when one can
show the existence of a bounded solution, verification is feasible, see below for further
discussion on this point. Motivated by the ease of verification given a bounded solution
the main aim of Chapter 2 is to quantify in terms of assumptions on the mean-variance
tradeoff process (A - M) when one can expect such a bounded solution. This natural
question justifies the study.

The assumption that the mean-variance tradeoff process be bounded or have all ex-
ponential moments implies that the minimal martingale measure with density process
E(—A- M) is a true probability measure, where £ denotes the stochastic exponential. In
particular, the set of equivalent martingale measures is nonempty, so that there is no
arbitrage in the sense of NFLVR (no free lunch with vanishing risk), see Delbaen and
Schachermayer [1998]. If the local martingale A - M is instead assumed to be a BMO
martingale then from Kazamaki [1994] Theorem 2.3 the minimal martingale measure
is again a true probability measure and NFLVR holds. The acronym BMO stands for
bounded mean oscillation and we refer to the monograph by Kazamaki [1994] for a ma-
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jor account of the theory involved. In the above case of a BMO martingale A - M the
mean-variance tradeoff now need not be bounded or have all exponential moments. A
secondary objective of Chapter 2 is to study what happens to the solution of the BSDE
in this situation. As discussed, such a condition on A - M arises naturally from a no
arbitrage point of view, additionally however there is a relation between boundedness of
solutions to quadratic BSDEs and BMO martingales, see Mania and Schweizer [2005].
Under appropriate assumptions, this classical result states that when the generator of
a BSDE has quadratic growth in the variable Z then for a solution triple (¥, Z, N) the
process W is bounded if and only if the martingale part Z- M + N is a BMO martingale,

i.e. if and only if
T 9 1/2
E [(/ ZsdMs + Np — NT> .7-"71

where the supremum is over all stopping times 7 valued in [0,7]. In the setting where
¥ is assumed to satisfy an exponential moments condition only, such a correspondence
is lost. However, we provide examples to show that whilst a solution triple (‘if Z N ) to
the BSDE (1.1.6) indeed prov1des the optimizers of the utility maximization problem,
the respective martingale part Z - M + N need not be a BMO martingale, equivalently,
the process U need not be bounded. In short, there are BMO martmgales AW, where
W denotes a one-dimensional Brownian motion, such that £([(1 — ¢)Z — ¢)] - W) is a

sup
-

< 400, (1.1.7)
LOO

martingale while Z-W is not a BMO martingale. The question under which assumptions
Z - M + N from a BSDE solution triple actually induces a measure change is thus
also interesting from a mathematical standpoint and a further treatment is provided in
Chapter 3.

The contributions of Chapter 2 are then as follows. Firstly in a Brownian setting, we
provide a necessary and sufficient condition, related to the finiteness of the dual problem,
which guarantees the existence of a unique solution to the BSDE (1.1.6) satisfying (an
analogue to) the martingale condition in item (A) above. Here, we give the first compo-
nent ¥ of a solution pair in explicit terms. The statement of this result is motivated by
its applicability in a number of specific situations which arise in the subsequent analysis.
Moreover, we construct an explicit example for which the BSDE fails to have a solution
when the dual optimization problem is degenerate. This example serves us as the major
building block in our further study of counterexamples to boundedness of BSDE solu-
tions. Secondly we show that the BSDE always admits a continuum of distinct solutions
with square-integrable martingale parts. We deduce this result from a lemma in which
we show that, contrary to the classical 1t6 representation formula with square-integrable
integrands, an analogous L2-representation of random variables in terms of stochastic
exponentials is not unique. More explicitly, in the Brownian framework, let £ be a posi-
tive random variable bounded away from zero and infinity. From the classical martingale
representation theorem we know that there is a constant & together with a predictable

10
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process (8 such that

T
E=k+ (3 -W)r with EVO B2 dt| < +oo

and that the pair (k, ) is unique among all pairs with these properties. Let us now
strive for an analogous “multiplicative” decomposition,

T
E=c&(a-W)r where E[/ log|? dt| < +o0.
0

We prove that in order to deduce uniqueness of the pair (¢, ) one has to add an extra
assumption. For instance, uniqueness of the pair (¢, «) holds if additionally ¢ = E[¢].
Equivalently, one may also assume that additionally o - W is a BMO martingale. In-
deed, we prove that for every number ¢ > E[¢] there is a predictable square-integrable
process af such that the above multiplicative decomposition holds. This shows that
there is a continuum of distinct multiplicative L?-decompositions. The intuition is that
E(af - W) need not be a martingale so that increasing ¢ may be offset by an appro-
priate choice of a®. A consequence of this result is that it immediately carries over to
nonuniqueness of solutions to quadratic BSDEs with square-integrable martingale parts.
This is because the standard method of finding solutions to such equations involves an
exponential transform. We point out that the type of nonuniqueness is nontrivial in
the sense that the martingale parts are always square-integrable, in contrast to classical
counterexamples that are only locally integrable. Indeed, it is well known that without
square-integrability even the standard Itd6 decomposition is not unique. In fact, for every
k € R there exists a predictable process ¥ such that

T
£=k+ (8" W)p with / 852 dt < +oo  Poas.
0

as we know from Emery et al. [1983] Proposition 1. We mention that the reader will
find an example of a specific BSDE for which two distinct square-integrable solutions
are constructed in Ankirchner et al. [2009] Section 2.2. However, we show that there
is actually always a continuum of distinct square-integrable solutions for the class of
quadratic BSDEs related to the power utility maximization problem. For a continuum
of distinct solutions to the BSDE clearly only one of them can correspond to the optimal
pair (X, 17)

We then proceed with a thorough investigation of when the BSDE admits a bounded
solution. If the investor’s relative risk aversion is greater than one and A\ - M is a BMO
martingale, we demonstrate that this is automatically satisfied. This relies on the fact
that from Kazamaki [1994] we know that £(—\-W) defines an equivalent local martingale
measure and that it satisfies a suitable reverse Holder inequality. Here, we use that risk
aversion greater than one corresponds to the case g € [0, 1), which is equivalent to p < 0.
The reverse Holder inequality is then known to be related to the boundedness of the first
component of the optimal BSDE solution triple (\if, Z,N ). For a risk aversion smaller

11
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than one the picture is rather different and we provide an example to show that even
when the mean-variance tradeoff has all exponential moments and the process A - M
is a BMO martingale, actually, even if it is a bounded martingale, then the solution
to the utility maximization BSDE need not be bounded. We develop this example in
several steps by using the major building block that we have alluded to above. The
major difference is that we now do not aim at degeneracy, i.e. at ¥y = 400, but
at unboundedness of the real-valued process ¥. We hence add to the construction an
Fr/p-measurable random variable that diffuses on its image space (0, 1] so that Ur/2,
which involves the logarithm of this random variable, is unbounded. We then modify
this construction by choosing a suitable stopping time which additionally ensures the
finiteness of all exponential moments. We mention that we also provide explicit examples
which are Markovian in M by referring to Azéma-Yor martingales.

Building on these examples our most important result is Theorem 2.5.10, which shows
how to combine the BMO and exponential moment conditions so as to find a new minimal
condition which guarantees, in a general filtration, that the BSDE admits a bounded
solution. We point out that the result is for a situation in which N may exhibit jumps.
Indeed, all the results which depend only on the specific continuous local martingale M
also hold in this more general setting. The BSDE (1.1.6) is then replaced by

1
dU, = Z; dM; + dN; — 3 d(N€); +log(14+ AN) — AN,

+ %(Zt + )\t)T d<M>t(Zt + )\t) — %Z;r d<M>tZt, Ur =0, (118)
where N¢ denotes the continuous part of N and AN its jump part. We note that in our
setting V> 0, hence AN can be assumed to satisfy AN > —1. In a first step we use the
John-Nirenberg inequality to find a sufficient condition on the BMOg norm of A- M which
guarantees boundedness of the corresponding BSDE solution. This is done by choosing
the sharpest possible Holder type estimate and it gives us a critical value, denoted by
kq, for which subsequent analysis shows that this value cannot be improved. However,
the feasibility of a uniform characterization of the boundedness property of solutions to
the BSDE (1.1.8) in terms of the BMOy norm of X - M is limited, see the discussion
in Subsection 2.5.1. More precisely, the property of being bounded holds uniformly in
p € (0,1) and A, where A - M is a BMO martingale, only if p is restricted to an interval
truncated at 1 and the BMOg norm of A - M is small enough.

As a consequence we investigate the implications of the finiteness of dynamic expo-
nential moments of (\- M) of a specific order. After proving that their finiteness may be
given in terms of a condition on a critical exponent b of A- M, we then fully characterize
the boundedness of solutions to the quadratic BSDE arising in power utility maximiza-
tion. The corresponding theorem also involves the construction of a market price of
risk A such that two conditions hold simultaneously, the first concerns the finiteness of
exponential moments, i.e. the critical exponent b(\ - M), and the second relates to the
(un)boundedness of the respective BSDE solution. Here, a major task consists of balanc-
ing these two conditions. More specifically, we show that b(A- M) > k, is a sufficient, but

12
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not a necessary, condition for the existence of a (then unique) BSDE solution (¥, Z, N)
with ¥ bounded. However, the condition b(X - M) > k where k < k, is not sufficient.
As a result the value k; cannot be improved in the sense that k; cannot be chosen to
be a smaller constant, which in turn would correspond to relaxing the requirements on
the dynamic exponential moments of (A-M). Finally, we mention that the limiting case
of risk aversion equal to one, i.e. the case of logarithmic utility, is covered by all these
results.

Summary of the Third Chapter

Having studied when the BSDE that arises in power utility maximization has a bounded
solution, we turn our attention to the unbounded case. More explicitly, in Chapter 3, we
provide all the theoretical background material which is needed for the study of general
continuous quadratic semimartingale BSDEs under an exponential moments condition.
Having such results in greater generality increases the range of applications for BSDEs
with the major practical application being the utility maximization problem with an
unbounded mean-variance tradeoff.

Building on the theorems of Briand and Hu [2008] and Morlais [2009] we hence provide
existence, uniqueness and stability results for those BSDEs whose drivers are Lipschitz
continuous in W, locally Lipschitz continuous, quadratic and convex in Z and where
the processes that appear in the quadratic growth estimates as well as the terminal
condition have finite exponential moments of some specific order. Since in this case we
do not necessarily dispose of the more convenient boundedness properties, the method
utilized in Morlais [2009] for the derivation of an a priori estimate cannot be directly
applied within our setting. We thus have to include an additional assumption on the
driver. Alternatively, we need to encode the quadratic variation (M) of M in a suitable
way, see Section 3.3 for more details.

As usual, the derivation of an a priori estimate is key to deducing an existence re-
sult. The proof of existence relies on a double truncation procedure to not only obtain
bounded solutions to the truncated BSDEs but to also apply a monotone stability result
from Morlais [2009] for which growth estimates with uniformly bounded majorants are
required. We also mention that the continuity of the filtration (in the sense that all local
martingales are assumed to be continuous) is used directly for this existence result only.

We then move on to showing that if the drivers are convex in Z then solutions to the
BSDEs under consideration with first component in the space € are unique. The proof
makes use of the so-called 6-technique and has to take care of the orthogonal martingale
part N. Finally, under a uniform exponential moments assumption, we obtain that
a stability theorem for the studied BSDEs holds as well. In contrast to the previous
existence result, in its proof all exponential moments are required to be finite.

As a byproduct of establishing our results we are able to show via an example that
the stability theorem as stated in Briand and Hu [2008] Proposition 7 needs a minor
amendment to the mode of convergence assumed on the drivers and we include the
appropriate formulation. In fact, unlike Frei [2009] Theorem 2.1 and Morlais [2009]
Lemma 3.3 our growth estimates need not be uniform. Additionally, we do not assume

13
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that the respective majorants are uniformly bounded. As a consequence, in contrast to
the setting of Frei [2009] Theorem 2.1, pointwise convergence of the generators is not
sufficient for our stability result to hold.

Another main contribution of Chapter 3 is to address the question of measure change.
We know that when the generator has quadratic growth in the control variable Z then the
solution processes V¥ is bounded if and only if the corresponding martingale part Z- M+ N
is a BMO martingale. In the unbounded setting we do not dispose of this correspondence
anymore. However, under the assumptions of Chapter 3, we are able to show that even
if Z- M + N may not be a BMO martingale, the stochastic exponential £(o(Z - M + N))
is a true martingale for |g| sufficiently large. For the prototype of a quadratic BSDE
above this is true for |p| > 1/2, in particular for ¢ = 1. For the utility maximization
BSDE (1.1.6) the relation o = 1 can be achieved by using a suitable generalized Young
inequality, see Chapter 5 for the technical details involved. This result can then be used
to perform a verification argument as suggested by condition (A) above. Hence the
results of Hu et al. [2005], Morlais [2009] and Covello and Santacroce [2010] can all be
extended beyond the case of a bounded mean-variance tradeoff, see also Heyne [2010] for
a number of stochastic volatility models. Moreover such a theorem may be used in the
partial equilibrium framework of Horst et al. [2010] where the market price of external
risk present there is given by equilibrium considerations and is typically unbounded.

Summary of the Fourth Chapter

In the final two chapters we then apply all these results to the constrained utility maxi-
mization problem with a focus on its stability. In Chapter 4 we assume that the agent’s
strategies must take values in a predictably measurable closed and convex cone. Under
an exponential moments condition on the mean-variance tradeoff, the existence of an
optimal solution to the above problem (1.1.5) together with the solution to the associ-
ated dual problem is then obtained by arguments from convex duality. Here our line
of reasoning relies on the fact that the dual domain can be defined as the family of
supermartingale measures for the stocks. Contrary to the usual procedure of proving
the existence of a solution to the portfolio choice problem via the dual problem we here
consider the primal problem first and the dual problem second. In particular, we must
guarantee that the dual optimizer obtained does not exhibit singular parts as in Westray
[2009] from which we borrow a major part of the argument for showing the existence of
the primal and dual optimizers. Indeed, we know from Cvitani¢ et al. [2001] that such
singular parts operate on random endowments, which are not present here. We remark
that an additional assumption on the cones is imperative, namely that they be polyhe-
dral. Under such an assumption the family of wealth processes is closed with respect to
the semimartingale topology, see Czichowsky et al. [2011]. We also note that previous
literature, where a fixed constraints set is considered within an additive framework, see
Karatzas and Zitkovié¢ [2003], is covered by our approach. Here, “additive framework”
is meant in the sense that the investment strategies, denoted by H, are defined to rep-
resent the amount of shares held in the portfolio so that wealth is written in additive
format, X =z + H - S. We refer to our formulation via equation (1.1.4) as the “multi-
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plicative formulation”. Such a formulation simplifies and generalizes to the constrained
semimartingale case the proof of the decomposition of elements of the dual domain when
compared to similar results from Karatzas and Zitkovi¢ [2003] and Larsen and Zitkovié
[2007]. We mention that the latter are in line with earlier results which are implicitly
present in Cvitani¢ and Karatzas [1992] and Rouge and El Karoui [2000], for instance.
The assumption that the cones be polyhedral remains crucial.

We then state the direct correspondence between solutions (\if, Z,N ) to the quadratic
utility maximization BSDE and the primal and dual optimizers (X' , }7) building on this
decomposition. As a consequence we augment the results from previous literature by
providing a simple decomposition of the optimal control process Z into a part with well
defined properties related to the dual optimizer and the polar cone of the constraint set
and another part related to the optimal strategy. In addition, in contrast to Chapter 5
and the results from Hu et al. [2005] and Morlais [2009], we use Moreau’s decomposition
theorem to avoid measurable selection arguments. In fact, nearest point projections
onto closed and convex sets are uniquely defined (and continuous). We mention that the
corresponding BSDE now contains the distance function in its driver which reflects the
fact that there are trading constraints that have to be taken into account. Relying on
the special choice of the dual domain we are able to define the so-called dual opportunity
process and use its dynamic optimality properties. The dual opportunity process appears
in Nutz [2010b] with the exception that the crucial properties needed here may not hold
for the specific dual domain considered there in its full generality, but they do hold for
our choice. As a result ¥ is contained in @ and therefore unique.

The main task is then to prove that the optimal wealth, strategy and dual variable
all depend continuously on the input parameters of risk aversion, market price of risk,
probability measure and constraints. We show that this convergence takes place in
the semimartingale topology, hence directly on the level of processes as opposed to
convergence in probability at terminal time. This extends the results in Larsen and
Zitkovié¢ [2007], Larsen [2009] and Kardaras and Zitkovié [2011]. A notable feature of
our approach is that we rely on BSDE techniques rather than duality theory, which —
given the main idea of integrating all the considered variations into one BSDE framework
— is new in the literature in this area. The main difficulty consists of providing a unified
treatment for the simultaneous investigation of all the variations in the input parameters.
In particular, we have to encode these variations within some BSDE whose driving local
martingale is the fixed M so that we can apply the stability result from Chapter 3.
Via suitable transformations this BSDE then gives us the solution triples (\i/”, Z”, N ™)
of the portfolio choice problem when the market price of risk, the agent’s relative risk
aversion parameter, the statistical probability measure and the constraints sets vary,
parameterized by n € Ng. From the stability result for these triples we then extract the
stability (in n) of the corresponding optimal pairs (X", Y™).

Finally we give an example which shows that our conditions on the set convergence
are well motivated. Namely, we have to take into consideration the so-called null-
investments, i.e. consider set convergence modulo those strategies that do not contribute
to the investor’s wealth.
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Summary of the Fifth Chapter

In Chapter 5 the main results consist of deriving the existence and uniqueness of so-
lutions to the constrained utility maximization problem — now additionally taking into
account a situation of restricted information — and relating them to the appropriate
BSDE under weaker conditions than those present in the literature. Following the ideas
provided in Mania and Santacroce [2010], see also Sass [2007], we transform the utility
maximization problem under partial information into a related stochastic control prob-
lem which can be interpreted as a problem under full information. Unlike these two
references we include trading constraints which are compact. Here, we write “compact”
to ease the formulation and refer to Chapter 5 for the precise conditions. The inclusion
of constraints is motivated by the riskiness of the optimal strategies which appear under
limited information and which typically consist of large long or short positions, see Sass
[2007] for further discussion.

We point out that in this chapter we rely purely on BSDE techniques. In particular,
the existence of the solution to the portfolio selection problem is guaranteed by solving
a specific BSDE which we identify to be the utility maximization BSDE in the context
of incomplete information. The main difference is that now this BSDE is not for the
local martingale M but for M°, the optional projection of M onto the smaller filtration
which encodes the investor’s flow of partial information. We also mention that we
extend the cited literature to the multidimensional framework. In doing so we overcome
technical difficulties related to the covariations of M and M°. More specifically, in the
utility maximization BSDE both quadratic variations (M) and (M°) appear although, as
already stated, the BSDE is formulated with driving local martingale M°. We mention
that in Chapter 5 we assume that all local martingales (with respect to the smaller
filtration) are continuous.

As an extension of the previous setting we also assume that at terminal time T there
applies an additional discount D on the investor’s accrued wealth. In contrast to Nutz
[2010Db], the variable D need not be bounded, but only satisfy an appropriate finite
moments condition. One may think of D as arising from a stochastic tax rate or bonus.
Alternatively, we can interpret D as triggering a measure change so that the optimization
is under the investor’s subjective beliefs determined by D.

As already explained above, when performing the verification argument we must show
that some stochastic exponential of a process involving the martingale part of a BSDE
solution defines a true probability measure. By means of the generalized Young inequal-
ity we hence consider growth estimates that are parameterized by € > 0 and then fix a
specific € = ¢* in such a way that a solution to the BSDE exists and that the correspond-
ing martingale part indeed induces a true measure change. The martingale optimality
argument then enables us to conclude that specific BSDE solutions indeed provide the
optimizers of the incomplete information and constrained investment problem.

As an application of the stability result for quadratic BSDEs we finally show that the
respective optimizers depend continuously on the investor’s attitude towards risk, the
market price of risk process, the constraints sets and the discount or measure change, sim-
ilarly to the procedure in Chapter 4. In conclusion, our contribution lies in generalizing
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the approaches of the cited references in several directions as well as providing a common
framework for the treatment of the various features that may be investigated within a
portfolio choice problem. These comprise investment and information constraints, the
effects of perturbations and — more importantly from a calibration perspective — the
impact of misspecifications of the model parameters.
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1.2 Framework and Model Formulation

Throughout the entire thesis we work on a filtered probability space (2, F, (Ft)o<i<7, P)
satisfying the usual conditions of right-continuity and completeness. We assume that the
time horizon T is a finite number in (0, 00) and that Fy is the completion of the trivial
o-algebra. All semimartingales are assumed to be equal to their cadlag modification.
Later in the Chapters 3 and 5, in order to apply the techniques of BSDE theory, we will
need a stronger assumption, referred to in the literature as continuity of the filtration.

Assumption 1.2.1. All local martingales are continuous.

For instance, if (F¢)o<t<7 is the augmentation of the natural filtration generated by
a Brownian motion, this assumption is satisfied. Hence, in the following chapters, the
Brownian setting will serve as a major framework for the construction of some specific
(counter-)examples. More generally, (F;)o<t<7 could be the augmented filtration gener-
ated by a continuous local martingale that allows for the representation property from
Jacod and Shiryaev [2003] III.4c to hold.

The Market Model

We assume that on the given stochastic basis there is modelled a financial market con-
sisting of one bond, assumed constant, and d stocks with (discounted) price process

17



1 General Concepts and Preliminaries

S = (S',...,897, a d-dimensional continuous semimartingale, where we write T for
transposition. More precisely, our semimartingale S is assumed to have dynamics

dS; = Dlag(St) (th + d<M>t)\t),

where M = (M?',..., M%7 is a d-dimensional continuous local martingale with Mg = 0,
A is a d-dimensional predictable process, the market price of risk, satisfying

T
IP’(/ A d(M)h < +oo> =1
0

and Diag(S) denotes the d x d diagonal matrix whose diagonal elements are taken from
S. Observe that - denotes stochastic integration and that we write (M) = (M, M) for
the quadratic (co-)variation matrix of M.

It is a consequence of Delbaen and Schachermayer [1995] Theorem 3.5 that any con-
tinuous, arbitrage free, numéraire denominated model of a market is of the above form
so there is no loss of generality in the above framework in view of Assumption 1.2.3
below.

To precisely describe our model we need some further results on (M). We may use
Jacod and Shiryaev [2003] Proposition 11.2.9 and I1.2.29 to write

(M)=C-A (1.2.1)

where C is a predictable process valued in the space of symmetric positive semidefinite
d x d matrices and A is a predictable increasing process. It is known that there are
many such factorizations, see Jacod and Shiryaev [2003] Section III.4a. We can choose
A = arctan( 4 (M ’)) and then, following an application of the Kunita-Watanabe

inequality, we may derive the absolute continuity of each (M? M’) with respect to A
to get C. From Karatzas and Shreve [1991] Theorem 3.4.2 it is known that there exist
Borel measurable functions which diagonalize a symmetric positive semidefinite d x d
matrix, in particular we deduce the existence of some processes P and I' valued in the
space of d x d orthogonal (resp. diagonal) matrices such that

(MY=C-A=PTP-A=DB"B- A, (1.2.2)

where we set B := I's P. The matrix I has nonnegative entries only, with the eigenvalues
of C' on its diagonal. We also point out that our results do not depend on the particular
choice of A, but only on its boundedness. In particular, if M = W is a d-dimensional
Brownian motion we may choose A; = ¢, t € [0,7], and B the identity matrix. The
above processes A, B, C, P and I" will be fixed throughout.

We let P denote the predictable o-algebra on [0,7T] x €, generated by all the left-
continuous adapted processes. The process A induces a measure u* on P, the Doléans

18



1.2 Framework and Model Formulation

measure, defined for £ € P by
T
pAE) = EV 15(t) dAtl . (1.2.3)
0

In what follows, we use the abbreviation T for a process (Y¢)o<t<7 and write “for
all t” meaning “for all t € [0,7]”. A local martingale N is called orthogonal to M if
(M? N¢) =0 for all i = 1,...,d where N¢ denotes the continuous part of N. We refer
the reader to Jacod and Shiryaev [2003] and Protter [2005] for unexplained terminology
and background material.

The Portfolio Selection Problem

We consider an investor trading in the above market according to an admissible invest-
ment strategy v that they choose. Here, a predictable d-dimensional process v is called an
admissible trading or investment strategy if it is M-integrable, i.e. f(;‘r vi d{M)y < +00,
P-a.s. We write A for the family of such investment strategies v and define the compo-
nents v* to represent the proportion of wealth invested in each stock S%, i =1,...,d. In
particular, for some initial capital z > 0 and an admissible strategy v, the associated
wealth process X*" evolves as follows:

X i=x&w-M+v- (M), (1.2.4)

where £ denotes the stochastic exponential. The family of all such wealth processes is
denoted by X(z).

Our agent has preferences modelled by a utility function U, which is throughout
assumed to be of power type,

Ulz) = %, for p € (—00,0) U (0,1).

We also include the case p = 0, in which the utility function becomes logarithmic,

U(zx) = log(z).

Starting with initial capital x > 0, they choose admissible strategies v and aim to
maximize the expected utility of terminal wealth. This leads to the following formulation
of the primal optimization problem,

u(z) == 51613 E[U(X%’”)} : (1.2.5)

Remark 1.2.2. A key property arising under power and logarithmic utility and to be
used in the sequel is the factorization property of the value process, more precisely we
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may write
() xP supyeAE{U(X:}JV)} if p#£0,
) log(z) + supyeAE[U(X%’V)} ifp=0.
_JU(@)ep if p#0,
| U®@) +a if p=0.

for some constants c,, p € (—00,1), to be identified below under suitable assumptions.
A well known corollary of this is that the optimal investment strategy o, when it exists,
is independent of  and the primal optimizer X = X% has a simple linear dependence
on .

Utility Maximization and Duality Theory

Related to the above primal problem is a dual problem which we now describe. For
y > 0 we introduce the set of adapted cadlag processes

Y(y) :={Y >0|Yy =y and XY is a supermartingale for all X € X (1)},

as well as the minimization problem

a@yzﬁﬁwEWo@y (1.2.6)

where U is the conjugate (or dual) of U given by

Uty) =sup{U(z) =2y}, y>0.

In the present setting there is an explicit formula for U ,

1_ qg_— _yt
0y = <p 1)1/ . dp#0,
—log(y) — 1 if p=0,
where here and throughout ¢ is the dual exponent to p,

b

q = pi—l'

There is a bijection between p and ¢ so that in what follows we often state the results
for ¢ rather than for p. Note that the set ) (y) has the following factorization property,

20



1.2 Framework and Model Formulation

Y(y) = yY(1). Similarly to u we then see the factorization property for w,

~ . ~ yq inf E [7 Yr pr 7& 0’
i(y) = inf E[U(ny)} _ e [ ( )} ) s
yey() —log(y) + infycy() E{U(YT)] ifp=0,

The relationship between ¢, and ¢, is provided in Theorem 1.2.4.

It is shown in Kramkov and Schachermayer [1999, 2003] (among others) that for
general utility functions (not necessarily power) the following assumption is the weakest
possible for well posedness of the market model and the utility maximization problem.

Assumption 1.2.3.

(i) The set M(S) of equivalent local martingale measures for S is non-empty.

(ii) If p > 0, there is an x > 0 such that u(z) < +o0.

When p > 0, we then derive that u(x) < 400 for all z > 0, because the initial condition
factors. Conversely, if p < 0, u(x) < 0 < +oo automatically holds for all > 0.
The Main Results in the Unconstrained Case

Summarizing the results of Kramkov and Schachermayer [1999] we then have the follow-
ing theorem where the additional claim in item (iii) follows from a calculation using the
conjugacy of u and u.

Theorem 1.2.4 (Kramkov and Schachermayer [1999] Theorem 2.2). Suppose Assump-
tion 1.2.3 holds, then

(i) There exists a strateqy 0 € A which is optimal for the primal problem. That is,
given x > 0,

u(z) = E[U(X7)], where X = X7,

In addition, U is unique in the following sense. Any other strategy v € A which is
also optimal for the primal problem satisfies

so that X®” and X*" are indistinguishable.

(i) Giveny > 0, there exists an optimal YV € Y(y) for the dual problem, unique up to
indistinguishability, i.e.

u(y) = E{ﬁ(YT)}, where Y =YY,
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(iii) The functions u and u are finite, continuously differentiable and conjugate, more-
over, v’ and —u' are strictly decreasing. If y = u'(z) then, adopting the notation
from (i) and (ii), we have the following relations,

E[XTSA/T] = xy, Yy = U'(XT), u(z) = u(y) + xy.

1

More explicitly, there are constants cp, p € (—o0,1), such that when ¢, := ﬂ,

u(z) = {U(m)cp ifp#0, iy) = {ﬁ(y)gp if p#0,

Ux)+c ifp=0, Uly)+c ifp=0.

(iv) If y = u'(z) then the process XY is a martingale on [0,T).

Remark 1.2.5. In Kramkov and Schachermayer [1999] the authors work in the addi-
tive formulation where strategies represent the number of shares of each stock held in
the portfolio and wealth remains (only) nonnegative. However, for power utility maxi-
mization, the additive formulation and the setting here are equivalent. Our motivation
for writing wealth in exponential format stems from the fact that the dual domain of
the portfolio choice problem will (and for reasons of convenience should) be a family
of supermartingale measures, hence stochastic exponentials. Since we want to relate
the utility maximization problem straigthly to a BSDE and we dispose of a relationship
between primal and dual optimizer at terminal time, see Theorem 1.2.4 (iii), it turns
out to be most convenient to write wealth as a stochastic exponential as well. Moreover,
as in our setting the optimal wealth X exists and satisfies X7 > 0 we may, without
loss of generality, choose to optimize over the family of strictly positive wealth processes
X(z). As a byproduct this simplifies and generalizes the proof of the decomposition
of the elements of the dual domain. Also, in Kramkov and Schachermayer [1999] it is
stated only that there exists a unique primal and dual optimizer, however the precise
interpretation of “uniqueness” is not directly discussed. We refer the reader to Chapter
4 for further details on these issues.

The almost explicit form of the value function u already yields a useful characterization
of the optimal processes X and Y. We provide it in the following theorem which collects
together necessary and sufficient conditions for two candidate processes to be optimal
and whose statement is assumed to be part of common knowledge.

Theorem 1.2.6. Forz,y >0 let X € X(x) andY € Y(y) satisfy the terminal condition
Yr=U'(Xr) = X:I;_l. Then, under Assumption 1.2.3, the following are equivalent.

(i) The relation y = u'(x) holds.
(ii) The equality E[X1Yr| = xy holds.
(iii) The process XY is a martingale on [0,T].

(iv) The processes X and'Y are optimal for x and y respectively, i.e. X gives equality
in (1.2.5) and Y gives equality in (1.2.6).
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Remark 1.2.7. One may in fact use Theorem 1.2.6 as a method of finding the op-
timal pair (X,Y). This is the approach favoured in Kallsen and Muhle-Karbe [2010]
and successfully employed there for a number of affine stochastic volatility models. It
also provides the justification for using the so-called martingale optimality principle in
deriving a suitable BSDE, as performed in Hu et al. [2005] for instance. Namely, one
can find the optimizers by imposing a condition at terminal time T together with a
condition on some stochastic dynamics on [0,7]. The latter is given in item (iii) above
and corresponds to property (A) of the introduction. This naturally leads to a specific
BSDE which is the main objects of the present study.

Proof. Let us start with the implication (i) = (ii) and suppose that p < 0. Then, XY
being a supermartingale,

zy > E[X7Yr| = pE[U(X7)] > pu(z) = ¢p 2P = zu/(z) = xy.

If p= 0, we have X7Yr = Xrlog' (X7) =1 = zlog'(x) = zu/(x) = xy, see the Appendix
6.1. If p € (0,1), then ¢ < 0 so that

vy > E[X7Yr] =E YTPHYT} =E|Y{ Y| = —qE|U(¥r)|

1 1
> —qu(y) =yl ? =c¢f 1P~V = ¢ aP =/ (z)x = zy.

The implication (ii) = (iii) follows from the fact that XY is a cadlag supermartingale
with constant expectation xy.
If XY is a martingale, then from Yy = U’(X7) and Theorem 1.2.4 (iii)

EU(X1)] =E[U(Yr) + XrYr] =E[U(Yr)] + 2y
u(y) +zy > u(x) —xy + xy = u(z).

u(zx) >
>

Therefore, u(z) = E[U(Xr)] and u(y) = E[U(Y7)], i.e. X and Y are optimal, so that
(iv) follows from (iii).

Finally, assume that X and Y are optimal. Set § := «/(x) and take the dual optimizer
Y € Y(§). Then, by assertion (iii) of Theorem 1.2.4, Y7 = U’(X7) = Y7, from which
xf = E[X7Y7] = E[X7Y7] < zy. In particular, «/(z) = § < y = o/ (/)" (y)) =: v/(2)
where x > 2 > 0, since v’ is strictly decreasing and continuous, «'(0) = +oo and
u'(4+00) = 0 by Kramkov and Schachermayer [1999] Theorem 2.2. Now take a primal
optimizer X € X(#). From U'(X7) = Y7 = U'(X7) we derive that X7 = X, which
in turn yields & > E[X7Y7] = E[X7Y7] = 29, so that # > z, from which y = u/(2) =
u'(z). O

Remark 1.2.8. Observe that we made use of the explicit form of the value function
only in the proof of the first implication.

We now wish to derive more structure of the dual optimizer. In Larsen and Zitkovié
[2007] the following characterization theorem is shown when S is one-dimensional. We
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state here the multidimensional analogue whose proof we delegate to Chapter 4. How-
ever, we mention that our proof given there builds on, simplifies and extends that of
Larsen and Zitkovié¢ [2007] as we consider utility maximization under constraints there.

Proposition 1.2.9. Let Assumption 1.2.3 hold. If Y € Y(y) denotes the dual optimizer
then there exists a local martingale N such that N is orthogonal to M and

V=Yo&(-\- M+ N).

1.3 Power Utility Maximization and Quadratic BSDEs

Let us now concentrate on the case p € (—oo,0)U(0,1). The logarithmic case is fully dealt
with in Appendix 6.1. We here recall the BSDE satisfied by the so-called opportunity
process from Nutz [2010b], more precisely by its log-transform. We start with the solu-
tions X and Y to the above primal and dual problem (when Yy =y = u/(z) = «/(Xp))
and derive the BSDE satisfied by the following process

R v
U= 10g<U’(X)> .

The logic is now very similar to the procedure in Mania and Schweizer [2005], we apriori
obtained the existence of the object U of interest. Imposing a suitable assumption we
show that ¥ lies in a certain space in which solutions to (a special type of) quadratic
semimartingale BSDE are unique. This approach of using BSDE comparison principles
in utility maximization may also be found in Hu et al. [2005] and Morlais [2009]. We
observe that in these references the mean-variance tradeoff (\-M)r is bounded. In what
follows we extend their reasoning to the unbounded case under exponential moments.
Hence our assumption is

Assumption 1.3.1. For all ¢ > 0 we have that

E[exp(g (X M>T)} = E[exp(g /OT A;d(M}S)\S) < +o0.

We describe this by saying that the mean-variance tradeoff (A - M) has exponential
moments of all orders.

For instance, the above assumption is satisfied in a model of a one-dimensional Brow-
nian motion M = W with stock price dynamics given by

dS; /—
?t = th — sgn(Wt) |Wt’ dt,
see Subsection 2.4.1 for more details. Here, “—sgn” reflects a return reverting behaviour

of the stock prices. Clearly, this example is the prototype from a whole class of similar
ones. In Chapter 2 we also provide some more, rather sophisticated, examples.
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The preceding assumption is compatible with Assumption 1.2.3. However, clearly, it
is not the minimal one which is sufficient for the latter. As a matter of fact, for the next
lemma to hold, a finite exponential moment of (A - M) of order

maX<;7 (-5 —aye* - Q>1{q<o}>

is sufficient. We will investigate such minimal sufficient conditions in Chapter 2 to which
we refer for more details. We have

Lemma 1.3.2. Assumption 1.3.1 implies Assumption 1.2.3, more precisely,

(i) The process Y := E(—=\-M) is a martingale on [0,T], hence defines an equivalent
local martingale measure for S, the so-called minimal martingale measure.

(i) The function u is finite on all of (0,+00).

Proof. Ttem (i) follows from Novikov’s criterion and the product rule using the continuity
of M. For item (ii) we need only consider the case of p € (0,1). Let > 0 and observe
that from the definition of U, Hélder’s inequality, ¢ < 0 and the exponential moments
assumption

u(z) = sup E[U(X;’”)} < E{f](Y%‘)} + sup E{X%’”YT)«‘} < —; E[(Yf\)q} +x

ve A ve A
1 T 1/2
< 3 E [exp (q(2q -1) / A d<M>t)\t> +x < +o0,
0
which completes the proof. O

Before we discuss properties of the process U we first fix some notation.

Definition 1.3.3. Let € denote the space of all processes Y on [0, 7] whose supremum
T* := supg<,;<7 | T¢| has finite exponential moments of all orders, i.e. those processes T
such that for all p > 0

E [exp (o1™)] < +o0.

In the Chapter 4 we show that if Assumption 1.3.1 holds and if (X, Y") is the solution to

the primal and dual optimization problem, then U € ¢ With regards to the derivation
of the BSDE satisfied by ¥, we note that, using the formulae for X and Y,

¥ :log(yE(—A~M+N)(:c5(ﬁ-M—l—ﬁ-<M>>\))1p).

Assuming that N is continuous and after the change of variables

Z:=-A+(1-pp
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o the following quadratic

)t
Z ))’

a calculation shows that we have found a solution ( U, Z,N
semimartingale BSDE (written in the generic varlables (P,

1
AW, = 7] dM; + dN; = 5 d(N);

1
+ g(zt + )T A(M)(Zo+ M) = 5 2L d(M).Z, Wr =0, (1.3.1)

where we call BSDE solution a triple (¥, Z, N) of processes valued in R x R? xR satisfying
(1.3.1) P-a.s. such that:

(i) The function ¢ — W, is continuous P-a.s.

(ii) The process Z is predictable and M-integrable, in particular fOT ZFd(M)Z; < 00
P-a.s.

(iii) The local martingale N is continuous and orthogonal to M.

(iv) We have that P-a.s.
T
/O (20 + M)T dM)UZi + M) + Z7 d(M),Z0) + (N)r < +oo.

We summarize these findings in the following theorem noting that it is uniqueness that
requires the stronger Assumption 1.3.1, existence is guaranteed under Assumption 1.2.3.

Theorem 1.3.4. Let Assumption 1.3.1 hold and (X, }7) be the solution pair to the primal
and dual optimization problem, i.e. for x > 0

X=z&E@ -M+0-(M)A) and Y = u/(z) E(=\- M + N).

Assume that N is continuous and set

R )% .
V.= log| ——— and Z :=—-\+(1—p)D.
g<U,(X)> (1-p)

Then

(i) The triple (U, Z,N) is the unique solution (¥,Z,N) to the BSDE (1.3.1) where

Ve ¢ and Z-M and N are two square-integrable (continuous) martingales.

(ii) In terms of the BSDE we may write Y as
YV =exp(P) U'(X) = Vo p-1 E(-N\-M+N)e y(c,, xp_l)

where ¢, = exp(\ilo), P-a.s. Here, ¢, is the constant from Theorem 1.2.4.

(iii) The process S([(l —Q)Z —q\ - M + N) is a martingale on [0,T).
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Proof. The content of item (i), i.e. the uniqueness part, follows from Theorem 3.2.6 and
Corollary 3.4.3 (ii) in Chapter 3. A calculation yields the alternative formula for Y in
item (ii) and the relation

A

e‘iloxpé’([(l —q)Z — g\ -M—i—N) = XY

gives the remaining assertion in item (iii). O

For the convenience of the reader we summarize the previous discussion and the rea-
soning of the present thesis in the following table, which also includes a hint at an
important application of the theory, namely the one concerned with stability.

Duality Approach BSDE Approach
Under the exponential moments assumption 1.3.1,

e There exist primal and dual optimizers | ® Quadratic BSDEs allow for solutions
X and V. (U,Z,N) with ¥ € & (if in addition

Assumption 1.2.1 holds).

e The process ¥ := log(Y/U’(X)) is part
of a triple (¥,Z,N) that satisfies a
quadratic BSDE.

e We have that ¥ € €. e Solutions with ¥ € & are unique.

e Solutions with ¥ € € hence coincide
with those from the duality approach.

e Quadratic BSDEs allow for stability
results.

Table 1.1: Link between the Duality and the BSDE Approach to the Study of the Existence,
Uniqueness and Stability of the Utility Maximization Problem under Exponential Moments

The statement of the above theorem is essentially known. In Hu et al. [2005] and Morlais
[2009] the boundedness of the mean-variance tradeoff is used to ensure uniqueness. In
Chapter 4 we are going to extended this argument to the unbounded case with expo-
nential moments. Building on previous work by Mania and Tevzadze [2003, 2008] the
article of Nutz [2011] shows that in a general setting the opportunity process exp(\il)
satisfies a BSDE which reduces to (1.3.1) under the additional assumption of continu-
ity of the filtration. In particular, exp(\il) is identified as the minimal solution to this
BSDE. Having identified candidate optimizers from the BSDE, a difficult task is then
verification, i.e. showing that a solution to the BSDE indeed provides the primal and
dual optimizers. A sufficient condition is that £([(1 —¢)Z — ¢\]- M 4+ N) is a martingale
as can be derived from Nutz [2011] Theorems 5.2 and 5.15 or the above Theorem 1.2.6.
For a Brownian framework the reader will find a more explicit result in Theorem 2.2.1

below. However, given a solution (¥, Z, N) to the BSDE (1.3.1), the above martingale
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condition need not be satisfied, hence a solution to the BSDE (1.3.1) need not yield the
optimizers even when Z - M and N are square-integrable, as we demonstrate in detail
in Subsection 2.2.2. For completeness and improved exposition of the material below we
state the following verification result as a theorem.

Theorem 1.3.5 (Nutz [2011] Theorems 5.2 and 5.15). Let Assumption 1.2.3 hold. Then:

(i) Given the solution pair (X,Y) to the primal/dual problem, where X andY together

with \II Z and N are as in Theorem 1. 3.4, then the triple ( Z,N) solves the
BSDE (1.3.1).

(ii) Suppose a triple (¥, Z, N) solves the BSDE (1.3.1) and is such that

E([(l—q)Z—qA]'M—i—N) = 8(—)\-M—|—N)5(f_+;\ - M + fj—;\ : <M>)\> (1.3.2)
is a martingale on [0,T]. If we define v := Zf“ and, for x >0,
X=z&v-M+v-(M))), Y:=exp(¥)U'(X), (1.3.3)

then the pair (X,Y) is optimal for the primal/dual problem. In particular,

u(z) = exp(¥o) U(x) < +o0.

(iii) Suppose there exist two solutions to the BSDE (1.3.1) (¥%, Z¢, N%), i = 1,2, with
the property that the stochastic exponential from (1.3.2) is a martingale for each
i=1,2. Then (U, Z' - M,N') = (U2, Z2. M, N?) up to indistinguishability.

Proof. Only item (ii) needs (little) consideration. We observe that under the given
transformations,

XY = exp(0)X? = exp(Wo) a” £([(1 - q)Z — q\] - M + N).
The proof is then immediate, either from Theorem 1.2.6 or the stated reference. O

Hence, if a solution triple (¥, Z, N) exists, then under some conditions it provides the
solution (X , f/) to the primal and dual problem and we have uniqueness to the BSDE
within a certain class. As already noted, this is in the spirit of Mania and Tevzadze
[2008] Theorem 1.3.2, Nutz [2011] Theorems 5.2 and 5.13 and Theorem 1.2.6. However,
above and in these theorems, the requirement imposed via the exponential in (1.3.2)
is not on the model. In contrast, our goal is to study which conditions on the model,
i.e. on A and M, ensure such a BSDE characterization, the regularity of its solution,
for instance in terms of a bounded dynamic value process and, most importantly, the
stability of its solution in the input parameters. While we examine the latter in Chapter
4 and look at the second one in Sections 2.3 to 2.5, the former motivates our Assumption
1.3.1 under which we can give a unified treatment, i.e. where both methods, duality and
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BSDEs, can be compared alongside one another, see Theorem 1.3.4. The result imposes
exponential moment conditions on the mean-variance tradeoff as well as on the BSDE
solution component ¥. However, as the uniqueness results of Delbaen et al. [2011]
suggest, Assumption 1.3.1 is not the minimal one.

In the Subsection 2.2.1 we provide a necessary condition for this correspondence be-
tween duality and BSDEs. This condition is formulated in terms of the dual problem
and is made explicit via a counterexample. We mention that the Assumption 1.2.3 (i)
is avoided, hence we need the following result for the calculations involved.

Lemma 1.3.6. For a triple (¥, Z, N) to satisfy the BSDE (1.3.1) it is equivalent that
P-a.s. for allt,

exp((1— @) ) E(-A- M + N){ = 0P E([(1—q)Z — g\ - M+ N),, Vr=0.

Proof. If (¥, Z, N) solves the BSDE (1.3.1), then an application of the partial integration
formula yields that

d(exp((l — QW) E(-N- M + N)?)
=exp((1 = )W) E(=A- M + N){ ([(1 — q)Z; — gA\e] dM; + dINy).

The converse statement follows from a calculation after taking logarithms of the expres-
sion in the lemma. O
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2 BSDEs in Utility Maximization with
BMO Market Price of Risk

2.1 Introduction

The aim of this chapter is to study the specific quadratic semimartingale BSDE (1.3.1)
arising in (unconstrained) power utility maximization concentrating on a market price
of risk A for which A - M is a BMO martingale. This is a natural condition as it
ensures that the minimal martingale measure with density process £(—\ - M) is a true
probability measure, see Kazamaki [1994] Theorem 2.3. In particular, it ensures that
there is no arbitrage in the sense of NFLVR, see Delbaen and Schachermayer [1998]. In
a Brownian setting we provide a necessary and sufficient condition for the existence of a
solution to (1.3.1) but show that uniqueness fails to hold in the sense that there exists
a continuum of distinct square-integrable solutions. This feature occurs since, contrary
to the classical Ito representation theorem, an L?-representation of random variables in
terms of stochastic exponentials is not unique. We then study in detail when the BSDE
has a bounded solution and derive a new dynamic exponential moments condition which
is shown to be the minimal sufficient condition in a general filtration. We point out that
this result is for the BSDE (1.1.8) which includes jump terms of N.

The study of bounded solutions is motivated by the ease of the verification argument.
Namely, when one can show the existence of a bounded solution to (1.3.1), verification
is feasible. This is due to the fact that the martingale part of the corresponding BSDE
solution then is a BMO martingale. Moreover, such an argument involves only the first
component of a BSDE solution which in concrete situations usually is a conditional
expectation of a known object. Thus, it may be more accessible than the martingale
part. As a direct consequence we obtain additional regularity of the optimal strategy
which we then find to be of BMO type as well. The main results of the present chapter
are complemented by several interesting examples which illustrate their sharpness as
well as important properties of the utility maximization BSDE. In particular, we first
motivate the new dynamic exponential moments condition by showing that the ordinary
exponential moments assumption together with the BMO property are not sufficient for
boundedness. Then we give this dynamic exponential moments condition in terms of a
critical exponent and show that it cannot be improved.

The chapter is based on joint work with Christoph Frei and Nicholas Westray, see Frei
et al. [2011]. It is organized as follows. In the next section we analyze the questions
of existence and uniqueness of BSDE solutions and in Section 2.3 turn our attention to
the interplay between boundedness of solutions and the BMO property of A - M and
the martingale parts. In Section 2.4 we develop some related counterexamples and then
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

provide the characterization of boundedness in Section 2.5.

2.2 Existence, Uniqueness and Optimality for Quadratic BSDEs

From Theorem 1.3.4 we see that under Assumption 1.3.1 one can connect the duality
and BSDE approaches to solving the utility maximization problem. This relies on the
results for quadratic BSDEs under such an exponential moments condition as presented
in the next Chapter 3. To analyze the above connection in further detail, we consider in
the present section a setting where the BSDE (1.3.1) is explicitly solvable. Proposition
2.2.1 gives a sufficient condition for a solution to the BSDE (1.3.1) to exist and provides
an expression for ¥ in terms of YA := (=X - M).

We then go on to study uniqueness and show in Theorem 2.2.5 that in general there
are infinitely many distinct solutions with a square-integrable martingale part. This is
a consequence of the fact that a multiplicative L?-representation of random variables as
stochastic exponentials need not be unique, which is the content of Lemma 2.2.3. Finally,
one aim in the present chapter is to study the boundedness of solutions to the BSDE
(1.3.1) under the exponential moments and BMO conditions. This involves constructing
counterexamples and some of the key techniques and ideas used for this are introduced
in the current section.

Therefore, in the present section, we restrict ourselves to the Brownian setting, which
we assume to be one-dimensional for notational simplicity. So let M = W be a one-
dimensional Brownian motion under P and (F;);c(o,7] its augmented natural filtration.
In particular, N = 0 is the unique local martingale orthogonal to M. A generalization
of the following results to the multidimensional Brownian framework is immediate.

2.2.1 Necessary Conditions for the Existence of Solutions to Quadratic
BSDEs

In this subsection we provide a condition that is sufficient and necessary for the BSDE
(1.3.1) to allow for a (then unique) solution in some specific space. This space is defined
precisely via the condition that stems from the utility maximization problem (the con-
dition (A) in the introduction) so that solving the BSDE (1.3.1) leads to the primal and
dual optimizers.

Proposition 2.2.1. For q € [0,1) the BSDE (1.3.1) always admits a solution. For
q <0 the BSDE (1.3.1) admits a solution if and only if

E[(Y7)!] = E[E(=A- W)E] < +oo. (2.2.1)

If there exists a solution, there is a unique solution (¥, Z) with £([(1 — q)Z — g\ - W)
a martingale. Its first component is given by

\i/tzll log<E[5(—)\-W)f7T|]:tD, te[0,7], P-as. (2.2.2)
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2.2 Existence, Uniqueness and Optimality for Quadratic BSDEs

In particular, solving (1.3.1) and setting (X,Y) as suggested by Theorem 1.3.4 gives the
pair of primal and dual optimizer.

As a result, condition (2.2.1) is sufficient for the existence and uniqueness of the opti-
mizers and we mention that it corresponds to condition (10) in Kramkov and Schacher-
mayer [2003]. It says that the dual problem is finite, however, the Assumption 1.2.3 (i)
is avoided. Hence, the utility maximization problem is well-defined even if NFLVR (no
free lunch with vanishing risk) does not hold. This is because FLVR strategies cannot
be used beneficially by the CRRA-investor due to the requirement of having a positive
wealth at any time.

Proof. Let us first show that the BSDE (1.3.1) admits a solution if (2.2.1) holds. Observe
that from Jensen’s inequality, for ¢ € [0,1),

E[E(=A-W)F] <E[E(=A-W)r]" <1,

so that (2.2.1) automatically holds in this case. For ¢ € [0, 7] consider

My :=E [5(—q/\ - W) exp <q(q—1) /T A2 ds) ‘ ft] ) (2.2.3)
2 0

Since we have

E[S(—q/\ - W) exp <q(q—1) /T A2 ds)} =E[E(-X-W)L] < 40,
2 0

M is a positive martingale so that by Itd’s representation theorem there exists a pre-
dictable process Z with [} 77 dt < 400 P-a.s. such that % M =7 -W. We set

 ZH4qX
-1,

Z:

and W as in (2.2.2). A calculation then shows that (I, Z) solves the BSDE (1.3.1) with
E1=q)Z —g)\ - W)=&(Z-W) = Mioﬂ a martingale.

We now turn our attention to uniqueness. Let us assume that (¥, Z) is a solution to
(1.3.1) such that £([(1—¢)Z — g\]- W) is a martingale. For ¢ € [0, T a calculation gives,
see Lemma 1.3.6,

exp(—(1 = q)W;) E(=A-W){ 1 = exp((1 - @) (Wr — W) E(=A- W),
=E(1=q)Z —gN\ - W)th P-a.s. (2.2.4)

so that we obtain

U, = 1qlog(E[5(—A-W)gT|ft}) P-a.s.
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

We derive that ¥ and ¥ are indistinguishable which is due to continuity. From (2.2.4)
we then obtain that £([(1 —¢)Z — ¢A] - W) is uniquely determined, from which it follows
that Z - W =2-W.

Finally, we show that the condition (2.2.1) is also necessary. Assume that a solution
(U, Z) to (1.3.1) exists but E[E(—X-W)L] = +oc0. Then, together with the supermartin-
gale property of £([(1 — ¢)Z — g)\] - W), the equality (2.2.4) shows that P-a.s.

exp((1 - q)%o) > E[E([(1 = q)Z — q)] - W) ] exp((1 - q) %)
=E[£(-A- W)} = +o0,
from which ¥y = 400 P-a.s. in contradiction to the existence of V. ]

The above theorem thus provides a condition that is sufficient and necessary for the
existence of solutions to a class of quadratic BSDEs. We now provide an explicit market
price of risk for which condition (2.2.1) fails to hold, hence for which the BSDE (1.3.1)
has no solution.

Proposition 2.2.2. For every q < 0 there exists A\ such that A - W is a bounded mar-
tingale and E[(ij‘)q] =E[E(-X-W)L] = +oc.

Proof. For t € [0,T] define

)\t'

™
9 —q(T—t) ]]T/2,T]]( ) )7

1}

Here, we define A from time 7'/2 onwards to be consistent with the construction in
Subsection 2.4.3. For the present proof, we could equally well replace 7'/2 by 0 in the
definitions of A and 7. Observe that we have that P(T/2 < 7 < T') = 1 due to continuity

and the relation
: 1 T o1
/ dW; = / —— dt = +0.
T2 VT —t s JreT -t

™

By construction, A - W is bounded by 5 et We obtain, using Kazamaki [1994] Lemma
1.3 similarly to the proof of Frei and dos Reis [2011] Lemma A.1,

(2.2.5)

where 7 is the stopping time

AWy

t 1
/T/z VI —s

inf t>T
T:=1in —
2

E[£(-\-W)E] = ]E[exp (—q()\ W)p — g/OT A2 dt)]

2 T
/=g 0 1
> e~ E — —dt
=¢ 7 leXp<8 /T/QT—t )

= —‘—OQ7
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2.2 Existence, Uniqueness and Optimality for Quadratic BSDEs

from which the statement follows immediately. O

Let us make three points concerning the above example, firstly that when ¢ € [0,1)
such a degeneracy cannot occur, as shown in Proposition 2.2.1. In fact for a BMO
martingale \-WW there actually always exists a (then unique) bounded solution as Theorem
2.3.4 shows. We recall from Kazamaki [1994] that a continuous martingale M on the
compact interval [0, T] with My = 0 is a BMO martingale if

}1/2

(7 F—_— HE[(MT L) F < +oo, (2.2.6)

where the supremum is over all stopping times 7 valued in [0, 7T]].

Secondly we point out that the martingale in the above Propostion 2.2.2 is bounded.
Indeed, it is a leitmotiv of the present chapter that requiring (in addition) the martingale
A- M to be bounded does not improve the situation with respect to finiteness of a BSDE
solution. This is because the key estimates are all on the quadratic variation process
(A - M) which in general does not inherit such properties.

Thirdly, we elaborate further on the construction of 7, which is a first hitting time of
the set R\(—1,1) for some continuous local martingale. As we know from the general
theory, this local martingale is a time-changed Brownian motion so that we may write
T as a time change of the first time that a Brownian motion leaves (—1,1). More
explicitly, by the above construction, we obtain that [} /2 ﬁ dt is this passage time.
From Kazamaki [1994] Lemma 1.3 we then derive that for ¢ € R, |¢| < 1,

= = : (2.2.7)

AT 1
5 [exp( 8 /T/2 T—t dt) cos(%) cos(%)

As |c| tends to one, this expectation tends to +00, a fact which we used in the above proof
and which is due to cos(g) = 0. In conclusion, there is a dichotomy in the behaviour
of the above expectation; either it is finite (for |c¢| < 1) or infinite (for |¢| > 1), and we
repeatedly exploit variants of this dichotomy in the sequel, see the Section 2.4 for more

examples.

cos(0) 1

2.2.2 Nonoptimality of BSDE Solutions

If a solution to the BSDE (1.3.1) does exist, it does not automatically lead to an optimal
pair for the utility maximization problem. This is because it may fail to be in the
right space (e.g. with respect to which uniqueness for BSDE solutions holds). We now
provide a theoretical result to illustrate the problem. More precisely, in contrast to
the classical 1t6 representation theorem with square-integrable integrands, an analogous
representation of random variables in terms of stochastic exponentials is not necessarily
unique. We have the following result.

Lemma 2.2.3. Let £ be a random variable bounded away from zero and infinity, i.e.
there are constants L,€ > 0 such that £ < £ < L P-a.s. Then, for every real number
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2 BSDEs in Utility Maximization with BMO Market Price of Risk
¢ > E[¢], there exists a predictable process af such that

T
E=c&(a’-W)p, E[/ lag?dt| < +oo. (2.2.8)
0

Howewver, there is only one pair (c,«) consisting of a real constant ¢ and a predictable
W -integrable process o satisfying & = cE(a - W)p with o« - W a BMO martingale or,
equivalently, with ¢ = E[£].

Remark 2.2.4. Comparing the multiplicative representation (2.2.8) with the classical
one, see Karatzas and Shreve [1991] Theorem 4.15, namely

< 400,

T
E=k+ (B -W)r, EU) 18| dt

we see that existence holds in both cases, whereas there is no uniqueness of (¢, a¢) in
(2.2.8) despite the fact that EUOT |ag|? dt} < 400 and in contrast to the uniqueness

of (k,3). While in the standard Ito6 representation theorem for L?-random variables
the square-integrability of § and the martingale property of 8- W are equivalent, our
result shows that in the multiplicative form E[ foT ]af]2dt} < 400 does not guarantee
uniqueness. The intuition for the difference between § in the additive and o in the
multiplicative form is the following. Since [ is a square-integrable process, 5 - W is a
martingale, hence it must be the case that &k = E[£]. In contrast, the square-integrability
of a¢ is not sufficient for £(a“- W) to be a martingale. It can be that E[€(a - W)r] < 1
so that increasing ¢ > E[¢] may be offset by an appropriate choice of a such that (2.2.8)
still holds. A consequence of this is that uniqueness of the decomposition £ = ¢ &(a- W)
holds if a- W is a BMO martingale or equivalently (see Kazamaki [1994] Theorem 3.4,
using the boundedness of £) if £(a - W) is a martingale.

One could argue that a more natural condition in (2.2.8) is to assume that £(a¢- W)
be a true martingale, however our aim is a characterization in terms of a¢- W itself and
thus we do not pursue this. Note that it is not possible to find ¢ < E[¢] such that (2.2.8)

holds, because £(ac- W) is always a positive local martingale, hence a supermartingale.

Proof. We first define M, := E[¢|F], t € [0,T], and apply Itd’s representation theorem to
the stochastic logarithm of M, which is a BMO martingale by Kazamaki [1994] Theorem
3.4 since M is bounded away from zero and infinity. This application yields a predictable
process @ such that @- W is a BMO martingale and { = E[¢{] £(@- W)7. The uniqueness
part of the statement is then immediate; if o+ W is a BMO martingale, we have ¢ = E[¢]
and o - W =@ - W since E(a - W) is a martingale. Conversely, if ¢ = E[{] the process
E(a- W) is a supermartingale with constant expectation, hence a martingale. Again we
have that
1

E(a- W) =E[f(a- W)p| F] = mE[ﬂf.] =E[E(@ - W)r|F]=E&(a-W)

and thus a- W =& - W, which is the BMO martingale from above.
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2.2 Existence, Uniqueness and Optimality for Quadratic BSDEs
We now fix ¢ > E[¢] > 0 and construct a¢. For this we first define the stopping time

t o1 t M,
C::'f t> d SS 1 — .
T, m{ _0'/0T—s W, 2T(T—t)+0g c}

We argue that 7. < T P-a.s. To this end consider

t1 t l
Te:=1inf ¢t > AWy < ———— +log -
T m{ _O’/()T—s 1% 2T(T—t)+0gc}

and observe that 7. < 7.. If we define the time change p : [0,7] — [0,400] by p(t) :=
ﬁ, then it follows from Revuz and Yor [1999] I1.3.14. that

1 1 L cl/?
Elexp| gp(Te) || =exp( —5log— | = 75 < +oo. (2.2.9)

We deduce that E[p(7.)] < +00, hence p(7.) < 400 P-a.s. and thus 7. < T' P-a.s. from
which it follows that indeed 7. < T P-a.s.
We now set

¢ 1 _
0f = 7y Yol (6 ) + @ 1jre 1y (1) (2.2.10)
and observe that it satisfies
7 M. —
cE(af - W) = CMTTC E(@® W), = CHTTC — T =Mr=¢

where the second equality is due to the specific definition of the stopping time 7.. More-

over, we have
T Te 1 r 2
E/ os|? dt gEU dt]+E / a2 dt|,
0 ’ t’ 0 (T—t)2 0 ’ t’

which is finite because E[p(7.)] < E[p(T.)] < +o00 and @ - W is a BMO martingale. ]

/ C dt] — Elp(r)] + E

The standard method of finding solutions to quadratic BSDEs involves an exponential
change of variables. A consequence of the preceding lemma is that the above type of
nonuniqueness carries over to the corresponding BSDE solutions, in particular to those
of the utility maximization problem. Observe that for each ¢ the process a¢ - W is
square-integrable in contrast to classical locally integrable counterexamples. Indeed it
is well known that without square-integrability even the standard It6 decomposition is
not unique. In fact, for every k € R there exists ¥ such that

T
£=k+ (B W)r, /|Bf|2dt<—|—oo P-a.s.
0

by Emery et al. [1983] Proposition 1. We are hence able to construct distinct solutions
(U, Z,N) to the BSDE (1.3.1) which are nontrivial in the above sense. This amounts
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

to some of these solutions being nonoptimal by Proposition 2.2.1. Actually, all except
one of these solutions are nonoptimal. Alternatively, uniqueness of the multiplicative
decomposition £ = ¢E(a - W) holds under an additional BMO assumption which then
implies the uniqueness of ¥ via Lemma 2.3.1 below. We summarize these comments in
the following theorem.

Theorem 2.2.5. For all p € (—o0,1) and all predictable processes X with (X - W)p =
fOT A2 dt bounded, there exists a continuum of distinct solutions (¥, Z%, N® = 0) to the
BSDE (1.3.1), parameterized by b > 0, satisfying the following properties:

(i) The martingale part Z° - W is square-integrable for all b > 0.
(ii) The process S([(l —q)Z% —q)\] - W) is a martingale if and only if b= 0.

(iii) Defining v° and X° as suggested by the formulae in Theorem 1.3.4, the admissible
process V¥ is the optimal strateqy and the associated wealth process X° = X" is
the primal optimizer if and only if b = 0.

It is known from Ankirchner et al. [2009] Section 2.2 that quadratic BSDEs need not
have unique square-integrable solutions. These authors present a specific example of
a quadratic BSDE with a particular terminal condition which allows for two distinct
solutions with square-integrable martingale parts. In contrast, Lemma 2.2.3 shows that
every BSDE related to power utility maximization with bounded mean-variance tradeoff
has no unique square-integrable solution, independently of the value of p. This underlines
the importance of being able to find a solution to the BSDE (1.3.1) with Z - W a BMO
martingale in Hu et al. [2005] and Morlais [2009] (as is done by means of BSDE theory
there).

Proof. We set & := exp(@ fOT A7 dt) and define the measure change

dP

so that P is an equivalent probability measure under which W is a Brownian motion on
[0, T] where

N t
Wt = Wt+Q/ )\SdS.
0

This measure change is implicitly already present in the proof of Proposition 2.2.1, see
(2.2.3). We now apply Lemma 2.2.3 to the triple (W,P, (Ft)teo,r)) noting that in its
proof we may use Itd’s representation theorem in the form of Karatzas and Shreve [1998]
Theorem 1.6.7, i.e. we can write any Iﬁ—martingale as a stochastic integral with respect to
W, although w may not generate the whole filtration (F);c[o,77- For every real number
c> Eﬁ[ﬁ] > 0 we then derive the existence of a predictable process a“ such that

. T
§=c&(a”-W)r, Eg [/ laf|? dt| < +oo.
0
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2.3 Boundedness of BSDE Solutions and the BMO Property

For t € [0,T] we then set
~ t — 1 rt -1 t
U¢ = log(c) +/ ag dWs — 7/ |ac)? ds — q(q)/ M ds,
0 2 Jo 2 0

so that U¢ solves the BSDE

~ — 1 ~1 ~
dV§ = af dW; — 5 laf|? dt — ala—1) \dt, U5 =0. (2.2.11)
Using the transformations b := ¢ — Ez[¢] > 0, ¢ =: (1—q)¥® and o =: (1 — ¢q)Z" we
arrive at the BSDE (1.3.1),

1
AV} = 2} dW, + J(2) + N)Pdt — 5 (2])dt, W=,

which admits a continuum of distinct solutions, parameterized by b > 0, as we will see
shortly. We first show that each martingale part is additionally square-integrable under
P. This follows from the inequality

2
E VOT | dt| < Eg|&(gh- W)F] 12 Es [(/OT g dt) ]

Note that the second term on the right hand side is finite since from (2.2.9) in the proof
of Lemma 2.2.3 we have that E [p(Tc)?] < +00. Moreover, using @ from this proof,

1/2

@-W is a BMO martingale (under P), hence fOT |2 dt has an exponential P-moment of
some order by Kazamaki [1994] Theorem 2.2, see also Lemma 2.5.1 and the comments
thereafter. To derive that the first term is finite we use that

T 1/2
exp <6q2/0 )\f dt)] < +o00.

We now observe that the Assumption 1.3.1 is satisfied, hence our previous analysis
applies. However, there is a continuum of distinct solutions (¥, Z%) to the BSDE (1.3.1)

since for every b = ¢ — E5[{] > 0 we have that W) = %. From Kazamaki [1994]
Theorem 3.6 we have that a¢ - W is a BMO martingale under P if and only if a¢- W is
a BMO martingale under P. This last condition holds if and only if Z? - W is a BMO
martingale under P. We conclude that &([(1 — q)Z° — gA\] - W) is a martingale if b = 0
and it cannot be a martingale for b > 0 since otherwise (¥°, Z%) would coincide with

(U, Z) = (B9, Z%). The last assertion in item (iii) is then immediate. O

Ez[E(gr- W)F| < B

2.3 Boundedness of BSDE Solutions and the BMO Property

Thus far we have worked under an exponential moments assumption on the mean-
variance tradeoff which provides us with the existence of the primal and dual optimizers
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

as well as a link between these optimizers and a special quadratic BSDE. We now connect
the above study to the boundedness of solutions to quadratic BSDEs which we show to
be intimately related to the BMO property of the martingale part and the mean-variance
tradeoff. In fact, a sufficient condition for showing that Y* = £(—\- M) indeed defines a
true measure change, is that A- M be a BMO martingale, see Kazamaki [1994] Theorem
2.3.

To motivate, suppose that A- M is a BMO martingale and that we can find a solution
(U, Z,N) to the BSDE (1.3.1) with ¥ bounded. Due to the quadratic form of the driver
of (1.3.1), we may find a positive constant ¢ such that

T T
/ (Ze + M) d(M)e(Zy + M) + Z] d(M ) Zy < 5/ Z§ (M) Zy 4+ N[ d{M) M.
0 0

Thus, we can apply Mania and Schweizer [2005] Proposition 7 to see that the process
Z - M + N is a BMO martingale. We derive that [(1 —q)Z — ¢g\] - M + N is a BMO
martingale which, by Kazamaki [1994] Theorem 2.3, shows that £([(1—¢)Z —g\]-M+N)
is a true martingale. We then deduce that solving the BSDE with a bounded ¥ gives
rise to an optimal pair for the primal and dual problem.

Conversely, given A - M a BMO martingale, suppose that Z - M and N are BMO
martingales, then ¥ is bounded. This follows by taking the conditional t-expectation in
the integrated version of (1.3.1) and estimating the remaining finite variation parts with
the help of the BMOy norms of A- M, Z - M and N, uniformly in ¢. To summarize, we
deduce the following equivalence regarding solutions (¥, Z, N) to the BSDE (1.3.1) of
the utility maximization problem with BMO market price of risk A.

Lemma 2.3.1. Suppose that A - M is a BMO martingale and that the triple (¥, Z, N)
solves the BSDE (1.3.1). Then ¥ is bounded if and only if Z - M and N are BMO
martingales. If this is the case, setting (X,Y) as suggested by Theorem 1.3.4 gives the
pair of primal and dual optimizer.

Remark 2.3.2. If the pair (X, f/) of primal and dual optimizer is known to exist then
Nutz [2010a] Corollary 5.12 shows that ¥ := log(Y/U’(X)) is bounded if and only if
A-M, Z-M and N are BMO martingales.

Regarding our previous remarks on placing sufficient conditions on the model, when
(A- M) is bounded, Hu et al. [2005] and Morlais [2009] show by BSDE techniques that
there is a unique solution (¥, Z, N) to (1.3.1) with ¥ bounded. The existence of such
a solution allows one to deduce the existence of a solution to the utility maximization
problem and the argument relies crucially upon the boundedness of W.

Proceeding differently, if (\ - M)7 is bounded, we again have Y* = £(—\- M) € V(1)
and observe that it satisfies the following reverse Holder inequality R,; there is a constant
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2.3 Boundedness of BSDE Solutions and the BMO Property
C,mp > 0 (which depends on p) such that for all stopping times 7 valued in [0, T,
(v2/72)

E[(Y%/Y))q

E

.FT] < ¢,u,p in the case of p € (0, 1), (2.3.1)

.7'}] > ¢,;p in the case of p € (—o0,0). (2.3.2)

We may then refer to Nutz [2010b] Proposition 4.5 for boundedness of the special solution
(I, Z,N) to the BSDE when it is assumed to exist (e.g. under Assumption 1.2.3).
Conversely, given the solution (X , Y/) to the primal and dual optimization problem we
find from Nutz [2010b] Propositions 4.3 and 4.4 and the above definition that

. sgn(p)(1-p)
o ) s 255 |

0<t<T 0<t<T
The above discussion then amounts to the following lemma.

Lemma 2.3.3 (Nutz [2010b] Proposition 4.5). Assume that the pair (X,Y) of the primal
and dual optimizer exists and consider W := log(Y/U'(X)). Then U is bounded if
and only if the reverse Holder inequality (2.3.1), respectively (2.3.2), holds for the dual
optimizer Y, if and only if it holds for some Y € ().

From Remark 2.3.2 we already know that the BMO property of A - M is necessary
for the boundedness of ¥. The following result shows that for nonpositive risk aversion
parameters p € (—o0,0] it is also sufficient.

Theorem 2.3.4. Assume that q € [0,1) and that \- M is a BMO martingale. Then the
pair (X,Y) of the primal and dual optimizer exists and ¥ := log(Y /U’(X)) is bounded.
In particular, solving the BSDE (1.3.1) with bounded first component gives rise to the
pair of primal and dual optimizer.

Proof. Since \ - M is a BMO martingale, Y := £(—\ - M) defines an equivalent local
martingale measure for .S so that Assumption 1.2.3 is satisfied, where we use a calculation
similar to the proof of Lemma 1.3.2 to extend its item (ii) to p = 0. By Kazamaki [1994]
Corollary 3.4 Y* € V(1) also satisfies the reverse Holder inequality (2.3.2) if ¢ € (0,1).
The assertion then follows from Lemma 2.3.3 and from the explicit formula U =0 that
holds in the case ¢ = 0. O

Proposition 2.2.1 shows that in a Brownian framework the BSDE (1.3.1) always admits
a solution if ¢ € [0,1). In view of the above theorem this property extends to the general
framework under the condition that A - M is a BMO martingale. In particular, there
is a unique solution which is bounded and it is given by the opportunity process of the
utility maximization problem.

Let us now contrast this with the situation when ¢ < 0. The example in Subsection
2.2.1 provides a bounded BMO martingale X - M such that the corresponding BSDE
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

admits no solution. For this example the utility maximization problem satisfies u(1) =
400, i.e. the utility maximization problem is degenerate. In fact, ¥y = +oo in this case.

The question now becomes whether, given an arbitrary A such that A - M is a BMO
martingale and given some ¢ < 0, we can still guarantee a bounded solution ¥ to the
BSDE (1.3.1) when the utility maximization problem is nondegenerate. We settle this
question negatively in the next section providing an example for which Assumption 1.3.1
as well as the BMO (even the boundedness) property of A - M hold, but for which the
BSDE (1.3.1) does not have a bounded solution.

To counterbalance this negative result, in Section 2.5 we provide via the John-Nirenberg
inequality a condition on the order of the dynamic exponential moments of the mean-
variance tradeoff process that guarantees boundedness of U. This is accompanied by a
further example showing that this condition cannot be improved. To conclude, Theorems
2.3.4 and 2.5.10 provide a full characterization of the boundedness of solutions to the
BSDE (1.3.1) in terms of the dynamic exponential moments of (A - M) for a BMO
martingale \ - M.

2.4 Counterexamples to the Boundedness of BSDE Solutions

We know that an optimal pair for the utility maximization problem gives rise to a
triple (¥, Z, N) solving the BSDE (1.3.1). Conversely, under suitable conditions, BSDE
theory based on Briand and Hu [2008], Kobylanski [2000] or the results given in Chapter
3, provides solutions to the BSDE with ¥ bounded (in &), with uniqueness in the class
of bounded processes (in the class €). We now present an example of a BMO martingale
A - M which satisfies Assumption 1.3.1 and for which the BSDE (1.3.1) related to the
utility maximization problem has an unbounded solution for a given p.

We develop this example in three steps. Firstly, we show that Assumption 1.3.1
alone (rather unsurprisingly) is not sufficient to guarantee a bounded solution. The
corresponding A - M involved is however not a BMO martingale. The second example
is of BMO type, but lacks finite exponential moments of a sufficiently high order. It
resembles the example provided in Subsection 2.2.1. Finally, we combine these two
examples to construct a BMO martingale X - M such that (X - M)z has all exponential
moments, but for which the BSDE does not allow for a bounded solution. Although this
last step leaves the first two obsolete, we believe that the outlined presentation helps
the reader in gaining insight into the nature of the degeneracy. In addition it hints at
the minimal sufficient condition in Theorem 2.3.4. Namely, instead of simply requiring
both the BMO and the exponential moments properties, they should be combined into a
dynamic condition. Since in the present section we construct suitable counterexamples
let M = W be again a one-dimensional P-Brownian motion in its augmented natural
filtration.
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2.4 Counterexamples to the Boundedness of BSDE Solutions

2.4.1 Unbounded Solutions under All Exponential Moments

Let us assume that the market price of risk is given by A := —sgn(W),/|W| so that the
stock price dynamics read as follows,

ds
Stt = AW, — sgn(Wy)\/| W dt.

Note that in the above definition “— sgn” is motivated by economic rationale, to simulate
a certain reverting behaviour of the returns. Assumption 1.3.1 is satisfied since

T T
/ A?d(M)t:/ Wildt <T- sup [Wi
0 0 0<t<T

and by Doob’s inequality, for o > 1,

E[@m(@ sup !thﬂ :E[ sup exp(o|Ws)
o<t<T

0<t<T

< (-25) Elexp(olW )

0
§2<Q ) e T/2 < +o0.
o—1

Now let p € (0,1) so that ¢ < 0 and let (X Y) be the optimizers of the utility maxi-
mization problem, where Xy = 2 > 0 and Yy = y = 4/(x). Since we are in a complete
Brownian framework we have that ¥ = y E(sgn(W)/[W]-W). If & denotes the optimal
investment strategy we derive from Theorem 1.3.4 that (\I', Z ,0) is the unique solution
to the BSDE (1.3.1) where ¥ :=log(Y/ U’(X)) € € and Z := sgn(W)/[W[+ (1 — p)»
According to Lemma 2.3.3 ¥ is bounded if and only if Y satisfies the reverse Holder
inequality (2.3.1) for some positive constant c,y, and all stopping times 7 valued in
[0, T, which is not the case as we now show.

The family {|W||t € [0,7]} is uniformly integrable since E[W2] =t < T, so we may
apply the stochastic Fubini theorem (see Becherer [2006] Lemma A.1) to get, for some

€ (0,T), via Jensen’s inequality,

E (?T/th)q\ft] :E[exp<q / " sgn(IW) /WLl aw - . ' |Wsrds> H
zexp<E[q/thgn<Ws>MdWs—;’/tT|Ws|ds ED
:exp<—§E[/tT|Ws|ds BD :exp<—;’/tTE[Ws\ | F] ds)
> oxp( < [ widas) = e (-2 ).

Since the last random variable is unbounded it cannot be the case that (2.3.1) holds,
hence ¥ cannot be bounded.
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

However, A - W from this example is not a BMO martingale since for ¢ € (0,7,

T
EV W, ds
t

which shows that ||A - M|lBmo, = [|A - W||BMmo, cannot be finite.

T
;t] = [ BIWLI| R ds 2 (@ - 1) Wi,

2.4.2 Unbounded Solutions under the BMO Property

We continue with a BMO example for which the solution to the BSDE (1.3.1) satisfying
the (analogue of) condition (A) from the introduction is unbounded. The idea is the
following, from Proposition 2.2.2, for ¢ < 0, there exists A with A- W a BMO martingale
such that the BSDE (1.3.1) has no solution (in any class of possible solutions). Replacing
this A by ¢\ for a constant ¢, it follows from (2.5.9) below that the BSDE has either no
solution (for |¢| > 1) or has a solution which is bounded and fulfills a BMO property (for
|| < 1), see also the remarks following the proof of Proposition 2.2.2. This dichotomy is
in line with the fact that for a BMO martingale M the set of all o < 0 such that (M)
satisfies the reverse Holder inequality R, is open; compare Kazamaki [1994] Corollary
3.2. The insight then is to make ¢ a random variable in order to construct A such that
the BSDE (1.3.1) has a solution which is not bounded. More precisely, we have the
following result.

Proposition 2.4.1. For every q < 0 there exists a predictable W -integrable process A
with X\ - W a bounded (hence a BMO) martingale such that,

(i) The BSDE (1.3.1) has a unique solution (¥, Z, N = 0) with €([(1—q)Z — q\]- W)
a martingale. In particular, solving (1.3.1) and setting (X,Y) as suggested by

Theorem 1.3.4 gives the pair of primal and dual optimizer.

(i) There does not exist a solution (V,Z) to (1.3.1) with Z-W a BMO martingale or
¥ bounded.

Proof. For t € [0,T] we set
>\t H

T
S — t,-
2T =D 1r/2,7 (),

2
O 1= — arccos \/<I> (\/2/771 WT/2>

for ® the standard normal cumulative distribution function and 7 the stopping time
from the proof of Proposition 2.2.2,

(2.4.1)

where

T

=inf¢t > —
T 1n{>2

t 1
—dWs| > 1. 2.4.2
/T/2 VI —s } ( )
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2.4 Counterexamples to the Boundedness of BSDE Solutions

Note that ®(+/2/T Wy/y) is uniformly distributed on (0,1] and that a is valued in
[0,1) P-a.s. It follows immediately that A - W is bounded by QL\/:J, in particular it is a
BMO martingale. This is due to Kazamaki [1994] Corollary 2.1 which states that the
BMO; and BMO, norms are equivalent for uniformly integrable martingales. Here, for
a continuous martingale (M{),c(o,7) With Mg = 0,

< 400,
Loo

‘]E“MT |

v

Mg, = sup

where the supremum is over all stopping times 7 valued in [0, 7.

Using Kazamaki [1994] Lemma 1.3 in the same way as in the proof of Frei and dos
Reis [2011] Lemma A.1, see the remarks after the proof of Proposition 2.2.2, we obtain

that
E[E(—)\-W)q} < T R |ex o’ /T 1 dt :eﬂ\/zqu #
= P78 T/2 T —1 cos(mar/2)

T/ — 1 v—q
=e 2QE[ ]:26 2q<+oo,

%I’(ﬂTTWm

so that Proposition 2.2.1 gives the first assertion. Due to the Fr ,-measurability of o
and the Fr/o-independence of 7, we have

A —7V—q 71'2042 T 1
1—q)V¥ > 2 K / dt || =
p((1 = aPrp) 2 € [exp< 72 T —t )‘ m]

2.2 —my=q
] Gy g |
=e — =—.
PA78 T2 T —t B cos(mar/2)

This shows that

(1= @)Uy > —W\/qu - % IOg((I)(\/2/7TWT/2))7

which is unbounded by the uniform distribution of ®(/2/T Wy /5) on (0, 1].

For item (ii) assume that there exists a solution (¥, Z) to (1.3.1) with Z - W a BMO
martingale or ¥ bounded. By Lemma 2.3.1 we can restrict ourselves to assuming that ¥
is bounded, which implies that Z- W is a BMO martingale so that £([(1—¢)Z —gA]- W)

is a martingale. By uniqueness, (¥, Z) coincides with (\Tl, 7 ) above, in contradiction to
the unboundedness of V. O
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

2.4.3 Unbounded Solutions under All Exponential Moments and the BMO
Property

The two previous subsections raise the question whether we can find a BMO martingale
A - M such that its quadratic variation has all exponential moments and the BSDE
(1.3.1) has only an unbounded solution. Roughly speaking, the idea is to combine the
above two examples by translating the crucial distributional properties of |W| and «
into the corresponding properties of a suitable stopping time o to be constructed. This
guarantees that the BMO property and the exponential moments condition are satisfied
simultaneously, while we can also achieve the unboundedness of the BSDE solution by
using independence. Table 2.1 summarizes the key properties.

Form of \? Crucial Properties

|W;| is unbounded,
has all exponential moments
2.2

e 1 4 (t,") a? €[0,1), P(a? > p) > 0Vo < 1,
(~q) T—t ~1T/2,71\% E[1/cos(ar/2)] < +o00

o€ (T/2,T],P(c >0) >0Vo<T,
J§ 72 dt has all exp. moments

Example in 2.4.1 |W|

Example in 2.4.2

W~

w2 1

1(—q) ﬂl]]T/Q,T/\U]] (tv )

Combination

Table 2.1: Comparison of the BSDE Examples from the Present Section 2.4

Theorem 2.4.2. For every q < 0, there exists a predictable W -integrable process \ such
that,

(i) The process \- W is a bounded (hence a BMO) martingale.
(ii) For all o > 0 we have E[exp(ngT Y dt)} < +o0.

(iii) The BSDE (1.3.1) has a unique solution (¥, Z, N = 0) with E([(1—q)Z — q\]- W)
a martingale. In particular, solving (1.3.1) and setting (X,Y) as suggested by
Theorem 1.3.4 gives the pair of primal and dual optimizer.

(iv) There does not exist a solution (¥, Z) to (1.3.1) with Z-W a BMO martingale or
¥ bounded.

Proof. Let us first construct o with the desired distributional properties. We define the
1

nonnegative continuous function f : (7/2,T] — R, f(t) := co - e~ T-¢, where ¢g > 0 is

a constant such that fg/z f(t)dt = 1. We then consider the strictly increasing function

F:(T/2,T]— (0,1], F(t) := f%/z f(s)ds and its inverse F~!: (0,1] — (T/2,T]. We set

o:=(F1od) (\/2/7TWT/2),
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2.4 Counterexamples to the Boundedness of BSDE Solutions

so that o is an Fr/o-measurable random variable with values in (7'/2,T] and cumulative
distribution function F'. Now define for t € [0, T],

™

A= —11 t,-
t 9 —q(T—t) ]]T/Q,T/\U]]( ) )7

where 7 is the stopping time from (2.4.2). It follows immediately that A - W is bounded
by 2%/_—(1, hence a BMO martingale, see the argument given in the previous proof.

Let us now show that fOT A7 dt has all exponential moments. Take ¢ > 0 and fix an

integer g > % V 2. We derive

Elexp<Q/OT,\§dt>] §E[exp<g/Tj2Tl_tdt>]

- Bimatot13) -t o) - 0725

_ 4T 1 0 1 _ ptoo
= co(T/Z)g/ () e T-tdt = CO(T/Z)Q/ s272e % ds
T2\T —1 2/T

— o(T/2)7(5 - 2) *Q/TZ CITY ¢ o,

where in the last equality we used the representation of the incomplete gamma function
at integer points (or, directly, integration by parts),

n—1 L

+oo
['(n,x) ::/ s lem ds = (n—l)!efxz% forn e N, x e R.
r k=0 "

A standard argument then shows that E[E(—\ - W)%] < +oo, see the proof of Lemma
1.3.2. It follows from Proposition 2.2.1 that the BSDE (1.3.1) has a unique solution
(U, Z) with £([(1 — q)Z — ¢gA\] - W) a martingale where the first component is given by

A 1
U, =
t 1—g

log(E[E(-A- W), | F]), te[0,T), P-as.

We deduce that P-a.s.

~ = 2 Ao
exp((1 —q)Wrya) > e 2 qE[exp(Z/ e dt) | —FT/Q]

S=0

because o is Fr/o-measurable and 7 is independent from F7/,. From monotone conver-

47



2 BSDEs in Utility Maximization with BMO Market Price of Risk
gence it follows that

limE | exp( ™ /MS L gt = Elexp( ™ /T Loa) | =+ (2.4.3)
11m X —_— —_— = X —_— —_— = oo =N
stT P 8 Jryg T —1t P 8 JrppT —t ’

the last equality being a consequence of (2.2.7). We now fix K > 0 and take so € (7'/2,T)

such that
7.‘.2 TAS 1
E —dt
[exp< o T )

which is possible by (2.4.3). This implies IP’(\ifT/Z >K)>Plo>sy) =1—F(sg) >0
since s9 < T, in particular ¥ is unbounded. The assertion of item (iv) then follows as
in the previous proof. O

( —

for all s € [so,T),

Remark 2.4.3. It is interesting to compare, for different constants ¢ € R, the above
different definitions of A regarding the behaviour of the solution to the BSDE

1
AU, = Z, dW; + = (Zt +eh)dt — 3 Z2dt, Wp=0. (2.4.4)

In the example of Proposmon 2.2.2 \? is of the form 4( ) T : 7)2, T]]( -), while in Sub-

section 2.4.2 \? equals T 4( )T tlﬂT/Q (¢, ), which we modified to 4( T t]_]]T/Q ro](t50)
in the above discussion. Table 2.2 shows that by introducing additional random vari-
ables in the construction of A, the BSDE (2.4.4) becomes solvable for bigger values of |c|,
but the solution for |¢| > 1 is unbounded. The assertions of Table 2.2 can be deduced
from the arguments in the above proofs together with the additional calculation given
n (2.5.11) below.

Solution to the BSDE (2.4.4)

4(=q)
Form of =52 A 1 ic0,1) =1 | > 1

Example in 2.2.1 T s 20 (t ) bounded no solution

Example in 2.4.2 « % 1)7/2,7,1(t,-) bounded unbounded no solution

Example in 2.4.3 ﬁ 172,700 (t,-)  bounded unbounded

Table 2.2: Description of Solutions to the BSDE (2.4.4)

2.4.4 Markovian Examples via Azéma-Yor Martingales

In the Subsections 2.2.1, 2.4.2 and 2.4.3 we constructed several explicit counterexamples
to the boundedness of solutions to the BSDE (1.3.1). The aim of this subsection is to
show that such examples can also be given in Markovian form. More precisely, for a
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2.4 Counterexamples to the Boundedness of BSDE Solutions

specific choice of M we find market price of risk processes A, = A(M;), t € [0,T], which
are functions of M and such that the corresponding assumptions from the Subsections
2.2.1, 2.4.2 and 2.4.3 are satisfied. In particular, the corresponding results carry over to
such a Markovian framework. The construction of M involves Azéma-Yor martingales
for which we recall the following result.

Lemma 2.4.4. Let (X¢)i>0 be a one-dimensional (continuous) local martingale with

running mazimum X, let g : R — R be a locally integrable function and G(x) =
15 9(y) dy. Then

G(X) —g(X)(X - X) =g(X) - X,

which defines a (continuous) local martingale. The corresponding statement for the run-
ning minimum X is immediate upon using X = —(—X).

The construction of M now takes the following familiar form. Let (W;)iec[0,1] be a stan-
dard one-dimensional Brownian motion and ()¢, 7] its natural augmented filtration.
For t € [0,T) let

|

Xy = / —1 s) dWs,
t 0 m (T/Q,T]( ) s

which defines a continuous martingale X on [0,7). In analogy to the previous examples

consider the stopping time

dWs

inflt> L
;= in —
T 2

¢ 1
>1,=inflt >0]||X¢ >1}.
A R

By the above Lemma 2.4.4, applied to X and the identity function g(x) = =z,
U::—Xﬁ—i-ii and V::XX—QX

are continuous local martingales on [0,7"). In particular, setting

v

M :=(X,U,V)

we obtain that M is a three-dimensional continuous local martingale on [0,T). Our goal
being the construction of a local martingale M which (by the general assumptions) is
continuous on the whole interval [0, 7], it remains to close the continuity gap at ¢t = 7.
To this end we first define the stopping time

Fi=inf{t > 0] |X| > 2}

and derive that T/2 < 7 < 7 < T, P-a.s. Then M := M is a continuous local martingale
on [0, 7], as required.

Lemma 2.4.5. There are measurable functions g, g : R? — R such that

X=g(X,U) and X =g(X,V),
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

where X, U and V are from the above construction. In particular,

1o = ey iz} = Honz-1) Haoon <)

is a function ofM and hence also of M.

Proof. We have that 2 X* — XX — U = 0. Since X? +2U = X? — 2XX + X? =
(X — X)? > 0 this is equivalent to X = X + v/ X2 4 2U. Due to X < X we find that
X =X -VvX?2+2U = g(X,U) for g(x,u) := (x — Va2 + 2u) 125 _oyy. The proof for

X is similar and therefore omitted. Finally,

l{Q(XtaUt)Z—l}1{§(Xt,vt)§1} =1p-t) t<7

Lo L=
{oxz vp)z—1} g vi<i} Ly o lxay =0=1pa)  t>7

O

As a consequence, defining A in the usual way, i.e. by using an indicator function of
7 we find that it can be chosen as a function of M. We now provide some more details
as to how to adapt the examples in the Subsections 2.2.1, 2.4.2 and 2.4.3.

First Example in Subsection 2.2.1

Our goal is to prove the analogue of Proposition 2.2.2 with a Markovian A such that the
BSDE does not allow for a solution. We could take the three-dimensional M from above
(as we do in the next subsection), but actually the one-dimensional local martingale
M' = X7 turns out to be sufficient for our purposes. We recall that we are in the
standard one-dimensional Brownian framework.

Lemma 2.4.6. For every q < 0 there exists a predictable process A which is a function
of the local martingale M' = X7, ie. N\ = AMM}), such that A - M is a bounded
martingale with E[E(—X - MY)4] = +oco. In particular, the BSDE (1.3.1) with driving
local martingale M' does not have a solution.

Proof. We set \ := 2%/—7 1¢a1)<1y which is predictable since M 1'is adapted and con-
tinuous. Moreover, A - M! is a martingale since it is bounded by 2\7_—(1. We then derive

from M' =0 on [0,7/2] and independence that P-a.s.

— 2 7T 1
B VEAY _ L\ —Ivd ™ {1xe<1}
E[£(~A M) | Frpo] =E[(-A- MYE] > ™ Elexp<8 /m s dt)]

2 T
V=g T 1
>e E — —dt || = +o00.
>e 2 lexp(S/T/zT_t >] +

Now let us assume that a solution (¥, Z, N) to the BSDE (1.3.1) exists. Considering it
on [T'/2,T], we observe that from time 7'/2 up to time 7 the filtration generated by M*

50



2.4 Counterexamples to the Boundedness of BSDE Solutions

coincides with the filtration generated by a Brownian motion, hence dN = 0 on [T'/2, 7].
As for (2.2.4) we then derive that P-a.s. for ¢t € [T'/2, 7],

exp((1 = @) (Vs = 0p)) = E([(1— @) Z — g\ - MY), 1 E(=A- MY) 7,
where we use that M! is constant after time #. This fact also shows that

exp(¥;z) = exp(—(Vr — ¥z)) = —E(N)z 1.

)

In fact, the BSDE (1.3.1) degenerates to d¥; = dN; — %d<N>t on [7,T]. After taking
Fiz-conditional expectation we obtain that Wi > 0, P-a.s. As a consequence,

eXp((l - CI)leT/2) > E[E([(l —q)Z —q\- Ml)T/ZT ‘ ‘FT/Q} exp((l - Q)\I]T/2)
=E[E[E([(1 - 9)Z — g\ - M") ., 1 exp((1 — @) ¥ro) ‘fm] \ |
E{E[S([(l —q)Z —q)\] - Ml)T/gTeXp(( q)(Yp)o — U5)) ‘fT/z} ‘]:%]

- {g(_A'Ml)?F/z,T‘pr} = +oo P-as.

from which Wr /5 = +o00 P-a.s. This contradicts the existence of . O

Second and Third Example in Subsections 2.4.2 and 2.4.3

For the examples from the Subsections 2.4.2 and 2.4.3 we consider the three-dimensional
local martingale M constructed above and extend it to a fourth dimension by setting
M* .= Wo1/2+Wrj21 (/2. This fourth component serves for writing o and o from
the Subsections 2.4.2 and 2.4.3 as a function of M, see their specific definitions there.
The process A is then chosen to satisfy A = (A!,0,0,0), where

AL =

or

ye:; ™
1, = 1y nol.
2 /_q [[O)ﬂ 2 /_q [[07 /\]]

Then A is a function of M.

We now concentrate on transferring the proof of Theorem 2.4.2 to the present context,
noting that we can construct a solution (\IJ Z,N ) with orthogonal component N satis-
fying N =0 on [0,7]. In fact, the BSDE (1.3.1) degenerates to d¥; = dN; — $d(N), on

[#,T] hence we can set (¥, N) = (0,0) there in view of the terminal condition W7 = 0.
On [T/2,7] we have that the filtration generated by M1 coincides with the filtration
generated by a Brownian motion, hence N = 0 due to continuity. It follows that P-a.s.

exp((1— q)\ilT/Q) = IE[E(—)\ . M);/Q’T ‘ ]—"T/Q} = E{E(—)\ . M)H < 400,
which is finite and a constant, using A - M = A!- M, its independence from Fr/2 and

M' = 0 on [0,7/2]. On [0, T/2] the BSDE degenerates again, hence for continuity
reasons we may choose (U, N) = (\IIT/Q, 0). This gives a solution (¥, Z, N = 0) with
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

E([(1 = q)Z — g\l - M + N) a martingale. Conversely, if (¥, Z, N) is a solution with
E([(1—q)Z — g\ - M + N) a martingale we derive from Theorem 1.3.5 (iii), which can
be applied due to the finiteness of the exponential moments of (\- M)p, that ¥ = V. In
analogy to Lemma 2.4.6 we obtain the following Markovian result.

Theorem 2.4.7. For every q < 0 there exists a predictable process A which is a function
of the continuous local martingale M constructed above, i.e. \y = AN(My), such that,

(i) The process A - M is a bounded (hence a BMO) martingale.
(ii) For all o > 0 we have ]E[exp(g()\ : M>T)} < +00.

(iti) The BSDE (1.3.1) has a unique solution (¥, Z, N) with £([(1—q)Z —q\]- M + N)
a martingale. Here, N=0.In particular, setting (X,Y) as suggested by Theorem
1.8.4 gives the pair of primal and dual optimizer.

(iv) There does not exist a solution (V,Z, N) to (1.3.1) with Z - M + N a BMO mar-
tingale or ¥ bounded.

2.5 Characterization of Boundedness of BSDE Solutions

We have already shown that for a BMO martingale A- M and g € [0, 1) the BSDE (1.3.1)
allows for a unique bounded solution given by the utility maximization problem. In the
previous section we gave some examples to show that for ¢ < 0 the situation is rather
different. In this section we complete the analysis by developing and finally providing
a sufficient condition that guarantees (necessarily unique) bounded solutions to (1.3.1).
It is also shown that this particular condition cannot be improved. More precisely, we
consider here a more general situation where the orthogonal local martingale N may

exhibit jumps. We assume that the local martingale M is still continuous. In this case
the BSDE (1.3.1) is replaced by

1
A0y = Z] dM; + dN; — 5 d{N); +log(1 + ANy) — AN,

1
+ (24 M) A Zi+ N) = 5 2L d(M).Zi, Ur =0, (25.0)
where AN denotes the jump part of N and satisfies AN > —1, recalling that ¥ > 0. We
mention that all the results which depend only on the specific continuous local martingale

M also hold in this more general setting. In particular, the statements of Lemma 2.3.3
and Theorem 2.3.4 continue to hold for the BSDE (2.5.1) in place of the BSDE (1.3.1).

2.5.1 Bounded Solutions via the John-Nirenberg Inequality

We exploit here the John-Nirenberg inequality and show that if A\-M is a BMO martingale
with BMOg norm in a specific range then the utility maximization problem admits a
unique solution (X,Y") with U = log(Y/U’(X)) bounded.
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2.5 Characterization of Boundedness of BSDE Solutions

The Critical Exponent

We recall the John-Nirenberg inequality for the convenience of the reader. In what
follows M is an arbitrary continuous one-dimensional martingale on [0, 7] with My = 0.

Lemma 2.5.1 (Kazamaki [1994] Theorem 2.2). If HHHBMO2 < 1 then for every stopping
time T valued in [0,T],

1
Fr| £ ——5—. (2.5.2)
| 1= [M][gy0,

E[exp((M)r — (M))

Define the critical exponent b via

e (40— 11.) | 7]

b(M) = sup{b > 0| sup oo < —i—oo} , (2.5.3)

where the supremum inside the brackets is over all stopping times 7 valued in [0, 7.
This inner supremum is called a dynamic exponential moment of (M). We observe that
if b(M) > 0 for a continuous local martingale M then M is already a true martingale.
A consequence of Lemma 2.5.1 is that a martingale M is a BMO martingale if and only
if 5(M) > 0. In addition, the following lemma shows that the supremum in (2.5.3) is
never attained.

Lemma 2.5.2. Let b > 0 and M be a continuous martingale with Mo = 0 and

< +00, (2.5.4)

sup [ exp (o(0r — (1)) | 7],

where the supremum is over all stopping times T valued in [0,T)]. Then there exists b>b
such that also

< +00.

sup [ exp (5((3D)r = (0)-)) | 7|

Proof. Motivated by Kazamaki [1994] Corollary 3.2 we aim to apply Gehring’s inequality.
To this end, fix a stopping time 7 and set O := exp(b((M), — (M).)) for t € [0, T)]. For
each p > 1, we then define the stopping time 7, := inf{t € [7,T]|©; > u}. It follows
from p > 1 and the continuity of © that

Or, =p on {7, <+oo}. (2.5.5)

Since © is nondecreasing, we have that {©7 > pu} = {7, < 400} and this event is
JFr,-measurable. Therefore, we obtain

E(1{6,5}01] = E[1{o,5E[O7] F,,]]
1(0,5u1 0B exp (b (M) — (M)s,) )| me

< E[1{e,5,07.],

=E
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

where we used (2.5.4) and denoted its left-hand side by ¢;. Now fix ¢ € (0,1). Using
(2.5.5), we derive

E[1{0,50r.] = 1 E[1{0,5307.°] < 1 E[l{0,5,,07 ]

and conclude that
E[1{0,507] < p E[l{o,5,)07 °].

It follows from the probabilistic version of Gehring’s inequality given in Kazamaki [1994]
Theorem 3.5, however see Remark 2.5.6 below, that there exist r > 1 and K > 0
(depending on ¢ and ¢, only) such that

E[0}] < KE[O7]".

To obtain the conditional version, we take A € F; and derive from the same argument
and Jensen’s inequality that

E[0714] < KE[O714]" < KE[E[O7|F:]"14]

so that
E[©%7|F:] < KE[O7|F]" < ¢, K P-as.

Since this holds for any stopping time 7, we conclude the proof by setting b = rb. O

A direct consequence of Lemma 2.5.2 is the following result.

Corollary 2.5.3. For k > 0 and a continuous martingale M, My = 0, the following
two items are equivalent,

< 400,

(i) sup, Lo

E[exp(k((3)r — (31),) ) | 7]

(i) b(M) > k,
where the supremum in (i) is over all stopping times T valued in [0,T].

Boundedness of BSDE Solutions

The John-Nirenberg inequality (2.5.2) can now be used to provide a first sufficient con-
dition for the boundedness of solutions to the BSDE (2.5.1).

Proposition 2.5.4. For p € (0,1), i.e. ¢ <0, set

kq !:qz—%—qx/q“’—q:%(q—\/q2—q)2>0 (2.5.6)

and consider a martingale A - M with |\ - M||ppo, < 1/\/kq. Then we have,
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2.5 Characterization of Boundedness of BSDE Solutions

(i) The reverse Holder inequality (2.3.1) holds for Y* := E(—\ - M), i.e. for all
stopping times valued in [0, T] we have that

E{(Yf\ /Y))q’ﬂ] < Conp

for some positive constant c,y;, depending on p and the BMOy norm of X - M.

(ii) Assumption 1.2.3 holds and hence the solution pair (X,Y) to the primal and dual
problem exists.

(iii) If X, YV, ¥, Z andN are as in Theorem 1.3.4 (N not necessarily continuous), then
the triple (¥, Z, N) is the unique solution to the BSDE (2.5.1) with ¥ bounded.

Proof. For item (i) we proceed similarly to the proof of Lemma 1.3.2 by choosing the
sharpest possible version of Hoélder’s inequality in the sense that the condition on the
BMO32 norm of X - M is the least restrictive; this is how £, is selected. We set 3 :=
1-— %\/qQ —q > 1, then with g := /(8 — 1) > 1, the dual number to [, we have that
for any stopping time 7 valued in [0, 77,

fT]

1/e
E(—Pgh- M) é,@exp(gq (Bg—1) / ALd )

exp( / AT d )‘ﬂ] (2.5.7)

1/e
< = Crp < F00,
(1 —kan-MnBMoz) o

where we used Holder’s inequality, the supermartingale property of £(—fg\ - M), the
definition of the constants and the John-Nirenberg inequality (2.5.2). For item (ii)
we remark that Y := £(—\ - M) is a martingale by Kazamaki [1994] Theorem 2.3.
Moreover, using x > 0 and 7 = 0 in the previous calculation, we obtain

E (YT’\/YTA)q‘}}} <E

0 < ufz) = SEEE[U(X;E’”)} <E|U(v2)| + SEBE[XI Y| < —EE{(YT) | +2

1
< —gcrmp +z < +00.

For the last statement we assume that X, }A/, \il, Z and N are as in Theorem 1.3.4. Then
(I, Z, N) is a solution to the BSDE (2.5.1) where the process ¥ is bounded. This is due
to Lemma 2.3.3. Conversely, if the triple (¥, Z, N) is a solution to the BSDE (2.5.1)
with ¥ bounded, we can identify it with (¥, Z, N') by Nutz [2011] Corollary 5.6 and the
following lemma, which we apply to M = —\- M. Namely, the cited result implies that
if the utility maximization problem is finite for some p € (p,1) then a solution triple
(¥, Z,N) with ¥ bounded coincides with (¥, Z, N). O
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

Lemma 2.5.5. Let ¢ < 0 and M be a continuous BMO martingale such that the reverse
Holder inequality (2.3.1) holds for E(M). Then there exists § < q such that E(M)
satisfies the reverse Hoélder inequality (2.3.1) with §.

Proof. We note that the reverse Holder inequality R, for ¢ < 0 is equivalent to the
Muckenhoupt inequality A, with o =1 —1/g > 1. Indeed, the inequality

E|(Yr/Y;)? fT} < Conp
is equivalent to the estimate
E[(YT/YT)& E} < oy
where —¢ = - and 7 is any stopping time valued in [0,T]. This second inequality

o—1
is the Muckenhoupt inequality A,, see Kazamaki [1994] Definition 2.2. Therefore, the
statement of Lemma 2.5.5 follows from Kazamaki [1994] Corollary 3.3 which states that

if £(M) satisfies A,, 0 > 1, then it also satisfies A,_. for some ¢ € (0,0 — 1). O

Remark 2.5.6. We mention that in the formulation of Kazamaki [1994] Theorem 3.5
as well as the proof of Kazamaki [1994] Corollary 3.2 there is a small gap which can be
easily filled. Namely, for a nonnegative random variable U and positive constants K, 3
and € € (0,1) the author requires Gehring’s condition

E[1{ysyU] < K E[1ysp,U" 7] (2.5.8)

to hold for all y > 0, which cannot be satisfied for U € L! (P) unless U = 0, P-a.s. This
is because for U € L}F (P), U # 0, the right-hand side tends to zero as p | 0 whereas
the left-hand side tends to E[U] > 0. However, an inspection of the proof of Kazamaki
[1994] Theorem 3.5 reveals that (2.5.8) is needed only for ¢ > E[U]. In conclusion,
Kazamaki [1994] Theorem 3.5 should be stated for p > E[U] instead of p > 0. If this
is the case it then can be applied in the proof of Kazamaki [1994] Corollary 3.2, where
for > 0 the following stopping time is considered, 7, = inf{t > 0|E(M)} > u} for
a continuous martingale £(M), see also the proof of Lemma 2.5.2. Then, the desired

estimate £(M)? < p is derived, but the latter holds for 4 > 1 only, since for p € (0,1)

we obtain that 7, = 0 which in turn gives £(M) (M) =1> p.

—
T

Let us now continue our investigation of boundedness of solutions to the BSDE (2.5.1).
Setting k; := 0 for ¢ € [0,1) and using the convention 1/0 := o0, then in view of
Theorem 2.3.4, the above Proposition 2.5.4 may be formulated for all ¢ € (—o0, 1).

The following figure depicts the upper bound of ||\ - M ||gmo, as a function of p which
guarantees that the statements of Proposition 2.5.4 hold. In particular, it indicates that
as p — 0+ there are no constraints on ||\ - M||gmo,. In fact, limy_,o4 (1/3/kg) = +00
which is consistent with Theorem 2.3.4.
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2.5 Characterization of Boundedness of BSDE Solutions

Figure 2.1: Range in p of BMOy Norms of A - M for which Proposition 2.5.4 Holds.

Before providing a sharp sufficient condition for boundedness of solutions to the BSDE
(2.5.1), we investigate the implications of lim,_,1— (1/y/kq) = 0. Since 1/,/k, is decreasing
in p we can give the following corollary.

Corollary 2.5.7. Fiz a p € (—o0, 1) with dual exponent § = iﬁl‘ Then choosing

o= k() =1/ \ [k € (0, +ox]

the following property holds:
If X+ M is a martingale with ||\ - M| ppo, < k then for all p € (—oo, p] we have:

(i) The solution pair (X, }7) to the primal and dual optimization problem exists.

(ii) If X, Y, U, Z and N are as in Theorem 1.3.4 (N not necessarily continuous), then
the triple (\IJ Z,N) is the unique solution to the BSDE (2.5.1) with ¥ bounded.

Remark 2.5.8. Observe that in Corollary 2.5.7 (ii), for p fixed, ¥ is bounded but the
bound itself may well depend on p € (—o0, pl, especially as p — —oo. In fact, by Nutz
[2010a] Theorem 6.6 (ii), we have

lim W, =log(L{) <0 for all t € [0,T], P-a.s.

p——00

and this limit is from above. Here L®*P is the opportunity process for the exponential
utility maximization problem and is uniformly bounded away from zero if and only if
the density process of the minimal entropy martingale measure QF (assumed to exist)
satisfies the so-called reversed Holder inequality Rp104(1), i-e.

E[(YF /Y 1og(YF /YP)| Fr| < oo

for all stopping times 7 valued in [0,7], a positive constant c,; o and with Y% the
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

P-density process of QF. If R, log(L) is satisfied, or we restrict ourselves to p € [p, p] for

a fixed p € (—o0, p], then the bound on U is uniform in p and depends on p and either
Oon C,p,—oo OF ON P.

Let us now investigate the feasibility of a classification of the boundedness (property)
of solutions to the BSDE (2.5.1) given a BMO assumption. We interpret the BSDE as
being parameterized by p € (—oo, 1) and A, where A- M is a BMO martingale. Theorem
2.3.4 shows that if p is restricted to (—co, 0], ¥ = ¥(p, A) is a bounded process, with the
boundedness property holding uniformly in (p, A). Corollary 2.5.7 shows that this is true
for p > 0 if p is restricted to an interval truncated at 1 and the BMOg norm of A - M is
small enough.

We show that one cannot extend this property to hold for the whole interval (—oo, 1)
of values for p. This degeneracy is suggested by the observation that lims_,1— k(p) = 0 in
the above corollary. However, if we drop the assumption that the boundedness property
of ¥ = \Tf(p, A) be uniform in A, there is an example for which the described extension
is indeed possible. More precisely, we have the following result.

Proposition 2.5.9.

(i) There does not exist a finite k > 0 with the following property:
If (under the Assumption 1.2.3 (ii)) X - M is a (local) martingale which satisfies
A~ M| Bymo, < k then the process U from the unique solution (¥, Z, N) to (2.5.1)
with E([(1 — q)Z — g\ - M + N) a martingale is bounded for all p € (—o0,1).

(i) However, there does exist an unbounded BMO martingale A - M, with unbounded
(A M), such that for all p € (—o0,1) the process ¥ from the solution (V,Z, N)
to the BSDE (2.5.1) with E([(1 — ¢)Z — gA\] - M + N) a martingale is bounded.

Proof. For item (i) assume to the contrary that such a k exists and let M = W be a
one-dimensional Brownian motion. Set A\; := 2;% Y720, t € [0,T], where o and
7 are as in the proof of Proposition 2.4.1. This defines a bounded, hence a BMO,

||X'WH2BMOQ
- k2

martingale X\ - W. Let us now consider an arbitrary ¢ < — < 0 and define

A= \/%—q. Then A is precisely that of Proposition 2.4.1 for the chosen ¢ and we have
that only unbounded solutions to (2.5.1), which coincides with (1.3.1) here, can (and

do) exist. However, |A-W|Bmo, = % < k by the choice of ¢ < 0, which in turn

corresponds to some p € (0,1).

For item (ii) we observe that from the estimate (2.5.7) in the proof of Proposition 2.5.4,
we are done if we find an example of an unbounded martingale A - M with unbounded
(A\- M)p and b(A - M) = 400, where we use the notation of the critical exponent from
(2.5.3). An explicit martingale with these properties is provided by Example 3.1 of
Schachermayer [1996]. While that example is defined on Ry, we can apply an increasing
bijection (e.g. t +— p(t) := L& from [0, oc] to [0, T]) in order to obtain such a martingale

1+t
on [0,T]. O
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2.5 Characterization of Boundedness of BSDE Solutions

Using the specific construction in the above proof the boundedness property of a
solution to (2.5.1) as p — 1— can be illustrated as follows; observe that p — 1— is
equivalent to ¢ — —oo. Then, to avoid the degeneracy of the above counterexample, for
BY 2
all ¢ it must hold that ¢ > —”XWIL% from which it follows that & — 0+. Hence a fized
k > 0 implying the desired boundedness property of a solution to (2.5.1) cannot exist.
The above item (ii) is not against the intuition that the investor becomes risk neutral
as p — 1—. It only states that for each p the corresponding U s bounded, but it is not
uniformly bounded in p.

The results above summarize and show the limitations of a BMO characterization of
the boundedness property of the process ¥ from a solution to the BSDE (2.5.1). In
particular, if b denotes the critical exponent from (2.5.3), we see from (2.5.2) and the

estimate in (2.5.7) that if A - M is a martingale with
b(A-M) >k,

then Proposition 2.5.4 continues to hold. Contrary to this result, the specific example of
a BMO martingale that does not yield a bounded solution to the BSDE in Subsection

2.4.2 exhibits q 7
_ 2 _
bA-M)=—3 <¢ =5 —aya* —a=kg,

recalling that ¢ < 0 and where the first equality can be shown using (2.5.11) below.
Hence the following questions arise,

e Which boundedness properties do hold for solutions to the BSDE (2.5.1) for those
A with b(X - M) € (=4, kq)?

e Can we use the critical exponent b to characterize boundedness of solutions to the

BSDE (2.5.1)?

We answer these questions in the next subsection by showing that the bound &, is indeed
the maximal one which guarantees boundedness in the general case and that it cannot
be improved. In doing so we provide a full description of the boundedness of solutions
to the quadratic BSDE (2.5.1) with A - M a BMO martingale in terms of the critical
exponent b.

2.5.2 Boundedness under Dynamic Exponential Moments

We have seen that neither the BMO property of A - M nor an exponential moments
condition guarantees the boundedness of a BSDE solution. While a counterexample
showed that a simple combination of the two conditions does not suffice, we next see
that a dynamic combination provides the required characterization. In particular, while
the existence of all exponential moments of the mean-variance tradeoff is sufficient for
the existence of a unique solution (¥, Z, N) to (1.3.1) with ¥ € €, the existence of all
dynamic exponential moments is sufficient for the existence of a unique solution with
¥ bounded, and in general this requirement cannot be dropped. We recall that by
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

Corollary 2.5.3 any requirement on the dynamic exponential moments may be written
in terms of a condition on the critical exponent b.

Theorem 2.5.10. Fizp € (0,1), i.e. ¢ <0, and define kq as in (2.5.6). Then,

(i) If A= M is a martingale with b(X - M) > kg then the solution pair (X,Y) to the
primal and dual problem exists and if \If Z and N are as in Theorem 1. 3.4 (N

not necessarily continuous), then the triple (\I/, Z,N) s the unique solution to the
BSDE (2.5.1) with ¥ bounded.

(i1) For a one-dimensional Brownian motion M =W and every k < kg, there ezists a
BMO martingale X - M with b(A- M) > k such that the solutions to the primal and
dual problem exist and the corresponding triple (\if, Z,N = 0) is a solution to the
BSDE (2.5.1) with ¥ unbounded.

(iii) For a one-dimensional Brownian motion M = W, there exists a BMO martingale
X - M with b(A - M) = kq such that the solutions to the primal and dual problem
exist and the corresponding triple (‘ii, Z,N = 0) is the unique solution to the BSDE
(2.5.1) with ¥ bounded.

We can summarize this result as follows: Item (i) gives a sufficient condition for
boundedness of solutions to the BSDE (2.5.1) in terms of dynamic exponential moments,
which is less restrictive than a bound on the BMOs norm. Item (ii) shows that this
condition is sharp in the sense that it cannot be improved. In particular, the critical
exponent b from (2.5.3) characterizes the boundedness property of solutions to the BSDE
(2.5.1) that stem from the utility maximization problem. Item (iii) gives information
about the critical point k, of the interval (kq, +00). It yields that the converse of item
(i) does not hold.

The following Figure 2.2 provides a visualization of this discussion, it depicts the value
kq as a function of p. Let us now discuss it briefly, fix p € (0,1) and assume that we are
on the critical black line, i.e. we have a specific A - M with b(A- M) > k,. Note that
the black line is included in the area that ensures boundedness because a finite dynamic
exponential moment of order k, is equivalent to b(A - M) > k, by Corollary 2.5.3. Now
choosing ¢ < 0 such that b(\ - M) > kg > k; we can derive the statement of Theorem
2.5.10 (i) for the corresponding p > p. However p depends on the specific choice of A
and therefore it is not possible to shift the whole black line uniformly for all processes
A

A main difference between Figure 2.1 and Figure 2.2 (apart from the fact that Figure
2.1 depicts only a sufficient condition) is that in the former the boundary line is not
included in the area that ensures boundedness. For Figure 2.1, we fix again p € (0,1)
and consider all A - M whose BMOg norm is bounded by some ¢ < 1/,/kq. In this case,
the boundedness result holds for some p > p (depending on c¢), uniformly for all A. Hence
the line determined by ¢ can be moved slightly to the right which is in line with the fact
that the grey area in Figure 2.1 is open.
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2.5 Characterization of Boundedness of BSDE Solutions

kg

-1.0 -0.5 0.5 P

Figure 2.2: Dynamic Exponential Moments of (\+ M) Sharply Sufficient for the Bounded-
ness of U,

Items (ii) and (iii) of the above theorem rely on the construction of a specific example
which we first provide in the following auxiliary lemma.

Lemma 2.5.11. Let W be a one-dimensional Brownian motion. Then, for every b € R,
there exists a predictable process A such that X - W is a BMO martingale and

T _
Eﬁ [exp <c2 / )\t2 dt) ’ }'T]

where P is the probability measure given by % = E(—bX- W),

sup (2.5.9)

T stopping time
valued in [0,T]

< +4oo ifle] <1,

Proof. We proceed similarly to the example from Subsection 2.4.2 and define for t €
[0, 77,

N o= L 1 (t )
LT R@ =) st
where « is as in the proof of Proposition 2.4.1 and where 7 is now the stopping time
t 1 bra
— | AW+ ———=ds || > 1,
/T/2\/T—s< ° 8(T — s) ) - }

for which again P(T/2 < 7 < T) = 1. Then Jy \i(dW; + bX; dt) is bounded by Zc. If

(2.5.10)

T :=inf t>I
o 2

b < 0 we derive from

X-W:/'X AW, + b, dt —b/'Pdtz—l
; t(dW4 4 b dt) i 7

that the continuous local martingale X-W is bounded from below, hence a supermartin-
gale. It then follows from the Optional Sampling Theorem, see Karatzas and Shreve
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[1991] Theorem 1.3.22, that for any stopping time 7 valued in [0, 77,

T __
EV 32 dt ]—'T]—El/ X dW, | F

In particular, X W is a BMO martingale. A similar reasoning applies if b > 0 and
the claim is immediate for b = 0. We hence may consider the measure P given by

% = E(—bX- W), under which W := W +b J; A+ dt is a Brownian motion. Now, for a
stopping time 7 valued in [T'/2,T] and for u € R and v € [0, T}, we set

t 1 N
+/ 7dW7521
B o VI —s—wv + }
:inf{tZU

1}
where we extend thej?’—Brownian motion W to [0, 27]. B
Let |¢| < 1. Since X vanishes on [0,7/2] and exp(c® [T A2 dt) =1 on {7 = T}, for the
first assertion of (2.5.9), it is enough to consider stopping times 7 valued in (7'/2,T).
Then, using the F,-measurable random variable U := [ /2 \/% dWs we have that 7 <
:7‘_’

.. (7) P-a.s. Moreover, 7,,(7) is P-independent of F, since it is O'(WT+S WT, s >0)-
measurable. We thus obtain

9 AEn? (oL 1
Eﬁ{exp(c/‘r 22 dt)‘]:] <E~[exp< 3 /7- T_tdt)‘]:] (2.5.11)

An? a1
= E- °r R
ﬂ"[exp< 8 / T—t )
u=Uv=1

1 n cos(cnU/2) 1 < 1
- vz cos(cm/2) {lvl<t} = cos(em/2)

1 [T -
]—'T] _ bEV N (AW + b, di)

J<7m

Tun(T) i =v+ inf{t >0

t 1 N
+ dWT s—v
“ /v VI —s +

< 400,

where we applied Kazamaki [1994] Lemma 1.3 in a similar way as in the proof of Frei and
dos Reis [2011] Lemma A.1 and used that 7, ,(7) and 7, ,(0) have the same distribution
under P. This gives an upper bound for (2.5.9) in the case |¢| < 1.

If |c[ > 1, we note that from 7 = 7 1/o(T/2) P-a.s. and the definition of a,

202 [T
T 1
Er X2 dt > B a / dt)’ =
P {exp (C T/2 >'IT/2 {exp( 8 JrppT —t Fry2 cos(ma/2)’
(2.5.12)
which is unbounded and this concludes the proof of Lemma 2.5.11. O

We are now ready to provide the proof of Theorem 2.5.10.

Proof of Theorem 2.5.10. Ttem (i) follows from the proof of Proposition 2.5.4, see the
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estimate in (2.5.7) and recall Corollary 2.5.3.

For item (ii) observe that since

q
k<kg=q¢ =3 -a)—q

there exists an a > 0 such that

k< — g —\J® — q - 2a2. (2.5.13)

Choose such an a and then set b := % (¢—V¢* — q¢—2a%) < 1 < 0. We mention that the
need for two parameters a and b stems from the fact that we have two conditions which
must both be satisfied, the first concerns the finiteness of exponential moments and the
second relates to the (un)boundedness of ¥. We then define A and P as in Lemma 2.5.11
and observe that contrary to the previous examples the measure change is now part of
the construction. Finally, we set X := %X and deduce for ¢ € [0,T] that,

E[E(—\-W)! |f]=E~[ex <<b—q>/TX dW+<ql)—q—l)2>/ >\2ds>‘]-"]
BT PP a)lo 770 a 2a® 2)J); ° ¢

< e%ﬂiﬁ [exp (ftT A2 ds) ‘ ft} ,
(b—q/a)m

>e V2 Eﬁpg[exp(fthgdS)’ft},

where we used the boundedness of A - W and 4 ; — 5dy — 7 = 1, together with b <
q/a. By the inequality (2.5.12), this shows that E[€(— /\ W) Tjar | .FT/Q] is unbounded,

whereas E[E(—\-W)T] < +oo since Eg[exp (J& A2 dt)] = 2, see the proof of Proposition

2.4.1. Proposition 2.2.1 now yields the existence of a solution (\Tl, Z,N = 0) and the
identification with the primal and dual problems. The conclusion is that ¥ is unbounded.
Moreover, using the boundedness of A - W again, we have

T T/k b2
supHE[exp(k/ )\fdt)‘]-}} Eﬁ[exp(/ (2 )A%lt)‘f]
T T L T a

This is finite by (2.5.9) since the relation % — % < 1 is equivalent to

<eVv2 sup
-

[b|m ’

212

a“b q q
<a®+ 5 qab =5 =q" = q\/q° — q — 2a~,
which is inequality (2.5.13).

The proof of item (iii) is similar to that of item (ii). We use the same definitions
subject to the modification that now we must choose ¢ > 0 and b € R such that

qb q b2 kq b2 B
22 3 <1 and 23 =1.
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2 BSDEs in Utility Maximization with BMO Market Price of Risk

This choice ensures the existence of the optimizers and guarantees the boundedness of
U, again thanks to Proposition 2.2.1 and (2.5.9). Note that now a dynamic exponential
moment of order k, will not exist.

The above equation is satisfied for b := ‘/% -2 > 0 if a® < k;, and then the

inequality reads as 4/ % -2 55— 5—3 < 0. This last relation holds for any choice of
a € (0,/kq) since we have k, > —4 > 0. O

A consequence of Theorem 2.5.10 is the following result.
Corollary 2.5.12.

(i) If A - M is a martingale that satisfies b(A - M) = 400, then for all p € (0,1) the
solution pair ()A(,}A/) to the primal and dual problem exists. If U, Z and N are as
in Theorem 1.3.4 (N not necessarily continuous), then the triple (@,Z,N) is the
unique solution to the BSDE (2.5.1) with ¥ bounded.

(ii) The converse statement, however, is not true. More precisely, if X\ - M is a BMO
martingale such that for all p € (0,1) the solutions to the primal and dual problem
exist with U bounded, the critical exponent need not satisfy b(A - M) = +o0.

Proof. The first part is an immediate consequence of item (i) of Theorem 2.5.10. For the
second part, we proceed similarly to the proof of item (ii) of the Theorem 2.5.10. Taking
a one-dimensional Brownian motion M = W, we define A via (2.5.10) with b = 1/2 and

A = \. By construction, Jo Ae(dWy + 2t dt) is bounded by % so that for ¢ < 0

T q T
E{exp(—q/ A AWy — 5/ )\f dt)‘}}}

Hence, for all p € (0,1), the solutions to the primal and dual problem exist and the
corresponding triple (¥, Z, N = 0) is the unique solution to the BSDE (2.5.1) with ¥
bounded. For the estimate on the process (A - W) we have

‘E{exp(k/TT A7 dt)‘]—}} Eﬁ[exp((k—é>/TT A7 dt)’]—}}

The right hand side is +0o when k — § > 1 by (2.5.9), this implies b(A - W) < £ < +00
(actually, b(A - W) = 2) despite the fact that ¥ is bounded for arbitrary p € (0,1). [

—qm

<ev?2 < +4o0.
Loo

sup
T stopping time
valued in [0, T

sup > e V8 sup
T T

Lee Loe

Remark 2.5.13. Corollary 6.7 is based on the fact that b(A - M) = +oo is stronger
than requiring that £(—X - M) to satisfy the reverse Holder inequality R, for all ¢ <
0. However, there exists an equivalence between b(\ - M) = +oo and a strengthened
reverse Holder condition. It follows from Theorem 4.2 of Delbaen and Tang [2010] that
b(\- M) = +oo holds if and only if for some (or equivalently, all) ¢ € [1,+00) and all
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2.5 Characterization of Boundedness of BSDE Solutions

a € C there exists ¢, , > 0 such that

e

E(aN- M),
EUE(a)\ - M),

-FT‘| < Co,a

for all stopping times 7 < ¢ valued in [0, 7.
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3 Quadratic Semimartingale BSDEs under
an Exponential Moments Condition

3.1 Introduction

In the present chapter we provide all the background material that is needed for a
thorough study of the utility maximization problem under exponential moments via
BSDE methods. We recall that in a (one-dimensional) Brownian framework BSDEs are
usually written

AV, = Z,dW, — F(t,V,, Z,) dt, Vp=¢, (3.1.1)

where £ is an Fp-measurable random variable, the terminal value, and F' is the so-called
driver or generator. Solving such an equation consists of finding a pair of adapted
processes (¥, Z) such that the integrated version of (3.1.1) holds. The presence of the
control process Z stems from the requirement of adaptedness for W together with the
fact that ¥ must be driven into the random variable £ at time 7. One may think of Z
as arising from the martingale representation theorem, see the introduction for more on
this topic.

In the semimartingale framework where the main source of randomness is encoded in
a given (continuous) local martingale M on a filtration (F);c(o,7] that is not necessarily
generated by M, we have to add an extra orthogonal component N. The corresponding
BSDE then takes the form

d‘l’t = Zt th + dNt - f(t, \Ift, Zt) d<M>t — gt d<N>t, ‘IJT == 6, (312)

and solving (3.1.2) now corresponds to finding an adapted triple (¥, Z, N) of processes
that satisfies the integrated version of (3.1.2), where N is a (continuous) local martingale
orthogonal to M.

As we already know, BSDEs of type (3.1.1) and (3.1.2) have found many fields of
application in mathematical finance and the reader is directed to El Karoui et al. [1997]
for a first survey. Moreover, we find a BSDE derived in Hu et al. [2005] for the value
process of the utility maximization problem, being in line with work by Rouge and
El Karoui [2000] as well as Sekine [2006]. In Mania and Schweizer [2005] the authors
used a BSDE to describe the dynamic indifference price for exponential utility and their
approach was extended to robust utility in Bordigoni et al. [2007] and to an infinite
time horizon in Hu and Schweizer [2009]. We also mention Becherer [2006] for further
extensions to BSDEs with jumps and Mania and Tevzadze [2008] to backward stochastic
partial differential equations.

With regards to the theory of BSDEs, existence and uniqueness results were first
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

provided in a Brownian setting by Pardoux and Peng [1990] under Lipschitz conditions.
They were extended by Lepeltier and San Martin [1997] to continuous drivers with linear
growth and by Kobylanski [2000] to generators which are quadratic as a function of the
control variable Z. Corresponding results for the semimartingale case may be found
in Morlais [2009] and Tevzadze [2008]. In addition some stability results for quadratic
BSDEs are also found in the recent articles by Frei [2009] and Barrieu and El Karoui
[2011]. In the situation when the generator has superquadratic growth, Delbaen et al.
[2010] show that such BSDEs are essentially ill-posed.

A strong requirement present in the articles Kobylanski [2000], Morlais [2009] and
Tevzadze [2008] is that the terminal condition be bounded. In a Brownian setting
Briand and Hu [2006, 2008] have replaced this by the assumption that it need only
have exponential moments but in addition the driver is convex in the Z variable. More
recently, Delbaen et al. [2011] show that one can reduce the order of exponential moments
required.

The present chapter has two main contributions, the first is to extend the existence,
uniqueness and stability theorems of Briand and Hu [2008] and Morlais [2009] to the
unbounded continuous semimartingale case. The motivation is that having results in
greater generality increases the range of possible applications for BSDEs. The main
practical application for the results derived in this chapter is the utility maximization
problem with an unbounded mean-variance tradeoff though. This provides a second, if
not the more important, motivation for the present work.

In order to prove the respective results in the unbounded semimartingale framework
technical difficulties related to an a priori estimate must be overcome. This requires
an additional assumption when compared to Briand and Hu [2008] and Morlais [2009].
As a byproduct of establishing our results we are able to show via an example that
the stability theorem as stated in Briand and Hu [2008] Proposition 7 needs a minor
amendment to the mode of convergence assumed on the drivers and we include the
appropriate formulation.

Our second contribution is to address the question of measure change. We know
from Lemma 2.3.1 that when the generator has quadratic growth in Z then the solution
processes V¥ is bounded if and only if the martingale part Z-M + N is a BMO martingale.
In the present setting, where W is assumed to satisfy an exponential moments condition
only, such a correspondence is lost. However, we are able to show that whilst Z- M 4+ N
need not be a BMO martingale, see Chapter 2 for further discussion and some examples,
the stochastic exponential £ (o (Z-M + N)) is still a true martingale for || large enough.
It is thus not only mathematically interesting to be able to describe the properties of
the martingale part of the BSDE but also relevant for applications. For instance, the
above result can be used to extend the BSDE approaches of Hu et al. [2005] and Morlais
[2009] to utility maximization, see Chapter 5 for further details as well as Heyne [2010]
for some explicit stochastic volatility models. Moreover such a theorem may be used
in the partial equilibrium framework of Horst et al. [2010] where the market price of
external risk is given by equilibrium considerations and is typically unbounded.

The chapter is based on the working paper Mocha and Westray [2011a] and organized
as follows. In the next section we lay out the notation and the assumptions and state the
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main results. The subsequent sections contain the proofs. Section 3.3 gives the a pri-
ori estimates together with some remarks on the necessity of an additional assumption,
Section 3.4 deals with existence and Section 3.5 includes the comparison and uniqueness
results. In Section 3.6 we prove the stability property as well as providing an appro-
priate counterexample. In Section 3.7, we turn our attention to the measure change
problem and finally, in Section 3.8, we point at interesting applications of our results
to constrained utility maximization and partial equilibrium models. The constrained
portfolio choice problem will then be the main concern of the Chapters 4 and 5.

3.2 Framework and Statement of Results

We work on a filtered probability space (2, F, (F¢)o<t<T,P) satisfying the usual condi-
tions of right-continuity and completeness. We also assume that Fy is the completion
of the trivial o-algebra. The time horizon T is a finite number in (0, 00) and all semi-
martingales are considered equal to their cadlag modification.

Notation and Problem Formulation

Throughout this chapter M = (M?' ..., M%)T stands for a continuous d-dimensional
local martingale, where T denotes transposition. We refer the reader to Jacod and
Shiryaev [2003] and Protter [2005] for further details on the general theory of stochastic
integration.

The objects of study in the present chapter will be continuous semimartingale BSDEs
considered on [0,T]. In the d-dimensional case such a BSDE may be written

d\I/t = Z;— th + dNt - ]_T d<M>tf(t, \Ilt, Zt) — gt d<N>t, \I/T == f (321)

Here ¢ is an R-valued Fpr-measurable random variable and f and g are random pre-
dictable functions [0,7] x @ x R x R® — R? and [0,T] x  — R, respectively. We set
1:=(1,...,1)" € R% Moreover, N is a continuous local martingale that is orthogonal
to M,ie. (M{,Ny=0foralli=1,...,d.

The format in which the BSDE (3.2.1) encodes its finite variation parts is not so
tractable from the point of view of analysis. Therefore we write semimartingale BSDEs
by factorizing the matrix-valued process (M) = (M? M7); ;1 4. This separates its
matrix property from its nature as measure.

For i,j € {1,...,d} we may write (M*, M7) = C% - A where C% are the components
of a predictable process C' valued in the space of symmetric positive semidefinite d x d
matrices and A is a predictable increasing process. There are many such factorizations
(see Jacod and Shiryaev [2003] Section III.4a). We may choose A := arctan (25:1 <MZ>)

so that A is uniformly bounded by K 4 = 7/2 and derive the absolute continuity of all the
(M?, M7) with respect to A from the Kunita-Watanabe inequality. This together with
the Radon-Nikodym theorem provides C. Furthermore, we can factorize C' as C = B"B
for a predictable process B valued in the space of d x d matrices. We note that all
the results below do not rely on the specific choice of A, but only on its boundedness.
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

In particular, if M = W is a d-dimensional Brownian motion we may choose A; = t,
t € [0,T], and B the identity matrix. Then A is bounded by K4 = T.

We recall that P denotes the predictable o-algebra on [0,7] x Q and that u? stands
for the Doléans measure, defined by

T
JA(E) ;:EV lE(t)dAt], EeP.
0

Given the above discussion the equation (3.2.1) may be rewritten as
d\Ift = Z,;r th + dNt - F(t, \Ift, Zt) dAt — gt d<N>t, \IJT = 5, (322)

where again ¢ is an R-valued Fr-measurable random variable, the terminal condition,
and F and g are random predictable functions [0, T] x @ x RxR? — R and [0, T] xQ — R
respectively, called generators or drivers. This formulation of the BSDE is very flexible,
allowing for various applications and being amenable to analysis. Starting with (3.2.1)
and setting F'(t,,2) := 1"Cf(t,¢,z) = 1" B{ B, f(t, %, z) we get (3.2.2). A reversion of
this procedure is not relevant in our applications as we will see.

Under boundedness assumptions, existence of solutions to (3.2.2) is provided in Mor-
lais [2009] via an exponential transformation that makes the d(N) term disappear. A
necessary condition for this kind of transformation to work properly is dg = 0. In the
sequel we thus consider the above BSDE to be given in the form

1
AWy = Z] dM; + dN, = F(t, Wy, Z0) dAr — S d(N),, Wp =&, (3.2.3)

except in specific situations where a solution is assumed to exist.

Definition 3.2.1. A solution to the BSDE (3.2.2), or (3.2.3), is a triple (¥, Z, N) of
processes valued in R x R? x R satisfying (3.2.2), or (3.2.3), P-a.s. such that:

(i) The function ¢t — ¥, is continuous P-a.s.

(ii) The process Z is predictable and M-integrable, in particular fOT Zfd(M ) Zy < 400
P-a.s.

(iii) The local martingale N is continuous and orthogonal to each component of M, i.e.
(M', NY=0foralli=1,...,d.

(iv) We have that P-a.s.
T
[P vzl A+ (V) < +oc.
0

As in the introduction we call Z - M + N the martingale part of a solution.

Our goal is now to address the questions under which assumptions the BSDE (3.2.3)
allows for a solution, under which conditions and in which spaces uniqueness and stability
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of solutions to (3.2.3) hold and finally to derive the so-called measure change property
of appropriate solutions to (3.2.3).

The Model Assumptions

In what follows we collect together the assumptions that allow for all the assertions of
this chapter to hold simultaneously. However we want to point out that not all of our
results require that every item of Assumption 3.2.2 be satisfied, as will be indicated in
appropriate remarks.

Assumption 3.2.2. There exist nonnegative constants B and B, positive numbers By
and v > max(1, B) together with a predictable M -integrable R?-valued process A so that
writing
T T
o = ||BX|? and |a|; ::/ atdAt:/ A (M)
0 0

we have P-a.s.

(i) The random variable || + |c|1 has exponential moments of all orders, i.e. for all
o>1

E[exp(g [¢+ |Oz!1])} < +400. (3.2.4)

(i) For all't € [0,T] the driver (v, 2) = F(t,v,2) is continuous in (¢, z), convex in z
and Lipschitz continuous in v with Lipschitz constant 3, i.e. for all 1, o and z
we have

[F(t, 41, 2) = F(t,42,2)| < Blgr — ¢al. (3.2.5)

(iii) The generator F satisfies a quadratic growth condition in z, i.e. for all t,v) and z
we have 5
|F(t,9,2)| < ap 4+ auBl| + §\|Btz|]2. (3.2.6)

(iv) The function F is locally Lipschitz in z, i.e. for all t,7,z and z;

(0, 21) = F(t, 9, 2)| < 87 (I Bedill + [ Biza | + | Bezal) [ Bi(z1 = 25)]).

(v) The constant (B in (iii) equals zero and then we set cy := 0. Alternatively, 5 > 0,
but additionally assume that for all t, ¢ and z we have

‘F(t,¢,z)—F(t,0,Z)‘ SB‘QM and AtSCA't

for a positive constant c4.

If this assumption is satisfied we refer to (3.2.3) as BSDE(F, §) with the set of parameters
(Oé, 67576}”17)

Remark 3.2.3. The above items (i)-(iv) correspond to the assumptions made in Briand
and Hu [2008] and Morlais [2009]. In particular, the BSDEs under consideration are of
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quadratic type (in the control variable z) and of Lipschitz type in . Item (v) is new
and arises from the fact that the methods used in Morlais [2009] to derive an a priori
estimate may no longer be directly applied so that an additional assumption is required.
We elaborate further on this topic in Section 3.3. Observe that in the key application of
power utility maximization the associated driver is independent of i) and hence g = 0
applies. In particular, this shows that we can indeed allow for more general models;
in contrast to Hu et al. [2005] and Morlais [2009] we need not assume that the mean-
variance tradeoff of the underlying market be bounded.

Notice that items (ii) and (iii) from above provide
B (t,%,2)] < aw + BY| + 3 | Bzl (3.2.7)

for all ¢, ¢ and z, P-a.s. This is an inequality which does not involve « in the [¢| term on
the right hand side and which is used repeatedly throughout the proofs. We also define
the constant

B*i=ca-pB. (3.2.8)

Statement of the Main Results

Before giving the main results of the chapter let us introduce some notation. For ¢ > 0,
§¢ denotes the set of R-valued, adapted and continuous processes T on [0, 7] such that

El sup |Y¢]?]| < +o0.

0<t<T

The space S consists of the continuous bounded processes. An R-valued, adapted and
continuous process Y belongs to € if the random variable

T* := sup |Ty
t€[0,T

has exponential moments of all orders. We also recall that Y is called of class D if the
family {Y,|7 € [0,T] stopping time} is uniformly integrable. The set of (equivalence
classes of) Rvalued predictable processes Z on [0, 7] x 2 satisfying

T o/2
([ sana)

is denoted by MM¢. Finally, M? stands for the set of R-valued continuous local martin-
gales N on [0, 7], such that

E < 400

|V pme := E[<N>§/2} < 4o0.

In order to deduce the existence of solutions to BSDEs, which we assume to be continuous
by definition, the following assumption is needed.
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Assumption 3.2.4. The filtration (-’rt)te[O,T] is a continuous filtration in the sense that
all local (Ft).ejo,r)-martingales are continuous.

The following four theorems constitute the main results of the present chapter. We
mention that only the existence result requires the assumption of the continuity of the
filtration. We also recall that their statements may hold under weaker conditions which
we provide in the subsequent detailed analysis.

Theorem 3.2.5 (Existence). If Assumptions 3.2.2 and 3.2.4 hold there exists a solution
(U,Z,N) to the BSDE (3.2.3) such that ¥ € € and Z - M + N € M? for all o > 0.

Theorem 3.2.6 (Uniqueness). Suppose that Assumption 3.2.2 holds. Then any two
solutions (¥, Z,N) and (V',Z'/N') in & x M2 x M? to the BSDE (3.2.3) coincide in
the sense that ¥ and V', Z - M and Z' - M, and N and N’ are indistinguishable.

Theorem 3.2.7 (Stability). Consider a family of BSDEs(F™ &™) indezed by the ex-
tended natural numbers n > 0 for which Assumption 3.2.2 holds true with parameters
(™, B", B, Bf,7). Assume that the exponential moments assumption (3.2.4) holds uni-
formly in n, i.e. for all o > 1,

sup E[e (€"H10" 0] < 4oo,
n>0

If forn >0 (U™, Z", N") is the solution in & x IM? x M? to the BSDE(F™,¢") and if
T
&n — &Y +/0 |F™ — F°) (5,99, Z%)dAs — 0 in probability, as n — +oo, (3.2.9)

then for each o > 0 as n — 400

[
IEKexp(sup \q/g—\p?y)) ]—m and Z" M+ N" — Z°- M + N° in M°.
0<t<T

Theorem 3.2.8 (Exponential Martingales). Suppose that Assumption 3.2.2 holds, let
lo| > /2 and let (¥,Z,N) € & x M2 x M? be a solution to the BSDE (3.2.3). Then
E(o(Z - M+ N)) is a true martingale on [0,T].

Remark 3.2.9. The preceding theorems generalize the results of Briand and Hu [2008]
and Morlais [2009]. For their proofs we combine the localization and 6-technique from
Briand and Hu [2008] together with the existence and stability results for BSDEs with
bounded solutions found in Morlais [2009]. Similar ideas are used in Hu and Schweizer
[2009] on a specific quadratic BSDE arising in a robust utility maximization problem
where the authors also investigate the measure change problem for their special BSDE,
however here we pursue the general theory. As we know from Proposition 2.2.2, if
|€] + |r|1 does not have sufficiently large exponential moments then the BSDE may fail
to have a solution. In particular, we here present all the theoretical background for
the study of power utility maximization under exponential moments, see the remaining
chapters, as well as of partial equilibrium, see Horst et al. [2010].
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

3.3 A Priori Estimates

In this section we show that, under appropriate conditions, solutions to the BSDE (3.2.2)
satisfy some a priori norm bounds. After giving an important result used in the sub-
sequent sections we motivate Assumption 3.2.2 (v) by showing that without such an
assumption the method utilized in Morlais [2009] for the purpose of deriving appropri-
ate a priori bounds fails in the present unbounded case.

Let (¥, Z, N) be a solution to (3.2.2), suppose that Assumption 3.2.2 (iii) and (v) hold
and that g is uniformly bounded by 7/2. Recall 5* from (3.2.8), fix s € [0,7] and set,
for t € [s,T],

~ * t *
H; = exp(veﬁ (=), | +’y/ A=) q(x. M}r) .
where we have written (\ - M); := [{ A\l d(M),\, = [ o, dA,. First we show that H is,

up to integrability, a local submartingale.
From Tanaka’s formula,

d’\I/t‘ = sgn(\I/t)(ZtT th + dNt) — sgn(\I/t)(F(t, \I/t, Zt) dAt + gt d<N>t) + dﬂt, (331)

where ¢ is the local time of ¥ at 0. 1t6’s formula then yields

dH; = vHy; e (=) [sgn(\llt)(ZtT dM; + dNy) + B|W,|(ca dt — dAy) (3.3.2)

+ (= s 20 + 0+ Bl + ] 7 B da

+ <— sgn(\lft) gt + % 65*(t_s)> d<N>t + dft‘| .

An inspection of the finite variation parts shows that under the present assumptions they
are nonnegative. In particular, the semimartingale H is a local submartingale, which
leads to the following result.

Proposition 3.3.1 (A Priori Estimate). Suppose Assumption 3.2.2 (iii) and (v) hold
and assume that the function g is uniformly bounded by /2, P-a.s. Let (¥,Z,N) be a
solution to the BSDE (3.2.2) and let the family

T
(exp(’yeﬁ*T\\Pt\ +’y/ eﬁ*rd<)\-M>r>>
0

be of class D. Then P-a.s. for all s € [0,T],

t€[0,T]

1 . T
W] < ,ylogEleXpGeﬁ T=9)|¢] +7/ e’ =9 d<A-M>T>

]-"S] . (3.3.3)
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Proof. Fix s € [0,T] and set H as above. Since H is a local submartingale there exists
a sequence of stopping times (7,,)n>1 valued in [s, T], which converges P-a.s. to T, such
that H™ is a submartingale for each n > 1. We then derive

~ * T *
exp(7|Wy]) < E[Hppr, | Fs] < E[exp <’yeﬁ T=)\Wpar |+ / A=) g M>r)’]-;] .

Letting n — +o00 the claim follows from the class D assumption. O

On the Additional Assumption 3.2.2 (v)

Proposition 3.3.1 provides the appropriate a priori estimate, indeed suppose that |£| and
|a]1 are bounded random variables and (¥, Z, N) is a solution to (3.2.3). If the current
assumptions hold and exp(ye? T|¥|) is of class D, then ¥ satisfies

W] < [ (1] + o) - (3.3.4)
Comparing with (3.3.3) this indicates that the inclusion of Assumption 3.2.2 (v) allows
us to prove similar estimates to the bounded case which enables us to establish existence

for the BSDE (3.2.3) when [{| 4+ |a|1 has exponential moments of all orders, to be more
precise, an order of at least ve® 7.

Contrary to the above let us investigate the method utilized in Morlais [2009] under
Assumption 3.2.2 (iii) only, supposing that g is bounded by /2. We set

H; :=exp (765<)"M>Svt|lllt| + 7 /t ePAMsr g\ M>T) , (3.3.5)
where (- M), := (\- M), — (\- M)s = ! o, dA,. We derive from Ito’s formula that
dH; = vHy M)t lsgn(\llt)(ZtT dM; + dNy)
+ <— sgn(We) F'(t, Wy, Zt) + ou + ou B W] + geﬁo‘M}S’t ||BtZt||2) dAy
+ (— sgn (W) g¢ + gGBQ'M)S’t) d{N)¢ + dft] :

Once again, the finite variation parts are nonnegative. We conclude in the same way as
for Proposition 3.3.1 that the corresponding a priori result holds for H as well. To sum
up, we have that under a similar class D assumption, now on

T
0
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P-a.s. for all s € [0,T],
! BOM) T s,
|W,| < ;logE exp | ve sT|E| 4+ 'y/ e sTd(N- M)y || Fs| - (3.3.6)

If B = 0, then H from above equals H and there is no difference with the statement
of Proposition 3.3.1. However when > 0 the estimate (3.3.6) is not sufficient for our
purposes. We aim at using the a priori estimate to show the existence of solutions to
the BSDE (3.2.3) in & x 92 x M? using an appropriate approximating procedure. If |¢|
and |a|; are bounded random variables there exists a solution (¥, Z, N) to (3.2.3) with
U bounded, see Morlais [2009]. With (3.3.6) at our disposal we then have the estimate

9] < [leh (] + lal)| - (3.3.7)

Our goal is to remove the boundedness assumption and to replace it with the assumption
on the existence of exponential moments of |£|+|c/|; in the spirit of Briand and Hu [2008].
However a closer inspection of the a priori estimate from (3.3.6) together with (3.3.7)
already indicates that more restrictive assumptions are necessary. More specifically,
when 8 > 0 we cannot deduce any integrability of exp (765 lodu(1¢] + |a|1)) when [£| and

|a]1 have only exponential moments. This motivates Assumption 3.2.2 (v), which is
sufficient for the present study as we have seen using the formula in (3.3.2). Note that
we could opt for deriving the existence result under the weaker assumption that the

above random variable exp (765‘0"1 (1€1+ ]a\l)) be integrable. In this case, describing the

space in which a solution to the BSDE exists is more technical, as would be a statement
of uniqueness.

3.4 Existence and Norm Bounds

In the present section we establish Theorem 3.2.5 together with some related results
on norm bounds of the solution. The proof of existence follows the following recipe.
Firstly we truncate (\ - M) to get approximate solutions. Then by using the estimate
from Proposition 3.3.1 we localize and work on a random time interval so that the
approximations are uniformly bounded and we can apply a stability result. Finally we
glue together on [0,7] to construct a solution. The a priori estimates ensure that we
may take all limits in the described procedure.

The Existence Result

Theorem 3.4.1 (Existence). Let Assumptions 3.2.2 (ii)-(v) and 3.2.4 hold and let ||+
||y have an exponential moment of order ve®"T. Then the BSDE (3.2.3) has a solution

76



3.4 Existence and Norm Bounds

(U, Z,N) such that

1 . T,
W] < ,ylogE[eXp (765 T=9¢] +7/ P dx- M>r>
t

ft] . (3.4.1)

Proof. Exactly as in Briand and Hu [2008] we first assume that F' and £ are nonnegative.
For each integer n > 1, we set

t
On ::inf{tE [O,T]’(A-M>t ::/ ozsdASZn}/\T,
0
& = EAn, A}

Assumption 3.2.2 (ii)
where

<o and F7(t, 1, 2) == ly<on F(t,9,2). Then F™ satisfies
-(v) with the same constants, but with the processes A" and "

af = || BAL? = Lycony | Bedel” = Ly<opon.

In particular, |o"|; = [j" asdAs < n and
T T 9
| onraonog = [Tz dA = o < n.

so we may apply Morlais [2009] Theorem 2.5 and Theorem 2.6 to conclude that there
exists a unique solution (¥", 2" N™) € S® x IM? x M? to the BSDE (3.2.3), where F
is replaced by F™ and £ is replaced by £". From Proposition 3.3.1 we derive

1 [ . T .
oy < ~ logE exp('yeﬁ (T=0)em| +7/ ef"(r=1) d<An'M>r>‘ft]
t
1 [ . T .,
< ;logE exp [ ve? (T_t)\§|+'y/ A= AN M), || F
t

1 i .
< ;logE exp(’)’eﬁ T+ |04‘1))|~7:t

Let n < m so that we have 0, < oy, and 1«51 < 1<,y In particular, &" < &™
and F" < F™ from which we deduce that the Assumptions 3.2.2 (ii)-(v), hence the
corresponding assumptions in Morlais [2009], hold for both F™ and F™ with the same
set of parameters (o™, 3, 3, Bf,v) where the additional ¢y in Morlais [2009] is equal to
m. An application of Theorem 2.7 therein now shows that U™ < U™ so that (¥"),>; is
an increasing sequence of bounded continuous processes.

The next step would be to send n to infinity, however, we do not dispose of a suitable
stability result. Indeed we have only Morlais [2009] Lemma 3.3 which applies for bounded
processes under uniform growth assumptions on the drivers, hence we introduce an
additional truncation. Let k > 1 be a fixed integer and

7 = inf{t € [O,T}‘XtZkor (A- M), >k} AT.

7



3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

Thanks to the continuity of the filtration the martingale exp(yX) is continuous so that
the random variable

= X -M
Vo= man (Xo) VA Mr

is finite P-a.s. We derive that P-a.s. 7, = T for large k. Due to (3.4.2) the sequence
(U™k),~1 given by
7k P—
\IJ? T qj?/\’m’

is uniformly bounded by k. For the martingale parts we define
Z}"* = 14y Z8 and NJY* = 1y NP

An inspection of the respective cases shows that
n,k r ENT r k
3 _ n mn, n,
vt = vl —/t (Z2"%)" dM; —/t dN,

T 1 /T
+/t Yacrnon Fs, WH, Z0%) dAs + 5 /t d(NTH),.

Moreover, W7 oo, sup,,>1 V7 =: &, where { is bounded by k. Next we appeal

to the stability result stated in Morlais [2009] Lemma 3.3, noting Remark 3.4 therein.
Note that this result requires estimates that are uniform in n which is accomplished
by the specific choice of the stopping time 7. Hence (U™F, Zmk N™F) converges to
(Wook | 700k N°ok) in the sense that

lim IE[ sup |WpF — \I/;’Okw =0,
n—+00 | 0<¢<T

lim E l / ! (2% — zo%) aqy (20~ Z;’Ok)] =0

n—400 0
and

lim EUN?k - N;‘”ﬂ =0,

n—-+400

where the triples (U>F, 7%k N°ok) solve the BSDE

.
AUt = (Z77F) dM; + dN;*F
1
~ ey F (1,08, 2750 dAy — S (N, Wt =g,

on the random horizon [0, 7] C [0,7]. The stopping times 7, are monotone in k and
therefore it follows that

nk+1 _ gk k1l — ok Kl — arnk
\I’A/\Tk = \I/n s 1[[07Tk]]Zn = Zn and lﬂokaﬂNn = Nn 5
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3.4 Existence and Norm Bounds

so that the above convergence yields (for the two last objects in M?)

WA = ook, (1,5 2°8H 1) - M = 28 M and 1, NoORH = Voo,

ATk

To finish the proof, we define the processes

k
Uy = Ly O+ Ly Ui

k>2
»1 ,k)
Zy = Yery Z2 + Y Vel o} o0
k>2
,1 k
and Nt = 1{t§TI}NtOO + Z 1{te]]rk_1,'rk]]}Ntoo .
E>2

By construction this gives a solution to the BSDE
1
dV; = Z;th—FdNt —F(t,\lft,Zt) dA; — §d<N>t, Uy =¢,

since Lyary + D p>2 Yie)n 1, m]y = Leejo,ry P-a.s. More precisely, there is a P-null set
1 such that for all w € MNM° there is a minimal ko(w) with 73, (,,)(w) = T and such that

Uk () = & (w) for all k, which yields that (possibly after another modification of 0)

75 (w)

k
U (w) = U (W) = & ) (w) = sup W7 (w) = £(w).
n>
The bound in (3.4.1) holds as we have it for all n and & from (3.4.2).
In the case when & and f are not necessarily nonnegative, we reduce the problem to
using a double truncation procedure defined by %™ = &F An — & Am, NV =
1{t§an}/\+ - 1{t§0m}A7 and F™™ = 1{t§an}F+ — 1{t§am}F7' ]

Remark 3.4.2. Let us recall the specific counterexample to the existence of a BSDE
solution provided in Proposition 2.2.2. More precisely, in a Brownian framework, for
every q < 0, we can construct a predictable W-integrable process A which lacks sufficient
integrability. The BSDE (1.3.1) now is amenable to the analysis in this chapter. For
instance, the quadratic growth estimate reads

|q‘ 2 )(‘SO) 2
F(t < = || M|]F + —=
| ( ,Z)‘ = 22 H t“ 2 HZH )

where I denotes the driver of (1.3.1) and ~(g9) := 1 + (1 + |¢|/2)eo for g9 > 0, by
the generalized Young inecwuality, see also 2Propositiom 4.6.3. Hence, in the setting of
Proposition 2.2.2, |a|; = % foT A dt = . f%/z 72 dt has an exponential moment of
order o > 0 if and only if ¢ < g9, see the remarks that follow Proposition 2.2.2. As
we have seen above, a sufficient condition for the existence of a BSDE solution is that
0> 7v(eo) = 1+ (1 + |q]/2)e0 > eo which is indeed incompatible with the deficient

integrability of the specific A considered in Proposition 2.2.2.
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

Norm Bounds Results

As a corollary of the previous theorem we deduce

Corollary 3.4.3 (Norm Bounds for the Components of BSDE Solution Triples).

()

(i)

Let the Assumptions 3.2.2 (ii)-(v) and 3.2.4 hold and let |£| + |a|1 have an ex-
ponential moment of order 6* > e T. Then the BSDE (3.2.3) has a solution
(U, Z, N) such that exp(y¥) € 8¢ for o* := 76‘;% > 1.

When additionally || + |a|1 has ezponential moments of all orders, i.e. Assump-
tion 3.2.2 (i) holds, this solution is such that ¥ € €. In particular, for each o > 1
we have the estimate

Blexp(e0)] < (5 27) Elexp( e T (lg + o)) | 343

Let the Assumption 3.2.2 (i)-(iii) and (v) hold and suppose there exists a solution
(U,Z,N) to the BSDE (3.2.3) such that ¥ € €. Then (Z,N) € I x M2 for all
o > 0, more precisely

E

( /0 "zraon,z, +d<N>s> W] < CQ,VE{exp@meﬁ*T(lsl - \ah))], (3.4.4)

where c,~ s a positive constant depending on o and y. The estimate (3.4.3) then
holds as well.

Proof. (i) Let (¥, Z, N) be the solution to (3.2.3) obtained in Theorem 3.4.1. As in the
previous section set

~ * t *
H, = exp(veﬁ | —I—’V/ B Td(\- M)T) , (3.4.5)
0

which is a local submartingale. Moreover, from the estimate (3.4.1), Jensen’s inequality
and the adaptedness of [;e” " d(\- M), we deduce that

-

exp(B*t) o,
[ exp(1] %)) exp(’y/o ¢’ ’"d<A-M>T>

exp(8*t)

T t
< Elexp (765*(T”|€| +7/ 7D d(x M>r>‘ft1 eXp<7/ 7T d(\- M%»)
t 0

I |

Observe that this upper estimate is a uniformly integrable martingale, in particular it
is of class D and therefore H is a true submartingale. Then, via the Doob maximal
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3.4 Existence and Norm Bounds
inequality, we find that for ¢ > 1

sup H}
0<t<T

Elexp(0y¥*)] <E < <}£1>QE[ITI§]

< (25) Elew (e (el + ah)) ] o)

provided the right hand side is finite. In particular, exp(y¥) € S¢ and ¥ € € as soon
as |£| 4 |a|1 has exponential moments of all orders, in which case (3.4.3) holds.

(ii) We first verify that (3.4.3) continues to hold when (¥, Z, N) is a solution to (3.2.3)
with U € &. First observe that we may reformulate the result of Proposition 3.3.1 under
the condition that

exp(*yeB*TPll.] +’y/ eﬁ*rdO\-M)r)
0

be of class D. Then, repeating the argument from item (i) above, using (3.3.3) instead
of (3.4.1), leads to the same conclusion, since we have the relation

t
exp(veﬂ”lw +7 / eﬂ“d@-M)r) < ElGXp(’)’eB*T(\IJ* + |a|1))|}'t] ,
0

where the right hand side is indeed a process of class D. For the remaining claim, i.e.

relation (3.4.4), define the functions u,v : R — Ry via u(z) := 712(6'”” —1—~x) and

v(z) := u(|z]). We have that v is a C2-function, so we use It6’s formula to see that for a
stopping time 7 (to be chosen later),

o(W0) = voWne) — [ W) s () (21 M, + N,

+ /OW W/ (|0]) sgn* (W) (F(s, W, Z,) dA, + ;d<N>s)

1 tAT y T
5/ (W) (25 d{M)Z, + d(N), ),
where use the notation sgn* () := —1g,<q + 1{;~q and observe that u’(0) = 0. Assump-

tion 3.2.2 (iii) yields
tAT
o(W0) < o(Winr) = [/ (W])sen” (9)(Z] dM, + dN,)
0
tAT 1 tAT
[ (ot aBlw)dA 45 [ (a8 — w2 21 di). 2,
0 0

=y () sent(0) — (0D (N,
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

since u/(z) = %(e” —1) > 0 for > 0. Using the relation yu'(z) — v”(z) = —1 together
with v > 1 it follows that

0 <v(¥p) <v(Vipr) — /Ot/\T u' (| W) sgn™ (W) (Z) dMs + dNy)
+/W (1)) (s + s B W) dA, - / ZId(M)sZs + d(N)s. (3.4.7)

Suppose first that ¢ > 2. Then (3.4.4) can be proved using the Burkholder-Davis-Gundy
inequalities as follows. From (3.4.7) we deduce that

1 /7 1 g 1 /7T
— | ZTAM)Zs+ d(N)y < — 'V 7/ Nl (g + s B W,| ) dA;
5 ) 200z dN) < " - [T ok auBl)

+ sup

tAT
/ (| ]) sen® (U,)(Z7 dM, + dN)|,
0<t<T IJ0

where we used the estimates u/(z) < €7*/y and v(x) < €7%/+2, valid for x > 0. From
the inequalities z < e — 1 and S < v we derive

T 0/2 1 . 1 9
</0 z;d<M>SZS+d<N>S) < 239/2—2<7969/M e o]?/

tINT
/ (|| )sen* (0,)(ZT dM, + dN,)
0

+ sup
0<t<T

9/2>

which yields, after taking expectation and applying the estimate |z]%/2 < €2/21?] and the
Burkholder-Davis-Gundy inequality,

T 0/2
IE[( / 2T d(M) s Z, + d(N)S) ] < oy B[V 4 ooV cooloh]
0

+cpn E [( /O SN (27 a(M).Z, + d<N>S)>Q/4] ,

where we used the estimate u/(x) < €7*/~ for > 0. Note that in the above and in what
follows c,~ > 0 is a generic constant depending on ¢ and v that may change from line

to line. We apply the generalized Young inequality, |ab| < %aQ + %, for € := 1 and for
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€ := cp- Then, after an adjustment of ¢, .,

E K /0 " ZTAM) 7, + d<N>s)Q/2]

< Copy <IE [ee/mqv*} n %E{ezmm*} n ;E[emmlD
( /0 2T (M), Z, + d(N)s>g/2]

( /0 " 2T a2, + d(N)s>Q/2] .

Next define, for each integer n > 1, the stopping time

T oy E {em‘lf*} + %E

< cgry (B[] + E[010]) + E

t
T ::inf{t € [0, 7] / MN(Z7 d(M) Z + d(N),) > n} AT,
0

Inserting 7, into the above calculation and using e® + e < 2e2*? for a,b > 0 together
with (3.4.3), we may rewrite the last estimate as

E[( [ 7oz, + awy,) 9/2] < oo Blep 207" T (fg] + )| (3.49)

By Fatou’s lemma, since 7, — T as n — +o0
y ) M

El(/ong d(M) o2 + d<N>S) o’

and (3.4.4) follows. In the situation where p < 2, ¢ := 2/p > 1 and we may combine
Jensen’s inequality with (3.4.8), which is valid for ¢ = 2, to get

El(/{" Z;d<M>SZS+d<N>S)Q/2T

[ zzaon.z,+ ),
0

)

<E

)

from which (3.4.4) follows after another application of Fatou’s lemma together with
the fact that the right hand side in the inequality above is greater or equal one while
1/¢=0/2 < 1. O

Remark 3.4.4. We point out that the results of this section do not require that F be
convex in z, but only that F' be continuous in (¢, z). The reader may have noticed that
the continuity of F' is not used directly in the proofs. However in Theorem 3.4.1 we rely
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

on the results of Morlais [2009] where continuity is a technical condition needed for an
application of Dini’s theorem. In addition our results also apply to the BSDE (3.2.2) if
g is identically equal to a nonzero constant v,/2, in which case we assume without loss
of generality that v > |v,].

3.5 Comparison Principle and Uniqueness

We now provide a comparison theorem that yields uniqueness of a BSDE solution triple
in a specific space. The proof makes use of the #-technique applied in the context
of second order Bellman-Isaacs equations by Da Lio and Ley [2006] and subsequently
adapted to the framework of Brownian BSDEs in Briand and Hu [2008]. We extend
these ideas to take into account the orthogonal part of the BSDE solution.

Theorem 3.5.1 (Comparison Principle). Let (U, Z, N) and (V',Z’, N') be solutions to
the BSDE (3.2.3) with drivers F' and F' and terminal conditions & and &', respectively.
Suppose in addition that ¥ € € and V' € €. If P-a.s. for all t € [0,T],

<& and F(,9,,7Z) < F'(t,V}, 7)),
and if (F,€) satisfies Assumption 3.2.2 (i)-(iii) then P-a.s. for each t € [0,T]

U, < 0.

Proof. Let 6 be a real number in (0,1) and set U := ¥ — V' V := Z — 7' and
W := N — ON’'. We first collect together some helpful estimates concerning the drivers
F and F’. Consider the process

- F(S,‘I’37ZS)65(S’Q\I,;’ZS) lf Us 3& 07
=13 if U, = 0.

By Assumption 3.2.2 (ii) p is bounded by 3. We define R, := [; pr dA, and notice that
by the boundedness of A we have that |R| < 3 Ar < BK 4. From It6’s formula we deduce

T T 1
e, = efirUp — / efts (VI dMs+dWy) + / efts (Ff dAS+2(d<N>S—9d<N’)S)),
t t

where we define F? := F(s, Uy, Z,) — 0F'(s, V., Z') — psUs. We also set
AF(S) = (F - F/)(5>\IIQ’Z;) < Oa

where the inequality is due to the assumption of the theorem, and observe that from the
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convexity of F' in z together with (3.2.7) we get

Zy— 07!

Fs, V., 2,) — 0F (s, W', Z!) — F(s, W07+ (1 0) 7

) - HF(Sa \Ijiea Z.;)

gl
2(1—6)

Z,— 07!

B, VL%
o | Bs Vs ||

(3.5.1)

g(L—mF(&w; )g(r—m%+wl—mﬁwu+

Another application of the Lipschitz assumption 3.2.2 (ii), yields

F(s, Vg, Zs) — F(s,V., Zs) = F(s, Vg, Zs) — F(s,0V,, Z,) + F(s,0V., Z,) — F(s, V., Z,)
= psUs + F(s,0V,, Z,) — F(s, V., Z,)
< pUs + (1 - 0)BIW). (3.5.2)

Combining (3.5.1) and (3.5.2) we see that

F9 = F(s,W,,Z,) — 0F (5,9, Z') + 0 AF(s) — p,U,
= [F(s, Vs, Zs) — F(s,Y%, Zs)| + [F(s, V), Zs) — OF (s, V), Z1)] + 0 AF(s) — psUs

< (1-0) (s +281W|) + 2(17_ 5 IBVA||2 + 6 AF(s). (3.5.3)

BK
Let us now work towards an estimate for U = ¥ — §0’. Set x := % > 0 and

P, = exp(/ieRf Ut) > 0. In what follows the logic is similar to how we derived the a

priori estimates, namely, to show that by removing an appropriate drift P is a (local)
submartingale. By It6’s formula, for ¢ € [0, T,

Rs
“Zu&%ﬁ)ws

— T _ T
P, =Pr — / kPgefls (VI dMg + dWy) + / K Pgelts (Ff—
t t

(3.5.4)
T R

+/ kP gelts ( By, + 1(d<N>S — 9d(N’>S)>. (3.5.5)

¢ 2 2

To simplify notation set
¥5) o Kel 2
G := kP | F0 - BN | BV and (3.5.6)
o 5 kelts 1 ,
o= / WPyele (= B dW), + 5 (AN, — 0d(N')) ). (3.5.7)
0

Let us first investigate the finite variation process H. We claim that H is decreasing,
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

indeed for all r,u € [0,T], r < u, we have
/ dW), = / d(N)s —20d(N,N"), + 62 d(N'),.

Applying the Kunita-Watanabe and Young inequalities,

[awy, = [Mawn,+ [Cerany. 20 ([0 d<N>s)1/2 (/ ud<N’>s)1/2

2[“d<N>s+[u92d<N’>s—9(/rud<N>s+/rud<N’>s)

—(1-6) (/u d(N)s — 9d<N’>s> :

In particular, since v > 1 and |R| < 3K 4 we have,
/ rePed(W), > 1%9 d(WY, > / d(N)s — 0 d(N"),,

which shows that the process H is decreasing and hence the integral in (3.5.5) is non-
positive.

Next we consider the finite variation integral in (3.5.4). Combining (3.5.3), AF <0
and the boundedness of R we have

-5 0 relt 2 - R v -5
G = kPe" | F' = =~ || BV|” | < xPe ((1=0)(a+281w])) <Py, (3.5.8)
where _
J = ye?PEa (oz + 23|\IJ’|) > 0.
We set .
Dy :=exp (/ Js dA5> and P, := D.P,.
0
Partial integration yields
d]st = Dt<— Gt dAt — dHt + HﬁteRt (V;/T th + th)) + FtDtJt dAt
= Dy((PeJi = Gi) dA, — dH, + KPye™ (V[T dM, + dW) ) (3.5.9)

and we conclude that the finite variation parts in the last expression are nonnegative.
We can now use the following stopping time argument to derive that P-a.s.

Dy

P;<E
t > Dt

Pr

]:t] : (3.5.10)
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Namely, consider the stopping time

T 1= inf{u € [t,T]

/ K2 P2 2B (V; d(M) Vs + d(W)s) > n} AT,
t

where n > 1 is an integer. Observe that 7, — T as n — 400 due to the integrability
assumptions on «, ¥ and ¥, as well as the boundedness of A. Then (3.5.9) provides
the estimate

P, < E[exp(/ an dAs) P,
t

]:t:| = ]E|:6Xp </ n,y€2BKA (as + QB‘W;D dAS)PTn
t

7.

In view of the current integrability and boundedness assumptions we can send n to infin-
ity and deduce (3.5.10). This last inequality is the relation that we need for estimating
U=" -0V

Notice that we also have & — 0" < (1 — 0)|¢| + AL, where AL := & — ¢ < 0. Then
together with the definition of P the inequality (3.5.10) shows that

eEKA‘FRt

<E

exp </tT'ye2’BKA (ozs + 23|\I/g\) dAs> exp (meRT (= 9{')) ‘ ft]

<E

exp (762‘%‘ /t ! (s + 28|w})) dAs> exp (e ¢ | }—t] :

Thus, we can derive the estimate

_ _ T _
U, — ) < 1 . 4 logElexp (732,3KA (’g _|_/ (as + 25"11’5\) dAS>> ‘ ft],
t

which follows from the above by checking the cases ¥, — 0¥, > 0 and ¥, — 0¥] < 0
separately, noting that R + SK 4 > 0. Once again, by the integrability assumptions on
&, a and ¥’ and the boundedness of A, the conditional expectation on the right hand
side is finite, P-a.s. Taking 6 1 1 then gives ¥, < ¥} and the continuity of ¥ and ¥’
yields the claim. O

The following corollary is then immediate.

Corollary 3.5.2 (Uniqueness). Let the Assumption 3.2.2 (i)-(iii) hold and let (V,Z, N)
and (V' Z', N') be two solutions to the BSDE (3.2.3) with ¥ € € and V' € €. Then ¥
and V', Z - M and Z' - M, and N and N' are indistinguishable. Under the additional
Assumption 3.2.2 (v) both (Z-M,N) and (Z'- M, N') belong to M x M? for all o > 0.

Proof. By Theorem 3.5.1 and Corollary 3.4.3 (ii) only the assertion regarding the indis-
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

tinguishability of the martingale part remains. It6’s formula gives P-a.s.

0= (¥r —¥7)? = (Vo — ¥p)* +2 /0 (v, - W)y, - )
+ [ (- 27 M2~ 2+ N - N,
= /OT(Zt — Z)"d(M)(Zs — Z}) + d(N — N}y,

from which Z- M =2'-M and N = N'. O

3.6 Stability

It follows from the previous results that the BSDE (3.2.3) has a unique solution with first
component in € under appropriate Lipschitz and convexity assumptions on the driver F'
and under an exponential moments condition on the terminal value £ and the process
a. In the present section we show that a stability result for such BSDEs holds as well.
More precisely, given a sequence of terminal values and a sequence of drivers such that
the exponential moments condition is fulfilled uniformly and such that they converge to
a fixed terminal value and a fixed generator in a suitable sense, then we gain convergence
on the level of the respective BSDE solutions. This is as in the Brownian framework
of Briand and Hu [2008], however see Remark 3.6.8 and the following subsection for a
discussion of the appropriate mode of convergence of the drivers.

Theorem 3.6.1 (Stability). Let (F™),>0 be a sequence of generators for the BSDE
(3.2.3) such that Assumption 3.2.2 (ii)-(iii) and (v) hold for each F™ with the set of
parameters (™, 3", B, Bf,7). If (€")n>0 are the associated random terminal values then
suppose that, for each o > 1,

SupE{eQ(‘én‘Hanh)} < 400. (3.6.1)
n>0

Let (U™, Z™ N™) be the solution to the BSDE (3.2.3) with driver F™ and terminal con-
dition & such that ¥™ € € for alln > 0. If

T
[ —i—/o |F" — F°| (5,99, 2%)dAs — 0 in probability, as n — 400, (3.6.2)

then for each o > 0,

lim E[exp(g sup ’\I/?—\I/m)} =1 and

n—-+o0o

T 0/2
lim E K/O (Z0 = ZOTd(M)(Z" — Z9) + d(N™ — N°>S> ] = 0.
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3.6 Stability

Remark 3.6.2. Let us briefly indicate how the above stability theorem differs from
those in the literature, Frei [2009] Theorem 2.1 and Morlais [2009] Lemma 3.3. The
key points are that firstly in our conditions the parameters o™ and ™ are allowed to
depend on n, whereas in Frei [2009] and Morlais [2009] they are assumed independent
of n. Secondly, we assume a uniform exponential moments condition, as opposed to a
uniform boundedness condition in the cited references. Finally, in the unbounded setting
we require the mode of convergence assumed above, this is in contrast to the setting of
Frei [2009] Theorem 2.1 where the weaker notion of pointwise convergence is sufficient
for a stability result to hold (due to the uniform growth and boundedness estimates).

Proof. Note that Assumption 3.2.2 (i) holds for each n thanks to (3.6.1). Exactly as in
the statement of Corollary 3.4.3 we deduce that for each o > 1

0/2
< +00.

T
supE[eXp (g sup |\If?|> + (/ (ZNT (M) ZT + d<N”>S>
n>0 0<t<T 0

Hence the sequences in n of random variables
0/2

0<t<T

T
exp(g sup |\II?|> and (/0 (Z;‘)Td<M>SZ§+d<N”)S>

are uniformly integrable for all o > 1. By the Vitali convergence theorem, it is thus
sufficient to prove that

T
oiufT Uy — W] + /0 (Z0 = ZOT d(M)(Z" — Z°) + d(N™ — N%), — 0
<it<

in probability when n tends to infinity.

We split the proof of the last statement into four steps. The first two steps construct
one-sided estimates for the difference of ¥” and ¥° proceeding very similarly to the proof
of the comparison result. In the third step we combine the aforementioned estimates
to show that ¥™ — WY converges to zero uniformly on [0,77] in probability, i.e. in ucp.
Finally, in Step 4, we use this result to show the required convergence of the martingale
parts.

Step 1. First fix 6 € (0,1) and n > 1 and proceed in the same way as in the proof
of Theorem 3.5.1 by defining the same objects U, V, W, p, R, F?, k, P, G, and H,
subject to the following modification. All the objects &', = € {¥,Z N, F}, with a
prime / are replaced by the respective object Z° with a superscript 0. All the objects
= € {V,Z N, F,a} without a prime are replaced by the respective object =" with a
superscript n, e.g. U := U™ — AW0, We observe that the above objects U, V, W, ...
depend on n however we omit this dependence for notational brevity. In addition set
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

A"F(s) := (F™ — F9)(s, 9%, ZY). From (3.5.3) and (3.5.6),

G < kP (1 - 0)(a" + 2B8°)) + 0 A"F)
_ - A"PF o
< ’}/62BKAP <O£n+2,6|\110| + |19|> — PJn—f- 25KAP|

AP P
1-0°

where, consistent with our modification,
J" = 'yeQBKA (a" + 23\\1100 > 0.

Observe that in contrast to the proof of the comparison theorem, the difference A™F' of
the drivers cannot be bounded above by zero here. Considering

t ~ —
Dy :=exp (/ J dA5> and P/':= D}'P;
0

and applying the partial integration formula we obtain

[A™F|
—0

= Dy KPtJ” + ye2PKaP,

dA; = DI dP; + Py dD" + e 2ﬁKAP”‘ |dAt
|A"F|

1-46

AP} e i —

Gt) dA; — dH; + IﬁpteRt(‘/tT dM; + th) ,

noting that the orthogonal terms also have been dealt with in the proof of the comparison
theorem. Again, we conclude that the finite variation parts in the last expression are
nonnegative. We then use the stopping time argument from the proof of Theorem 3.5.1
to derive the inequality

QﬂKA

/ DB ATF(s)| dA,

] (3.6.3)

From the boundedness of p and the definition P = exp (neRU ) we deduce, for s € [0, 7],

. 26K 4
P, < sup [expCf ; (y\pg\ﬂxpm)ﬂ = Y™(6) and
0<t<T -

. 28K 4
Pr <exp (m’f” - 9§0|> < exp(

where the definitions of T™(0) and x™(#) are in anticipation of a converse inequality to
be derived in Step 2. Using the boundedness of p, the inequalities log(z) < z, (3.6.3)

Q@Q&W@wm»:ww
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3.6 Stability

and 1 < D? < D% we then find that
Uy — Y < (1= 0)| W]+ U} — 007 = (1 - 0)| W] + Uy

= (1-0)]%)) + 1=0 eXp(—BKA — Rt) log(P¢)

1-6

1-0 T
< (1-0)|}|+ ,yElD%x"(H) + D%T”W)/t |A"F(s)] dAs

4

(3.6.4)

Step 2. With regards to the converse inequality we proceed as in the proof of Briand
and Hu [2008] Proposition 7. More specifically, recalling the setting of the proof of
Theorem 3.5.1 we define the same objects U, V, W, R, FY, k, P, G, and H but now
subject to the following modification. All the objects &', = € {¥, Z, N, F'}, with a prime
" are replaced by the respective object =" with a superscript n > 1. All the objects
Z € {V,Z,N,F,a} without a prime are replaced by the respective object Z° with a
superscript 0, e.g. U := WY — #U™. Moreover, here, we define p differently, namely,

F(s, 99, Z1) — F™(s, U7, Z7)

R S

Ps -= \Ifg —un 1{|\I/Q—\I/g\>0}~

This ensures that |p| < 3 still holds and that

Using the convexity of F™, the estimate (3.2.7) and the same definition of A™F as in
Step 1 we derive

FO<|A"F| + (1 —0)(a™ + 2B|%°)) + |BV||?

L‘
2(1—6)

so that the following inequality holds

S — _ A"F
G < ’yewKAP (a" + 26\\IIO| + |1 — 9’> .

Observe that this is the same estimate on G as that obtained in Step 1. Thus we may
rewrite (3.6.4) as

762BKA
1-46

1-6 T
W < (- E [Dzﬁx"(e) + DRY"(0) [ 1A"F(s)|dA,
t

|l
(3.6.5)

where J" and thus D", Y™ and x"(6) are as in Step 1.
Step 3. Let us now prove that (Sul)ogth |y — \I/?D converges to zero in proba-

n>1
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

bility. Summing up (3.6.4) and (3.6.5) we deduce

n n 1-0 n.n
oy — 9] < (1= 0) (199) + 971) + " E| Dj(0)| 7]

_ T
+625KAE[D:’%T"(0) / A" F(s)| dA,
t

7|

We note that by the usual assumptions on the filtration and by the continuity of ¥ and
U0 this holds for all ¢, P-a.s. Applying the Doob, Markov and Hélder inequalities, we
deduce the existence of some positive constants ¢; and co, which are independent of 6,
as well as of a positive constant c3(#) such that for ¢ > 0,

0<t<T

IP’( sup |0} — T Z&?)

1-6

<P((1-0) sup (|00]+|w})>5)+P sup E[Djx"(6)| 71| = 2
0<t<T 3 Y 0<t<T 3

_ T

+P<e2ﬁKA sup E[D%T"(@) / |A"F(s)|dAg| Fi| > ;)
0<t<T t
3(1—6) 0 3(1 - 6)
< E W+ W) | + E[DFx™(0
<= L;@(y 19 | + S EIDR ()

3e28Ka

+ E

T
DY (6) [ 1A" () dAs]

1/2
. (3.6.6)

9 9 9

2
0

where the last inequality is due to the fact that by our assumptions the sequences
(SUPogth (9| + |\If?|)>n>1, (D})p>1 and (Y"(6))n>1 are bounded in all L¢(IP) spaces,

0 > 1. In addition, for the application of Doob’s inequality, we used that A is bounded
together with

|A"F(s)| < |F™ (5,99, Z) — F"(5,0, Z)| + |[F" (5,0, Z9)| + |[F°(s,0, Z)|
+|FO(s, 97, Z)) = FO(s,0, Z))| < 2B|W0| + af + af +7||BsZJ|I°,  (3.6.7)

which in turn now also implies that for all ¢ > 1 the family of random variables

(( [ 1aF () dAs)g>

n>1
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3.6 Stability

is uniformly integrable due to Corollary 3.4.3 and (3.6.1). Here, for reasons explained in
Subsection 3.6.1, we deviate from Briand and Hu [2008]. The Vitali convergence theorem
and (3.6.2) then imply that

T
/ |A"F(s)|dAs — 0 in all L°(P) spaces.
0
Furthermore, the sequence (x"(6))n>1 converges in probability to exp (veQBKA|§O|) as

n goes to infinity. This convergence is also in all L¢(P) spaces because of the uniform
integrability assumption on (£"),>1. More precisely, for all p > 1, we have

28K 4
sup E[x"(6)°] Ssg@lem(i_g(!f |+|€°\)>]
- 1/2 - 1/2
2BK 4 2BK 4
< supE|exp Zoye A 1€ E |exp Zoye A |€°] < 400.
n>1 1-6 1-0

From (3.6.6) we then deduce that for all § € (0, 1),

1-6 1-6 3 1/2
limsupIP’< sup |¥7 — Y| > 6) < al ) + o )E{exp(QVGQﬁKAMOD} .
n—400 0<t<T € €

We then send 6 to 1 to conclude that

lim P| sup [¥P -0V >¢] =0.

Step 4. Let us now turn to the last assertion of the theorem. We derive from Itd’s
formula that

T
El/ﬂ (Zg—ZS)Td<M>s(ZS"—ZQ)+d<N"—N°>s]

<E

T
(€ &) +2 ( sup |47 w?!) s vz —F°<s,w2,zs>|dAs]

0<t<T
n 0
sup |‘I’t - \Ilt‘
0<t<T

after observing that the local martingale arising therein is in fact a true martingale
thanks to the present integrability assumptions, see Corollary 3.4.3. By (3.2.7),

+E /OT d(N™Y, — d(NV),

[F" (5,2, 20) = F(s, 00, 29)| < ol +al+ BN+ B0l + 2 || B 22>+ | B2Y

fOT d(N™)s—d(N%s| < (N")p+(N°r, so that applying Holder’s inequality, the

Clearly,
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

formula (3.4.4) and the condition (3.6.1) we recognize (the expectation of the squares
of) the integrals from the right hand side above as uniformly bounded (in n). The
result then follows from the fact that ¢* — ¢° in L?(PP) and that by the Steps 1-3 also

(SUPogth | oy — \I'?D — 0 in L?(P). To sum up, we conclude that

T
[ 7= 2 a2 = 2+ AN N Ea 0 as n s oo,
0
which completes the proof. O

Remark 3.6.3. As previously mentioned the sense of convergence given here differs
from that in Briand and Hu [2008] where the pointwise convergence of the drivers is
assumed, namely

pt-a.e. for all 1 and z we have lim F™(-,¢,2) = FO(-, ¢, 2). (3.6.8)
n—-400
We provide an example in the next section showing that this condition is not sufficient
in the present setting so that the statement of Briand and Hu [2008] Proposition 7 needs
a small modification.

3.6.1 Stability Counterexample

Suppose our filtration is the augmentation of the filtration generated by a one-dimen-
sional Brownian motion W so that we may set A; =t and B = 1. The measure pu** now
becomes the product of P and the Lebesgue measure on [0,77]. In this setting BSDEs
take the form

AV, = Z, dWy — F(t, 9y, Zy) dt, Yp =&, (3.6.9)

and solutions consist of pairs (¥, Z) such that ¥ has continuous paths, Z is a predictable
process with fOT ZZ2dt < o0 P-as., fOT |F'(t, Uy, Zt)| dt < +o00 P-a.s. and such that the
integrated version of (3.6.9) holds, P-a.s.

Suppose our condition fg |F* — F9) (5,99, 29) ds L 0asn — +oo is replaced by
(3.6.8), i.e. F™ converges to FV pointwise (t,w)-almost everywhere on [0,7] x €2, where
the pA-null set does not depend on (1, z). One may ask whether this is sufficient for
Theorem 3.6.1 to hold, in particular if

sup [T — 09 50 asn— +oo. (3.6.10)
0<t<T

We now present an example to show that this is in fact not the case. The example re-
sembles the standard counterexample to the dominated convergence theorem and shows
that such a stability statement (under the present assumptions) already fails to hold in

an essentially deterministic situation.
Consider T > 1 together with parameters F* = a? = ¢ = 0. Then all the assump-
tions in Briand and Hu [2008] and in the present chapter are satisfied and the unique
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3.6 Stability

solution to the BSDE (3.6.9) with parameters (F°,¢°) is given by (¥°, Z%) = (0,0), up
to appropriate null sets.

Furthermore, for integers n > 1, define the terminal values £” = 0 and drivers

F"Ea"5n1[01 > 0.

n

]><Q

Observe that F™ does not depend on 9 or on z and is constant in w, hence deterministic.
In particular |a™|; = fOT ot ds = 1, independently of w and n, which shows that again
all the assumptions in Briand and Hu [2008] and in the present chapter are satisfied by
each pair (F™,&"), n > 1.

The unique solution to the BSDE (3.6.9) with parameters (F™, &™) is given P-a.s. by
Z™ = 0, more precisely the zero element in L?([0,T] x ), and

\P? = (1 - nt) 1[0,%]><Q(t’ )

We deduce that U" is nonnegative, nonincreasing and that ¥y = 1, independently of n,

P-a.s. It follows that P-a.s. for all n > 1, supgcscp [¥F — ¥P| = ¥ = 1, from which
lim ( sup (U} — W?]) =1 P-as. (3.6.11)

However, by construction, lim, 4o F" = 0 = F on (0,7] x Q, hence p“-a.e. inde-
pendently of ¢ and z, so that (3.6.8) holds. Since (3.6.10) and (3.6.11) cannot hold
simultaneously, the condition in (3.6.8) is not sufficient for a stability theorem to hold
under the present assumptions. Clearly, this phenomenon also occurs in a situation in
which the paths of the U™ are differentiable since one can choose F™ to be arbitrarily
smooth in ¢. Indeed, independently of w, take a smooth nonnegative function on [0, 7T
that is identically zero on (%,T] and integrates to one over [0,7]. The corresponding

U™ in the BSDE solution is smooth in ¢ and we derive the same contradiction.

The problem arising in the proof of Briand and Hu [2008] Proposition 7 can be ob-
served from equations (3.6.6) and (3.6.7). More specifically, the authors require L?(P)-
convergence of the random variables fOT |A"F(s)| ds however they only dispose of an
estimate on the product space [0,T] x Q of the form

|A"F| < 28180 + " 4+ o 4+ 4] 2|2,

together with uniform integrability assumptions that are on the level of €, with the
t-component integrated away. There is no guarantee that the pointwise convergence of
|A™F| on the product space [0,7] x ©Q will transform to pointwise convergence of the
integrals f(;[ |A"F(s)| ds on €2, which is necessary to utilize the uniform integrability
assumptions. This is the insight behind the present example and motivates the modified
condition.
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

We now move on to look at whether the martingale part of our BSDE solution deter-
mines a change of measure.

3.7 Change of Measure

In this section we show that under the exponential moments assumption the martingale
part of a solution (¥, Z, N) to the BSDE (3.2.2) defines a measure change. In particular,
we need not show that Z - M 4+ N is a BMO martingale, which is a stronger statement
that may indeed not hold, see Chapter 2 for some examples and related discussion. Here,
we do not require that the driver F' be convex in z. Our proof is based upon Kazamaki
[1994] Lemma 1.6 and Lemma 1.7 which we state here for continuous local martingales
on compact time intervals.

Lemma 3.7.1 (Kazamaki [1994] Lemma 1.6 and 1.7). If M is a continuous local mar-
tingale on [0,T] such that

— 1 S
sup E[exp (77 M.+ ( — 17> <M>T>] < +o0, (3.7.1)
T stopping time 2
valued in [0,T]

for a real number n # 1, then 5(7]H> is a true martingale on [0,T]. Moreover, if
condition (3.7.1) holds for some n* > 1 then it holds for all n € (1,n*).

We deduce the following result.

Theorem 3.7.2. Let Assumption 3.2.2 (iii) hold, |a|1 have all exponential moments, o
be a real number with |o| > v/2 and (¥, Z, N) be a solution to the BSDE (3.2.2) where
g is bounded by v/2 and ¥ € €. If B > 0 we also require that V*|a|y has exponential
moments of all orders or that (3.2.5) holds with fized 1o = 0. Then E(o(Z-M+N)) is a
true martingale on [0,T]. In particular, when v < 2, E(Z - M + N) is a true martingale.

Remark 3.7.3. In Mania and Schweizer [2005] Proposition 7 the authors show that
the martingale part of solutions to the BSDE (3.2.1) with bounded first component and
M- M a BMO martingale also belongs to the class of BMO martingales so that it yields a
measure change. Our theorem may thus be seen as a generalization of this result to the
case in which ¥ is not necessarily bounded. We mention that it follows from the proof
of this theorem that the assumption of all exponential moments may be weakened to
requiring exponential moments of some specific order, see the proof of Proposition 5.3.6
(iii) for more details.

Proof. We apply Lemma 3.7.1 with M := §(Z - M + N) for some fixed |3| > ~/2.
Firstly, we assume that 5 > 0 and that ¥*|«|; has exponential moments of all orders.
Considering

log Gy (t) :== an [(Z - M); + Ni] + &° (; —77) (Z-M+ N
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for n > 0 we get from the BSDE (3.2.2) and the growth condition in (3.2.6),

t t 1
IOg Gn(t) = @n(‘ljt — Wy + / F(57 W, Zs) dAs + / Js d<N>s> +§2 <
0 0

5 n)(Z-M+N)t

< ol + 19al) + laolals + [2lns W'lals +laln (3 + 12 (5 =) 1231+ N,
Noting that ) )
A CRURLR LS rerietl
we have that P-a.s. for all ¢t € [0, T7,
Gi(t) < exp(|aln (0 + o)) ) exp(|elnlaly + |aln8 ¥7lal,), (3.7.2)

for all n > po. By the exponential moments assumption on ¥*, |«|; and ¥*|a|i, we
conclude from Holder’s inequality that

sup  E[Gy(1)] < 400 (3.7.3)
T stopping time
valued in [0, T]

for all n > go > 1/2. It now follows from Lemma 3.7.1 that £(gn(Z - M + N)) is a true
martingale for all n € [gg, +00)\{1}. The second part of this lemma ensures that in fact
E(on(Z - M + N)) is a true martingale for all n > 1. Thus, if |p| > /2 we apply this
result for some fixed |g| € (v/2,]0|) and n := 0/0 = |o/0| > 1 to conclude that indeed
E(o(Z - M+ N)) is a true martingale.

Now if 5 > 0 and (3.2.5) holds with fixed 19 = 0, we use (3.2.7) to derive, similarly to
the above,

1

~ * ~ ~ N E3 ~ fy @
log Giy(8) < [gln(¥*+ [ o)+ glnlay +]2ln3 0" Ar +12in (} + ‘n’ (3

n)) (Z-M+N),
so that the claim follows from the boundedness of A7 using exactly the same arguments.
The reasoning from above also applies when Assumption 3.2.2 (iii) holds with 5 = 0,
without any further conditions. O

3.8 Possible Applications

In this final section we explore two applications of the theoretical results from this
chapter, specifically focusing on utility maximization and partial equilibrium. We find
that the standard results continue to hold when the usual boundedness assumptions are
replaced by appropriate exponential moments conditions, allowing for more generality.
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3 Quadratic Semimartingale BSDEs under an Exponential Moments Condition

3.8.1 Constrained Utility Maximization under Exponential Moments

In the context of the constrained utility maximization problem with power utility the
following BSDE appears, see Morlais [2009] Section 4.2.1 and the next two Chapters 4
and 5,

1
AV, = Z] dM; + dN, — F(t, ) dA, — 5 d(N);, U =0,

where the generator is given by

Bt (l/ _ zZ — )\t>

L—=p
In the above 1 — p € (0,+00) is the investor’s relative risk aversion and v refers to
investment strategies (in a stock whose returns are driven by the continuous local mar-
tingale M under the market price of risk process A\) which must be valued in the closed
constraint set K. This K is constant in Morlais [2009] — a condition that we are going to
weaken in the Chapters 4 and 5. Writing the infimum in terms of the distance function,
which is Lipschitz continuous, one can show that the driver F' satisfies Assumption 3.2.2
(ii)-(v), see the Propositions 4.6.3 and 5.3.4, so that there exist constants cy and ¢, such
that

p(1—p) .

i) == e ()

B .

[F(t,2)] < exl Bedell? + ez || Bez|*.

When we enforce that the mean-variance tradeoff (\- M)p = fOT AL (M)A has all ex-
ponential moments, an assumption weaker than that of boundedness given in the cited
literature, we are in the current framework and see that the BSDE admits a unique
solution in & x M2 x M2. The crucial step in Hu et al. [2005] and Morlais [2009] is,
given a solution triple (¥, Z, N), to construct the relevant optimizers; this is the process
of verification. Building on Theorem 3.7.2 and not relying on BMO arguments such a
verification is performed in Chapter 5. For the Brownian framework, in Heyne [2010] the
reader will find additional illustration given via a class of stochastic volatility models.
Hence, using the theorems of the present chapter, it is possible to show that one can
repeat the reasoning of Hu et al. [2005] and Morlais [2009] and that similar results con-
tinue to hold for more general classes of market price of risk processes under appropriate
trading constraints such as bounded short-selling and borrowing.

We explore further implications in the subsequent two chapters where a detailed study
of the stability of the utility maximization problem is undertaken for the cone constrained
problem in Chapter 4 and in Chapter 5 for the constrained portfolio choice problem under
incomplete information.

3.8.2 Partial Equilibrium and Market Completion under Exponential
Moments

We now briefly describe the partial equilibrium framework of Horst et al. [2010] in which
structured securities that are written on nontradable assets are priced via a market
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clearing condition.

The agents in this economy have preferences which are given by dynamic convex risk
measures. The risk they are exposed to is given by two sources. The first is encoded
in a financial market in which frictionless trading in a stock S is possible. The second
is a non-financial risk factor R that can only be dealt with via a derivative written on
this external factor. It is assumed that this derivative completes the market, in fact it
is shown that in equilibrium the market is complete.

More specifically, while the market price A% of financial risk is given exogenously the
market price A of external risk is determined via an equilibrium condition. This states
that when the derivative is priced according to the pricing rule arising from (A%, AF)
the agents’ aggregated demand matches the fixed supply. The demand is in this setting
given by the solutions to the agents’ individual risk minimization problems and is a
function of A%,

To ease the exposition we put ourselves in a representative agent setting where the
agent’s preferences are of entropic type, i.e. their utility function is exponential. Then
the following BSDE for the agent’s dynamic risk ¥ appears

AW, = Z] dW; — % (()\f)2 —2\ 7} — (23)2) dt, Vr=H,

where W is a two dimensional Brownian motion representing the two sources of risk,
Z = (Z',Z?) is the corresponding control process of the pair (¥, Z) and H is the
agent’s endowment. Under suitable exponential moments assumptions the present study
provides the existence of a unique solution (\i/, Z ) to the above BSDE. Once we check
that Z2 defines a valid pricing rule, i.e. that £ (()\S , 22) - W) is a true martingale, we
know that the equilibrium market price A® of external risk is given by A = Z2. In
conclusion we can apply the above results in order to generalize the approach of Horst
et al. [2010].
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4 A BSDE Approach to the Stability of the
Cone Constrained Utility Maximization
Problem

4.1 Introduction

In this chapter we study the optimal investment problem for an agent whose aim is to
maximize the expected power utility of terminal wealth when the admissible strategies
are those which are valued in a closed convex cone. They represent constraints like no
short selling. The focus in the present chapter is on stability, addressing the question
when the components of the solution, such as the optimal wealth and investment strategy,
depend continuously on the input parameters. These input parameters concern the
utility function, the asset price dynamics and the investment constraints.

This research is motivated by both practical applications as well as theory. Consider
a situation where the optimal investment portfolio is implemented, typically there will
be small errors in the calibration of input parameters. In order that the usefulness of
performing such an optimization is not diminished it is necessary to show that such
errors do not largely affect the optimizers, at least locally, which ties in with the above
question.

There is a huge volume of literature related to utility maximization going back as
far as Merton [1969, 1971], for an overview of the case where there are no investment
constraints we refer to the survey article of Schachermayer [2004] as well as the references
therein. The situation where there are cone or closed convex constraints has been studied
more recently. We refer the interested reader to the articles of Cvitani¢ and Karatzas
[1993] and Cuoco [1997] for Ité price dynamics and Mnif and Pham [2001], Karatzas
and Zitkovié [2003] and Westray [2009] for the case of semimartingale dynamics. The
modern solution approach for both constrained and unconstrained problems is via the
duality or martingale method, where the convexity of the problem as well as the link
between (a generalization of) martingale measures and replicable wealths is exploited.

With regards to stability, it is by the study of this dual problem that the literature
also has proceeded thus far. For instance, continuity with respect to the preferences
is investigated in Jouini and Napp [2004] for complete Itd price models and in Larsen
[2009] for incomplete markets with continuous semimartingale dynamics. In the complete
case of Jouini and Napp [2004], due to greater structure of the problem and uniform
boundedness assumptions, the authors prove the L? and the pointwise convergence of
the optimal wealth at each date, whereas in Larsen [2009] this is weakened to only
convergence in probability of the optimal terminal wealth. More recently, Kardaras and
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Zitkovié [2011] show that such convergence in probability of the optimal terminal wealth
also holds when there are illiquid assets which the investor may add to their portfolio and
when the statistical probability measure simultaneously varies. Finally we mention the
work by Nutz [2010a] who looks at risk aversion asymptotics and also provides results
on the continuity with respect to the risk aversion parameter.

Another theme, beginning with Larsen and Zitkovié¢ [2007], relates to misspecifications
in the model, i.e. when the asset price dynamics vary. Continuity of the optimal wealth
is then shown under an additional uniform integrability assumption, again at terminal
time 7" only.

The previous articles consider stability in the situation when there are no investment
constraints. In the specific case when the utility function is the logarithm, this can be
generalized as shown in a recent article by Kardaras [2010]. The optimizing investment
strategy is then the numéraire portfolio and one may use its known explicit formula.

As we know, BSDEs provide an alternative framework for tackling the utility maxi-
mization problem, even in the presence of constraints. It is this fact which is exploited
in the present chapter, showing that questions of sensitivity for the optimal wealth pro-
cess, investment strategy and dual optimizer are directly related to stability results for
semimartingale BSDEs established in Chapter 3. This is under an exponential moments
condition which is weaker than the boundedness assumptions from the cited references
and hence allows for more generality in the model.

In this chapter we investigate the investor’s portfolio choice problem under cone con-
straints which we assume to be stochastic and we refer to the introduction in Chapter
1 for some examples of possible real-life interpretations. The first part of the chapter
now focuses on the existence and uniqueness of optimal solutions to the primal and dual
problems under an exponential moments condition on the mean-variance tradeoff. A
byproduct of our results is that the family of supermartingale measures for the stock
can serve as the dual domain for the cone constrained problem. Then, extending the
decomposition of elements in the dual domain given in Karatzas and Zitkovié [2003]
and Larsen and Zitkovié¢ [2007] to the case of semimartingale dynamics with predictably
measurable cone constraints, we are led to the utility maximization BSDE from Nutz
[2011]. However, we derive our verification statement from BSDE comparison principles
in the spirit of Hu et al. [2005] and Morlais [2009] by showing that within our setting
the dual opportunity process exists and exhibits specific properties that are well suited
for the calculations. We mention that this is done under less strict assumptions on the
mean-variance tradeoff when compared to the above two references.

The second part of this chapter uses the one-to-one correspondence between optimizers
and solutions to the BSDE to study the continuity. Using this link with BSDEs we can
simultaneously consider continuity with respect to utility function, model dynamics,
statistical probability measure and cone constraints, integrating previous research into
one framework. To be more precise, stability with respect to the utility function is
formulated in terms of the agent’s relative risk aversion. The continuity with respect
to the model dynamics is based on variations of the mean-variance tradeoff. For the
statistical probability measure we consider convergence of the corresponding densities
while for the constraints we refer to the so-called closed set limit. The stability result then
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is for the semimartingale topology, i.e. on the level of processes in contrast to convergence
at terminal time from the cited literature. Our final contribution is an example which
clarifies the compatibility of the so-called null-investments and the constraints as well as
provides the right notion of convergence of these constraints.

The present chapter is based on the working paper Mocha and Westray [2011b]. Its
structure is as follows, the modelling framework and main results are described in Section
4.2. In Section 4.3 we then consider the primal optimization problem. Sections 4.4
and 4.5 discuss the description of the dual domain and relationship between the utility
maximization problem and the solution to an appropriate BSDE. The connection with
continuity is then shown in Section 4.6. We note that related results concerning set-
valued analysis whose proof would interrupt the flow of the text are given in the Appendix
6.2.

4.2 Framework and Main Results

For the convenience of the reader let us briefly recall the utility maximization frame-
work from Section 1.2 which holds throughout. We work on a filtered probability space
(Q, F, (Ft)o<t<t, P) satisfying the usual conditions of right-continuity and completeness.
The time horizon 7' is a finite number in (0, 00) and Fy is the completion of the trivial
o-algebra. All semimartingales are cadlag.

The Market Model

There is a market consisting of one bond paying zero interest and d stocks with price
process S = (S',...,S%)T which is assumed to have dynamics

dSt = Dlag(St) (th + d<M>t)\t),

where M = (M*!,..., M%7 is a d-dimensional continuous local martingale with My = 0
and A is a d-dimensional predictable process, the market price of risk, satisfying

T
0

Moreover, we recall the decomposition of the quadratic variation of M,
(M)=C-A (4.2.1)

where C' is a predictable process valued in the space of symmetric positive semidefinite
d x d matrices and A is a predictable increasing process. We are not restricted to a
specific choice of A as long as it remains uniformly bounded, see the remarks in Section
3.2. We then deduce the existence of predictable processes P and I valued in the space
of d x d orthogonal (resp. diagonal) matrices such that

(MY=C-A=PTP-A=B"B- A, (4.2.2)
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where we set B := ' P. The matrix I has nonnegative entries only, with the eigenvalues
of C on its diagonal.

In the present chapter we require that the Assumption 1.3.1 on the existence of expo-
nential moments of all orders of the mean-variance tradeoff (A - M)y holds.

Assumption 4.2.1. For all o > 0 we have that E[exp(o (A - M)7) ] < +o0.

Remark 4.2.2. Assumption 4.2.1 allows us to provide a unified presentation of the
duality and the BSDE approach to solving the utility maximization problem; it ensures
the existence of an equivalent local martingale measure for .S as well as implying finiteness
of the primal and dual problems, see also Lemma 1.3.2. Since our analysis involves
semimartingale BSDEs the above condition allows us to apply the existence, uniqueness
and stability results from Chapter 3. We observe that our setting extends the framework
of Hu et al. [2005] and Morlais [2009] beyond the case of a bounded mean-variance
tradeoff. The reader may find a summary of the ideas behind these comments in Table
1.1 of Section 1.3.

The Portfolio Selection Problem

In contrast to the previous chapters, in the sequel we assume that trading in the above
market is subject to constraints which we now describe. Recall that an R%-valued mul-
tivalued mapping G is a function G : [0,T] x Q — R (the power set of R?). It is called
predictably measurable if, for all closed subsets Q of RY,

GHQ)={(t,w) €0, T] x Q| Gt,w)NQ #0} € P,

where P is the predictable o-algebra on [0,7] x Q. The function G is called closed
(convex) if G(t,w) is a closed (convex) set for all (t,w) € [0,T] x . We refer to Wagner
[1977] and Rockafellar [1976] for further details. The constraints are modelled by a
predictably multivalued mapping K and we assume it satisfies the following assumption.

Assumption 4.2.3. The mapping (t,w) — K(t,w) C R? is closed, convex, and polyhe-
dral in the following sense. There is an integer m > 1, independent of (t,w), together
with corresponding predictable M -integrable processes K, ..., K™ such that P-a.s. for
allt € 10,7

Further discussion and explanation on the importance of the above assumption on K
from the point of view of existence of optimal strategies can be found in Czichowsky
and Schweizer [2011] as well as Czichowsky et al. [2011]. Namely, it ensures that the
family of the corresponding wealth processes is closed in the semimartingale topology.
We point at another important property. More explicitly, since the cone K is polyhe-
dral, the image BK of K under B is closed. Such a closedness property is not true in
general and the reader may find explicit counterexamples in Pataki [2007] along with a
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discussion of sufficient conditions. In Hu et al. [2005] the closedness of BK is ensured
by nondegeneracy assumptions on B. Since B is determined by the exogenous stock
dynamics and the choice of A we rather prefer to impose conditions on I which we
regard as being given by a regulator. A similar reasoning will lead to the consideration
of compact constraints in Chapter 5.

Clearly, the unconstrained case is covered by setting X = R%. Other special cases
include a constant polyhedral cone in R? as in Karatzas and Zitkovié [2003], as well
as K = R® x {0}% with d = d; + dy in which we face a model where the processes
S+l 8% are nontradable latent factors. Further constraints on the tradable stocks
St ..., 8% may then still be imposed.

We are now ready to introduce the notion of a trading strategy.

Definition 4.2.4. A predictable d-dimensional process v is called admissible and we
write v € Ay, if

(i) It is M-integrable, i.e.
T
P (/ vl d{M) < —|—oo) =1
0

(ii) We have that v € K, y-a.e. Here, u? is the Doléans measure on P.

Exactly as in Chapter 1, an admissible process v will be interpreted as an investment
strategy and its components ¢ represent the proportion of wealth invested in each stock
St i =1,...,d, now subject to investment constraints that are determined by K. In
particular, for some initial capital z > 0 and an admissible strategy v, the associated
wealth process X™" evolves as follows

X =& M+v- (M)N), (4.2.3)

where £ denotes the stochastic exponential. The family of all wealth processes arising
from admissible strategies will be denoted by X (x), where we notationally suppress the
dependence on K. Furthermore, we will omit writing explicitly the dependence of X*¥
on the initial capital, when no ambiguity arises we just write X".

Remark 4.2.5. We know that the wealth equation is often written in additive format,
X = a4+ H - S for a predictable S-integrable process H specifying the amount of the
asset held in the portfolio and chosen such that it is valued in some constraint set and
the resulting wealth process remains (only) nonnegative. We write X%%(z) for such
wealth processes and observe that X'(z) C X% (x). In the case that X7 > 0, which
implies X > 0 since X is a supermartingale under some equivalent measure (assumed
to exist, e.g. by the Assumption 4.2.1 the minimal martingale measure with density
process £(—A - M) is such a measure), the correspondence between H and v is given by
H'S*=1'X fori=1,...,d. The cone constraint in the additive formulation consists of
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the requirement that H € £ where
m .
L(t,w) = ch Li(w)|c; >0
j=1

with R%valued predictable S-integrable processes L', ..., L™ and such that the ith com-
ponent of each K7 equals S? times the ith component of L7. Here, K7, j = 1,....m
denote the processes from the Assumption 4.2.3. In particular the framework of Karatzas
and Zitkovi¢ [2003], where £ is constant, can be embedded into ours since we allow for
a predictably measurable multivalued mapping K. We thus allow for more generality in
the model, e.g. cover constraints that are determined by a stochastic process.

Our motivation for writing wealth in exponential format stems from the fact that
the dual domain of the portfolio choice problem will (and should) be a family of super-
martingale measures, hence stochastic exponentials. It then turns out that to describe
the primal and dual optimizers and a BSDE it is most convenient to write wealth as a
stochastic exponential as well. An additional byproduct of this parameterization is that
it simplifies the proof of the decomposition of the elements of the dual domain.

Since in our setting the optimal wealth X exists and satisfies X7 > 0 we may, without
loss of generality, choose to optimize over the family of (strictly) positive wealth processes
X (z), see Lemma 4.3.1. A consequence of this is that for our definitions of I and L,
one can switch freely between the two formulations.

Our agent has preferences modelled by a power utility function U,

l’p
U(CL‘) =
p
for p € (—00,0) U (0,1). They start with initial capital z > 0 and choose admissible
strategies v so as to maximize the expected utility of terminal wealth. We hence derive
the following primal optimization problem

u(x) = sup. E[U(X7")]. (4.2.4)

Remark 4.2.6. Similarly to Remark 1.2.2 we point out that for power utility the value
function factors, i.e. we can write

u(x) = 2P VSE%K]E[U(X}’V)} =U(z) ¢p,

for some constant ¢,, p € (—00,0) U (0,1), to be identified below. Again as a corollary
the optimal investment strategy 2, when it exists, is independent of x and the primal
optimizer X has a simple linear dependence on x.
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The Dual Problem

In analogy to the procedure in Chapter 1 we introduce the set of adapted cadlag processes
VY(y) :={Y >0|Yy =y and XY is a supermartingale for all X € X(1)}, y > 0,
and consider the minimization problem

a(y) = éx;}féy)E[ﬁ(YT)] : (4.2.5)

where U is the conjugate (or dual) of U given for y > 0 by

iyt q
Uy) :=sup{U(z) — xy} = -4,
x>0
with ¢ = 1% the dual exponent to p. From the relation Y(y) = y)(1) we see the
factorization property for ,

i(y) = Yégl}f(l)E[ﬁ(yYT)] — i Yg}f(l)E[ﬁ(YT)] = U(y) .

The relationship between ¢, and ¢, is provided in Theorem 4.2.8.

The Main Result for the Cone Constrained Problem

The utility maximization problem with semimartingale dynamics and general utility
functions has been studied under constant constraints, see Karatzas and Zitkovié¢ [2003]
for the case with intertemporal consumption as well as Westray [2009]. The next lemma
shows that the assumptions necessary to apply the results from the second reference
hold in our setting.

Lemma 4.2.7. Let Assumption 4.2.1 hold then there exists an equivalent local martin-
gale measure for S and max(u(x),u(y)) < +oo for all x,y > 0.

Proof. As for Lemma 1.3.2 we have that Y* := £(—\ - M) defines an equivalent local
martingale measure (the so-called minimal martingale measure)Nand for the second part,

considering the case p € (0, 1) only and from the definition of U, we have

max(u(r),u(y)) < E[ﬁ(yYﬁ‘)} + sup E[X%’”yYﬂ < —%E[(Y?)q} +ay.
ve Ax

Observing ¢ < 0 and using the standard estimates, see (2.5.7) or the proof of Lemma
1.3.2, completes the proof. O

The following theorem states the existence and uniqueness results that are pertinent
for our study. These results are precisely the counterparts to the known results stated
in Theorem 1.2.4. However, we note that it is essential for our study that the dual
optimizer indeed is contained in the specific dual domain defined above. We provide
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the details in Section 4.3 where we require that the set of wealth processes be closed
in the semimartingale topology, which is guaranteed by the assumption on K to be
polyhedral. Contrary to the usual procedure of proving the existence of a solution to
the portfolio choice problem via duality we consider the primal problem first and the
dual problem afterwards, having to guarantee that the dual optimizer obtained does
not exhibit singular parts as it possibly does in the literature which also covers random
endowment, see Cvitani¢ et al. [2001] or Westray [2009].

Theorem 4.2.8. Suppose Assumptions 4.2.1 and 4.2.3 hold and let x,y > 0. Then:

(i) There exists an admissible strategy v € Ax which is optimal for the primal problem,
u(z) = E[U(X7)], where X = X,

In addition, U is unique in the sense that for any other optimal strategy v € Ay
the wealth processes X7 and X%V are indistinguishable.

(i) There exists an optimal YV e Y(y) for the dual problem, unique up to indistin-
guishability,
u(y) = E{U()}T)}, where Y =YV,

(iii) The functions u and U are continuously differentiable and conjugate. If y = u'(x)
then, adopting the notation from (i) and (i), we have the relation Yp = U'(Xr)
and XY is a martingale on [0,T]. More explicitly, there are constants c,, p €

(—00,0) U (0,1), such that with ¢, := (cp)ﬁ,
u(z) =U(z) ¢y, ly) = Uy) .

BSDEs and Semimartingale Background

Our aim is now to analyze the above problems and their stability by relating them
directly to the solution of a continuous semimartingale BSDE of the following type:

1
AW, = 2] dM; + ANy = F(8, 20) dAs = 5 d{N)e. W7 =0, (4.2.6)

where F is a predictable function [0,T] x Q@ x R? — R called the generator or driver.
For the notion of a solution to the BSDE (4.2.6) we refer to the Definition 3.2.1.

In view of the results from Chapter 3 we shall be especially interested in solution
triples (¥, Z, N) with U € &, where € denotes the space of processes T such that

Elexp(0Y™)] < 400 for all ¢ > 0,

i.e. those processes whose supremum, Y* := supg<,<p |Y¢|, possesses exponential mo-
ments of all orders. In particular we can rely on a uniqueness result for BSDE solutions
with ¥ € €, providing us with the desired straight link. Moreover, we then can also
refer to the stability results from Section 3.2.7. As we will see later, showing that Vee
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relies on the dynamic optimality properties of the so-called primal and dual opportunity
processes. While such results may not hold for the dual domain considered in the gen-
eral setting of Nutz [2010b], they do hold for the dual domain considered here, which is
another motivation for defining the dual domain as above.
For ¢ > 1 we write M2 for the space of continuous P-local martingales M satisfying
MQ =0 and
E[(M)#/?] < +o0.

More generally for an arbitrary continuous semimartingale T we shall indirectly use
the 79 norm. Given the canonical decomposition T = Yo + MY + AT where MY is
a (continuous) local martingale and AT a (continuous) process of finite variation, it is

defined via .
+ H / |dAT|
Le(P) 0

The stability result that we are going to derive involves the notion of convergence in
the semimartingale topology for which we refer the reader to Emery [1979] and Mémin
[1980] for more details. The following proposition collects together the key results needed
in the present study.

I llee = 1P| + [[(M )%

Le(P)

Proposition 4.2.9 (Emery [1979] Lemma 6, Nutz [2010a] Appendix A). Let (Y™),en,
be a family of continuous semimartingales and o > 1, then

(i) The sequence (Y™),en converges to YO in the semimartingale topology if and only
if every subsequence of (Y")nen has a subsequence converging locally to Y in HE.

(i) If (Y")nen converges to YO in the semimartingale topology then (€(YT™)) con-

verges to E(YP) in the semimartingale topology.

neN

(iii) Convergence in the semimartingale topology implies convergence uniformly on com-
pacts in probability, ucp in short, see Protter [2005] Section I1.4.

The Decomposition of the Dual Domain and the BSDE

One final notation we shall need is that of the polar cone. Given the conic predictably
measurable multivalued mapping K we define (and easily derive)

Ko(tw) : = {1 R ] KTL< 1 for all k € K(t,w) }

- {z eRd‘szl <0forallke lC(t,w)}

ﬁ{ZERd] K (w ))ngo},

where the K7,j = 1,...,m are from Assumption 4.2.3. Under the present assumptions
on K we have that K° is again a closed convex predictably measurable multivalued
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mapping. The above definition and second equality apply to any given cone, the third
characterization holds for polyhedral cones.

Having described our framework and relevant background, we can state the first of
the main results. Specifically, we provide a more precise structure of the elements in
the dual domain as well as the optimizer Y. A version of this result may be found in
Karatzas and Zitkovié [2003] Proposition 4.1 for the case where one has nondegenerate
Itd6 dynamics for S and a polyhedral cone K which is independent of (¢,w), see also
Larsen and Zitkovié [2007] Proposition 3.2 for the one-dimensional unconstrained case.
These findings are in line with earlier results which are implicitly present in Cvitani¢
and Karatzas [1992] and Rouge and El Karoui [2000], for instance. We extend them to
the case of semimartingale dynamics and predictably measurable constraint sets. Due
to writing wealth in exponential format the proof becomes simpler and slightly more
general when compared to Karatzas and Zitkovié¢ [2003] and Larsen and Zitkovié [2007).

Theorem 4.2.10. Let Assumption 4.2.3 hold.

(i) Let Y € Y(1) with Yr > 0. Then there exist a predictable M -integrable process kY
with
BA—rY) e (BK)°, pt-a.e.

as well as a local martingale NY orthogonal to M and a predictable decreasing
cadlag process DY with DY =1 and D% > 0 P-a.s. such that

Y = DY E(—k¥ - M + NY).

(ii) For the optimizer YV € Y(y) (assumed to exist) we have the representation,
VY =yE(—k- M+ N),

for processes k = ' and N = NV which are independent of y. In particular
the decreasing process from (i) satisfies DY' =1,

The next proposition relates the optimizers to the solution of a quadratic semimartin-
gale BSDE, similarly to Mania and Tevzadze [2008] for the unconstrained case and Nutz
[2011] for the constrained case. Under boundedness and nondegeneracy assumptions the
BSDE also appears in Hu et al. [2005] and Morlais [2009]. We mention that we prefer
to require the continuity of the orthogonal martingale part separately, with the main
application of a continuous filtration in mind.

Proposition 4.2.11. Let the Assumptions 4.2.1 and 4.2.3 hold.

(i) Let 0 denote the optimal strategy and N the local martingale from Theorem 4.2.10
which we assume to be continuous. Then for every x > 0 the triple (V,Z,N),
where

A u'(z)Y? .
U :=log| —=— and Z:=—-k+(1—p)D,
g( U'(X) ) .
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is the unique solution to the BSDE (4.2.6) with U € & where
1 2 q 2
F(y2) =5 [1B2]" = 5 sk (Bz + 2) [

We write I1 for the nearest point or projection operator onto the indicated cone.

(ii) Given the unique solution (¥, Z,N) from (i) we can write the optimizers, for the
initial values x = 1, y = 1, up to indistinguishability as

X'=Ew -M+v-(M)), Y'=&-k -M+N),
where the predictable integrands v and K are defined via
1

o= 171I>Tf%HB,C(B(Z +1), R:=PT
—D

N|=

[BA = ey (B(Z + )]

and satisfy, ,uA-a.e. Bv = Bv and Bk = Bk. The process (fi,j)m:lw’d is chosen
to be a predictable process valued in the space of d x d diagonal matrices such that
it satisfies
Sij _ /T 4fi=j and " #0
0 ifi # j.

Remark 4.2.12. The content of the above proposition is essentially known, cf. Nutz
[2011] Corollaries 3.12 and 5.18, although it is stated differently there. Define the process
L= exp(\if), then it is easy to see that L is the opportunity process of Nutz [2011] where
the author shows that the Galtchouk-Kunita-Watanabe decomposition of L satisfies an
appropriate BSDE. In contrast via our Theorem 4.2.10, we can apply Itd’s formula
directly to ¥ to get the BSDE. As a consequence we augment the results of Nutz [2011]
by providing a simple additive decomposition of the process 7 into a part & with well
defined properties related to the dual problem and polar cone (BK)° and a part related
to the optimal strategy . We also note that the unique correspondence above is derived
via a BSDE comparison theorem under exponential moments, rather than a verification
theorem as in Nutz [2011].

Proceeding as above we use a reasoning similar to Hu et al. [2005] and Morlais [2009]
but allow for more generality in the market dynamics. No boundedness or nondegeneracy
assumptions are required. To be more precise, nondegeneracy has been partially replaced
by the assumption on the cones to be polyhedral. The formula for the optimal strategy
is as in the cited references, however, due to Moreau’s decomposition theorem, which is
available for cones, no measurable selection argument is involved.

Remark 4.2.13. We point out a consequence of item (ii) above. Whilst the wealth
process is unique in the space of cadlag processes, the representation of the strategies is
not unless C' is invertible or the strategy is considered in the image of B; similar remarks
apply to . This is related to the discussion of what is known as null-investments in the
literature and the above proposition identifies their components.
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The Stability Result

The main idea of the present chapter is to use the link from Proposition 4.2.11 to study
the continuity of the utility maximization problem with respect to its inputs via BSDE
methods. More explicitly, we are interested in the dependence of the optimal objects with
respect to the market price of risk process A, the probability measure P, the investor’s
relative risk aversion parameter p and the constraint set K. As pointed out above, the
dependence on the initial wealth is a simple linear one, due to the factorization property.
Hence we vary only the four inputs A, P, p and K by means of sequences

(A")nen, (P")nen, (P™")nen and (K™)pen

of parameters that converge to A =: A%, P =: P?, p =: p’ and K =: K" in an appropriate
sense.

Fix n € N, now we have that A" is a predictable M-integrable process and P" is
assumed to be a measure equivalent to P with Radon-Nikodym derivative

dapm

Here (8™)nen is a sequence of predictable M-integrable processes, (L™),en a sequence
of continuous P-local martingales orthogonal to M and % - M := L° := 0. Due to the
Girsanov theorem the process M"™ := M+ (M)- 5" is a (continuous) P"-local martingale.
This leads to dynamics for the asset S = S™ under P", of the form

ds; = Diag(S7) (dM* + d(M™) (N} = 7)),
where we have used the continuity to deduce (M"™) = (M) = C' - A. Each risk aversion
parameter p” is valued in (—o00,0) U (0,1) and corresponds to a utility function
. 1 .
U'(z):=—2aP, x>0
p'I’L

The cone K" is assumed to satisfy Assumption 4.2.3 so that we can consider the primal
problem as a function of the inputs

u"(z) = sup Epn[Un(Xr?’x’u)},

I/E.AKn

where X™%" represents the wealth acquired from an investment in S™ and considered
under P”, so that we have

X"V =g (v M4 v (M)NY) =2 (- M" +v- (MY(X" = ). (4.2.7)

The definition of Axn is invariant under changes of equivalent probability measures so
that the above maximization is well defined under suitable assumptions on the parame-
ters.
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Assumption 4.2.14. Fach K™, n € Ny, satisfies Assumption 4.2.3 and for all 0 > 0

:éllgo Ep [exp<g (()\” M)+ (8" - M) + <L">T)>} < 400.

The previous assumption ensures that for fixed n € Ny and all ¢ > 0

Epn[exp(g«)\" —B")- M>T>} < 400,

which can be shown similarly to the proof of Lemma 4.2.7 and is omitted. In particular
we may apply Theorem 4.2.8 for each n € Ny to deduce the existence of a primal
optimizer and corresponding optimal portfolio,

X" = X\ P pn K, 07 = 0(A™ PR, K, (4.2.8)

where we write the optimizers as a function of the parameters (A", P", p™, K™). A similar
convention holds for the value function u™ := u(A",P", p™, K™). We also use the notation
X := X9 and » := 7° and observe that due to the integrability assumption above L" is
actually a true martingale for every n € Nj.

The main result shows that under suitable assumptions the optimizers are continuous
with respect to these inputs. Note that in the following assumption, since each K" is
polyhedral, the projection BK™ is closed.

Assumption 4.2.15. The preferences and markets converge in the following sense

B rt=p
Jim (O = X) Mg+ (8 M)+ (L)) =0

in P-probability. We assume that

Lim BK"™ = BK u“-a.e.

n——+o0o
where Lim denotes the closed set limit and we refer to Appendiz 6.2 for more details.

Observe that the above assumption on (p™),ecn implies pointwise convergence of the
investor’s utilities as considered in Jouini and Napp [2004], Kardaras and Zitkovié [2011]
and Larsen [2009]. Stability with respect to the statistical measure is investigated in
Kardaras and Zitkovié¢ [2011] and with respect to the market price of risk in Larsen
and Zitkovi¢ [2007]. We also note that the sensitivity with respect to the constraints is
considered in Kardaras [2010] for the numéraire portfolio, i.e. for p = 0, as well as in
Frei [2009] for the exponential indifference value under boundedness assumptions.

Theorem 4.2.16. Let the Assumptions 4.2.14 and 4.2.15 hold and X" and 0" be as in
(4.2.8), with each N™ continuous. Then as n — +00:

(i) The sequence of processes (0™ — D) - M converges to zero in M?2.
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(ii) The family of wealth processes X™ € X(x), n € N, converges to X € X (x) in the
semimartingale topology.

(iii) The functions u™ and their derivatives (u™)" converge pointwise to u and u' respec-
tively.

Remark 4.2.17. We can establish identical results for the corresponding sequence of
dual problems and their optimizers. However since these are not the main objects of
interest we do not state them now but pursue them further in Section 4.6. We also note
that the above theorem is best formulated for a continuous filtration.

Remark 4.2.18. We discuss here in more detail how the theorem above relates to
others in the literature. When " - M = L™ = 0, p" = p and K" = R? we are in
the setting of Larsen and Zitkovié [2007]. Observe that our Assumption 4.2.14 is more
restrictive than the notion of “V-relative compactness” introduced therein. Thus by
fixing the utility and imposing stricter conditions on the A" we get convergence of the
whole path process together with the convergence of the optimal strategies, strengthening
the main results of Larsen [2009] as well as Larsen and Zitkovié¢ [2007] where one gets
convergence in probability of the optimal terminal values )2'% From the convergence in
the semimartingale topology we then deduce the corresponding continuity results given
in Bayraktar and Kravitz [2010] where T is replaced by a stopping time 7.

When " - M = L™ =0, \" = X and K" = R? we recover Nutz [2010a] Corollary 5.7.
Therein the process S need not be continuous. The reason for this is that when only
the risk aversion parameter varies one can compare the opportunity processes directly
via Jensen’s inequality. When P, A and K also vary such an approach seems not to be
feasible, hence our reliance on BSDE methods alone which necessitates more stringent
assumptions.

For A" = X\ and K" = R? observe that under our assumptions (P"),cn converges to
P in total variation. Thus we recover Kardaras and Zitkovié¢ [2011] Theorem 1.5 in the
case where there is no random endowment and the utility is power. Similarly to the case
of Larsen and Zitkovié¢ [2007] above, our Assumption 4.2.14 implies the Assumption (UI)
therein. As a consequence we partially extend their results to convergence of the optimal
wealth process in the semimartingale topology in a setting without random endowment.

When p = 0, A = X and, in addition to the cones and measure, the information
structure is also allowed to vary, Kardaras [2010] obtains results similar to ours for the
numéraire portfolio using the explicit formula for it. The problem there differs from ours
as it is “myopic” and as such there is no opportunity process and corresponding BSDE
(in the sense above, however see Appendix 6.1), so that one cannot directly compare
the two approaches. We note however that in both cases the convergence of the cones is
cast in terms of the closed set limit, see however Remark 4.2.19.

An approach similar to ours was given for the exponential indifference value in Frei
[2009]. Since A" = X and 8" - M = L™ = 0 hold there, the quadratic growth and locally
Lipschitz assumptions on the respective BSDEs are uniform in n so that a corresponding
stability result can be used in the setting of a bounded mean-variance tradeoff that is
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present in that article. Moreover, the conditions required for stability to hold are on the
drivers of the BSDEs and not in terms of the input parameters.

As a final remark, when the utility function is allowed to vary, one needs to assume
that the sequence converges pointwise and satisfies a uniform growth condition, see
Jouini and Napp [2004], Kardaras and Zitkovi¢ [2011] and Larsen [2009]. This is implied
by our Assumption 4.2.15 so that we are consistent with the literature in this respect.

Remark 4.2.19. Here we elaborate further on the type of convergence assumed on the
cones. Together with Proposition 6.2.3, Assumption 4.2.15 implies that the projections
IIgin converge pointwise to Ilgx which is the key property in showing the convergence
of the drivers of the related BSDEs. Define the set

N(t,w) := Ker(C(t,w)) = Ker(B(t,w)),

a closed predictably measurable multivalued mapping. This is the set of null-investments
described in Karatzas and Kardaras [2007]. In Kardaras [2010] the author replaces
Assumption 4.2.15 with

Mc K" foralln € Ngand Lim K" =K pl-ae.
n—-+00

Proposition 6.2.4 in the appendix shows that this is sufficient to imply Lim,,_, ;. BK" =
BK p#-a.e. so that the results of the present chapter remain valid under this alternative
assumption. The requirement 91 C K™ for all n € Ny means that although the investor
faces investment constraints imposed on their portfolio, e.g. by regulators or the market
structure, these constraints must be compatible with the null-investments in the sense
that simultaneously the agent must be allowed to choose null-investment strategies.
When Ker(C') has a complicated structure this can be difficult to check and thus we
prefer Assumption 4.2.15.

The Compatibility of the Set Convergence with the Null-investments

Note that Lim, . K™ = K alone is not sufficient for the stability result to hold as
is illustrated by a simple counterexample in which the investment constraints are not
compatible with a redundant structure of the market.

Namely, consider a standard one-dimensional Brownian motion W and set M :=
(W,0)7. Taking a constant A = (A\,0)"T € R% A\; > 0, completes the description of the
market. We may choose A; =t so that the process B becomes

Bz(g) g).

The sequence of (deterministic) constraint sets is defined by setting
K" :={(z,y) e R?|y =nz, z > 0}, K := {(z,y) e R* |z =0, y > 0}.

One can see that these cones are polyhedral and that we have {(0,0)} = BK #
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Limy, 400 BK™ = [0,+00) x {0}. Note though that we do have K = Lim, 40 K" =
{0} x [0,400). From this description we immediately have that in the limiting case
the agent is only allowed to invest in stocks that do not yield any extra profit when
compared to the bond while for n > 1 they can choose an optimal strategy o™ and it
does not matter that 25 = n" may become arbitrarily large since it can be offset by a
position in the bond, whose evolution is the same as the one of S?. Indeed, the optimal
position in the first stock is 27" = A1 /(1 — p) which clearly does not converge to zero, the
only possible position in the first stock in the limiting case, by assumption. The optimal
wealth for n > 1 is given by

5 A M(1-2
Xf-mexp(l_lth—i—l(mt),

2(1 —p)?

which does not equal X = z, the optimal wealth process for the constraint set K.
Correspondingly, the value functions ™ do not converge to u, since for x > 0

1 AT 1
u(x) = , xP exp<2ﬁl_p)> and  wu(z) = , aP.

Remark 4.2.20. The reader may ask whether it is necessary to vary A and P or whether
by a sensible choice of the Girsanov transform this can be reduced to simply varying P.
In certain cases this is indeed the case, typically when M = W is a Brownian motion.
However in general not so as the following example illustrates. Set M = W - W for a
one-dimensional Brownian motion. Thus the asset has dynamics

dSy = Sy(Wy dWy + W72 dt)  under P.
If X is allowed to vary, say to X, all models can be achieved such that
dS; = St(Wt dW; + }\tWtQ dt) under P.

However, if only P can be varied, we have dP/dP := £(—f - W) and the process S has
dynamics . _
dSy = Sy(Wy dW; + (A — B)W2dt) under P,

where W is a P-Brownian motion. In particular we will find it impossible to recreate
the first dynamics as W is not a Brownian motion under P.

4.3 Cone Constrained Utility Maximization

The utility maximization problem under polyhedral cone constraints is studied in detail
in Karatzas and Zitkovi¢ [2003] and Westray [2009] for the additive representation.
We hence work also in the additive framework here and refer the reader to Remark
4.2.5 for more details. We note that in the mentioned articles the constraint set £ is
independent of (f,w). In this section we show how the results of Westray [2009] can
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be extended to give Theorem 4.2.8. The key result for our analysis above consists of
having the dual optimizer as an element of our specific dual domain of supermartingale
measures. A careful reading of the proof of Westray [2009] Theorem 3.4.2 on existence
and uniqueness shows that one needs one specific property of the cone K (L respectively),
namely, provided that the set

X4 (1) is closed in the semimartingale topology

then the main existence result Westray [2009] Theorem 3.4.2 continues to hold with a
predictably measurable, non-empty, closed convex multi-valued mapping K (£ respec-
tively).

Lemma 4.3.1. Suppose that K satisfies Assumption 4.2.8 then X%(1) is closed in the
semimartingale topology.

Proof. Since K(t,w) (and hence L£(t,w)) is a polyhedral cone for all ¢t € [0,T] P-a.s. we
see that Czichowsky and Schweizer [2011] Corollary 4.6 applies. This guarantees the
result. O

We now adapt the results of Westray [2009] which are in the context of the utility
maximization with a random endowment and begin with the primal problem.

Lemma 4.3.2. Suppose that Assumptions 4.2.1 and 4.2.8 hold. Then:

(i) There exists an optimal terminal wealth X7, X € X*(1), such that

BU(K] = s EU(XD)].

Moreover, any two such primal optimizers X and X are indistinguishable.

(ii) We have that Xr > 0 P-a.s. so there is an optimal strategy 0 € Ay with X =
Xb7 e x(1).

(iii) The optimal strategy U is unique in the sense that given any other admissible strat-
egy U with corresponding wealth process Xilp"’ which is optimal for the primal prob-
lem we have

E[{(9 - 7) - M)z] = 0.

Proof. From Westray [2009] Theorem 3.4.2 (iii) we see that there is an admissible H
such that with X7 :=1+ (H - S)r

BU(K)] = swp  EU(X0)].

For the notion of admissibility of H we refer to the cited thesis. Since U is strictly concave

a standard argument involving convex combinations gives the uniqueness at terminal
time, see also Kramkov and Schachermayer [1999] Lemma 3.3. For completeness we now
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derive the uniqueness on the level of processes. Let X and X be two primal optimizers,
for which we know that X7 = X7. Now suppose there is a ¢ € [0,7) and a set A € F;
such that X; > X; on A and P(A) > 0. Define the integrand

H = Iffl[o’t} + ﬁl(mT}lA + I:Il(mT]lAc,

where H and H are the integrands for X and X. Observe that X := 1+ H-S € X(1)
as we have (H - 5), = (X, + Xt — Xt) 14+ Xy 1gc for u >t and this is nonnegative by
assumption (recall that X; > X; on A). Now we note that X7 = Xr P-a.s. and write

E[U(Xr)] = E[14E[U(X1)| Fi] + 14E[U(Xr + X, - X)| 7] > E[U(X0)].

This is a contradiction and the result in (i) follows from the continuity of the wealth
processes. A

For item (i) observe from Westray [2009] Theorem 3.4.2 (iv) that Xp = —ﬁ’(%)
where CAC is a finite, nonnegative and countably additive measure that is absolutely
continuous with respect to P. Since —ﬁ’(y) = 0 if and only if y = +oco for y > 0
we cannot have that X7 is zero on a set of nonzero P-measure, this would contradict the
finiteness of fc.

For item (iii) we have the equality E(& - M + v - (M)N) =E(w - M + v - (M)X). By the
uniqueness of the stochastic logarithm we derive that o- M +0- (M)A =v-M+v- (M)A
and thus it follows that (7 — v) - M is a continuous local martingale of finite variation
and is hence constant and equal to zero, which proves the last assertion. ]

In Westray [2009], following Cvitanié¢ et al. [2001], the dual domain is a subset of
L>(P)*, the bounded, finitely additive measures that are absolutely continuous with
respect to P. Tt contains Y% (y) where

Yadd(y) .= {Y >0|Yp =y and XY is a supermartingale for all X € X“dd(l)} C V(y).

Note that Y%%4(y) depends on L (respectively K). The next lemma which shows that
the dual minimizer of Westray [2009] can be related to an element of V() is key.

Lemma 4.3.3. Let the assumptions of the previous lemma hold. Then, given y > 0,
there is a Y'Y € Y4 (y) C Y(y) which is optimal for the dual problem (4.2.5), unique up
to indistinguishability and with ij > 0, P-a.s.

Proof. Define the sets

C:={cecLl'P)|0<E< Xp, X € x%4(1))
D:={neLl’(P)|0<n<Yp Y e Y1)}

By construction and the above lemma we have

A

u(l) =E[U(X7)] = Sup E[U(¢)]
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and thus, using the Calculus of Variations argument from the proof of Bouchard and
Pham [2004] Lemma 5.7, one can show that with 77 := U’(X7) > 0 we obtain that
E[7 (X7 —€)] >0 for all £ € C. We set y := E[fX7] = E[(X7)?] > 0 and observe that
E[n¢] <y for all £ € C. Hence 7/y € C°, where we write C° for the polar of the cone C,

C°:={ne LY (P)|E[¢n) <1 forall £ €C}.

Observing from Westray [2009] Lemma 3.5.7 that £ € C if and only if £ > 0 and Eg[¢] <
1 for all Q € M®"P, we derive that C = (M?5"P)°. Here,

M = [Q ~ P| X is a Q-supermartingale for all X e X% (1)}.

Applying the same reasoning as in the proof of Kramkov and Schachermayer [1999]
Lemma 4.1 we derive that D°° = D and equating measures Q with their densities Z2
we are led to conclude that M" C D. Hence C° = (M®"P)°° C D°° = D from which
7i/y € D. Thus there is a ¥ € Y*(1) with 0 < 77/y < Y7 and such that

1 =E[X,Yo] > E[X7Y7] > E[X77/y] = 1.

In particular XY is a martingale. We conclude that YV = yf/ € Y*i(y) is a dual
optimizer. More explicitly, since 77 = U’(X7),
E[UYY)] > inf E[UN)] > inf E[UXy)—XrY]>E[UX7)] -
OOPI > st B> il BV - XY] 2 B[] -y

=E[U(Xr)] - E[Xr7] = E[U(@)] = E[U(Y)).

For uniqueness we again suppose that there exists a t € [0,7) and a set A € F; such
that ¥; > Y, on A and P(A) > 0, where ¥ and Y are two optimal dual processes that
are necessarily equal at terminal time 7. Since the dual function is strictly decreasing
we have that the following inequality holds on A,

E[U(&Yr)|R] <E[0(Vr)|A] =E[0F)|A]

Note that Y being a supermartingale Y7 > 0 implies that Y > 0. We then define the
process

Y =V 104 + % Y1y 17+ Y Lae 11y

It is now essential to show that Y € ) (1) which holds by separately checking the
respective cases thanks to the choice of ?%(1) as a family of supermartingale measures
for .S, more precisely, XY is a supermartingale for any admissible wealth process X.
Note that here it is also important that the Y constructed above is right-continuous at
t. A computation similar to that for the uniqueness of X leads to

E[U(vr)] < E[1ACE[(7(YT)] Fi] +14E [ﬁ(f/T)’ 7| =E[0@)] =),
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which is a contradiction. The processes Y and Y are cadlag and they satisfy Y, =Y,
P-a.s. for each t € [0,T]. We then conclude that they are indistinguishable. O

The remaining items from Theorem 4.2.8, if not already implicitly contained in the
previous proofs, can be deduced in a standard fashion so we omit the details.

4.4 The Dual Domain in the Presence of Cone Constraints

This section is devoted to a proof of Theorem 4.2.10, a full description of the dual domain
in the cone constrained problem. Due to our choice of writing wealth in exponential
format the proof becomes simpler when compared to Karatzas and Zitkovi¢ [2003] and
Larsen and Zitkovié¢ [2007]. The theorem is slightly more general because it covers the
“multiplicative” dual domain Y(1) which contains the “additive” dual domain from the
cited references. Since in this chapter the filtration is not assumed to be continuous we
note that dual elements themselves need not be continuous. However, the polyhedral
nature of the cones is essential for the results of this section.

Proposition 4.4.1. Let Assumption 4.2.3 hold and Y € Y (1) with Y7 > 0. Then there
exrist:

(i) A predictable M -integrable process k¥ with B(\ — V) € (BK)°, u?-a.e.
(ii) A local martingale N orthogonal to M.

iii) A predictable decreasing cadlig process DY with DY =1 and DY. > 0 P-a.s. such
0 T
that with the above
Y = DY 5(—%3 .M+ N? ).

Proof. Since 0 € K p-a.e. we may proceed as in Larsen and Zitkovi¢ [2007] Proposition
3.2. to deduce that a given Y € Y(1) with Y7 > 0 admits a multiplicative decomposition
which we can write as

Y = DY &(—kY - M + NY),

where DY is a positive, predictable, nonincreasing process with D} = 1, k¥ is a pre-
dictable M-integrable process and NY a local martingale orthogonal to M, see Jacod
and Shiryaev [2003] Theorem I1.8.21 and Lemma II1.4.24. It thus remains to show that
B(A —&Y) € (BK)° p-a.e. and we drop the superscripts in the remainder of the proof
to ease the exposition.

Set D := log(D). By Delbaen and Schachermayer [1995] Theorem 2.1 there exists a
predictable p4-null set E together with a nonnegative predictable process n such that

. t t _ ¢ -
Dt:—/ nsdAer/ 10(s) dD, ::—/ 0 dA, + D
0 0 0
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From It6’s formula we derive that for any admissible investment strategy v with corre-
sponding wealth process X" € X (1) we have

d(X'Y;) = XVY;_ ((Vt_ﬁt)TtherNter[D, N+ (v BYBi(v—re)—mi) dAt+th).

Observe that by Yoeurp’s lemma (v — )" dM +dN +d[D, N] is the differential of a local
martingale, M being continuous. Since the product X”Y is a supermartingale, we hence
must have that the differential

(v'B"B(A— k) - ) dA +dD

generates a nonpositive measure on the predictable o-algebra P. Since p(E) = 0 we
conclude, using the cone property of IC, that the following inequality must hold

(Bv)'B(A— k) =v'B'B(A—k) <0 (4.4.1)

pA-a.e. for each v € Ax. To conclude we have to show that arbitrary elements of BX
can be realized as trading strategies, p“-a.e. This is where the assumption that the
constraints be polyhedral is needed.

Choosing v = K',..., K™ it now follows that there exists a single p4-null set (also
denoted E) such that for all (t,w) € E€ and all j € {1,...,m}

(Bi(w) K] (@) Bi(w) (Ae(w) — me(w)) < 0.

In particular we have B(A — ) € (BK)°, u-a.e. as for fixed (t,w) any k € By(w)K(t,w)
may be written pt-a.e. as

k= fjcht(w)Kg' (w)
j=1

with some ¢; > 0 for j € {1,...,m}. O

Remark 4.4.2. Suppose that K = R? then in (4.4.1), given a Y and corresponding
kY, we can directly insert v = A — kY. Integrating the resulting expression over [0, T’]
with respect to u? we derive that the stochastic integrals A - M and Y - M are indis-
tinguishable and thus we deduce the multidimensional version of Larsen and Zitkovi¢

[2007] Proposition 3.2.

Corollary 4.4.3. Under the Assumptions 4.2.1 and 4.2.3 there exist a predictable M -
integrable process K as well as a local martingale N orthogonal to M, such that vl =
E(—#&-M+N) for the dual optimizer Y' where y = 1 and B(\ — &) € (BK)° pu”-a.e.
If YY denotes the dual optimizer for y > 0 we have that YY = yY' = yE(— k- M + N).

Proof. In view of Proposition 4.4.1 the key is to show that }A/% > 0 which we derive
from Lemma 4.3.3. We may then proceed as in the proof of Larsen and Zitkovié¢ [2007]
Corollary 3.3. The independence of y follows from the factorization property. O
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Corollary 4.4.4. Under the Assumptions 4.2.1 and 4.2.3 the optimal portfolio U satisfies

ut-a.e. for all admissible strategies v,

0" B'B(A\—k)=0 and (v—0)"B'"B(A—&k)<O0.

Proof. Due to factorization we may suppose that x = 1. Then for the optimizers we
know from Theorem 4.2.8 (iii) that the process XYV is a martingale when y = u/(1).
We derive

(X, ) = XV (00— i) dMy + ANy + (0] B By(A — i) ) dAy ).

Thanks to Assumption 4.2.3 it must hold that " BTB(A— &) = 0 for all v € Ak, p?-a.e.
The second statement of the corollary now follows upon addition of (4.4.1). O

4.5 Relationship with Quadratic Semimartingale BSDEs

Having established a representation for elements of the dual domain, in this section we
use this to connect the optimizers (X ,Y) with the solution triple of a specific BSDE
proving Proposition 4.2.11. As noted before, admitting Theorem 4.2.10, one may find
some of the results in Nutz [2011] Corollaries 3.12 and 5.18, however we provide here a
complete proof as it illustrates the interplay between & and ©. Moreover, the verification
argument is via uniqueness of BSDEs building on the following lemma.

Lemma 4.5.1. In the setting of Theorem 4.2.8 let U := log(“ll](i);)l). Then ¥ € €.

The proof of this lemma relies on our special choice of the dual domain which allows
us to define the so-called dual opportunity process and to use its dynamic optimality
properties. From Nutz [2010b] we first recall the following result concerning the primal
opportunity process and which also holds in the cone constrained utility maximization
framework.

Proposition 4.5.2 (Nutz [2010b] Proposition 3.1). There is a unique cddlag semi-
martingale L, the opportunity process, such that for any admissible strategy v € Ax and
te[0,7T]

L, U(X/) = ess supE[U(X%) ‘ ft] , (4.5.1)

ve A)C,,,

where the optimization is over all the continuation strategies v € Ay, forv, i.e. over all
the admissible strategies U that are equal to v on [0,t]. If (X, )A/) denotes the optimal pair
for the utility mazimization problem satisfying Yo = u’(f(g) P-a.s. then Y = LU’(X).
In particular, ¥ = log(L).

We now turn our attention to the dual counterpart. To this end first define the domain

V() ==Y “y) n{y >0},
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which in view of Y1 € }*(1) does not affect the optimizers!, in particular Y*(y) # 0
(under the Assumptions of Theorem 4.2.8). This set exhibits two important properties
which we state in the following lemma. These properties are related to the so-called
fork-convexity of a set.

Lemma 4.5.3.

(i) Let Y,Y and Y be in Y*(1) with Y =Y on [0,t] for some t € [0,T], then

Y = Yl[(),t] —+ %Y/]—(t,T] € y*(l)

(i) Let Y,Y and Y be in Y*(1) with Y =Y =Y on [0,t] for some t € [0,T]. If
A € Fy, then ) B
Y :=Y1a+ Y14 € Y*(1).

The above properties of *(1) can be proved easily using the definition of (1) as
a family of “supermartingale measures” for S, see the proof of uniqueness of the dual
optimizer. They are also the only two properties that are needed in Nutz [2010b] to derive
the existence, uniqueness and characterization of the dual opportunity process for the
unconstrained case. Hence, although not necessarily true for the dual domain considered
there, we can prove the following result which is the counterpart to Proposition 4.5.2
and in which we use the notion of so-called dual continuation strategies. Namely, for
t € [0,7T], define B B

V'Y, t)={Y € Y*(y): Y =Y on [0,]}.

Then, mimicking the proof of Nutz [2010b] Proposition 4.3, we deduce from Lemma
4.5.3 that the following result holds.

Proposition 4.5.4. There exists a unique cadldag process E, the dual opportunity process,
such that for anyY € Y*(y) and t € [0,T]

LU = ossint E[U(Vr)| 7], (4.5.2)

A~ ~ 1
Moreover, the infimum is attained at Y =Y and we have that L = L1-».

The previous two propositions allow us to prove the required estimates on 0.

Proof of Lemma 4.5.1. Let p € (0,1) so that ¢ = ;27 € (—00,0) and L > 1. The last
inequality follows from (4.5.1) by using the strategy v = 0. In particular ¥ > 0 and we

! Alternatively, one could keep )44 (y). Then in the calculations and definitions involved, whenever a
Y; appears in the denominator of some expression, there is also a related Y in the numerator, e.g. ¥
itself, such that Y = 0. This relies on the fact that Y € Y244 (y) with Y; = 0 implies Y; =0 for s > ¢.

Thus, all the possible expressions like % and i% could be given a meaning such that the assertions,

established via the Y € Y*(1) where no problems arise, are valid. However, we opt for avoiding all

these technicalities.
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A BSDE Approach to the Stability of the Cone Constrained Utility Maximization

notice that for all § > 0

E[exp(axi*)] —E

OiltlgT (eXp Gﬁlt)) 1 =k [(L6> *] : (4.5.3)

In what follows the constant ¢, s > 0 is generic, depends on p and § and may change
from line to line. Let us consider an exponential moment of (A - M)r of order k& >
kg :=q* — % —q\/q> — ¢. We now set 3 := 1—$\/q2—q >1,0:=06/(f—1)>1and
§ := ko/ky > 1. After defining Y* := (=X - M) we deduce from (4.5.1) that for a fixed
strategy v € Ay, denoting U a time-t continuation strategy of v,

1< s (0020 | 7] 5[ 50) (03022) 1) )
6+ o

/e
< cpﬁE{g(—ﬁqA M) exp (kg Myor) | i

<o 300) 7] s (074,

by making use of the definition of U, the supermartingale property of Y*X? and of
E(—pPgX - M), Holder’s inequality and the positiveness of —1/¢ and of k;. Thanks to
the assumption on the exponential moment of (A - M)p, the process x is a (nonnega-
tive) martingale on [0, 7] and thus amenable to Doob’s inequality from which the result
follows.

Let us now turn to the case of p < 0, i.e. when g = p%l € (0,1) and 0 < L < 1. Take
an exponential moment of (A\- M)y of order k > (1 —p)kq > kq := ¢* + $ 4+ /¢*> + q. We
define § := (l_kTQ)kq > 1 where §:=1+ %\/qz +g>1and po:=5/(8—1)> 1. Then

Efexp(5°)] = & Kp <5 . (—@))) ] —E[(zan)

1-p)/e
< E[exp(qu\ : M)T) ‘ ft} ,

where L is the dual opportunity process. The claim can then again be deduced from
Doob’s inequality. ]

We can now derive

Pr0p051t10n 4.5.5. Under the Assumptions 4.2.1 and 4.2.83 let U denote the optimal
strategy, X the optimal wealth process and Y1 the optimal dual minimizer with de-
composition vl = E(—h-M+ N) which we assume to be continuous. If we set

= log(u/(z)Y'/U'(X)) and Z := —i + (1 — p), then the triple (¥, Z,N) is the
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4.5 Relationship with Quadratic Semimartingale BSDEs
unique solution to the BSDE (4.2.6) with U € & where
1 2 g 2
F(,2) = 3 |B2] (B + X))

Remark 4.5.6. In analogy to Chapter 2, if N is not continuous but exhibits jumps
then the BSDE reads

1
d\Ift = Z;I’ th + dNt — F(t, Zt) dAt - 5 d(Nc>t + 10g(1 + ANt) — ANt, \I’T = 0,

where the driver F' is from the above proposition. The triple (\i’, Z , N ) is a solution to
this BSDE with AN > —1 since Y > 0.

Proof. An application of Itd’s formula to the process ] gives

A A . 1 - D 1

(4.5.4)

It remains to show that the generator in the previous equation corresponds to that given
in the statement of the proposition. Using the relation

?"B'B\ = D"B"Bk&

implied by Corollary 4.4.4 we end up with the following form for the generator of (4.5.4),

B Z+ A sls_ Z+ A

1—p 1—p
Now from the definition of Z together with Corollary 4.4.4 the following equation holds
pu-a.e. for all admissible v

2 2
_p(1—-p)
2

(1-p)
2

1 A
SIBZ|? + 2

(v=0)"B'B[(1-p)o— (Z+ )] > 0.

This equation can be understood as the subgradient condition for the convex function

2

to have a minimum over K at # holding p“-a.e. In particular, p4-a.e.

Z+ A Z+ X
Blv-— £ra Bln- £+A

I—p 1—p
Since it coincides with the generator of (4.5.4) u“-a.e. F' is hence of the claimed form,
paying attention to the signs and using the Pythagorean rule (see Theorem 4.5.7).

2 2
]_ —

= P inf

2 nex

1—-p

2
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A BSDE Approach to the Stability of the Cone Constrained Utility Maximization

Since N is assumed continuous we have constructed a solution (\i/, Z,N ) to the BSDE
(4.2.6) with ¥ € &. The claimed uniqueness then follows from Theorem 3.2.6 noting
that Proposition 4.6.3 implies the required Assumption 3.2.2 on the driver F'. ]

To write the processes X and Y in terms of the solution (\i’, Z, N) to the above BSDE
we first recall a classical result.

Theorem 4.5.7 (Moreau Orthogonal Decomposition). Let Q C R be a closed convex
cone and Q° C R its polar cone. Then for all q,r,u € R? the following statements are
equivalent:

(i) u=q+r,qeQ, r€Q° and ¢'r =0,
(i1) ¢ =g(u) and r = Ige (u),
where II denotes the projection or nearest point operator onto the indicated set.

Proposition 4.5.8. Suppose that the Assumptions 4.2.1 and 4.2.8 hold and that y =
u'(x) for some x > 0. Given (V,Z,N), the unique solution to the BSDE (4.2.6) with
U € & and the above driver F, we can write the optimizers, up to indistinguishability,
as

X*=z&@-M+v-(M))\), YV=y&(—F& M+N),

where the predictable integrands U and K are defined via

N|=

1 - A N
vi=-——PT2lpc(B(Z+)), #:=PT

— [BA =iy (B(Z +3))]

and satisfy, ,uA—a.e. Bv = Bv and Bk = Bk. The process (fi’j)i’jzlv._,d is chosen to be
a predictable process valued in the space of d X d diagonal matrices such that

Fij _ 1T%  ifi=j and T" #0
0 ifi# .

Proof. The formulae for X and © are given (up to null-investments) in Nutz [2011]

Corollary 3.12, see also Hu et al. [2005] Theorem 14 and Morlais [2009] Theorem 4.4.

To derive the result for Y observe that from Proposition 4.5.5 and the uniqueness result
in Theorem 3.2.6 (ii) we have the relation Z = —& + (1 — p)¥ which is equivalent to

B(Z+)\) =B(\A—#)+(1—p)Bb.

Since K is a cone we see that (1 — p)Br € BK, combining this with Corollary 4.4.4 and
using Theorem 4.5.7 we deduce that up to a p-null set

A

(1-p)Bo =Tpc(B(Z+A) and B(\— &) =pg)e(B(Z +N)). (4.5.5)
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4.6 Continuity of the Optimizers

We then use the relation B = I''/2P to write
I''Y2Pk = BXA — gy (B(Z + N)).

The matrix valued process I' may have some zero diagonal elements and so we may
not be able to invert the above relation uniquely. However, by the construction of the
process K we have that Bk = Bk holds pu“-a.e. Integrating the difference over [0,77] x Q
with respect to u? shows

B[((k=7) M), = [ 1B Rt =0

In particular the stochastic integrals # - M and K - M are indistinguishable so that the
representation for Y now follows. O

With regards to the nonunique representation of the optimal strategy we refer to the
Remarks 4.2.13 and 4.2.19.

4.6 Continuity of the Optimizers

In this section we prove Theorem 4.2.16 on the continuity of the optimizers

A

X" = X (A", P, p", K™) and 0" := p(A", P, p, K™)

for the problem

u'(@) = sup EpfU"(X7"")
14 cn

discussed in Section 4.2, to which we refer for any unexplained notation. For instance,
L™ now stands for a continuous local martingale that is orthogonal to M and which
appears in the density process of P"*. We assume throughout that the Assumptions
4.2.14 and 4.2.15 hold and that z = 1 which, due to the factorization property, is no
loss of generality. Moreover, we assume that every local martingale N™ arising in the
decomposition of the corresponding dual optimizer is continuous. This is the case under
the Assumption 1.2.1, for instance.

Continuity for an Auxiliary BSDE

The first result is an immediate consequence of the standing assumptions.

Lemma 4.6.1. Under the Assumptions 4.2.14 and 4.2.15 the sequence of random vari-
ables (¢")nen defined via

satisfies sup, ey Elexp(o¢™)] < 400 for all 0 > 0 and converges to zero in P-probability.
Proof. Let o > 0 and n € N, then we have

E[exp(o¢")] < 4E[exp(20L})]” + Elexp(20(L")1)]
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A BSDE Approach to the Stability of the Cone Constrained Utility Maximization

by Doob’s inequality. The second term on the right hand side is finite due to Assumption
4.2.14, uniformly in n. For the first term, adding and subtracting suitable multiples
of (L™)7, then using the Holder inequality together with the fact that the stochastic
exponential is always a supermartingale we see that it is finite, uniformly in n, as well.
The convergence to zero in probability is again a consequence of Assumption 4.2.15.
Actually, we can even deduce the L¢ convergence, ¢ > 1, from the Vitali convergence
theorem. O

Given the optimizers (X ”,}7”) Proposition 4.5.5 describes the link to the solution
triple (W™, Z™ N™) of the following BSDE under P" for n € Ny (written in generic
variables (¥, Z, N)),

AU, = 77 AM? + dN; — FI'(¢, Z) dA; — %d(N)t, — (4.6.1)
Here,
(%) = 5 1 B2]” = 5 [T (B + A" = 8",

M"™ := M+ (M) - f™ and N are continuous P"-local martingales which are orthogonal
and the necessary integrability conditions are satisfied with respect to the measure P".
To deduce the convergence of (X " }7") we shall show first that (\i/", Z" N ™) converges
to (\il, Z,N ). In order to do this it is necessary to perform a change of variables related
to considering the BSDE (4.6.1) under P rather than P™. This is the content of the next
proposition.

Proposition 4.6.2. Let (\il", zn, ]\7") be as above then the triple
(&0, 0m) = (87 + L7 — 417, 27 K7+ (N7, 17 + 17)
1s the unique solution to the BSDE under P
dV, = Z] dM; + dNy — F™(t, Z;) dA; — %du\m, Up =L} — (L"), (4.6.2)
with U € & where the generator is given by
Fo(12) = L Bel* - & Mpen (B + X B - (B2)"(BY), (463

q" is the dual number corresponding to p™ and the process N is a (continuous) P-local

martingale orthogonal to M.

Proof. The Girsanov theorem implies that O™ is a P-local martingale. To see this, define
the P"-local martingale L" := L™ — (L") and observe that d‘% =E(B" - M™—L"). Tt
follows that N” + (N " L™) is a P-local martingale. The orthogonality of O™ to M
follows from the fact that (N M™) = 0 and (M, L") = 0. Thanks to (4.6.1) the triple
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4.6 Continuity of the Optimizers

(2", V"™, O™) then solves (4.6.2) with driver (4.6.3). Moreover, once we show that 2" € &
then Theorem 3.2.6 provides the claimed uniqueness. Via Holder’s inequality, using the
notation of Lemma 4.6.1, we have the estimate

1/2
dP 2 < v 11/2 N
E[exp(g( ) )] < El(dﬂ”") 1 Epn {exp(élg(lll ) )} + Elexp(20¢™)] < 400
for all ¢ > 0. This completes the proof in view of Assumption 4.2.14. O

The BSDE (under P = PY) satisfied by (¥, Z, N) = (¥9, Z° N?) related to the opti-
mizers (X,Y) = (X Y?) is given by

1
d¥; = Z] dM; + dNy — F(t, Z;) dAy — 3 d(N);, Yp =0, (4.6.4)
where the driver F = FY satisfies
1 2 q 2
F(,2) =5 132" - 4 (B + W)

Our goal is continuity of the optimizers, which we prove via the stability result in Theo-
rem 3.2.7. We show that this theorem implies convergence of (2, V", O") to (¥, Z, N)
in an appropriate sense and then deduce the result for (\i/", zn, N ™). We first collect
some properties of the drivers F™.

Proposition 4.6.3. The following items (i)-(iii) hold for each n € Ny, P-a.s.

(i) For allt the driver F™(t,-) is continuously differentiable and convex (in z).

(it) It satisfies a quadratic growth condition in z. More precisely, for all t € [0,T],
z € R and g > 0,

|Q|

n n n ’7(60)
[F(t,2)| < 5 ||B B + o ||Bt()\ — B + SN | Bz,

where (o) =1+ ¢eo(1 +[¢"|/2).

(iii) For all t the function F™(t,-) is locally Lipschitz continuous, i.e. for z1,zy € R%,

‘Fn(t, 21) — Fn(t, ZQ)‘
+ 1"

1+|q"
< (HBtﬁ?H + 5 (1Bl + Bezal) +1a"] - 1Be( ﬁm) |1Bu(z1 = 20)).

Moreover, if Z = 20 denotes the process from above, then,

(iv) Under the Assumptions 4.2.14 and 4.2.15 we have that

T A A
lim |Fn(t, Zt) - F(t, Zt)| dAt =0

n—+oo Jo
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A BSDE Approach to the Stability of the Cone Constrained Utility Maximization

in LY (P) and hence in P-probability.

Proof. Ttems (ii) and (iii) follow from the explicit form of the driver together with the
generalized Young inequality and the Lipschitz property of the nearest point operator.
Items (i) and (iv) are a little more involved and we provide a proof, suppressing the
argument (¢,w) for brevity. Starting with item (i) we recall from Borwein and Lewis
[2006] Section 3.3 that for the function 6 : R — R,

6(z) :=||Bz — HBIC(BZ)HQ’

we have
Dze(Z())() =2 <Bz0 — HBIC(BZO); B()>
where D.0(z) denotes the differential of 6 (with respect to z) at a point zp € R? and

which is a linear functional on R?. Here, (-,-) stands for the inner product on RY.
We now can show differentiability of F™. From Theorem 4.5.7,

IB(z4+A"=B")|]* = | B(z4+A"=B") T pxen(B(2+A" = ™) ||* +|[Tpicn (B(z+A"— ™) ||

and we conclude that D,F™(z)(-) = (Bzo — ¢"Ilin (B(z0 + A" — ™)) — BA™, B(+)).
As to convexity we then derive from the Lipschitz property of IIgx» and the Cauchy-
Schwarz inequality, that for ¢ € (0,1) and for all 21, 25 € R?,

(DZF"(zl) - DZF”(ZQ))(Zl —2) > (1—¢")||B(z1 — 22)|” > 0.

This is the multidimensional version of monotonicity of the derivatives and it is equivalent
to the convexity property, see Borwein and Lewis [2006] Section 3.1. For ¢" € (—o0,0)
we use the representation

1 2 qr .
F'(z) = = |Bz||” = (B2)"(BB") + = inf >—2(n,B(z+ A" = B"))).
(2) = 5 1Bz = (B2)"(B8™) + % _int (Il —2(n. Bz + X" — "))
An infimum of affine functions (in z) is concave (in z), hence the last term is convex in
z due to the sign of ¢". Thus F' is convex as a sum of two convex functions.
We continue with item (iv). Using the definition of the drivers one can derive the
following inequality

|F™(t, Z4) — F(t, Zy)| < |g| : ‘HHBM Bz + M| — [ (Bi(20+ /\t))HZ‘

+ HBtZtH || BB |
q—q"
2

+ I

sy (Bu(Ze + M)

2t (B2 0 s (20~ )]
= G+ Hl + I + J}".
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4.6 Continuity of the Optimizers
We have to show that

T
lim EV (G?+H;Z+If+Jﬁ)dAt] =0,
0

n—-+00

for which we work term by term, beginning with G". By Proposition 6.2.3 (G™),¢cn then
converges to zero y-a.e. and is dominated by |g|- | B(Z + \)||?. In particular thanks to
the dominated convergence theorem we have

T
lim E / GPdA;| = lim G™ dpt = 0.
n—+00 0 n—+00 J[0,T]xQ
For the second term we apply the Cauchy-Schwarz inequality to get
T 2 .
EVO HY dAt] <E[(Z-M),|E[(8"- M),].

The convergence to zero now follows from Assumption 4.2.14 and the condition on 5.
For the I™ term we apply the contraction property of the projection map to deduce

El/oTIt”dAt] <M= Cgl(z 400,

from which the convergence follows. For the final term we first derive, similarly to item
(iii), the local Lipschitz estimate

Jp <1 (21BZal + 1Bl + 1B + 1BiBE 1) [ Bi v = X2 + 7))

Applying the Cauchy-Schwarz and Young inequalities we derive the existence of a con-
stant ¢, independent of n (due to the convergence assumptions the sequences appearing
in the estimates are bounded), such that

2
T
E V Jr dAt] <CE[((A = A"+ ") - M),
0
Letting n go to infinity and using Assumptions 4.2.14 and 4.2.15 the result follows. [

The Convergence Results
Theorem 4.6.4. Under the Assumptions 4.2.14 and 4.2.15 let the triple (@”,Z”,N”)
denote the unique solution to the BSDE (4.6.1) with W™ € € (and N™ continuous). Then

lim E{exp(g (‘i’” - \il)*)} =1,

n—-+o0o

lim E [(«Zn —2)- M)+ (8" = R)p)” 2] —0,

n—-+o0o
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for all o > 1, where (\T!,Z, N) denotes the unique solution triple of the BSDE (4.2.6)
with ¥ € € (and N continuous).

Proof. Using the notation of Lemma 4.6.1 and Proposition 4.6.2 we can write
0< (I — )" < (2" —0)" + (¢M)*.

Hence the sequence (exp(g(\if”—\f/)*))n <y 18 uniformly integrable and converges to zero in
P-probability. Both these claims are consequences of Lemma 4.6.1 and Theorem 3.2.7,
whose conditions are guaranteed by Proposition 4.6.3 and Assumption 4.2.14. Since
Z"=V" and

(N" = N)r <2(0" = N)r + 2(L")r,

we derive the second convergence in a similar fashion. O

We now show how this implies convergence of the objects of interest and begin with
the primal variables.

Theorem 4.6.5. Under the assumptions of the previous theorem we have that for all
0=>1
. T A 0/2] _
nEI—Il}ooE {<(V ) - M), } =0.
In particular, (0™ — D) - M converges to zero in M? and hence in the semimartingale
topology.

Proof. Using the definitions, it follows that the relation
lim E[((9" —2) M)2*] =0

n—-+00 T

is equivalent to

T
lim E /
n—-+o0o 0

To establish this we may proceed similarly to the proof of Proposition 4.6.3 (iv) so that
Proposition 4.2.9 (i) then yields the assertion. O

. . 2 o/2
Ugicp (B2 + A = B1))  Upue (B(Ze+ M) |7 _0
(1—p") (1-p) ' '

Theorem 4.6.6. Under the assumptions of Theorem 4.6.4 the sequence of processes
X" e X(z), n €N, converges to X = X% € X(x) in the semimartingale topology.

Proof. We note the dynamics of the optimal wealth processes given by (4.2.7) and set
=" M+ 0" (M)A,

for n € Ng. We show the convergence in H? of the sequence (Y"),en so that the result
of the theorem will follow via Proposition 4.2.9 (ii) since X" = £(T") and X = &£(Y?).
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4.6 Continuity of the Optimizers

Observe from Theorem 4.6.5 that (7™ — ) - M converges to zero in M? so that we need
only show the convergence of the finite variation parts, namely that

T 2
lim E[(/O |d(<;>".M,A".M>—<,>.M,)\.M>)|> ] =0.

Adding and subtracting (- M, A" - M) and then applying the Kunita-Watanabe inequal-
ity, we see that the above holds due to Theorem 4.6.5 together with the convergence of
(X" = X) - M)7 to zero in all L2(P) spaces. O

Theorem 4.6.7. Under the standing assumptions of this section the value functions u™
converge pointwise to u. Their derivatives converge pointwise to u'.

Proof. From the BSDE (4.6.4) the reader may verify the relation,
d(exp(W)U"(X)); = exp(U)U" (X)) (= dM; + dNy)
which implies that
YV =/ (2)V? = exp(0)U'(X) = Vo191 Pas.

It follows that ¢, = e‘i’O P-a.s. which shows that

u"(x) = U"(z)cpn = Un(z)e¥o  P-as.

From Theorem 4.6.4 we have that lim, |\i18 — \i/o| = 0 in probability. Hence for an
arbitrary € > 0, lim,,—,4+ o0 P(|¥§ — Wo| > €) = 0 which means that for n large enough,

P(|Wp — Wo| > ¢) < 1.

Since JFp consists of the P-null sets and their complements only, we thus derive that
there exists some mg € N such that P(|¥§ — Wy| > ¢) =0 for all n € N with n > mg. In
particular,

N An _ = — . ATL _ T, —
mgrpr<{sgg\wo ol > a}) mngIrloo]P’( L>J {|h — Wo| > 5}) 0
m>mo n>m

which is a well-known criterion for almost sure convergence. Hence lim,, \118 = \ifo
P-a.s. which implies the convergence of u"(z) to u(x). The convergence of (u")’ (z) to
u/(z) is then immediate. O

Similar arguments can be used to study the dual variables and we collect the results
together in the following theorem.

Theorem 4.6.8. Suppose that the assumptions of Theorem 4.6.4 hold. Then,
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(i) The processes (k" — &) - M, n € N, converge to zero in M?>.
(ii) The processes Y™ € Y(y), n € N, converge toY =Y € Y(y) in the semimartingale
topology.
(iii) The functions u", n € N, converge pointwise to u. Their derivatives converge
pointwise to u'.
Proof. Ttem (i) follows from the decomposition

AT — (1 _pn)ﬁn _ Zn

together with Theorems 4.6.4 and 4.6.5. Item (i) and Theorem 4.6.4 provides the con-
vergence of T" := A" - M + N" to & - M + N in #2 for all ¢ > 1. Convergence in the
semimartingale topology then follows from Proposition 4.2.9 (i) and (ii). For the last
item observe that from Theorem 4.2.8 we may write

1 1 n

W(y) = 0" W), T = ()7 = % Poas,

so that the claim is again a corollary of Theorem 4.6.4, as in the proof of Theorem
4.6.7. O
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5 Utility Maximization under Compact
Constraints and Partial Information

5.1 Introduction

In this final chapter we study the existence, uniqueness and stability of the constrained
power utility maximization problem under incomplete information. In contrast to Chap-
ter 4 we now rely purely on the BSDE results from Chapter 3 without any reference to
duality theory. As already mentioned, given the inclusion of investment constraints, the
second theme of the exposition is the inclusion of incomplete information to the power
utility maximization problem. This is meant in the following sense. We assume that the
agent as well as the regulator cannot access all the information which is present in the
market but only some restricted information which we model by a subfiltration of the
main filtration. For instance, it is natural to assume that they can observe the stock
prices or the stock returns only. Such a partial information framework has been studied
in Lakner [1998], Pham and Quenez [2001] and Sass [2007], amongst others. Here, we
analyze an even more restrictive setting. Following the ideas of Mania and Santacroce
[2010] and Covello and Santacroce [2010] we consider a filtration which may be smaller
than the filtration generated by the stock prices or the stock returns.

The main other features are now as follows. Firstly, following the exposition in the
previous chapter, we generalize the underlying model beyond the case of a bounded
mean-variance tradeoff by requiring appropriate finite exponential moments only. Sec-
ondly, we assume that at terminal time there is an additional bonus or penalty D which
applies to the investor’s accrued wealth. This is as in Nutz [2010b] but again we relax
the boundedness assumptions. As an example we may think of D as arising from a
stochastic tax rate whose level depends on the state of the economy at terminal time
T. Another interpretation of D is that it defines a measure change so that the portfolio
choice problem is under the agent’s subjective beliefs. Thirdly, trading in the market is
subject to constraints that are not necessarily convex but merely closed. This is exactly
as in Hu et al. [2005] with the exception that we do not require any nondegeneracy of the
stock dynamics in which case we additionally have to make use of the closure operator to
derive the appropriate results. However, we mention that the use of the closure operator
becomes superfluous if we restrict ourselves to compact constraints, hence the title of
this chapter. Since, contrary to Hu et al. [2005], Mania and Santacroce [2010] and Mor-
lais [2009], we do not dispose of any BMO properties, the verification argument becomes
more involved. It consists of applying a variant of Theorem 3.7.2, see also Heyne [2010)]
for explicit Brownian stochastic volatility models.

The main results thus consist of deriving the existence and uniqueness of solutions
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5 Utility Maximization under Compact Constraints and Partial Information

to the constrained utility maximization problem under partial information and of relat-
ing them to the appropriate BSDE. This is done under weaker conditions than those
which are present in the relevant literature. As an application of the stability result for
quadratic BSDEs we are then able to show that the optimizers depend continuously on
the investor’s risk aversion parameter, the market price of risk, the constraints and the
bonus at terminal time, alternatively, the measure change.

The present chapter hence is in line with the previous results and to some extent
of concluding character. It is organized as follows. In the next section we lay out
the framework of partial information as well as providing the investment constraints
together with the statement of the main result. We then relate the original problem
to an auxiliary one which can be interpreted as a problem under full information and
hence can be studied by using the BSDE results from Chapter 3. Finally, we provide an
analysis of the stability of the primal problem.

5.2 Framework and Main Result

Let us again recall the utility maximization framework from the Sections 1.2 and 4.2,
adapted to the present setting of partial information. We work on a filtered probability
space (2, F, (Ft)o<t<T,P) satisfying the usual conditions. The time horizon T is a pos-
itive number and Fj is the completion of the trivial o-algebra. All semimartingales are
cadlag.

In what follows, our aim is to develop and to analyze the utility maximization problem
within the setting of partial information which will be modelled by using a subfiltration
(Gt)ieo,r) of (Ft)iejo,)s i-e.

G C F  foralltel0,T],

satisfying the usual conditions. In particular, we have to be more precise about to which
filtration the processes in question are adapted. The filtration (gt)te[(m represents
the information which is available to the investor and the regulator or to which they
restrict themselves in choosing their strategies. In contrast, (ft)te[o,T} stands for the full
information of the economy.

The Market Model

The market consists of one bond paying zero interest and d stocks whose price process
S = (S',..., 8T has dynamics

dSt = Dlag(St) (th + d<M>tAt),

where M = (M*',..., M%7 is a d-dimensional continuous (Ft)tefo,r)-local martingale
with My = 0 and X is a d-dimensional (ft)t€[07T]—predictable process, the market price
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(/ N d )\t<+oo>:1.

For notational reasons it turns out to be convenient to also introduce the stock returns
process R, the d-dimensional continuous semimartingale whose components evolve ac-
cording to

of risk, satisfying

. dSt
dR! = —L = aM;} A(MLMIVN, i=1,....d
t — St +JZI > t ? bl y Wy
so that
S =50E(R).

The most natural assumption within this framework is that the investor can observe the
stock prices, i.e. F C G for all t € [0,T], where (F} )iclo,r) 18 the augmentation of
the filtration generated by the process S. A sligthly more restrictive but still natural
assumption is that they can observe the stock returns, i.e. Ff C G for all t € [0,T],
where (fﬁ)te[O,T] is the augmentation of the filtration generated by the process R and for
which we have that F;* C Ff for all t € [0,T]. If the evolution of the stock returns indeed
is part of the agent’s information flow, we conclude that R is a (Gt).e[o,r)-semimartingale
(see below) and that (M) is (G)¢e[o,r]-predictable which motivates one of our structural
conditions below.

However, in what follows, we consider a slightly more general situation. More precisely,
we do not require that (G¢).e[o,) contains (]'—tR)te[O,T}- In this case, R is not necessarily a
(Gt)iejo,m-semimartingale. This leads us to considering an additional filtration (Hy)sc[o,1]
which is the augmentation of the filtration generated by (Gi).e(o,r) and (ft}%)te[o,ﬂ, made
right-continuous. We then have

dR; = dM; + d(M); (N — AJ¥) + d(M) N = dM; + d(M)\]*,

where A is the (Ht)¢efo,r)-predictable projection of A and

Mt_Mt—i—/ Yo (As — AH)

defines an (Ht¢);c(o,7)-local martingale. This can be seen as follows. Note that we have
(M) = (M) = (R) and that this is (Ff )eelo,7]-> hence (Hi)yepo r)-predictable. More
precisely, we should refer to a common version of these quadratic variations since they
are defined in the different filtrations in the first place. We then need to show that the
localizing sequence of stopping times which is necessary for the local martingale property
of M can indeed be chosen (H;)¢c[o,r]-adapted, see Kohlmann et al. [2007] Lemma 2.2.

Remark 5.2.1. If (M) is (Gt);c[o,7-predictable (as it will be assumed in this chapter),
then the introduction of the auxiliary filtration (Hy)iec[o,7) is superfluous under the ad-

ditional assumption that A be (Gt);c(o,r)-predictable. If this is the case we choose M to
be identical to M, which is not necessarily a (Gt).e[o,r)-local martingale, but for which
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5 Utility Maximization under Compact Constraints and Partial Information

all the crucial calculations below remain true.

The Model Assumptions

Since we do not opt for assuming that A be (Gt)ic[o,r)-predictable, we put the following
structural conditions on the above model. This is in analogy to Mania and Santacroce
[2010]. As in the previous chapters u“ denotes the Doléans measure associated to M.

Assumption 5.2.2.

1) The process (M) is (G; -predictable and we have that \° := \9 = \* y4_q.e.
(i) p te[0,7]7P ;) K

ii) For any (Gt)ieio.m-local martingale M the process M,M 18 (Gt )ieio.-predictable.

€[0,T] €[0,T]
1i1) All (Gi)iero T-martingales are (Hy)ieio-local martingales.
€lo,7] €[0,7]

(iv) All (Gt)iepo,1)-local martingales are continuous.

Remark 5.2.3. If (F/*);cp0.7] is contained in (Gy)iejo.r) then (Hy)ieo,r) coincides with
(Gt)ieo,m and items (i)-(iii) from the above assumption are satisfied. In fact, this is
the main evample for the present study. We also mention that if (M) is (Gt)icpo,1)-
predictable then it follows from R = log(S) —log(So) + 3(R) = log(S) — log(So) + (M)
that (F/*);ep0,r] can be replaced by (FtS)te[O,T] in the definition of (H¢).ejo,7)-

We now recall the decomposition of the quadratic variation of M,
(My=C-A=PTP-A=B'B-A, (5.2.1)

where C is a process valued in the space of symmetric positive semidefinite d x d matrices,
A is an increasing process and P and I" are valued in the space of d x d orthogonal (resp.
diagonal) matrices and B := I'2 P. In what follows below we also need the Moore-Penrose
pseudoinverse Bt of B. Namely, after defining

I':= Diag(I'" - L{piingy,i = 1,...,d)

we set B := PTz. Note that due to Assumption 5.2.2 (i) all these processes are
(Gt)tefo,r-predictable.

In order to precisely describe the utility maximization problem under partial infor-
mation let us now consider the stock dynamics under the smaller filtration (Gt);c(0,77,
using ° to denote (Qt)te[()’T]—optional projection and noting that under the assumptions
of the present chapter this optional projection coincides with the (Gi);c[o,7)-predictable
projection for all the processes in question. More explicitly, under the Assumption 5.2.2,

AR = dMP + (M)A

where the prescription M¢ := E[M;|G,] = E[M,| Gi],t € [0, T], indeed defines a (Gt)eepo,1)-
local martingale. From Mania et al. [2008] we derive that for all i = 1,...,d the process
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(M?) — ((M?%)°) is increasing so that ((M?)°) < (M?). Tt follows that we can find an
analogous decomposition of the quadratic variation of M°, with A from above, i.e. A=A
and

(M°)=C-A=PTP-A=B"B-A,

where C’, ]5, I and B are matrix-valued (gt)te[ojT]—predictable processes with properties
analogous to those of C, P, I" and B.

Our exponential moments assumption on the mean-variance tradeoff now takes the
following form.

Assumption 5.2.4. We assume that (A-M)p = fOTHBt/\tHZdAt has a finite exponential
moment of some order cy > 0.

Remark 5.2.5. By He et al. [1992] Theorem 5.25 the Assumption 5.2.4 implies that
(N M)p = fg”BM?szAt has a finite exponential moment of order cy > 0.

The following structural assumption is then needed for the derivation of the corre-
sponding utility maximization BSDE.

Assumption 5.2.6.
(i) Ker(B) C Ker(B), y-a.e.

(ii) The process | BBY||? is bounded by a constant ¢t > 1. Equivalently, the eigenvalues
of (BBNTBB' are uniformly bounded by ct > 1.

Remark 5.2.7. We mention that item (i) of the above assumption is motivated by
((M*H)°)y < (M?) for i = 1,...,d and hence is satisfied when d = 1 or, more generally,
when M and M? are made of orthogonal components, i.e. when C and C are diagonal.
Using the fact that BB is the projector onto (Ker(B))* the above item (i) is equivalent
to the condition that

BB'B = B, pt-a.e. (5.2.2)

We also emphasize that the Assumption 5.2.6 is automatically satisfied if we consider
the portfolio choice problem under the assumption that the filtration (]—"ﬁ)te[O,T] is part
of the investor’s information flow, which is given by (G¢)eo,r)- In this case R° = R,

M° = M, (M°) = (M) = (M) and thus B = B. Hence (5.2.2) holds and since BB is
the projector onto Im(B) we find that the above item (ii) is satisfied with ¢! := 1. In
such a situation the focus is on utility maximization under closed constraints satisfying
a boundedness condition as described in Assumption 5.2.8. The assumption that the
agent can observe the evolution of the stock returns clearly is a natural condition.

Let us now work towards the investor’s portfolio selection problem. As in Chapter 4
we assume that their trading strategies must belong to some constraints sets C which
we introduce presently. In contrast to the previous chapter, in order to solve the utility
maximization problem, we are going to rely purely on BSDE theory in the spririt of Hu
et al. [2005] and do not refer to duality theory. As a consequence we do not assume that
the trading constraints are conic. Their closedness together with a suitable boundedness
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5 Utility Maximization under Compact Constraints and Partial Information

property will be sufficient. Given the inclusion of partial information this is the second
focus of study in the present chapter.

Assumption 5.2.8. There exists a (Gt);c(o,r)-predictably measurable closed multival-
ued mapping (t,w) — K(t,w) € R? such that 0 € K(t,w) for all (t,w) and such that
fOT Supyck, ||Brul|* dAy has finite exponential moments of all orders.

Remark 5.2.9. Note that together with Assumption 5.2.6 this implies that the random
variable fOT SUDPyerc, || Byul|2 dA; has finite exponential moments of all orders. Here and
in what follows, a major reference for closed multivalued mappings and their measura-
bility is Rockafellar [1976]. In particular, from Rockafellar [1976] Proposition 2.C and
Theorem 2.K we see that both (¢, w) = sup,cx, [|Brul|? and (t,w) — sup,cx, | Byu|? are
(Qt)te[QT]—predictable processes. However, there is some degeneracy related to closed-
ness that we have to address before moving further. Namely, for an arbitrary closed set
K the image BK under a linear mapping B need not be closed, see Pataki [2007] for a
discussion of sufficient and necessary conditions when I is a convex cone. In Chapter 3
we use that IC is polyhedral there, a condition that is not present here. We thus have to
make use of the closure operator cl in the sequel. However, observing that

sup [|Bul|> = sup [lw[|* = sup [w|?
uek weBK wée cl(BK)

we find that incorporating the closure operator does not affect the above assumptions.

Remark 5.2.10. We mention that the use of the closure operator is superfluous if
(t,w) — K(t,w) is a mapping of compact sets. In this case (t,w) — Bi(w)K(t,w) is a mul-
tivalued mapping of closed bounded sets. In particular, (t,w) — sup,cic(w) | Bt(w)ull®
is well-defined and Assumption 5.2.8 is satisfied if it is a bounded process, e.g. if
K(t,w) = K is a fixed compact set and the process max(I'“);—; 4 of the maximal
eigenvalue of C is bounded. This setting can serve us as the major example of appro-
priate constraints. Moreover, there is a certain tradeoff between imposing exponential
moments assumptions on A and on K. Weakening the conditions on either object typi-
cally requires stronger assumptions on the other, see the discussion related to the BSDE
and the measure change property below. We opt for fixing the assumptions as above.

The Investment Problem

We are now ready to introduce the notion of a trading strategy.

Definition 5.2.11. A d-dimensional process v is called admissible and we then write
S .A,gc, if

(i) Tt is (Gt)ejo,r)-predictable.
(ii) It is M-integrable, i.e.

T
P (/ l/;— d<M>tl/t < —|—OO> =1.
0
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(iii) We have that Bv € cl(BK), u4-a.e.

As in the preceding chapters, an admissible process v is interpreted as an investment
strategy and its components ¢ represent the proportion of wealth invested in each stock
St i =1,...,d, now subject to the investment and information constraints that are
determined by K and G. Then, requiring that v be (Gy);e[o,r)-predictable reflects the
fact that only the information encoded in the smaller filtration (G¢).c(o,7) may be used
for choosing a trading strategy. For some initial capital x > 0 and an admissible strategy
v, the associated wealth process X*" then evolves as follows

X =x&(w-R)=x&w-M+v-(M)N). (5.2.3)

Observe that under the Assumptions 5.2.6 and 5.2.8 all strategies v € A,gc are also M°-
integrable, due to item (iii) above. Similarly, in the above definition, item (iii) actually
also implies item (ii). Moreover, it should be regarded as the condition that “v € K",
given that strategies v € Ker(B) do not contribute to the investor’s wealth and under
the assumption that the case of a closed BI is the natural one.

As usual, our agent has preferences modelled by a power utility function U,

where p is now restricted to be positve, i.e. p € (0,1). They start with initial capital
x > 0, may choose admissible strategies v, and aim to maximize the expected utility of
terminal wealth.

Contrary to the previous chapter we assume that at terminal time there applies an
additional discount or multiplicative bonus D, where D is a nonnegative Fr-measurable
random variable that satisfies E[DP| Hr] = E[D?| Gr] =: DP > 0, P-a.s. and is such that
|log(D)| has all exponential moments. As an example we may think of D as arising from
a stochastic tax rate whose level depends on the state of the economy at terminal time
T and hence is beyond the information which is available to the investor. Alternatively,
we may think of a trader at an investment bank whose reward is a certain percentage
amount of the wealth acquired for their company. Another interpretation is that if

E[DP] = 1, then D can be considered as yielding a change of measure. The portfolio
selection problem is then under the investor’s subjective views determined by D, see
(5.2.4).

In conclusion, we are led to considering the following optimization problem, where
without loss of generality = = 1,

u(l) := mp E[U(DxY)| = =p E[DPU(X7)]. (5.2.4)

The dynamic formulation of this portfolio choice problem in the filtration (Gi)ejo,r)
amounts to
wy(1) = esssup E[U(ngT)\ G|, (5.2.5)
I/EA%
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where XV = £(v - R). The main idea is now to transform (5.2.5) into an equivalent
problem with full information, i.e. into a problem of the form

wJ(1) = esssup E{U(DXZTRZT)‘ G|, (5.2.6)
VG.A%

where X¥ = £(v-R°) and § is a (Gt)iejo,m-predictable process that represents a suitable
adjustment. In the full information case i¥ = 1, of course. Actually, this also holds when
(.Fﬁ)te[O’T} is part of (Gt)sejo,7r)- In general, we have

\/Z/ - 1 ’ 4
o exp<p2/0 (1Bl ~ 1B 2) dAt). (5.2.7)

Remark 5.2.12. A well established fact in dynamic programming is that (Ut(l))te[O,T]
and (utg(l))te[o,T

cadlag. In the sequel we thus assume that (u:(1))icp,7] and (uf (1)) +e[0.T] have been

chosen in their cadlag modification. For the proof of the supermartingale property
observe that for ¢t € [0, T the family (E[U (DX} )] Gt]),c 40 is stable by supremum, i.e.
’ K

| are (Gt)tefo,r)-supermartingales, hence admit modifications that are

for all v1,19 € A,gC we obtain from a calculation that
B[U(DX})| G VE[U(DX(3)| G = E[U(DXYr) G, P-as.
for v:i=1l1lg 4+ 1nlge € A% where
E = {E[U(DX}})|G] > E[U(DX}3)|Gi]} € G

We thus can deduce an increasing limit property of the mentioned family. More explicitly,
there is a sequence (Vp)pen in A,gC such that P-a.s.

w(l) = lim tE[U(DX/3)|G].

n—-+o0o

For s <t we then deduce from the monotone convergence theorem that P-a.s.

E[u(1)]Gs] = lim +E[E[U(DX}5)|G]

n—-+o0o

Qs} < esssup E[U(DX{r)| G

I/GA%

= esssup  E[U(DXY7)|Gs] < us(1),

VEA,%, v=0 on (s,t]

which shows that (u¢(1))scpo,7] indeed is a supermartingale for the filtration (Gy)ejo,7)
and the proof for (uf(1)) tejo,7) follows the same pattern.
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The BSDE in the Smaller Filtration and the Existence Result

As already announced we proceed in the spirit of Hu et al. [2005] and Mania and San-
tacroce [2010]. We solve the portfolio choice problem (5.2.6) by finding a solution to a
specific BSDE, performing a verification argument and finally constructing an optimal
strategy where in the last step we refer to measurable selection. The BSDE in question
is defined on the filtered probability space (2, F, (G¢)o<i<7,P) and takes the following
form,

1 }
AWy = Z] dM} + AN, = F(t, Z) dAy = 5 d{N), U7 =log(U(D)), (5.2.8)

where N is a continuous (G;)o<t<7-local martingale that is orthogonal to M¢ and the
driver F'is given by

_ o T _ 2 5
F(,Z) — p(pl)dist2<B)‘ +(B ) CZ,B/C>+p(1 p) +%HBZH2

2 1—p 2

B\ + (BN C2
I—p

Here, dist denotes the distance function on R? from a non-empty set.
We argue that the driver F'is (G;)o<¢<7-predictable for fixed z € R, We first observe

that
o T\T A o T A
dist <B A +1(_Bp) CZ,BIC> — dist (B A *{(_Bp) CZ,CI(BIC)) .

Using Rockafellar [1976] Corollary 1.P and Assumption 5.2.8 the multivalued map-
ping (t,w) — cl(By(w)K(t,w)) is (Gt)iepo,r)-predictably measurable. The (Gt)icpo,1-
predictability of F' then follows from Rockafellar [1976] Theorem 2.K.

We are now ready to state the first main result of this chapter restricting ourselves to
the question of existence.

Theorem 5.2.13: LAet Athe Assumptions 5.2.2, 5.2.4, 5.2.6 and 5.2.8 hold. Then there
exists a solution (¥, Z, N) to the BSDE (5.2.8) on (Q, F, (Gt)o<t<T,P), i.e. to the BSDE

1 }
AV, = Z] dM + ANy = F(t, Z) dA, — S d(N),, D7 =log(U (D)),

with driver

F(,z2)=—

—_ o AUe
p1-p) o <BA + (B¢

_9Bxe + (BHYTEN? + LiiBa)?
; — ,BIC> LB+ BY O + 5|32

(5.2.9)

where ¢ = -5 and where Elexp(0*U*)] < 400 for some 6* > 2. The dynamic value

process (ut(1) 107 from (5.2.5) is then given by

u(1) = exp(¥)
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and, after fixing an appropriate measurable selector (which indeed exists), we find that

R BX + (BN CZ
v _BTHd(B,Q< 1( ) ) (5.2.10)

defines an optimal strategy for the portfolio choice problem (5.2.4), i.e
u(1) = E|U(DX7)],
where U € A% and I1 stands for the nearest point operator onto the indicated set.

We recall that in the present framework, for a (Gt)yc[o,7]-predictably measurable mul-

tivalued function G : [0,7] x Q — 28", a measurable selector is a (Gt)iejo,r-predictable
process g : [0,T] x Q — R such that g(t,w) € G(t,w) for all (t,w) € [0,7T] x .

5.3 Information Constrained Utility Maximization

In this section we provide the proof of Theorem 5.2.13. We first transform the original
problem (5.2.5) to the auxiliary optimization problem (5.2.6), then provide a solution to
the BSDE (5.2.8) and finally use the martingale optimality paradigm to verify that this
solution gives us the optimizers.

5.3.1 The Auxiliary Utility Maximization Problem

This subsection concerns the derivation of the auxiliary optimization problem (5.2.6),
which can be interpreted as a problem for which (Gt);cjo,7) encodes full information.
We show that it is equivalent to the original portfolio choice problem under the present
constraints and partial information. We begin with a preparatory lemma.

Lemma 5.3.1. Let the Assumptions 5.2.2 and 5.2.4 hold and let v be a (Gt)icpo,1]-

predictable process which is M- and M°-integrable. Then we have v-M° = (v - ]\7)" and
E[E(v- M)y G| = E((v - M)°); for all t € [0,T], P-a.s. As a consequence, P-a.s. for all
t e [0,7], -

El€(v-M)| G =E(w - M®);.

Proof. We observe that v- .M and v-M° exist and that the Assumption 5.2.2 is satisfied for
v - M and for each of the components of M in place of M. We thus may refer to Mania
and Santacroce [2010] Lemma 1 for the second statement and to Mania et al. [2008]
Proposition 2.2 to show that for any (Gt);e[o,r)-local martingale M andalli=1,...,d,

(M, M) = ((M?%)°, M). Together with Jacod and Shiryaev [2003] Theorem IIL4.5 we
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then deduce

~ t M. M o ¢ Sd i@dAs o
<(V.M)07M>t:/0 Wd<M>s:/o D=1V dA, 4(T0),

d{M)s d{M)s
d i d((M¥)° M),
— ' Zl_l v <(7d1)45 > dAS d<H>S = <l/ . M07M>t7
0 d(M)s

where we use % to denote the respective Radon-Nikodym derivatives. Setting M :=

(v-M)° — v - M° then gives the claim and the final assertion is immediate. O

If in the above lemma we replace v by vy 4 for a fixed s € [0, 77, then the claim can

be stated as E[E(v- M)87t| G| = E(v-M?)s . We use this to derive the auxiliary dynamic
formulation (5.2.6) of the portfolio choice problem.

Proposition 5.3.2. Let the Assumptions 5.2.2, 5.2.4 and 5.2.8 hold. Then the dynamic
optimization problems (5.2.5) and (5.2.6) are equivalent, i.e.

u(1) = esssup E[U(DXtV,T)‘ Qt} = esssup E{U(beTFﬂtyT) ) gt} = uf (1),
vEAL veA{

where K¥ is defined in (5.2.7).

Proof. Using the definitions, the condition on D, the above lemma and the preceding
observation we obtain that for v € Ag,

sl (o) o

1 . T T
= —E|E[DP|Hr|exp <p(y - M) +p/ ve d{M)\S — g | Bsvs ) dAS>
t t

y
2

= r r T p°—p [T 2
=—-FE DPE[S(py-M)tT’gT} exp p/ vy d{M)s\? + 5 / | Bsvs||© dAs | | Gt
’ t t

. T p?—p [T )
=—-E|DPE(pv - M°) 1 exp p/ ve d{M)\o + / | Bsvs||© dAs | | Gt
t t
. pP—p [T 2 B2
:]E[U(DXLT) exp< ; /t (I Bl — | Bovs| )d,AS>

2
gt]
gt] )

which shows the desired identity. O

~E lU(DX;T For)

Remark 5.3.3. Observe that the existence of the auxiliary object (Hi)ic[o,r) is used
in the first equality of the above calculation. As an alternative, we could ask for the
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5 Utility Maximization under Compact Constraints and Partial Information

(Gt)iejo,r-predictability of both (M) and X. Then the introduction of (H;)sc[o,7] is not
necessary and we can restrict ourselves to using (Gt).ejo,r) in all the other structural
conditions (e.g. on D), see also Remark 5.2.1.

5.3.2 A Solution to the BSDE

Before turning our attention to solving the above portfolio selection problem by using the
martingale optimality paradigm we collect together the crucial properties of the driver
F from (5.2.9).

Lemma 5.3.4. Let the Assumption 5.2.6 (ii) hold. Then we have P-a.s.
(i) For allt € [0,T] the driver F(t,-) is continuous and convex (in z).

(7i) For all e9 > 0 and all t, z,

1—-p+1/e € o
70,2 < peol B + P sup e+ 250 s, 50
ueky

where y(gg) := 1+ 2pcleg.

(7ii) For allt € [0,T] the function z — F\(t,z) is locally Lipschitz continuous, i.e. for
all t,21, 29

1+ 2|q|
2

Pt 1)~ Flt,20)] < (2lal 1B + =72 (1B + | Besal) )1 B =)

Proof. As in the proof of Proposition 4.6.3 we obtain the representation

1. . 1— 2 Y
F2) = 518?22 e (P = 2 (e + (362,

2 u€B: Ky ( 1—p

where the infimum defines a concave function in z from which item (i) follows together
with the continuity of the distance function. Item (ii) is then derived by an application
of the generalized Young inequality to the last expression upon using Assumption 5.2.6
(ii). The last item follows from the Lipschitz continuity of the distance function using
Assumption 5.2.6 (ii) again. O

Remark 5.3.5. We remark that Lemma 5.3.4 (ii) gives us a family of growth estimates
which are parameterized by €9 > 0. In particular, we are able to choose an appropriate
e for which specific conditions that we find to be necessary hold.

Consistently to the notation in Chapter 3 we now set

(1—p+1/e0) /T
0

sup ||Btu||2dAt

uelCt

T o112 D
(o)1 i= pgo/o 1B dA; + a

and observe that there is a tradeoff between the conditions that have to be imposed
on the first and the second summand as g varies. As we will see below an important
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argument in performing the verification hinges on proving that a solution to the BSDE
provides a measure change in the spirit of Section 3.7. In particular, we need that
v(g0) < 2, so that we restrict ourselves to gy < 2}% in the sequel.

Proposition 5.3.6. Let the Assumptions 5.2.2 (i) and (iv), 5.2.4, 5.2.6 (ii) and 5.2.8
hold. If €5 > 0 is small enough, i.e. € < M then

(i) The random variable |log(U(D))| + la(g5)|, has an exponential moment of some
order 6* > 2, where §* depends on p, cy, ¢! and €5-

(ii) The BSDE (5.2.8) has a solution (¥, Z, N) such that E[exp(5*¥*)] < +o0, where
5% is from item (i).

(iii) For allv € .A% the stochastic exponential 5((Z+py)-M°+N) is a true martingale
on [0, T] for the filtration (Gi)ico,r)-

Proof. With regards to item (i) let f > 0 be some number that is small enough to satisfy

el <M Take5>1suchthatl<52<2”*,5*': > 2 and p —6€1>1.

60,82

Then by the Holder inequality we obtain

o 1 9 1/
E exp (6" ([log (U (D))| + la(=5) 1)) | < 5B [exp(pe™ log(D)))]

T 1/82
E [exp <p€3625* /0 ||Bt)\f||2 dAt>]

1/(Bo)

0*(1 — 1/€5

-E[exp<pgﬂ ( 2p+ /50)/0 sup | Beul|? dAt>] < 00,
ueky

since pej326* = cy.
Item (ii) then follows from Corollary 3.4.3 (i) since 0* > 2 > 7(ef;). We fix a suitable
* *
ep and o*.
With regards to item (iii) we need some more preparation. We assume that eg > 0 is an

arbitrary number that is small enough to satisfy g9 < m. Then define g(gp) := 1—¢p
and 1 o
e(eg) = = min(g()’ =, 0(50)~_7(50)) ’
2 2po(eo)

where (g¢) is as in Lemma 5.3.4 (ii). Finally, set

. d(c0)(1 — pe(eg))
20(20) = 3500) (1 = pe(e0)) — 1(e0)"

Then 1 > o(eo) > v(€0)/2 > 1/2, e(e0) > 0, go(eo) > 0 and lim. ;9 go(€0) = 14 (which
means that the limit is from above). The first three of these assertions are derived easily.
We also observe that lim., 9 e(e9) = 0 and that e(eg) = ¢ for gg sufficiently small. Since

go < ﬁ < 1+ 4c' 4 2/p we also have that og(eg) > 1 for g¢ sufficiently small from
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5 Utility Maximization under Compact Constraints and Partial Information

0*—2
’ 2(1+chf) A o A EO)
such that 1 < go(ef) < 2 We now proceed similarly to the proof of Theorem 3.7.2 and
consider for p:=1—¢},n>0,and v € AY.

which the last claim follows In particular, there exists an €f) € (0

~ 7 o \ ~ 1 5 0 \
log G, (t) :== on [((Z—i—pu) - M%)y —|—Nt} + o (2 - n) ((Z+pv)-M°+N),
to get from the BSDE (5.2.8) and the growth condition in (5.3.1),

~ ~ t ~ 1 ~
log G, (t) = @n(\I/t — WUy + / F(s,Zs)dAs + 3 d<N>t)
0

Fp M)+ (5= (24 ) M7 4 ),

A A

on(U* + |0 5 - (v o1
< on(W* + [Wol) + anla(ep)l, + an (2 = (2 n)) (Z-M°+ N),

o (1 Al .
p(v- M), +p*o* (2—77> (v M°);, + 2pp° <2—77) (Z-M°v-M°),

* Y N7
an(W* + [Wo|) + anla(eh)], + an (2 = ( - )) (Nt
0 (1 5
+@"<”+Q<—n) ol
2 n\2
1 1)1
. M° ~2 - - . M°
p(v- M)+ po ( (2 n) -3 nD (V- M),
where € > 0 is arbitrary, by the Young inequality. In what follows we choose € > 0 to

satisfy
1 1 20—
£=— min(eg, -, e ﬂ) = e(ep)
2 P 2po

where v = v(ef). Noting that for n > 1/2,

v @(1 ) p69’1 ‘ o(1 — pe) . .
S+= n)+=— |5 =<0 = n> = 00(e5) = 0§,
2 n\2 n |2 26(1 — pe) — 0 0

where indeed gf > 1 > 1/2, we have that P-a.s. for all ¢ € [0, 7],

Gy(t) <exp(an(* + o) ) exp(anlaler)], )

~exp(p(v - M°)*) exp <p§ 5

—nl{v- MO>T> , (5.3.2)

for all n > gf. Setting n* := 0*/2 > pfj > 1 and using the Holder inequality twice, firstly
with exponent 8 :=1/§ > 1 and secondly with exponent 8 := 2, we conclude from the
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5.3 Information Constrained Utility Maximization

exponential moments conditions on ¥*, |a(ef)|, and (v - M°)7 that

sup  E[Gy(1)] < +o0. (5.3.3)
7 stopping time
valued in [0,T]

It now follows from Lemma 3.7.1 that the stochastic exponential £(gn[(Z+pv)-M°+N])
is a true martingale for all v € A% and all n € (1, %), in particular for n := 1 = ﬁ <
5* /2 ’ ‘O

5.3.3 The Martingale Optimality Principle
We are now ready to prove Theorem 5.2.13 by using the martingale optimality principle.

Let (I, Z, N) be the solution to the BSDE (5.2.8) obtained in the previous proposition.
For arbitrary v € A% we then set

JY = U(X"k)

and deduce from Ito’s formula that

d(JVexp(0y)) = JVexp(Wy) | (Z; + pvy) AM? + dN;

B\ + (B)TC.Z,
1-p

+

_ o TNT& 5
p(1 —p) (diStQ(Bt)‘t + (B;)"CiZy — By,

B | —
2 1—p ’ ”) H

)

N ~ ~ 1-— N
= Jt”exp(\lft) ((Zt +pl/t) thO + Cth + ]9(2]9) U(t, Vg, Zt) dAt>, (534)

where for v € .A% and z € R?,

B\ + (B)C, B\ + (B)C, 2
U(t7Vt,Z)::diSt2< ! t_‘l_(—;) tZ7Bt/Ct)—H ! tt(_;) tZ—BtVt
B\ + (BY'C B\ + (B)'C 2
—dist2< ! t_}l_(—;) tZ,Cl(Bt/Ct))—H tt—il_(_;) tZ—Btl/t <0.

Note that Assumption 5.2.6 (i) is used in the application of It6’s formula in (5.3.4) via
the formula (5.2.2). Namely, there occur both By and Bv in (5.2.7). However, the
BSDE (5.2.8) is a BSDE for the local martingale M®, hence necessarily involves BZ. In
order to derive v, which is given in the above convenient form, in the multidimensional
case considered here we hence require a consistency relation between B and E’, the
Assumption 5.2.6 (i). From (5.3.4) we derive that

N 1 N . o 1-— : A
Jexp(V) = , exp(\IJO)E((Z +pv) - M°+ N) exp(p(2p)/ v(t, vy, Zy) dAt),
0
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5 Utility Maximization under Compact Constraints and Partial Information

which according to Proposition 5.3.6 (iii) is the product of a uniformly integrable mar-
tingale for the filtration (gt)te[O,T] and a positive nonincreasing (gt)tE[O’T]—predictable
process, hence a (Gi);e[o,r-supermartingale, see Jacod and Shiryaev [2003] Theorem
I1.8.21. Tt follows that for ¢ € [0, T,

Jtyexp(\flt) > E[J% exp(\T/T)‘ Qt}, P-a.s.

from which

exp(¥y) > E{U (DX}V,T’%ZT)‘ Qt}, P-a.s.
Since this holds for all v € A,gC we obtain, P-a.s. (see Remark 5.2.12),

exp(W;) > uf (1) = esssup E{U(D Vf,T"VfZT)‘ Qt} :
VEA,QC

In particular, P-a.s.

exp(¥o) > ud (1) = u(1) = sup E[U(DX%)} .

VEA%

Finally, we define

. BX + (BNYTCZ

where we fix a suitable measurable selector. Note that such a measurable selector exists
thanks to Rockafellar [1976] Corollary 1.C. Thus, ¥ € .A,gc. Namely,

1
2211y B <

[V

BX° + (BN CZ
Bﬁ:BBTHcl(}g}g)( A+ (BN)TC ):F

BX + (BY'CZ
L-p

lL—p
and, moreover,
v(,0,2) =0,

since all elements in the images of 2038 and B = '3 P have the same zero compo-
nents (which are closed) and for the nonzero components the closure does not affect the
distance function. We conclude that J”exp(¥) is a martingale so that we obtain, P-a.s.

exp(Wy) > uf (1) = ess sup E{U(DX{T/%;’TN Qt} > E{U (DX;’T/@”T)‘ Qt} = exp ()
veEAY
and
E|U(DX%)| = exp(Wo) = u(1) = sup E|U(DXF)].

VGA%

The continuity of ¥ and the cadlag property of (u¢(1))sejo,m and (ug(l))te[oﬂ, see
Remark 5.2.12, show that exp(¥) = u9(1) = u(1) holds up to indistinguishability.
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5.4 Stability of the Optimization Problem

Remark 5.3.7. It becomes clear again that the verification argument consists of proving
that some object is a true martingale, which is a recurrent theme in the present thesis
and at the heart of stochastic control theory, see condition (A) in the introduction.

5.4 Stability of the Optimization Problem

In this section we prove that the constrained utility maximization problem (5.2.4) is
continuous with respect to the input parameters p, A, K and D of the model, i.e. the
risk-aversion parameter of the agent, the market price of risk process, the constraints
sets and the discount or measure change factor. We proceed similarly to Section 4.6
under the appropriate assumption on the mean-variance tradeoff. More specifically, we
impose the following condition.

Assumption 5.4.1. We assume that (A- M)p = fOTHBt)\tHQdAt has finite exponential
moments of all orders.

We then have

Theorem 5.4.2. Let the Assumptions 5.2.2, 5.2.6, 5.2.8 and 5.4.1 hold. Then there
exists a unique solution (V,Z,N) to the BSDE (5.2.8) with ¥ € € and we have u(l) =
exp(¥) where the corresponding optimal strategy 0 € A% is given by (5.2.10).

Proof. For all g > 0 the random variable |log(U(D))| + |a(e0)|, has exponential mo-
ments of all orders. The first claim then follows from the Theorems 3.2.5 and 3.2.6.
Moreover, for g9 > 0 sufficiently small and all v € A%, the stochastic exponential
E((Z +pv) - M°+ N) is a true (Gt)tejo,r-martingale on [0, T], which follows as in the
proof of 5.3.6 (iii). The reasoning from the previous section then yields the result. [

With regards to the stability analysis let

(An)nel\ﬁ (pn)nENa (Kn)nEN and (Dn)nEN

be sequences of parameters that converge to A =: A%, p =: p% K =: K® and D =: D° in
a sense that will be specified shortly. Fix n € N. We have that each A" is a predictable
M-integrable process so that it leads to dynamics for the asset S = S™ of the form

ds;' = Diag(S}") (M, + d(M)X}).

In addition, assume that (A")° = (A\")9 = (A")M, pA-a.e. for all n € N. Each risk
aversion parameter p™ is valued in (0, 1) and corresponds to a utility function

n

1
— , x>0.
n

p

U(x) .= —aP

Each D" is an Fpr-measurable random variable satisfying

E[(D")"|Hr] = E[(D")?"|Gr] =: (D™)*" >0, P-as.
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5 Utility Maximization under Compact Constraints and Partial Information

and each constraints set K" is assumed to satisfy Assumption 5.2.8 so that we can
consider the primal problem as a function of the inputs,

up (1) := esssup E[U" (D" X3 ) |, (5.4.1)

veAL,
where X™" represents the wealth acquired from an investment in S™ so that we have
X" =Ew-M+v-(MN). (5.4.2)
In what follows we prove the continuity of the optimizers
X" = X™"" and " := p(A\", p", K", D",
for this problem. In view of Theorem 3.2.7 the following assumption is appropriate for

our purposes.

Assumption 5.4.3. The preferences and markets converge in the following sense,

lim p"=p and

n—-+00

lim (([(A")° = X°] - M)+ D" = D|) =0

n—-+o0o

in P-probability. The constraints sets converge in the sense of the closed topology

Lim cl(BK") = cl(BK), p*-a.e.

n—-+o0o

see Appendix 6.2 for more details. Moreover, if eg < we assume that

[ S
2 max(p™,n>0)ct’

SupE[eg(1og<f>">+a”<ao>1)} <+
n>0

for all 0 > 0 where

(1 —p" +1/eo)
2

Mol = peo | BN dA 1 P ' 2dA
[a”(eo)l1 == p"e0 | [|BAA)°(" dA + sup [| Byul|” dA;.
0 0 ueky

Remark 5.4.4. With regards to the appropriate mode of convergence of the market
price of risk processes and in analogy to the conditions present in Chapter 4 we could
have required that ((A™ — \) - M)r have all exponential moments, uniformly in n, and
that (A\™ —A) - M)r — 0 as n — 400 in P-probability. These conditions imply the
corresponding conditions in the above assumption as is easily checked using the universal
property of the optional projection together with He et al. [1992] Theorem 5.25. In view
of Proposition 6.2.2 and the invariance of the distance function under the closure operator
a condition equivalent to Lim,,_, 4 c1(BK") = cl(BK) is that dist(-, BK™) — dist(-, BK)
pointwise as n — 400.
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5.4 Stability of the Optimization Problem

Under the Assumptions 5.2.2, 5.2.6 and 5.4.3 and for fixed n € Ny we have from

Theorem 5.4.2 that there exists a unique solution (¥, Z", N™) to the BSDE (written in
generic variables)

1 g
d\I/t = Z;/r thO + dNt — Fn(t, Zt) dAt — 5 d<N>t, \I’T = log(U(D")), (543)

with ¥" € € and where F" is given by

ni1 _ . n n\o T A
Fn(.’z) = _]?(].2]9) dist? (B()\ )1+]()‘§ ) CZ,B]C”)

- % |BOM® + (BT)TC*ZH2 + %Hézu?

Moreover, u”(1) = exp(¥") and

o B + (BHTCZn
v = BTHd(BlC”)( ( ) 1 —(pn) )

defines an optimal strategy of the portfolio choice problem for the input parameters A",
p™, K™ and D™. Clearly, our goal is now to use Theorem 3.2.7 for which we need that
the drivers F'™ converge appropriately. This is the content of the following lemma.

Lemma 5.4.5. Let the Assumptions 5.2.6 (ii) and 5.4.3 hold. Then, setting 7 =29,

n—-+40o

T
lim EVO |F"(t, Z,) — F(t, Zt)|dAt] = 0.

Proof. Using the definition of the drivers one can derive the following inequality
\F™(t, Zy) — F(t, Z;)|

1— B\ + (BNC,Z B\ + (BN C,Z
pl=p) . p) dist2< t t+1(_;) t t,BJC?) —dist2< t tt(_;) t t,BtICt>|

B + (BNTC,Z, B,(\")? + (B))TC,Z,
dist2< N+ (Br) C t,BﬂCﬁ)—dist?( tA)7 + (By)'Cy t,Bth,’})‘

<

p"(1—-p")

L

1—-p 1—p»
1—p)—p?(1 — p" o ™NT& 5
[p(1 —p) —p"(1 —p")| dist2<Bt)\t +(B}) CtZt,BdC?)
2 1—p
IS B + (B Gzl 4 31BN + (B Cz]|* = | B + (B ozl
— G} + HP + I + J7".

+
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5 Utility Maximization under Compact Constraints and Partial Information

As in the proof of Proposition 4.6.3 we have to show that

T
lim El/ (G?+H{L+If+Jﬁ)dAt1 =0,
0

n—-4o00

for which we can work term by term. For instance, by Proposition 6.2.2, (G™)nen
converges to zero p“-a.e. and is dominated by |q|(||BZ|? + ||[BA°)||?). In particular,
thanks to the dominated convergence theorem, we have

T
lim El / a7 dAt] = lim G™ dpt = 0.
0

n—+oo n—-+00 [0,T]xQ

Similarly, following the same pattern as in the proof of Proposition 4.6.3, we use the
local Lipschitz estimate for the distance function, Proposition 6.2.2, the boundedness of
M, Assumption 5.2.6 (ii) and the given integrability to finally derive all the desired
individual convergences. O

We are now ready to state the BSDE stability result 3.2.7 adapted to the present
framework.

Theorem 5.4.6. Let the Assumptions 5.2.2, 5.2.6 and 5.4.3 hold and let the triple
(W™, Z™ N™) denote the unique solution to the BSDE (5.4.3) with Y™ € & then

lim E{exp(g (\ifn - \i’)*ﬂ =1,

n—-+o0o
: on > o T \ o/2 _
i B[(((2" = 2) a0y, (5= 802) ] <o
for all o > 1, where (U, Z, N) denotes the unique solution triple of the BSDE (5.2.8)
with ¥ € €.

As a consequence, we immediately derive the convergence of the value processes. We
have the following theorem.

Theorem 5.4.7. Let the Assumptions 5.2.2, 5.2.6 and 5.4.3 hold and let (u™(1))neN
be the sequence of the dynamic value functions for the constrained utility maximization
problem (5.4.1) which we know to satisfy u™(1) = U™, Similarly, let u(1) be the dynamic
value function for the problem (5.2.5) with u(l) = U = U0 Here, U™, n > 0, are
components of the corresponding unique BSDE solutions with U" € . Then for all
0>0,

lim E| sup |uf(1) —u(1)]?| = 0.
n—+00 te[O,T}| ¢ |

A A

Proof. From the proof of Theorem 3.6.1 we know that exp((¥" — ¥)") converges to one
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5.4 Stability of the Optimization Problem
in LP2(P) for B > max(1/p,1). Hence,

_ - -
E| sup |u?(1) _ut(l)’g =E| sup ‘e\Ijt _e‘l’t
tefo,T] [£€[0,T]

N R o
<E (esupte[o,T1|q’?q’f| — 1) exp(g‘i’*)]

R gy O
< [ (ol 1) ] E[exp(A0/ (3 — 1))
0

as n — 400 by the Hélder inequality and ¥ e e ]

If, in addition to the Assumption 5.2.8, the constraints sets are convez, then the
nearest point operator is a well-defined mapping on R?. In particular, optimal strategies
are unique in the sense that the corresponding stochastic integrals with respect to M
are indistinguishable. In this case we have the following stability results.

Theorem 5.4.8. Let the Assumptions 5.2.2, 5.2.6 and 5.4.3 hold and assume that the
K" are convex. Then for all o > 1

lim E[((0" —9) M)2*] = 0.

n—+o0o T

In particular, (0" — 0) - M converges to zero in M? and hence in the semimartingale
topology.

Proof. Using the definitions, it follows that
. “n Ay 0/2] _
Jlim E (" =) - M) =0

can be derived from

o A A 2 0/2
1~1 Bt()\")D—I—(BT)TCtZ" B ~ Bt>\0+(BT)TCtZt
FQFQHCI(BJ@)( (B t) rar Hcl(BtICt)<t it dA;

Bz(A")§+(BZ)TétZ?> I B\ +(B))TC 2, QdA o2
T )| o)

(NI
[SIE

Hcl(Btic;l) ( 1—pn I—p

To establish the result we proceed similarly to the proof of Lemma 5.4.5, now using
Proposition 6.2.3, so that Proposition 4.2.9 (i) then yields the final assertion. O

Theorem 5.4.9. Let the assumptions of the previous theorem hold and suppose that the
conditions on the convergence of the market price of risk processes are as in Remark
5.4.4, then the sequence of processes X" = X" neN, converges to X = X7 in the
semimartingale topology.
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5 Utility Maximization under Compact Constraints and Partial Information

Proof. We note the dynamics of the optimal wealth processes given by (5.4.2) and set
T =0" - M+0"- (M)\",

for n € Ng. We show the convergence in H? of the sequence (Y"),cn so that the result
of the theorem follows from Proposition 4.2.9 (i) since X™ = £(Y") and X = £(T9).
Observe from Theorem 5.4.8 that (9" — #) - M converges to zero in M? so that we need
only show the convergence of the finite variation parts, namely that

T 2
lim E[(/O |d(<;9".M,)\”.M>—<ﬁ.M,)\-M>)|> ] =0.

Adding and subtracting (7 - M, A" - M) and then applying the Kunita-Watanabe in-
equality, we see that the above holds due to Theorem 5.4.8 together with the assumed
convergence of (A" —\) - M)r to zero in all L¢(P) spaces. O
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6 Appendix

6.1 The Solution for Logarithmic Utility

For completeness we here describe the unconstrained continuous case when p = 0. The
results are well-known. Our method of finding the optimizers relies on the precise de-
scription of the dual domain given in Theorem 4.4.1 and hence leads readily to the
results. If it exists, the optimal Y is given by

YV =y&(-A-M+N)=yE(-x- M)E(N),

where N is a local martingale orthogonal to M. In the present situation we can explicitly
compute N. Using E[E(N)p| <1 for an arbitrary local martingale N orthogonal to M
together with Jensen’s inequality, we have for Y = y&(—\- M + N) € V(y),

E|U(Yr)| = ~Ellog(Vr)] - 1 = —Ellog(y £(~A - M)1)] — Elog(£(N)r)] - 1

—Eflog(y £(=A- M)1)] — log(E[E(N)r]) — 1

y&
—Ellog(y E(=A- M)7)] — 1.

(AVANAYS

This shows that

inf E|U(Yr)| > —E[l E(-\-M -1,
vy e oy BV (7)) = —Ellog(y £( )7)]

with equality attained when N = 0. We conclude that ¥ =y E(—A- M ) by its unique-

ness. We necessarily have that Y = U'(Xp) = 1/ X7 so that XY = E[XpYp|F| = 1.

Moreover, we see from

1 N
exp()\-M+2)\-<M>)\) :%:yX
1
:exp<1/ Mf§17-<M)19+19 (M})\)

that the relation (A—2)-M = 0 holds. We can therefore regard A as the optimal strategy.
In order to complete the picture, we note that

¥ = log YA =log(XY) =0,
U'(X)
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6 Appendix

A

so that our BSDE (1.3.1) reduces to the trivial one with solution triple (\il, Z,N) =
(I, 0 — X N) = (0,0,0).

To describe the opportunity process in the logarithmic case we observe that the value
function is given by

u(z) =log(z) + E |:(A M) + % (A M)p| =log(z) + Ao,

where we have set

T 1
A= El/ AsdM, + 5 XL d{M) o\,
t

]-"t} = E[log(XT/X't) ‘]'—t}
= Ellog(X7)| F] — log(X,) = E[U(X7)| F] — U(X,),

so A is nothing else but the opportunity process for logarithmic utility in the spirit of
Nutz [2010b], see also Mania and Tevzadze [2008]. In the present case of a continuous
filtration, A satisfies the linear BSDE

1
dAt - Ct th - 5 A;— d<M>t)\t + st, AT = O,

where L is orthogonal to M. This BSDE also appears in Hu et al. [2005], Mania and
Tevzadze [2008] and Morlais [2009] and should be regarded as the right object of study
when dealing with logarithmic utility.

6.2 Set Valued Analysis

In this appendix we provide the necessary definitions from set valued analysis relevant
to the present thesis. We fix a sequence (J"),en of closed nonempty subsets of R and
begin with the analogue of lim inf and lim sup for sets, see Aubin and Frankowska [1990].

Definition 6.2.1. The upper limit of the sequence (J")nen is the subset

Limsup J" := {:E c R4

n—-+o00

lim inf dist(x, J") = 0}

n—+400

:{:UG]Rd

x a cluster point of an (x,)pen, Tn € J" for all n € N},

where dist denotes the usual distance function from a set in R¢. Similarly, the lower
limit of the sequence (J™)nen is the subset

n——+o00

Lim inf J" := {;1: c R

lim dist(x, ") = O}
n—4o0o

:{xERd

r= lim =z,, where z,, € J" forallnEN}.

n—-+oo
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6.2 Set Valued Analysis

A set J is called the closed set limit of the sequence (J")nen if the upper and lower
limit sets coincide, i.e.
J = Limsup J" = Liminf J",

n—+o00 n—+0o0

in which case we write J = Lim, 100 J".

We note that if (J")nen is a sequence of (convex) predictably measurable multivalued
mappings then J = Lim, 1. J" is a (convex) predictably measurable multivalued
mapping as well, see Proposition 6.2.2 and Rockafellar [1976] Proposition 1A.

The following proposition shows that the above notion of set convergence implies
pointwise convergence of the distance functions. Actually, it is equivalent to the latter.
This motivates the choice of the above set convergence, which is often called Kuratowski
convergence in the literature, as the appropriate notion of convergence of sets.

Proposition 6.2.2 (Beer [1987] Lemma 2.0 and Theorem 2.3). The following are equiv-
alent:

(i) The sequence (J™)nen of closed nonempty sets converges to J, i.e.

J = Lim J".

n—-+o0o

(ii) The sequence (dist(-, J™))nen of functions converges pointwise to dist(-,J).

In the case that the sets J™, n € N, are also convex, we derive from Schochetman and
Smith [1992] Theorem 3.3 that the above set convergence is also equivalent to pointwise
convergence of the nearest point operators. We state the claim that is important to our
study.

Proposition 6.2.3 (Schochetman and Smith [1992] Theorem 3.2). Let II stand for
the nmearest point operator onto the indicated (closed and converx) set. If the sequence
(T™")nen of closed and convex nonempty sets has a set limit denoted by J then the
sequence (I7n)pen of mappings converges pointwise on R? to II7.

We include a different and direct proof for the convenience of the reader.

Proof. Let z € R and z € J = Limy 100 I, i.e. there exist x, € J" such that
x = limy,— 400 T We have that (z—I7n(2), I 7n(2)—x,) > 0 due to the characterization
of the nearest point operator. It follows that
0 < (z—Myn(2),Ign(2) = 2) + (z = Mgn(2), 2 — zn)
< —llz =g + Iz = Lre ()] - |12 = zal,
so that )
2l = 1Tz ()" < (2]l + [TLgn (2)]]) - 1z = za]l- (6.2.1)

We argue that the sequence (II7n(z))nen is bounded. If not, there would be a subse-
quence of it with norm tending towards +oo. This would contradict (6.2.1) since, due to
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the convergence of ||z — x|, the right hand side would tend to 4o in first order while
the left hand side would go to +o00 in second order. We therefore can choose a subse-
quence (II7n4(2))ken of (IL7n(2))nen which converges to some zy. By our assumption
on the set convergence, zy € J. Moreover, we have that

20— 2ll = Jim [Tgme(z) =2 < Jim Jan, — 2] = 2 - 2],

ie. |lzo0 — z|] < ||z — z|. Since z € J was arbitrary, we conclude that ||zo — z|| =
minge 7 ||z — z|| from which zy = II7(z). In fact, the above reasoning shows that any
cluster point of the sequence (II7»(2))nen coincides with zg = I 7(z), which shows that
there is exactly one accumulation point of this bounded sequence, hence I17(z) = zp =
limy,—s 4 oo I 7n (2). O

The final proposition shows that the alternative assumption given in Remark 4.2.19
and used in Kardaras [2010] also leads to the appropriate convergence of the projections.

Proposition 6.2.4. Let the sequence (J™)nen of closed and convex nonempty sets have
a set limit denoted by J and suppose that Q is a d X d matriz such that Ker(Q) C J"
for allm € N and Ker(Q) C J. Then QJ = Limy 400 QJ™.

Proof. We must show that

QJ CLiminf Q7" C LimsupQJ" C QJ.
n—+00 n—+o00
The first containment is an easy consequence of the definitions and we omit the details.
Since one always has Liminf, . QJ"™ C Limsup,,_, ., QJ" we need only prove the
final containment.

Let y € Limsup,,_, ., Q@J", this means we may find sequences (y,)nen and (z,)nen
for which y, = Qx,, and x,, € J" for all n € N and such that (y,, )xen converges to y for
a subsequence (ng)gen. We must show that we can construct x with x € J and Qz = y.
For each £ € N we may decompose xz,, uniquely as z,, = 37,1% + a?%k with x}lk € Ker(Q)
and 33721;@ € Ker(Q)*. From the assumption Ker(Q) C J" we see that for all € € (0, 1),
—(=¢) a:}% e J™ so that

[

(1-— a)x%k ) (1—¢e)xy,, € T

5 ng

by convexity. Since each J™* is also closed, letting € tend to zero we see x%k € J™. From
the above construction it follows that x%k = QTank, where QT is the Moore-Penrose
pseudoinverse of Q. Define now the vector z := Q'y, then we have z = limy_,, x%k
since

27, — 2l < QT Qa7 — yll = 1R - 1Qwn, — yll = Q] - llym, — vl

where the right hand side tends to zero. We derive that x € Limsup,, ., J" = J and
y = limg_ 400 Qp, = limg_ 4 oo Qx%k = Qx, hence y € QJ. O
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