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CHAPTER 1

INTRODUCTION

The general idea behind portfolio optimization problems is the following: An investor, endowed
with some fixed initial capital z € R, has to decide how many shares of which assets she should
hold at which time in order to maximize her optimality criterion in terms of her wealth at some
fixed time T' > 0 (Korn, 1997, p. 1).

The most intuitive approach to defining such a problem is probably to maximize the expected value
of the investor’s terminal wealth. In general, however, this does not reflect an investor’s attitude
towards risk. Indeed, most investors prefer a sure return of 2 percent over some risky investment
with an expected return of 2.2 percent (Eberlein and Kallsen, 2019, p. 461). In the early stages of
portfolio optimization problems, there were two approaches to describe the preferences of investors.
Von Neumann and Morgenstern (1947) proposed axioms of rational behavior and proved that an
investor accepts and acts according to these axioms if, and only if, she measures her preferences in
terms of the expectation of some utility function applied to her terminal wealth. A utility function
is a strictly increasing, strictly concave function capturing that most investors are risk-averse and
prefer larger amounts of money over smaller amounts. The second approach was established by
Markowitz (1952). He used a mean-variance criterion, i.e., he considered investors trying to achieve
a high expected return while keeping the variance of the portfolio small. More specifically, the
expected return is maximized under the constraint that the variance is bounded by some constant.
While Von Neumann and Morgenstern (1947) only considered gambles or lotteries, Markowitz
(1952) was the first to consider a problem of optimal investment. At that time, the mean-variance
approach was only suited for one-period problems (Korn, 1997, p. 1). The starting point for
continuous-time portfolio optimization problems using expected utility was provided by Merton
(1969). He considered stock prices in continuous time governed by geometric Brownian motions.
He also showed that the problem of optimal investment (and consumption) can be reduced to

solving the so-called Hamilton-Jacobi-Bellman equation, a nonlinear partial differential equation.
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Later, Karatzas et al. (1987) introduced a different method for solving continuous-time portfolio

optimization problems — namely, the martingale approach.

Note that many authors, including Merton (1969) and Karatzas et al. (1987), consider optimal
investment-consumption pairs and maximize the sum of cumulated (over time) utility from
consumption and terminal utility of wealth. In this thesis, we are interested exclusively in optimal

portfolios and do not consider the problem of optimal consumption any further.

Soon after its introduction, expected utility theory attracted substantial criticism. One famous
example is the Allais paradox (Allais, 1953; Karmarkar, 1979). Further criticism followed from
Kahneman and Tversky (1979) (see also Tversky and Kahneman, 1992), whose (cumulative)
prospect theory presented an alternative to the classical terminal utility maximization. In spite of
all criticism, expected utility maximization is still the most widely used objective for portfolio
optimization. However, the method has since been further developed in many different directions.
Let us mention a few examples of modifications of the original problem. One direction includes
financial markets beyond geometric Brownian motion, including stochastic volatility, jumps, or
more general semimartingale stock dynamics (see, for example, Kallsen and Muhle-Karbe, 2010,
for utility maximization in a stochastic volatility model; Bauerle and Blatter, 2011, for optimal
investment and reinsurance in a jump-diffusion model; and Cerny and Kallsen, 2007, for the
mean-variance problem in a general semimartingale model). Other generalizations of the original
problem include the use of adaptive utility functions (so-called forward utilities), additional
constraints, or separate utility functions for gains and losses (see Musiela and Zariphopoulou, 2006,
for the introduction of forward utilities; Basak and Shapiro, 2001, for an example of an additional
constraint; and Tversky and Kahneman, 1992, for the cumulative prospect theory in which gains

and losses are treated separately).

A relatively recent development in the field of portfolio optimization is the inclusion of competition
between investors. This feature is motivated by the large variety of empirical evidence for
competition between managers in the mutual and hedge fund industry. Indeed, Lacker and
Soret (2020) state that a ,particularly important and by now well-established point is that
mutual fund choice is highly influenced by relative performance®. Moreover, Bielagk et al. (2017)
give the following intuitive justification of relative performance concerns: ,Making a 1 Euro
profit while everyone else made 2 Euro feels distinctly different had everyone lost 2 Euro“. The
empirical literature on relative performance is vast and we can only cover a fraction here. Some
frequently mentioned articles are Chevalier and Ellison (1997) as well as Sirri and Tufano (1998)
for competition between mutual fund managers, Agarwal et al. (2004) for competition between
hedge fund managers, and Brown et al. (2001) as well as Kempf and Ruenzi (2008) for competition
motivated by career motives. Further, we refer to the introductions of Basak and Makarov (2015)
as well as Lacker and Zariphopoulou (2019) for a more detailed overview. Relative concerns can be
motivated by different factors. On one hand, there are career concerns (Basak and Makarov, 2015)
like promotion schedules for managers (Anthropelos et al., 2022) or peer-based underperformance
penalties (Bielagk et al., 2017). On the other hand, companies are concerned with their reputation
as well as their desire to attract new clients (Anthropelos et al., 2022) and to generate higher

money inflows (Lacker and Zariphopoulou, 2019). Taking the argument a step further, Dos Reis



and Platonov (2022) argue that ,benchmarking is a feature of human nature®.

The empirical evidence on competition between managers gave motivation to the new research area
of competitive portfolio optimization problems in continuous time which has grown rapidly over
the last decade. Adding to the introductory work of Espinosa (2010), Basak and Makarov (2014),
and their many successors, this thesis is focused on portfolio optimization problems in continuous
time for some (infinitely) large number of agents that base their decisions on relative performance
concerns. In five main chapters, we take a look at such problems from various perspectives and
on different levels of generality. The competitive feature is incorporated in three different ways —
via the objective function, in a stochastic constraint, and via cumulative price impact. In each of
these situations, we are able to find explicit solutions to the emerging multi-objective optimization

problems applying two different notions of optimality.

Each of the main chapters (Chapters 3 and 5 — 8) includes a comprehensive introduction containing
a literature overview of the corresponding research area and a general motivation of the problem.
More precisely, this thesis is structured as follows. Chapter 2 contains basic tools and definitions
from stochastic calculus, mathematical finance, and multi-objective optimization, which are used
throughout this thesis. It also contains the specification of a very general semimartingale financial
market which forms the basis of most problems considered in this thesis. In Chapter 3, we
display a portfolio optimization problem for a finite number of competitive agents. We use the
notion of competitive utility functions, which incorporate relative performance concerns into the
classical portfolio optimization problem. Without any specific assumptions on the model and the
utility functions, we explain a method for determining Nash equilibria for n-player problems by
decomposing the multi-objective optimization into a single-agent problem and a system of linear
equations, which turns out to be uniquely solvable. This method is applied to various examples
in Chapter 4, including models with jumps or stochastic volatility, and the more generalized
cumulative prospect theory. In the subsequent Chapter 5, we consider the corresponding mean
field game to the n-agent game solved in Chapter 3. First, we motivate the problem by analyzing
the Nash equilibrium in the limit as the number of agents tends to infinity. Afterwards, we
define the mean field game properly and provide a solution method similar to the one displayed
in Chapter 3. In Chapter 6, we take a look at a different notion of optimality, namely, Pareto
optimality. In a general model, without specific restrictions on the financial market or the utility
functions, we explain a suitable scalarization of the n-player game and use it to find a Pareto
optimum in terms of terminal wealth. It turns out that the Pareto optimum coincides with the
Nash equilibrium from Chapter 3. In the next Chapter 7, we consider a financial market which
differs strongly from the previous chapters as it consists of agents whose investments influence
the stock prices. Thus, the competition between the agents now originates from two different
sources. One source remains the competitive utility function from Chapter 3. However, as the
agents have a cumulative impact on the stock price, they undergo a different, more subtle, source
of competition. In a linear price impact model, we are able to determine the unique constant Nash
equilibrium for both exponential and power utility functions. In the case of exponential utility, we
also consider nonlinear price impact and analyze whether the resulting optimization problem has a
finite optimal solution. In the final Chapter 8, we apply the relative concerns through a stochastic

constraint instead of the competitive utility function. The constraint is motivated by the value at
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risk based approach introduced by Basak and Shapiro (2001). In a general financial market, we
find the optimal terminal wealth for a finite number of agents using general utility functions. Due
to the complicated structure of the solution, we consider a different terminal wealth profile similar
to the optimal solution found by Basak and Shapiro (2001). In this more restrictive class of wealth
profiles, we find the unique Nash equilibrium in terms of terminal wealth and discuss some of its

properties. Finally, Chapters A—C in the Appendix contain additional material for Chapters 6-8.

Last but not least, it should be noted that the terms agent, player, investor, and trader are used

interchangeably throughout this thesis.



CHAPTER 2

FUNDAMENTALS

The following chapter contains some mathematical basics used throughout this thesis. We assume
that the reader is familiar with basic topics in probability theory, mathematical finance, and
stochastic optimization. More specifically, we expect a basic understanding of stochastic processes,
[t6 calculus, no-arbitrage pricing theory, and portfolio optimization. For the mentioned topics, we
refer to Protter (2005) for a rigorous discussion of It6 calculus, to Karatzas and Shreve (1998) as
well as Eberlein and Kallsen (2019) for a widespread overview of topics regarding mathematical
finance, and to Pham (2009) for an introduction to stochastic optimization. Nevertheless, we state

below some classical results which are used throughout this thesis.

The remainder of this chapter is based on a filtered probability space (2, F, (]:t)te[o,T}7P), where
T > 0 is some arbitrary but fixed finite time horizon. We assume that the filtration (F)eo,7)

satisfies the usual conditions, i.e., it is right-continuous and complete.

2.1. BASIC TOOLS FROM STOCHASTIC CALCULUS

This section contains important tools from stochastic calculus, which are used frequently throughout
this thesis. The first and probably most important tool from stochastic calculus is the It6-Doeblin

formula.

Theorem 2.1 (It6-Doeblin formula; Protter, 2005, pp. 81-82). Let X = (X',...,X%) be a
continuous d-dimensional semimartingale (i.e., each X7, j =1,...,d, is a semimartingale) and
f € C2(R4LR), i.e., all second order partial derivatives %ng, i,7 € {1,...,d}, exist and are

continuous. Then the process f(X) is also a semimartingale and the following formula holds

t
f(Xy) — f(Xo) Z/ gi dXZ+f > /axzax] ) (X XTI, te0,T).

1< 7<d
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According to Protter (2005, p. 66), the quadratic (co)variation (or bracket) process (-,-) is defined
by
t t
(XY) = XY — [ XdVo— [ VX, (Xi=(X. X tel07)
0 0

where X and Y are continuous semimartingales. Protter (2005) provides a formula for the
quadratic (co)variation of 1td integrals, which is often a helpful tool when dealing with stochastic

differential equations. The formula is given in the following lemma.

Lemma 2.2 (Protter, 2005, p. 167). Let X andY be semimartingales and let H € L(X), G € L(Y),
where L(X) describes the set of predictable, X -integrable processes (see (2.3) in Subsection 2.3.1
below). Then

(H-X,G-Y>t:/OtHsGsd<X,Y>s, te0,7]. (2.1)

In (2.1), we used the abbreviation (H + X); = [J Hyd X, t € [0,T].

The It6-Doeblin formula has many useful applications. Below are two results that can be deduced

directly from the It6-Doeblin formula.

Corollary 2.3 (Integration by Parts, Protter, 2005, p. 68). Let X and Y be continuous semi-

martingales. Then XY is a semimartingale and
t ¢
XYy :/ XdYs —|—/ Yod X+ (X,Y), te]0,T].
0 0

Another important consequence of the It6-Doeblin formula is the stochastic exponential displayed
in Theorem 2.4 below. Note that Theorem 2.4 is stated for a general semimartingale which is
not necessarily continuous. Thus, a generalized version of the It6-Doeblin formula is necessary
to prove the assertion of the theorem. The general It6-Doeblin formula can be found in Protter
(2005, pp. 81-82).

Theorem 2.4 (Stochastic Exponential; Protter, 2005, p. 84). Let X be a semimartingale with
Xo = 0. Then there exists a unique semimartingale Z that satisfies the equation Zy = 1+f(f Zs_ dXg,
given by

7 = exp (Xt - ;<X>t> Ogﬁu +AX,)exp (—AXS + ;(AXS)Q) Ctelo,T],  (2.2)

where the infinite product converges.

If X is a continuous semimartingale, the representation (2.2) of Z; simplifies to (see Protter, 2005,
p. 85)

1
Zt = exp (Xt — 2<X>t) .
The stochastic exponential Z corresponding to a semimartingale X is sometimes denoted by £(X),
ie.,
1
£(X) = exp (X _ 2<X)) |

We conclude this section with a stochastic version of Fubini’s theorem. The theorem uses the the

predictable o-algebra P, which is generated by the class of adapted processes with caglad paths
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(i.e., the paths are left continuous with existing right limits). We refer to Definition 2.6 below for

a formal definition and a brief discussion of predictable processes.

Theorem 2.5 (Stochastic version of Fubini’s theorem; Protter, 2005, pp. 211-212). Let (A, A, i)
be a measure space, where i is a positive, finite measure on A. Further, let X be a semimartingale

on a probability space (2, F,P) and let (H{)¢>0 be an A®QP-measurable stochastic process. Further,

(/. <Iarf>2u<da>)é e L(X),

where L(X) describes the set of predictable processes that are integrable with respect to X. Finally,
assume that (a,t,w) — Z{(w), where Z§ = [+ H*dX;, defines an A ® B((0,00)) @ F-measurable

process and that Z* is cadlag (i.e., the paths are right continuous with existing left limits) for any

/AZt“,u(da):/A/OtHngsu(da)
//HadXsu (da) //H“ (da)d

holds in the sense that the integral on the left-hand side is a cadlag version of the integral on the
right-hand side.

assume that

a € A. Then the integral

exists and

2.2. DEFINITION OF 0-MARTINGALES

In what follows, we explain a generalization of local martingales, so-called o-martingales. Such
processes play an important role in the general semimartingale financial market explained in

Subsection 2.3.1 below. First, we need to introduce the notion of predictable processes.

As it is the case in most applications, we associate the filtration (F)cjo,) with the flow of
information in our model. To be coherent with this interpretation, we need to make sure that all
considered processes are in some sense in line with the flow of information. Apart from adapted
and progressively measurable processes, we also need the definition of a predictable process. The
following definition is taken from Protter (2005, pp. 56, 102) and Eberlein and Kallsen (2019, p.
98).

Definition 2.6.  a) The predictable o-algebra P is the smallest o-algebra on € x [0, 00) such
that all adapted processes with caglad paths (i.e., paths that are left continuous with existing

right limits) are measurable with respect to P.
b) A random set D C Q x [0, 00) is called predictable if D € P.

c) An R?-valued stochastic process X is called predictable if it is measurable with respect to P
(interpreted as a mapping X : Q x [0,00) — R%).
¢

Remark 2.7. To understand the concept of predictable processes, it helps to consider the discrete-
time analogue. A discrete-time process (X, )nen, is called predictable if Xy is Fo—measurable
and, for any n € N, X,, is F,,_1—measurable (Jacod and Shiryaev, 2003, Definition 1.2.36). This
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definition can be interpreted as follows: A decision made at time n can only use information
available at previous times, i.e., up to time n — 1. This justifies the term predictable. Measurability
of processes with caglad paths provides a continuous-time analogue to the definition in discrete
time. O

According to Protter (2005, p. 103), a predictable stochastic process is also progressively measurable,

but the reverse does not hold in general.

Now that we are familiar with predictable processes, we can generalize the concept of a local
martingale. Recall that a local martingale is a stochastic process that behaves like a martingale if
we truncate time with respect to an increasing sequence of stopping times (see, e.g., Jacod and
Shiryaev, 2003, Definition 1.1.45). If we not only truncate with respect to ¢, but also with respect

to w, we obtain a o-martingale.

Definition 2.8 (Jacod and Shiryaev, 2003, Definition I11.6.33). An R-valued semimartingale X
is called a o-martingale if there exists an increasing sequence (Dp,),ecn of predictable sets with
D, 1 Q x [0,00) (up to an evanescent! set) such that, for any n > 1, the process 1p, X is a
uniformly integrable martingale. An R%valued semimartingale is called a o-martingale if each

component is an R-valued o-martingale. ¢

Using Proposition I11.6.34 in Jacod and Shiryaev (2003), this is in fact a generalization of a local
martingale as any local martingale is a o-martingale while the reverse does not hold in general
(see, e.g., Jacod and Shiryaev, 2003, Example I11.6.40). Further, Delbaen and Schachermayer
(1998) state that the notion of o-martingales ,relates to martingales similarly as o-finite measures

relate to finite measures®.

There is also a different definition of o-martingales used throughout the literature (see, for example,
Protter, 2005, p. 237; Delbaen and Schachermayer, 2006, Definition 14.2.1). There, an R%valued
semimartingale X is called o-martingale if there exist an R%valued martingale M and an M-
integrable, predictable, (0, co)-valued process ¢ such that X can be written as? X = X + ¢« M.
However, it can be shown, using Theorem 89 in Protter (2005, pp. 237-238) and Theorem I11.6.41
by Jacod and Shiryaev (2003), that the two definitions are equivalent.

The notion of o-martingales is popular in the mathematical finance literature due to the paper by
Delbaen and Schachermayer (1998). There, the equivalence of the ,no free lunch with vanishing
risk“ condition and the existence of an equivalent o-martingale measure is shown, which provides
a generalization of the classical fundamental theorem of asset pricing. We also use the absence of
arbitrage in the presence of an equivalent o-martingale measure in Subsection 2.3.1. However, we
understand arbitrage strategies in a slightly different sense. Delbaen and Schachermayer (2006,
p. 142) also argue that the notion of a o-martingale is ,tailormade* for the purpose of excluding
arbitrage (in some sense) in general semimartingale markets. Namely, it is first unavoidable to find
a more general concept than local martingales if S should be allowed to have jumps of unbounded

size. Second, they argue that ,for the purposes of hedging contingent claims the notion of a

'A set D C Q x [0,00) is called an evanescent set if its projection onto © is a P-null set, i.e., if
P({w € |3t €[0,00) with (w,t) € D}) =0 (see, for example, Jacod and Shiryaev, 2003, p. 3).

2Note that the definition given by Protter (2005) does not include the initial value Xo. However, at the beginning
of Chapter IV, Protter (2005) assumes, without loss of generality, that all processes X start in 0.
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o-martingale is just as useful as the notion of a local martingale“ (see Delbaen and Schachermayer,
2006, p. 142).

2.3. BASICS FROM MATHEMATICAL FINANCE

In this section, we explain some basic concepts from the general area of mathematical finance. In
Subsection 2.3.1, we explain a very general semimartingale market which forms the foundation
of most problems considered in this thesis. Afterwards, we discuss the issue of completeness in
Subsection 2.3.2. Finally, we give a short introduction to portfolio optimization problems and

common methods to solve such problems in Subsection 2.3.3.

2.3.1. GENERAL SEMIMARTINGALE MARKET

In the following, we describe a general semimartingale financial market. The market is taken from
Cerny and Kallsen (2007) and Delbaen and Schachermayer (1996). We want to emphasize at this
point that we do not need any special requirements for our later analysis. The financial market is
therefore as general as possible, while all stochastic integrals that arise are well-defined. Thus, the
stock prices are taken as semimartingales with cadlag paths (i.e., the paths are right continuous
with existing left limits). Delbaen and Schachermayer (2006, p. 130) argue that semimartingales

are ,precisely the class of processes allowing for a satisfactory integration theory“.

The financial market is assumed to be frictionless and perfectly elastic?. It consists of d € N stocks

with price processes Sy = (Sk(t))ico,71, ¥ = 1,...,d, (which are assumed to be not identical,
i.e., there are no two distinct indices j, k € {1,...,d} such that S; and S} are modifications of
another) collected in the d-dimensional process S = (S1(t), ..., Sa(t))tc[o,7]- Moreover, there exists

a riskless bond which is, without loss of generality, assumed to be identical to 1. This is not a
restriction since we could simply take the bond as numéraire? (see Delbaen and Schachermayer,
1995). Moreover, we assume that S is an L?(P)-semimartingale with cadlag paths (i.e., the paths
are right continuous with existing left limits). Following Delbaen and Schachermayer (1996), an

L?(P)-semimartingale is defined as follows.

Definition 2.9. An R%valued semimartingale S that satisfies
sup {]E [(Sk(T A T))Q} : 7 is an (F)sepo,7)-stopping time, k = 1,. .. ,d} < 00

is called L?(PP)-semimartingale ¢

To ensure that our financial market does not contain arbitrage opportunities, we require the

existence of an equivalent probability measure under which the stock price processes become

3A market is called frictionless if there are no transaction costs and no limitations on short selling (Karatzas and
Shreve, 1998, p. 8). Moreover, the term perfectly elastic expresses that the stock prices are not changed by the
agents’ orders, i.e., investors are assumed to be ,small“. We refer to Chapter 7 for a more detailed discussion of
this topic.

*According to Bingham and Kiesel (2004), a numéraire is a price process (X:)ic[o,r) that is strictly positive almost
surely for any t € [0,T]. It can be interpreted as a benchmark unit used in the financial market. The prices of
different assets in the market are given in terms of (relative to) the numéraire.
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o-martingales. Thus, following Cerny and Kallsen (2007), we make the following standing

assumption.

Assumption 2.10. There exists an equivalent probability measure QQ with square-integrable
2

density, i.e., Q ~ P with E[(%) } < 00, such that S is a o-martingale with respect to Q. Such a

Q is called o-martingale measure (with respect to S) (SoMM) with square integrable density. ¢

For the aforementioned SoMM Q, we denote the associated density process by
0._p[dQ
Z% = E Lm]ft] , te0,T).

Cerny and Kallsen (2007) argue that Assumption 2.10 ,can be interpreted as a natural no-free-
lunch condition in the present quadratic context“. We can explain this statement in more detail,
but we have to define the set of admissible strategies first. Instead of simply stating the set of
admissible strategies, we give a more illustrative derivation of the set similar to Cerny and Kallsen
(2007).

First, we need to ensure that a strategy ¢, i.e., an R%valued stochastic process, where oy, (t)
represents the number of shares of stock k held at time ¢, is integrable with respect to the stock

price process S. Hence, we require that ¢ € L(S), where
L(S) = {gp : ¢ is (Ft)-predictable and S—integrable}. (2.3)
The term ,,S-integrable* needs to be defined in more detail. Let
S=5+M+A

describe the unique (up to modifications) semimartingale decomposition of S, i.e., Sy is Fo-
measurable, M is a local martingale with My = 0, and A is a finite variation process with Ag =0
(see, for example, Protter, 2005, Theorem 1 and 2, pp. 102-103). Then we say that ¢ is S-integrable
if, and only if, ¢ satisfies (see Jacod and Shiryaev, 2003, Definition I11.6.17)

P (/OT(@k(t))Zdw/rc)t < 00) =1, P </0T or(t)dAg(t) < oo> =1,

where the integrals with respect to (Si) and A are defined as pathwise Lebesgue-Stieltjes integrals
(see, for example, Protter, 2005, p. 39). For ¢ € L(S), we denote the stochastic integral of ¢ with
respect to S by

d ot
(p-S), = kz::l/o or(1)dS(w), t € [0,T].

The set A of admissible strategies will be constructed from the L?(P)-closure (in some sense) of
the set of simple strategies. More specifically, strategies are called admissible if their integral with
respect to S can be approximated in L?(IP) using a sequence of simple strategies. Let us give a
more detailed explanation of this choice. A stochastic process  is called simple (or elementary) if

there exist finite stopping times 71 < --- < 7, and bounded, F;, -measurable random variables Y},
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such that ¢ can be written as

th(w) = Z Yk’(w)ﬂ(ﬁ(w),’rg(w)} (t)7 te [OaT]7 w e
k=1

(see, e.g., Cerny and Kallsen, 2007; Delbaen and Schachermayer, 1996). Eberlein and Kallsen
(2019, p. 584) argue that simple strategies, although not very interesting mathematically, are still

important because they are the only ones that are feasible in real life.

Now a stochastic process ¢ € L(S) is called admissible if the stochastic integral of ¢ with respect
to S can be approximated by a sequence of stochastic integrals of simple strategies cp(”) with
respect to S. More specifically, ¢ € L(S) is called admissible if there exists a sequence (™), en

of simple strategies such that®

(™. S), N (p+S); for any t € [0,T],
L2(P

(™ 5) “D (o S)r, n = oc.
While this definition of admissible strategies allows for a straightforward interpretation as limits of
strategies which are feasible in real life, the above condition is impractical in general. Therefore,
Cerny and Kallsen (2007) presented an equivalent characterization of this condition which is more
convenient to use. They showed that some R%valued process ¢ is admissible (regarding the above
definition) if, and only if, ¢ is in L(S), (¢« S)7 € L?(P), and (¢+S)ZY is a P-martingale for any
SocMM Q with square integrable density. Thus, the set of admissible strategies reads as

A= {cp e L(S): (p+8)r € L3(P), (¢+S5)Z% is a P-martingale for all SoMM Q

with density process Z2 and square integrable density}. (2.4)
The wealth process (X; )teo,r] associated to some ¢ € A is given by
szzﬂl'o—i-(gD'S)t,tE [OvT]a (25)

for the initial capital o € R. In the previously described setting, the time-zero price of any claim
X € L?(P) is given by (see, for example, Bingham and Kiesel, 2004, Theorem 6.1.4)

Eq[X] = E[Z2X] (2.6)

for all ScMM Q with square integrable density. Note that, in general, the price depends on the
choice of Q. Nevertheless, for X7 from (2.5), we obtain Eg[X7] = x¢ for any choice of Q (see
Eberlein and Kallsen, 2019, p. 540).

Now that the set of admissible strategies is fixed, we can justify that Assumption 2.10 implies
the absence of arbitrage strategies contained in A. Cerny and Kallsen (2007) explain that
Assumption 2.10 implies

K5(0) - L2 n 13 = {0}, (2.7)

5By £ we denote convergence in probability.
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where L%r is the set of non-negative, square integrable random variables. The closure needs to be
understood in the L?(P)-sense. In their notation, the set K3 (0) describes the L?(P)-closure of the
set of all claims that are attainable from simple strategies with zero initial endowment, i.e., claims
H that can be written as H = (¢« S)p for a simple strategy ¢. Those are exactly the wealth
processes attainable from admissible strategies ¢ € A with an initial capital of 0. Then (2.7)
implies that the only non-negative, square integrable random variable obtainable by a reduction of

some attainable claim is constantly equal to zero. Hence, A does not contain arbitrage strategies.

2.3.2. A NOTE ON COMPLETENESS

In addition to the absence of arbitrage, an often desirable property of financial markets is its
completeness. Without going into detail, a financial market is called complete if any claim H is
attainable by some admissible strategy ¢ (see, for example, Eberlein and Kallsen, 2019, p. 540).
In general, a claim is an Fp-measurable random variable H. In most cases, H is required to
satisfy additional properties like non-negativity, integrability or boundedness by a suitable random
variable (see, e.g., Karatzas and Shreve, 1998, pp. 21-22; Eberlein and Kallsen, 2019, p. 587;
Jeanblanc et al., 2009, p. 87). A claim is called attainable if there exist an admissible strategy ¢
and an initial capital ¢ such that H = X7 = 2o + (¢ +S)r. Apart from requiring that ¢ is self
financing, the conditions imposed on admissible strategies depend strongly on the specific model.
If one is interested in defining the unique arbitrage free price of a claim H, being able to hedge

this claim by some replicating strategy is of utmost importance.

In many cases, the so-called second fundamental theorem of asset pricing gives an equivalent
characterization of completeness of an arbitrage free financial market. The statement of this
theorem is (more or less) the same in different market models. While absence of arbitrage is
associated with the existence of an equivalent (o-/local) martingale measure, completeness is
related to the uniqueness of such a measure. This type of assertion can be found in many
cases varying from discrete-time models, considered, for example, by Follmer and Schied (2016,
Theorem 5.37), to general semimartingale models like the one used by Eberlein and Kallsen (2019,
Theorem 11.54). Similar to the characterization of absence of arbitrage, there is neither the
perfect model choice nor the optimal characterization of completeness. That is why we decided
not to give a general characterization of completeness in this thesis. To the best of our knowledge,
there is no equivalent characterization of completeness that fits the semimartingale market from
Subsection 2.3.1. For the characterization that comes closest to the model considered above, we
refer to Theorem 11.54 in Eberlein and Kallsen (2019).

Let us conclude this discussion with a popular example of a complete financial market. Assume
that there exist a riskless bond with zero interest rate and d stocks. Let the d stock price processes

be geometric Brownian motions, i.e., they take the form
1.4 d
Sk(t) = Si(0) exp <<Mk —5 Zﬁe) t+ ZUkZWZ(t)> , t€[0,T7,
=1 =1

k=1,...,d, where Wy, ..., W, are independent Brownian motions. The drift vector y and the

volatility matrix ¢ are assumed to be deterministic and constant in time. Then the market is
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complete if, and only if, the volatility matrix o is regular (see, for example, Karatzas and Shreve,
1998, Theorems 4.2 and 6.6 in Chapter 1). Here, completeness means that any Fp-measurable
random variable X, which is bounded from below, is attainable by a square integrable, progressively

measurable portfolio process.

2.3.3. INTRODUCTION TO PORTFOLIO OPTIMIZATION

The basic idea behind portfolio optimization is the following. Given some initial capital zg
and fixed time horizon T" > 0, an investor aims to maximize her expected terminal wealth via
optimal investment. Maximizing the expected terminal wealth usually results in an unbounded
optimization problem. Thus, instead of maximizing expected wealth itself, it is usually assumed
that investors measure their preferences by some (Inada) utility function applied to their terminal
wealth. A utility function is defined as follows (see, for example, Korn, 1997, p. 38; Eberlein and
Kallsen, 2019, pp. 462-463).

Definition 2.11. A strictly increasing, continuous function U : D — R, D € {(0,00), R}, is called
utility function. Additionally, if U is strictly concave and continuously differentiable, and satisfies

the Inada conditions
lim U'(x) =00, lim U'(z) =0,

z—inf D T—r00

U is called Inada utility function. ¢

Some common examples of Inada utility functions are the natural logarithm, the power utility

function

1 -1
U:(0,00) >R,z +— (1 - 6) 215 (2.8)

for a parameter § > 0, & # 1, or the exponential utility function

U:R—R,z— —exp (—(1537> (2.9)

for a parameter 6 > 0 (see, for example, Eberlein and Kallsen, 2019, p. 463). Utility functions are
often characterized in terms of their absolute or relative risk aversion. The notion was introduced

by Pratt (1964) and Arrow (1974) and is defined as follows (see also Féllmer and Schied, 2016, pp.
82-83).

Definition 2.12. Let U : D — R, D € {(0,00),R} be a twice continuously differentiable Inada
utility function. Then

U//(m)
A = — D
@)= Ty * €7
defines the absolute and U (2)
T T
=7 D
R(x) 0(x) x € D,
the relative Arrow-Pratt risk aversion coefficient. ¢

The absolute Arrow-Pratt risk aversion coefficient of the exponential utility function (2.9) is given
by §~1. Thus, the exponential utility function belongs to the so-called CARA (constant absolute

risk aversion) utility functions. Moreover, the relative risk aversion coefficient of the logarithm and
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the power utility function (2.8) is given by 6! with § = 1 for the logarithm. Hence, power and
logarithmic utility belong to the class of CRRA (constant relative risk aversion) utility functions.

This explains why we refer to ! as the risk aversion and to § as the risk tolerance parameter.

For an investor with initial capital g and utility function U : D — R, the optimization problem

of expected utility maximization reads as

max e E[U(X7)],

(2.10)
S.t. X% = x0 + (gO'S)T.

The set of admissible portfolio strategies A depends on the specific financial market. It usu-
ally contains some measurability and integrability conditions imposed on the portfolio process
¢ : [0,T] x Q — R? where d describes the number of stocks in the underlying financial market.
As the control of an agent is a stochastic process, (2.10) describes a special dynamic optimization
problem. For portfolio optimization problems like (2.10), there are two solution methods used
in the literature - the martingale method and the dynamic programming approach. We do not
explain these methods in detail, but we give a short idea on the methods as they are both used in
this thesis.

The martingale method (see, for example, Section 3.4 in Korn, 1997) consists of two sub-problems.
The first one is the static optimization problem in which the optimal terminal wealth is determined.
The second one is the representation problem that comprises the search for a replicating strategy
for the optimal terminal wealth from the first step. The martingale approach is usually applied in
complete markets since, in that case, it can be guaranteed that the representation problem has a
solution. The static optimization problem is often uniquely solvable due to the concave objective
function. If the underlying financial market has a unique (o-/local) martingale measure Q with

% = Z7 (see Subsection 2.3.1), the unique solution to the static optimization problem is given by
X*=I1I(N"Zr)

(see, for example, Kramkov and Schachermayer, 1999). The function I = (U’)~! describes the
inverse of the first order derivative of U and A* > 0 denotes the Lagrange multiplier which is
determined by the budget constraint E[ZpX*] = zy. For a more in-depth explanation of the
martingale method, we refer to Kramkov and Schachermayer (1999) as well as Section 3.4 in Korn
(1997).

Let us now explain the second method. The idea behind the dynamic programming approach is

to derive a partial differential equation for the value function

J(t,z) = supE[U(X7)| X/ =z],te[0,T], z €D,
peA
with the terminal constraint J(T,z) = U(z), x € D. The derivation of the partial differential
equation is based on the so-called Bellman principle (or sometimes called dynamic programming

principle). It states that
J(t,z) =supE [J(¢', X])| X = 2]
©
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holds for all 0 <t <t < T (see, for example, Equation (3.20) in Pham, 2009). Together with the
It6-Doeblin formula (see Theorem 2.1), one can derive a partial differential equation, the so-called
Hamilton-Jacobi-Bellman (HJB) equation, which is then used to find a candidate for the value
function J. From a solution G to the HJB equation, one can infer a candidate for the optimal
control. Finally, a verification theorem is necessary to ensure that the candidate control is in fact
optimal and that the solution to the HJB equation coincides with the value function. For a more
detailed explanation of the method, we refer to Chapter 3 in Pham (2009).

2.4. INTRODUCTION TO MULTI-OBJECTIVE OPTIMIZATION

Generally speaking, a multi-objective optimization problem is an optimization problem that
involves multiple (coupled) objective functions. We want to take a game theoretic approach
to multi-objective optimization problems. Thus, we consider n agents with objective functions
Ji,...,Jn. Each agent is able to choose some control @' € A;, i =1,...,n, where A; is the set of
admissible strategies of agent i, i.e., the set of controls agent ¢ is allowed to choose from. In the
problems considered throughout this thesis, controls ¢’ are R%valued stochastic processes, defined
on a finite time interval [0,7]. The set of admissible strategies usually contains some measurability
and integrability conditions that depend on the specific model. Moreover, agent i aims to maximize
Ji(ph, ..., "), i.e., each objective function depends on all n strategies. Thus, there are n objective
functions that need to be maximized simultaneously. As the resulting objective function is R"-
valued, it is not clear a priori under which conditions a vector of admissible strategies should
be called optimal. Therefore, we need to clarify when a vector (¢!, ..., ¢") with ¢ € A; for all
i € {1,...,n} is considered optimal. Throughout this thesis, we apply two different notions of
optimality. The first one is the so-called Nash equilibrium, in which agents act competitive whereas
the second one, a so-called Pareto optimum, is obtained when the public good of all n players is
optimized. In the following, we explain these two concepts in more depth. First, we consider Nash
equilibria. The definition dates back to Nash (1951).

Definition 2.13. Let J; : X?Zl A; — R be the objective function of agent i, 1 = 1,...,n. A

1,%
y .

vector (¢ .., ™*) of admissible strategies is called a Nash equilibrium if, for all admissible

'€ Ajand i€ {1,...,n},

Jz((p17*7 ) SDi7*7 ctc (70”7*) Z JZ((p17*7 trt (pi_l,*7 SO’L? (P’L+17*7 ct ()Dn7*)' (2'11)

Further, (gol’*, .., ™*) is called a constant Nash equilibrium, if 4,0:;’* = gpé’* holds for each ¢ € [0, T
and each i € {1,...,n}. ¢

1,%
y .

Remark 2.14. For a vector (¢ .., ¢"™*) of constant strategies, i.e., p"*(t) = ¢"*(0) for all
i €{1,...,n}, to be a constant Nash equilibrium, condition (2.11) still needs to be satisfied for

any goi € A;, not just for constant strategies. O

Definition 2.13 shows that a Nash equilibrium can be interpreted as a vector of admissible
strategies, chosen by the n players, such that none of the agents would benefit from deviating from
the equilibrium strategy unilaterally. Thus, Nash equilibria provide a concept of optimality for

competitive agents, where each agent is focused on maximizing her own objective and takes the
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controls of the other agents as given. In the literature on n-agent games, there are two different
kinds of Nash equilibria which need to be distinguished — open-loop and closed-loop Nash equilibria.
Carmona and Delarue (2018a, p. 72) argue that the above definition of a Nash equilibrium only
makes sense once it is properly defined how the strategies of the players j # i are ,frozen“ from
the perspective of agent i. To be more specific, it is important to explain how the players update
their strategies. In an open-loop equilibrium, agent ¢ treats the strategies of the other agents as
fixed in the sense that the strategies do not change when agent ¢ changes her strategy in order
to find the optimal one. On the other hand, when looking for a closed-loop equilibrium, agent ¢
considers the strategies of the other players in feedback form. Thus, if agent ¢ changes her strategy,
the strategies of the other players change as well. Carmona and Delarue (2018a, pp. 72-75) give

rigorous definitions of open-loop and closed-loop equilibria.

Definition 2.15 (see Carmona and Delarue, 2018a, Definition 2.4). Let (o'*,...,¢™*) be a
vector of admissible strategies such that (2.11) holds for all ¢ € {1,...,n}. If, for alli € {1,...,n},

1% i—1,0x  i+1,%
.

the vector (™", ..., ¢ , ., @"™*) remains the same if player i changes her strategy from

*

©"* to a different strategy ¢?, (o' ., ™) is called an open-loop Nash equilibrium. ¢

Definition 2.16 (see Carmona and Delarue, 2018a, Definition 2.6). Let (¢%*,...,0™*) be a

vector of admissible strategies of the form ¢"* = ¢"*(t, X 1’” s X [%“g ) If

Ji (QSL*(t’XOt)a'"7¢n’*(t7X[0t])>
> J (¢1*(t XOt) "7¢Z 1*(t X[Ot]) (bi(t’X[O,t])?¢i+1’*(t75€[07t})7--~7¢n7*(t7)?[0,t]))

holds for all i € {1,...,n}, where ¢' = ¢'(t, )?[Oyt]), X, = (th"pl’*,...,XZ’wi’*,...,Xf’“on’*)
and X; = (th#}l‘ ; th b qu; Xt z+1,*’.”’th’¢n,*), then (pl*, ..., @"™*) is called

a closed-loop Nash equilibrium. ¢

i—1,%

In general, closed-loop equilibria are preferable in terms of a more realistic interpretation, whereas
open-loop equilibria are mathematically more tractable. Thus, open-loop equilibria are often
preferred in the literature on dynamic optimization for n-agent games (Carmona and Delarue,
2018a, Remark 2.8). Throughout this thesis, we only consider open-loop Nash equilibria and thus,
refer to them simply as Nash equilibria. It should be noted that for constant Nash equilibria
open-loop and closed-loop Nash equilibria coincide (see, e.g., Lacker and Zariphopoulou (2019)).

As the games considered in this thesis are motivated by competitive investors, Nash equilibria
are the most used notion of optimality. However, we also want to consider a different type of

optimality, namely, Pareto optimality. A Pareto optimum is defined as follows.

Definition 2.17 (Miettinen, 1999, Definition 2.2.1). A vector (p'*,...,¢™*) of admissible
strategies ** € A;, i = 1,...,n, is called Pareto optimal if there is no vector (p',...,¢") of

admissible strategies such that
Ji(@h o 0™ > (b ™) foralli =1,...,n

and
Ji(@hy o ™) > Ji(M*, .. ™) for at least one i € {1,...,n}. ¢
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In contrast to Nash equilibria, Pareto optima are related to optimization of the public good
instead of each individuals objective. A Pareto optimum is attained if no player can increase her
objective without decreasing the objective of another player. One could also imagine some kind of
central planner or manager that controls the state processes of n clients simultaneously. Thus,
the manager wants to satisfy all clients at the same time, and therefore aims to achieve a Pareto

optimum. We revisit this interpretation in Chapter 6.






CHAPTER 3

NASH EQUILIBRIA FOR RELATIVE INVESTORS

Dating back to the pioneering work of Von Neumann and Morgenstern (1947) and Markowitz
(1952), portfolio optimization problems have been treated extensively in the mathematical finance
literature. It is usually assumed that one single investor aims to maximize an objective function
applied to her terminal wealth, possibly under additional constraints. Such problems include
expected utility maximization, mean-variance optimization, and many others. Although these
problems might look very different, they have one thing in common: all of them consider only a
single investor. However, due to the widespread empirical evidence on competition between fund
managers (briefly presented in the introduction of this thesis), there is a rapidly growing strand of

literature on competitive optimal investment and related issues.

In general, there are two different types of competitive optimization problems — zero-sum' and
non-zero-sum games. Our focus lies solely on non-zero-sum games, for an example of a zero-sum

investment game between two players we refer to Browne (2000).

Espinosa and Touzi (2015) argue that the most natural approach to modeling the interaction
between competing investors is a general equilibrium model, where the behavior of the agents

is coupled via market equilibrium?

constraints. However, this leads to intractable calculations,
which create the need for a different method to include interactions. It turns out that a different
kind of equilibrium is better suited to treat the model mathematically. Instead of searching for
market equilibria, portfolio optimization problems can be transformed to multi-objective portfolio
optimization problems in which the search for Nash equilibria becomes the main goal. Most of the
literature on many player games of wealth optimization includes the competitive feature into the

problem by changing the argument of the objective function of a classical portfolio optimization

1Zero-sum games are competitive games in which the objective functions of all participants add up to zero (see,
e.g., Carmona, 2016, p. 177).

2A financial market is in equilibrium if market-clearing is realized. That is, if the supply and demand for assets in
the market coincide (see, e.g., Yan, 2018, p. 47).
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problem. Instead of the (terminal) wealth of a single investor, a so-called relative performance
metric is used inside the objective function (see, e.g., Geng and Zariphopoulou, 2017; Dos Reis
and Platonov, 2021, 2022). With the relative performance metric, each agent places a certain
weight on the optimization of her performance compared to competitors in the same market.
Hence, maximizing the relative performance metric allows the agent to simultaneously maximize
her own state variable (e.g., her terminal wealth) while also comparing her outcome to that
of her competitors. Using a relative performance metric transforms the single-agent portfolio

optimization problem into a multi-objective portfolio optimization problem.

Most competitive portfolio optimization problems use either the additive or the multiplicative

relative performance metric. For n agents with state variables X!, ... X", the additive relative
performance metric
0.
X — =N X/ 3.1
2 (3.1)
J=1
J#i
of agent i € {1,...,n} is given as the difference of her own state variable and a weighted arithmetic

mean of the other agents’ state variables. Alternatively, the multiplicative relative performance

metric

9
n “n
)(i< 11 )(f> (3.2)
=1, 5
of agent i € {1,...,n} describes the quotient of her own state variable and a weighted geometric
mean of those of the other agents. In most cases, the state variables X!,..., X" describe the

wealth of n agents at the end of some time period [0,7], where T' > 0 is fixed beforehand. In
both expressions, the parameters 0; € [0,1], 7 = 1,...,n, indicate how much agent i cares about
her performance with respect to her competitors. A larger choice of #; implies that the agent is
more concerned with her relative performance. Hence, we refer to 6; as the competition weight
of agent . Sometimes 6; is also called concern rate or jealousy factor (see Bielagk et al., 2017).
Throughout this thesis, we refer to the composition of a utility function and one of the relative

performance metrics as the competitive utility function.

To the best of our knowledge, the additive relative performance metric first appeared in Palomino
(2005) in a non-zero-sum game of n fund managers competing to maximize their compensation.
As the argument of an expected utility criterion, it first appeared in the PhD thesis of Espinosa
(2010). The results were later published by Espinosa and Touzi (2015). The linear structure of
the additive relative performance metric makes the resulting optimization particularly tractable,
especially when combined with an expected utility of CARA type. The combination of the additive
relative performance metric and CARA utility was, for instance, used by Frei and Dos Reis (2011)
as well as Lacker and Zariphopoulou (2019) in stock markets modeled by Ité diffusions with
constant parameters, and by Deng et al. (2020) in a model with unobservable drift of the risky
stock. Moreover, Hu and Zariphopoulou (2022) used CARA utility functions combined with the
additive relative performance metric in a market model with stock price dynamics that contain
possibly non-Markovian drift and volatility processes. Fu et al. (2020) modified (3.1) by allowing
for a random competition weight parameter. Tangpi and Zhou (2022) used expected CARA utility

in combination with a modified version of (3.1) as well. In their model, each agent i assigns a



21

specific competition weight 0;; to each competitor j # ¢. Apart from CARA utility, the additive
relative performance metric was also used in combination with a mean-variance criterion by Guan
and Hu (2022) as well as Yang and Chen (2022), or a convex, monetary risk measure by Bielagk
et al. (2017).

The multiplicative relative performance metric was (seemingly) first applied by Basak and Makarov
(2014) in a model that contains n competing agents aiming to maximize expected (kinked) CRRA
utility applied to (3.2) for the terminal wealth of the n investors. The multiplicative structure of
(3.2) works well combined with CRRA utility and hence, this combination is very popular in the
literature on many player games of wealth optimization. Basak and Makarov (2015) continued to
work with expected CRRA utility applied to the multiplicative relative performance metric of two
agents including an asset specialization incentive. Their work was later extended to an n-agent
game by Whitmeyer (2019), allowing for competition weights 6;; specifically assigned by agent i to
competitor j. Similar problems were also considered by Lacker and Zariphopoulou (2019) as well as
Lacker and Soret (2020), where the latter were focused on finding optimal investment-consumption
strategies for n competing agents. The problem of optimal investment and consumption was also
considered by Bo and Li (2022) in a stochastic growth model with jumps. In a generalized Heston
model, Kraft et al. (2020) solved the problem of optimal investment for two players with CRRA
utility combined with the multiplicative relative performance metric. Moreover, Wang and Ye
(2023) maximized the running reward of n competing agents, where the objective function consists
of the accumulated, exponentially discounted CRRA utility applied to a modified version of (3.2).
A similar objective function, including a running as well as a terminal reward, was also used in

the previously mentioned article by Bo and Li (2022).

Although the problem of (classical) expected utility maximization involving some kind of relative
performance metric takes up a large portion of the competitive portfolio optimization literature,
there are different strands of research that emerged from the seminal works of Espinosa (2010)
and Basak and Makarov (2014). For example, Geng and Zariphopoulou (2017) combine the
multiplicative relative performance metric with forward utilities. Their work has later been taken
up and extended by Dos Reis and Platonov (2021, 2022) as well as Anthropelos et al. (2022).
Another application of the relative performance metric lies in the study of competing insurance
companies. This problem was considered by Deng et al. (2018), Guan and Hu (2022), and Yang
and Chen (2022). A third strand of literature is focused on so-called market impact games in which
competing agents are interested in the optimal execution or liquidation of a fixed position. Such
issues arise in financial markets where the agents are ,large“ in the sense that their investment
has an impact on the stock price movements. We give an explanation of such models and a short

literature overview in Chapter 7.

In what follows, we are able to solve an n-player competitive portfolio optimization problem in
which the agents maximize an expected utility function applied to the additive relative performance
metric of terminal wealth. In contrast to most of the articles mentioned above, we do not need
to specify the utility function. Moreover, we are able to solve the problem in a very general
semimartingale financial market that covers most settings in the existing literature. The foundation

lies in our ability to reduce the n-player problem to a classical single-investor portfolio optimization
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problem. We can therefore rely on the wide variety of literature on single-investor portfolio
optimization problems. However, we are not able to relax all assumptions used in the previously
mentioned articles. In the following, we discuss the restrictions used throughout this chapter.

Note that these limitations are present in the other chapters as well.

For one thing, we pose the assumption of full diversification for all n agents. This means that
the assets traded in the financial market are available to each of the n investors. This restriction
stands in contrast to the asset specialization models which are used frequently in the literature.
In these settings, each agents specializes to a specific stock (or a set of stocks) and does not
consider the other assets available in the market. The assumption of asset specialization was, for
instance, used by Basak and Makarov (2015), Lacker and Zariphopoulou (2019), Lacker and Soret
(2020), and Dos Reis and Platonov (2021, 2022), to name just a few. The main justification is that
investors tend to invest into stocks they are familiar with (see Basak and Makarov, 2015, and their
references). Other reasons include the reduction of trading or learning cost (see, e.g., Dos Reis
and Platonov, 2022, and references therein). However, there is also an increasing number of
research papers that consider a model of full diversification. Some examples are Frei and Dos Reis
(2011), Espinosa and Touzi (2015), and Geng and Zariphopoulou (2017). The article by Basak
and Makarov (2015) treats both asset specialization and diversification and provides a comparison
of the optimal values in the two settings. It turns out that choosing a fully diverse portfolio is
beneficial for risk-averse investors. Since our focus lies solely on risk-averse agents, the assumption
of full diversification instead of asset specialization is reasonable. Moreover, full diversification has
the additional advantage of being mathematically more manageable than problems where agents

specialize to a specific stock.

Additionally, we need to assume that the agents agree upon their beliefs on the stock price
dynamics. This assumption is of purely technical nature, a model allowing for heterogeneous
beliefs on the stock price dynamics would, apparently, be more realistic. There are a few articles
allowing for heterogeneous beliefs, like the market impact game considered by Evangelista and
Thamsten (2021). However, the literature on n-agent games under heterogeneous beliefs on the

market dynamics is still very sparse.

Another rather restrictive assumption is that each agent faces the same time horizon T' > 0. This
assumption is solely for mathematical purposes, since the empirical evidence suggests the exact
opposite. Geng and Zariphopoulou (2017) and Anthropelos et al. (2022) discuss this restriction in
more detail. We merely give a short summary of their arguments. While it is typical for managers
to report their performance within standardized time frames (e.g., quarterly or annually), agents
do not act in a single trading horizon but consider their past performance. Hence, we cannot
divide the optimization problems, which they face over a longer time period, into a sequence
of decisions over standardized time intervals. Moreover, horizons of performance evaluation are
company specific factors and cannot be generalized for a large number of agents. However, as
explained at the beginning of this paragraph, we need to make the assumption of a common
time horizon for tractability reasons. It should be noted that the assumption is very common
throughout the literature. To the best of our knowledge, Anthropelos et al. (2022) were the only

authors to allow for different time horizons among the competing agents.
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Finally, we need to make the assumption of each agent having full information about their
competitors’ model parameters (e.g., initial capital, risk tolerance, and competition weight). We
can refer to Basak and Makarov (2015), Wang and Ye (2023), and the references therein for how

these parameters can be estimated from observed data.

To conclude this introduction, we give a short overview of the current chapter. In Section 3.1, we
state the n-player portfolio optimization problem based on the semimartingale financial market
presented in Subsection 2.3.1. The statement of the problem is followed by Section 3.2, where
we find the unique Nash equilibrium for the n-player optimization problem. More specifically,
questions of existence and uniqueness of a Nash equilibrium are reduced to asking for the existence
and uniqueness of an optimal solution to the corresponding single-investor problem. At the
end of this chapter, we provide a brief discussion of the general equilibrium, which is taken up
and extended in Chapter 4 in a variety of examples covered by the semimartingale model from
Subsection 2.3.1.

3.1. RELATIVE PERFORMANCE PROBLEM UNDER GENERAL UTILITY

We assume that there are n agents trading in the semimartingale market from Subsection 2.3.1.
To summarize, there are d + 1 assets — a riskless bond with zero interest rate and d risky stocks
with price process (S(t))icio,r) = (S1(), - -, Sa(t))ic(o,r), defined on the finite time interval [0, T7.
The stock prices are given as L?(P)-semimartingales with cadlag paths. To exclude arbitrage

strategies, we require the existence of an equivalent c—martingale measure Q.

Fach of the n agents has the same investment opportunities provided by the semimartingale
financial market. Thus, we work in the framework of full diversification. To include interaction
into the optimization problem, we combine the additive relative performance metric with the
expected utility of terminal wealth. The n agents are allowed to be heterogeneous in the sense
that their initial wealth, their preference parameters, and their utility functions are allowed to be

distinct.

To be more specific, we consider the following setting. Each investor i is endowed with an
initial capital { € R. The preferences of agent i are measured with respect to a utility function
U;: D; —» R, D; € {(0,00),R}, and a competition weight 6; € [0,1], i = 1,...,n. The utility
function can be rather general here. We only require U; to be continuous and strictly increasing
(see also Definition 2.11). For convenience, we extend all utility functions to functions on R by
setting U;(x) = —oo if © ¢ D. A similar convention was used by Kramkov and Schachermayer
(1999). Note that this does not affect the optimal value of the problem. The objective function of
agent ¢ € {1,...,n} consists of her expected utility applied to the additive relative performance
metric of her own as well as the other agents’ terminal wealth. Moreover, she is limited to her

initial capital. Hence, agent ¢ aims to solve the following optimization problem

supw.ieAE {Ui (X%“’i — Gi)_(;i"p)} ,

e ‘ , i=1,...,n, (3.3)
st. Xp¥ =ab+ (¢ S)r,
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where X';W = %Z#i X%’“’j and ¢/ € A, j # i, are fixed admissible strategies and A denotes the
set of admissible strategies from (2.4). For the later analysis, it is slightly more convenient to scale

the sum by n instead of n — 1.

Using a weighted difference of the terminal wealth of all n agents instead of only her own terminal
wealth incorporates the fact that agent ¢ wants to maximize her own terminal wealth, while also
making a good performance with respect to the other agents. We sometimes refer to the function
XU (X - QiX:Fi"p> as the competitive utility function of agent 1.

Remark 3.1. We need to ensure that agent ¢ is able to attain a terminal wealth X%‘Pi such that
X%‘pi — HZX'; = D; P-almost surely. Otherwise, the problem is trivial. We will later see that
this condition is satisfied when we choose the competition weight 6; € [0, 1] under the constraint
zh — % Dt wé € D;. Obviously, this constraint is only relevant if D; = (0, 00). In this case, we
need to make sure that

b :
zh— =Y x>0
i

is satisfied. This is equivalent to

1+ 2 )ah— = x>0 <o T <7 ,
n nia L+ X1 n %
where .
l,Z
Qi :nioj
2=1%p

describes the fraction of the collective initial capital originating from investor i. Therefore, the
constraint xf — % Dot CE% > () implies an upper bound on the choice of 6;, which is increasing in
the fraction «;. Hence, the upper bound is increasing in terms of the i-th agent’s initial capital and
decreasing in terms of the other n — 1 agents’ initial investment. We can interpret this observation
as follows: The more an investor contributes in the beginning, the more she may care about the
other agents’ investment behavior. Moreover, the upper bound on 6; is strictly smaller than 1 if|
and only if, a; < (n +1)71, i.e., if the fraction of initial wealth originating from agent i is smaller
than (n + 1)~!. If, for example, each agent invests the same amount in the beginning, there are

no restrictions on the competition weight parameters. O

The optimization problem (3.3) contains n objective functions, where each objective function
depends on all n strategies ¢/, j = 1,...,n. Since these objective functions need to be maximized
simultaneously, (3.3) is a multi-objective optimization problem. There is no a priori given notion of
optimality for such problems. We work with the concept of Nash equilibria, i.e., each investor tries
to maximize her own objective function while the strategies of the other investors are assumed to be
fixed. For the definition of a Nash equilibrium, we refer to Definition 2.13 as well as Definition 2.15.
To summarize, a Nash equilibrium is a vector of admissible strategies, chosen by the players, such
that no agent would benefit from deviating unilaterally from her equilibrium strategy. To be more
specific, we search for open-loop Nash equilibria. For a differentiation between open-loop and

closed-loop Nash equilibria, we refer to Section 2.4.
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3.2. SOLUTION METHOD VIA PROBLEM REDUCTION

Next, we explain how to find (open-loop) Nash equilibria for (3.3). Thus, each investor tries to
maximize her own objective function while the strategies of the other investors are assumed to be
fixed. This maximization, often called best response problem, results in the optimal strategy of
agent ¢ in terms of the strategies of her competitors. The second step of the optimization process is
a fixed point problem in order to find the n-tuple of admissible strategies to satisfy each investors’

preference determined in the first step.

Generally, one would proceed in the previously described way by fixing some investor ¢, fixing the
other agents’ strategies, maximizing the i-th objective function, and solving the fixed point problem
afterwards. While being very intuitive, the described approach brings some disadvantages. First,
the fixed point problem in the second step can be nonlinear and hence, hard or even impossible to
solve. Moreover, the method depends strongly on the explicit model and often requires a very
restrictive mathematical environment. For example, Lacker and Zariphopoulou (2019) were only
able to consider constant Nash equilibria and a Black-Scholes type market with constant market
parameters. Note that the restrictive environment is also partly caused by the asset specialization

framework in their paper.

To avoid these technical difficulties, we choose a different approach to find a Nash equilibrium and
discuss its uniqueness, which enables us to solve the problem in a very general financial market
without any specific assumptions on the utility function. Moreover, the method can even be

extended to problems beyond utility maximization (see Remark 3.4 and Section 4.5).

First, we consider the expression inside the utility function in (3.3). Since agent i can only control
her own strategy, the random variable Gi)_(;i’w can be understood as a fixed asset claim. An

arbitrary strategy ¢ € A can due to linearity always be decomposed into
Xf=Xf-X§ +X§ = X577+ X{,

for arbitrary ¢’ € A. Investor i can, without loss of generality, invest some fraction of her initial
capital in order to hedge the claim 91-)_(:; “? The remaining part of her initial capital can then
be used to maximize her own terminal wealth. This idea leads to a much simpler method of

determining Nash equilibria in the given context.

The first step is to determine the price of the claim GiX;i’w. Each investor j, where j # i, has
some initial capital 93%. Hence, the time zero price of X%“OJ equals the initial capital xf) (see (2.6)

in Subsection 2.3.1). By linearity, the price of the claim QiX;i"p is simply given by
o, ,
0;z5" == — Zazg)
n <
JFi

This shows that the time zero price is independent of the strategies ’, j # 4, chosen by the other
investors. Hence, the maximization problem in the second step does not depend on the other n — 1

agents’ strategies.

In the second step, investor ¢ needs to solve a classical portfolio optimization problem, using the
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utility function U; and the reduced initial capital Z}) := z§ — 6;Z ¢, The portfolio optimization
problem
s 5[0
vieA (3.4)
st Y =F 4+ (01 9)r,
can be solved using standard methods. Existence and uniqueness of a solution does of course
depend on the specific choice of the utility function and underlying financial market. We assume

here that there exists a unique optimal strategy ** € A for (3.4).

In the last step, the Nash equilibria are determined using the linearity of the price process. By

construction, the process (Y;w ’ )tE[O,T] can be written as

Y%w — LY i 2,¥
R Do
J#i
P-almost surely for all ¢t € [0, T]. Then, using the linearity of the wealth process (recall that we

assumed in Subsection 2.3.1 that stock prices are not identical) and the uniqueness of 1)**, the

strategies ¢/ € A are obtained from

U OESCAGES %Z¢i(t), k=1,....di=1,...n, (3.5)

J#i
P-almost surely for all ¢t € [0,7]. Hence, the Nash equilibria can be determined as the solution to
the system of linear equations (3.5), where the solutions wzj* to the classical problems are given.
If (3.4) and (3.5) have a unique solution, the resulting Nash equilibrium is unique as well. The
question of uniqueness has been posed as an open problem in Lacker and Zariphopoulou (2019).
Our setting gives a partial answer to their question due to the asset specialization feature in their

model.

Theorem 3.2. If (3.4) has a unique (up to modifications) optimal portfolio strateqy 1** for all

i€{l1,...,n}, then there exists a unique Nash equilibrium for (3.3) given by
, n , 0. nooo, .
L(t) = ——— T (t) + ! . 7% (¢), 3.6
©i(t) n+9i¢k() (n+9¢)(1—9)j21"+9j¢k() (3.6)

k=1,...,d,i=1,...,n, P-almost surely for all t € [0,T], where 0 = " #i@,"

The proof of Theorem 3.2 uses the following lemma.

Lemma 3.3. Let 6, € [0,1],i=1,...,n. Then

A n 01
0 = 0,1
izzln—i—@ie[’)
Proof. Since 6; € [0,1], i = 1,...,n, we obtain
0<6=>" b —i<1+”>1<§:(1+n)1— <1 m
- =1 n+92 B =1 61 =1 n+1
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Proof (Theorem 3.2). Without knowing 1** explicitly, we can determine the solution to (3.5) in
terms of ¢"* i = 1,...,n, for all t € [0,7] and P-almost all w € Q. Therefore, we fix some

arbitrary ¢ € [0,7] and w € © (we omit the argument w in the following calculations), and define

Gr(t) :=>_plt), k=1,....d (3.7)
j=1
Hence, (3.5) is equivalent to
ix n+ 6; i 0; .
*(t) = t) — ~Pu(t
90 = "2 - )

and therefore, ¢ (t) is implicitly given by

cht) = o (0 + o). (38)

R n . n n ix R n 91
i) = k) = X i (0 B0 Y
=3 i)+ 0(0)

which is equivalent to

where we used the abbreviation of . Therefore, using Lemma 3.3, we can deduce further that

- . 1 " n 0%
oult) = 15 2 g (39)

holds P-almost surely for all ¢ € [0,7]. Finally, inserting (3.9) into (3.8) yields the stated
expression for the Nash equilibrium. The line of arguments implies that there exists a unique
(up to modifications) Nash equilibrium given by (3.6) if, and only if, there exists a unique (up to

modifications) optimal portfolio strategy 1)** to the auxiliary problem (3.4). O

Remark 3.4. The described method is not limited to classical expected utility maximization. Some
examples of other types of optimization problems that can be treated with the described method
are the VaR-based optimization by Basak and Shapiro (2001), the rank-dependent utility model
with a VaR-based constraint by He and Zhou (2016), or general mean-variance problems that
can be found for example in Korn (1997). Another example is the cumulative prospect theory
(CPT) by Tversky and Kahneman (1992), that is further analyzed in Section 4.5. Moreover,
the arguments presented in the current section also apply for financial markets in discrete time.
In order to keep the setting as simple, but also as general as possible, we consider a setting in

continuous time that covers many important market models (see Chapter 4 for some examples).
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However, the arguments in the current section do not depend at all on the underlying financial
market, so that one could also have a general arbitrage-free financial market in discrete time in
mind. Later, we take a closer look at a discrete,time financial market in Section 4.3.
Additionally, we want to point out that the use of the additive relative performance metric is
crucial here. One could argue that a similar approach might work for the multiplicative relative
performance metric if one uses the invested fraction instead of the number of shares. In that case,
the wealth of an agent is a stochastic exponential and thus, the multiplicative relative performance
metric applied to the terminal wealth of the agents has an exponential structure as well. However,
the expression inside the exponential function is not linear since, for general semimartingales X
and Y,
EX)-EY)=EX+Y+(X,)Y)) #EX+Y)

holds in the (interesting) cases where (X,Y) # 0. Recall that £(X) denotes the stochastic
exponential of X (see Theorem 2.4). For the first equality, we refer to Theorem 38 in Protter
(2005, p. 86). O

Remark 3.5. Since the Nash equilibrium given in Theorem 3.2 explicitly contains the optimal
solutions to the associated classical portfolio optimization problems, we can compare the optimal
solution 1/12’* of the classical problem to the associated component go}; of the Nash equilibrium.
Indeed, if we set 6; = 0, the agent does not care about the other agents and just solves the classical
portfolio problem, i.e., ¢} = 1" I " > 0(< 0) and 3, ﬁgjwi’* > 0(< 0), 4(t) is increasing

(decreasing) in terms of 6;, which can be seen directly considering the partial derivative

0 n 3%
90; #h(t) (H n—|—0 0)) ((n—l—@i)(l—é)_l) Ve

0, |
Tt 621 0) <1+ (n—i—@i)(l—é))ZnJr@ ).

Except from the third factor in the first summand, all factors are obviously non-negative. Moreover,

n n

5 = =1, 3.10
0D o1 k) o0

using the definition of 0. Hence, the remaining factor is non-negative as well. Thus, under these
conditions in a competitive environment (6; > 0), agent 4 invests more in the stocks than in a
classical non-competitive environment (6; = 0). A similar result was obtained by Espinosa and

Touzi (2015) (in a less general setting). O



CHAPTER 4

APPLICATION OF THE METHOD FROM SECTION 3.2

In the following, we apply the method described in Section 3.2 to different examples from the
literature, including a discrete-time market, a market with jumps, and a stochastic volatility model,
as well as a problem that goes beyond expected utility maximization. In Section 4.1, we consider
agents applying exponential utility functions in a Lévy market with jumps. A special case of the
Lévy market, a Black-Scholes market, is considered in Section 4.2. There, we consider exponential
utilities in Subsection 4.2.1, as well as power and logarithmic utility functions in Subsection 4.2.2.
Section 4.3 covers a financial market in discrete time, the Cox-Ross-Rubinstein market, in which
agents use exponential utilities. In Section 4.4, we consider a model with stochastic volatility, and
the final Section 4.5 contains an example that goes beyond expected utility maximization, namely,

cumulative prospect theory.

It should be noted that the definition of the set A of admissible strategies changes throughout
this chapter. In each example, we take A to be the set of strategies satisfying the necessary

assumptions for the specific example according to the paper from which the example is taken.

4.1. LEVY MARKET

The first example is a Lévy market taken from Béuerle and Blatter (2011). The market consists
of a riskless bond with interest rate » = 0 and d stocks. Let W be a d-dimensional Brownian
motion and N a Poisson random measure on [0, 7] x (—1,00)%, i.e., N([0,#] x B) is the number of
all jumps taking values in the set B € B((—1,00)9) up to the time t € [0, T], where B((—1, 00)?)
denotes the Borel o-algebra on (—1,00)% For the definition of a Poisson random measure (or
Poisson point process), we refer to Definition 19.1 of Sato (1999) as well as Last and Penrose
(2017, p. 19). We denote the associated Lévy measure by v, i.e., v(B) = E[N ([0, 1] x B)] gives the
expected number of jumps per unit time whose size belongs to B (see, e.g., Cont and Tankov, 2004,
Definition 3.4). For notational convenience, let us define N (d¢,dz) := N(d¢,dz) — Lg|z)<1y¥(d2)dt.
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The price processes for k € {1,...,d} are given by the stochastic differential equation
d -
dSk(t) :Sk(t_)<,uk dt + ZO’M dWy(t) + ( v z N (dt, dz)), (4.1)
=1 —l,00

where Si(0) =1, ok >0, k, ¢ =1,...,d. By p= (p1,...,uq) we denote the drift vector and by
0 = (0ke)1<k,e<d the volatility matrix, which is assumed to be regular. The restriction of N onto
[0,T] x (—1,00)%, which has the interpretation that the size of any jump is strictly larger than —1,
ensures that the stock price processes (4.1) stay positive (see, e.g., Proposition 8.21 in Cont and
Tankov, 2004, or Theorem 2.4).

There are n investors trading in the Lévy market, each endowed with an initial capital of 2} € R,

1=1,...,n. We assume that each investor uses an exponential utility function

1
U;:R — R, Ui(:v):—exp(—d ),

for parameters §; > 0, i = 1,...,n. Hence, the objective function of agent i is given by

E [— exp (—; (X;lwi — QiXEi’@))] ;

for the competition weight parameters 6; € [0,1], i = 1,...,n. We assume that the market is free

of arbitrage for an appropriate strategy class and that

/ 2] exp ((;AZ-HzH) V(dz) < oo (4.2)

lI=l>1

for constants 0 < A; < oo, i = 1,...,n. The integrability condition (4.2) is used in the proof of
Theorem 2.1 by Béuerle and Blatter (2011), which provides the unique optimal solution to the

problem of maximizing exponential utility shown below.

Now we use the method from Section 3.2 to determine the Nash equilibrium in the given situation.

First, the unique (up to modifications) optimal solution to the optimization problem

SUpyic 4 E {— exp (—62-_1Y%’W)} ,
st VAV =& 4 (i )y,

for 7h = a2} — % Dt $%, is given by
7Ti’*
7% k
St =
g Sk(t)
Here, (7%, ..., 7[‘2’*) is the (deterministic and constant) solution of

1 g 1,% 1 d 7,%
0= He — = ZZWT’ OfOry +/ ZE | eXp - Zﬂ'r’ Zr | — ﬂ{||z‘|<1} I/(dz), (43)
2 et (—1,00)4 i ‘=
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k=1,...,d, which we assume to exist and be unique (see Bauerle and Blatter, 2011). Regarding
the existence of a solution to (4.3), Blatter (2009) states that one could apply a fixed point theorem
which can be found, for example, in Schéfer (2007). If the parameters of the model are chosen
such that the conditions of the fixed point theorem are satisfied, we can guarantee the existence
of a solution to (4.3). However, according to Blatter (2009), it is not possible to derive explicit

conditions on the model parameters.

Using Theorem 3.2, we know that the unique (up to modifications) Nash equilibrium is then given
by

() + ~> ()

P-almost surely for all ¢ € [0,7] and therefore, the Nash equilibrium 7 (t) = @Z*(t)Sk(t) for

k=1,...,d,i=1,...,n, in terms of invested amounts, is deterministic and constant.

4.2. BLACK-SCHOLES MARKET

Our next example is a special case of the setting used in Section 4.1. We consider a Black-Scholes

market consisting of a riskless bond with interest rate r = 0 and d stocks with price processes
d
=1

driven by a d-dimensional Brownian motion W = (Wy,...,Wy). By pu = (1, ..., uqg) we denote
the drift vector and by o = (0j1)1<; k<a the volatility matrix, which is again assumed to be regular.
This model can be obtained from the Lévy market described in Section 4.1 by omitting the jump

component.

4.2.1. OPTIMIZATION UNDER EXPONENTIAL UTILITY

First, we assume that agents use exponential utility functions with risk tolerance parameters

6; >0,7=1,...,n. The method from Section 3.2 can be used to find all Nash equilibria for

1 I —
E{—exp (— E(X;ﬁp — HiXTZ’“O))], i=1,...,n.
(2
The unique optimal solution to the auxiliary problem
supWeAE[ — exp ( — 5;1Y%’¢1)},
st YAV = 4 (@ 9)p,
is given by
YL (t)Sk(t) = 5i(aaT)_1p, k=1,...,d,i=1,...,n

(see, e.g., Eberlein and Kallsen, 2019, Example 10.20, for one stock — the extension to d stocks

is straightforward). Therefore, the amount invested into the d stocks is constant in time and
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deterministic. Hence, Theorem 3.2 implies that the unique (up to modifications) Nash equilibrium

in terms of invested amounts is given by

. nél Qz n TL5 —1 3
() = + . I ) (oo") p, tel0,T],i=1,...,n. 4.4
T (t) <n+91, (N+9i)(1—9)j§1”+9j> (oo') 0,77, n (4.4)

Thus, the Nash equilibrium in terms of invested amounts is deterministic and constant in time.

Remark 4.1. If we set d =1, uy = p, and o1 = ¢ > 0, we obtain the constant Nash equilibrium
found by Lacker and Zariphopoulou (2019, Corollary 2.4). They use the slightly different objective

o425

j=1

function

which can be rewritten as

1 . i ~ —
E [— exp <—~ (xp7" -~ eiXTW))] (4.5)
d;
by introducing the parameters 6 = :Zﬁ and 0; = :igi . Hence, solving (4.5) fori =1,...,n

n

yields the (one-dimensional) Nash equiligrium

* Sn /’L
™ = (62+021_§n)027

where we used the auxiliary calculations

n(5¢~ :51‘, Zn: 9j~
n-{—@i j:1n+9j

= éna

and the abbreviations 6,, == % ?:1 0;, - % ;”:1 d;. It is important to notice here that Lacker
and Zariphopoulou (2019) had to restrict their problem to finding constant Nash equilibria while

we are able to consider a more general Nash equilibrium which turns out to be constant. O

COMPARISON TO THE SINGLE-AGENT OPTIMIZATION PROBLEM

In the single-agent problem of maximizing the expected exponential utility of the terminal wealth

in the underlying Black-Scholes market, the optimally invested amount is known to be given by
T =6 (O’O’T)_I/J,. (4.6)

A comparison of the optimal portfolio (4.6) in the single-agent problem and the Nash equilibrium
(4.4) shows that the overall structure is the same. In both cases, the optimal amount invested into
the d stocks is constant over time and deterministic. Moreover, the optimally invested amount is

given as (0o | )~!y multiplied by a constant. We define the constant in (4.4) by Cj, i.e.,

nd; 0; " ond;
C; = L - _ I 4.7
n+0; (n+9¢)(1—9)j§n+0j (47)

In the single-agent scenario (6; = 0), the constant is simply given by ;.
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Let us discuss some properties of C;. First, we rewrite C; as

Ci = no; 1+ bi — | + b = Z nd; )
n+0; (n+0;)(1—0) (n+9i)(1—9)#in+ﬁj

Regarding the monotonicity of C; in terms of 6;, we take the first order partial derivative with

respect to 6;. Thus,

00; " (n + 6;)2 (n+6;)(1 — )

n n0; n 1 N 0; 1 n

+> nd; ( A b; 1 n )
Znt0; \(n+0:)?1-9 n+9 9) (n + 0;)2
W T;W (n+e - 1) ( n+9 9)> (4.8)
+§nrfj&j ((nf&i) _é+n+i9( —0)? (nf9)> (4.9)
The second summand (4.9) is strictly positive since 6 <1 for every admissible choice of 61,...,60,

(see Lemma 3.3). Moreover, all factors in the first summand (4.8) are non-negative (see (3.10)
for the second factor). Hence, the constant C; is strictly increasing in terms of 6;. Moreover, the

factors C; and J; coincide if, and only if, 6; = 0.

Let us now analyze the influence of 6; on the optimal terminal wealth of agent i. As the optimally
invested amount for agent ¢ is deterministic and constant in time, the optimal terminal wealth is

given by

XpP" = g+ Cip (00 ") T + Cop T (00 T) oW (T)
=} + Cillo T ulPT + Ci(o™ ) TW(T).

Therefore, the expected optimal terminal wealth is given by
E[Xp?"] =z + Cillo™ ul*T (4.10)

and thus, strictly increasing in terms of ;. Hence, in order to maximize the expected terminal

wealth, agent ¢ should choose the competition weight 0; = 1.

However, choosing a high competition weight also brings the disadvantage of increasing the
probability of a loss (with respect to the initial capital xf)). To justify this assertion, we choose a
constant K < x} and consider the probability that the optimal terminal wealth Xfip’w* is less or

equal than K. Since W(T') has a d-dimensional normal distribution, we obtain

(07 ) W) ~ N (0, flo ulPT),
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and therefore, it follows
(X7 < K) =P (a + Cillo ™ ullPT + Cilo ™)' W(T) < K)

(oL p)TW(T) K—aj . )
P( lo—1u|VT SCZ'HU_l,UH\/T lo™ ullVT

K — xt
=o[— 0 _ o1y ﬁ) , 411
(cz-uo—lunﬁ 7 -

where ® denotes the distribution function of the standard normal distribution. The expression
inside ® is increasing in 6; since K — z, < 0. Hence, the probability of the terminal wealth being
significantly smaller than the initial wealth is strictly increasing in terms of 6;. Thus, a larger

choice of 6; results in a riskier strategy.

The question remains which of the two factors is more significant - the expected optimal terminal
wealth or the probability of a loss. More precisely, we are interested in how the parameter 6;
should be optimally chosen (depending on the investor’s risk tolerance). We discuss this question
based on numerical results obtained from the explicit representations (4.10) and (4.11). For this
purpose, let d = 1 (one stock), n = 12, and consider the expected optimal terminal wealth of
agent 1 while the other agents use risk tolerance parameters increasing from 0.5 to 2.7 in steps
of size 0.2, and competition weights increasing from 0 to 1 in steps of size 0.1. Further, let
T = 3, :c(l] =10, u = 0.03, and o = 0.2. To simplify the representation of our numerical results,
define (1) := E [Xilp’“"l’*} and p(01) = p(01,K) = IP’(X%’“"L* < K), given that agent 1 uses the
competition weight 6. The results are displayed in Figure 4.2.1 and Table 4.1.

Figure 4.2.1 illustrates a comparison of the expected optimal terminal wealth and the probability
of a loss for agent 1 in terms of §; € [0,1]. The underlying data was generated using K = 0.99x}
and three different choices for the risk tolerance parameter 0; € {0.5,1,2}. Note that the expected
terminal wealth £(f;) was shifted appropriately (scaled by z§ and moved down by the value 0.75)
to simplify the comparison between the expected optimal terminal wealth and the probability of a
loss. Of course, the shift does not change the overall growth behavior of €. Figure 4.2.1 shows
that, as explained earlier, both expressions are strictly increasing in terms of #;. However, the
probability of a loss p grows steeper than the expected terminal wealth €. The difference in slope

between € and p decreases as the risk tolerance parameter d; increases.

A similar observation can be made in Table 4.1. The table shows the change of € and p between
01 = 0 and 6; = 1 for five different values of §;. For both £ and p, we displayed the value at
f1 = 0, and the total and relative change between 6, = 0 and #; = 1. We notice again that ¢ and
p are increasing in terms of 6; since, for both € and p, the total difference is larger than 0 and the
relative change is larger than 1 for each parameter choice. Moreover, we observe an increase in
both £(0) and p(0) as the risk tolerance d; increases. However, we also notice that the total and
relative change in ¢ is increasing in é1, whereas the total and relative change in p is decreasing in
terms of 9;. We can interpret this observation as follows. If an agent is more careful due to her
strong aversion against risk, the change between #; = 0 and #; = 1 has a relatively small effect on
the expected optimal terminal wealth and a relatively large effect on the probability of a loss. It

should also be noted that the loss probability p(0) is much smaller for a highly risk-averse agent
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Figure 4.2.1.: Illustration of (4.10) and (4.11) for the first of n = 12 agents for market parameters
d=1,T =3, p=0.03, and 0 = 0.2. The agents j > 2 use ; and 9J;, j > 2,
increasing from 0 to 1 with step size 0.1, and from 0.5 to 2.7 by step size 0.2,
respectively. The figure shows (61) (shifted appropriately) in a solid and p(6;) in a
dashed line, in terms of ; with &; € {0.5,1,2} and fixed K = 0.99z}.

01=05 d6=1 6=2 66=5 6 =10

0 10.0338 10.0675 10.1350 10.3375 10.6750
1) —£(0) 0.1764 0.1787  0.1833  0.1971  0.2201
1)/£(0) 1.0176  1.0178 1.0181  1.0191  1.0206

(0)
(1)
(1)
(0) 0.1516  0.2596  0.3255  0.3681  0.3827
(1)
(1)

(L)

(L)

(L)

2

1) — p(0) 0.1991  0.0979  0.0408 0.0107  0.0036
1)/p(0) 23134 13771 1.1255  1.0292  1.0094

T D

Table 4.1.: Comparison of (4.10) and (4.11) for the first of n = 12 agents. Agent 1 uses 6; € {0,1}
and 61 € {0.5,1,2,5,10} for comparison while the other agents use 6; and d;, j > 2,
increasing from 0 to 1 with step size 0.1, and from 0.5 to 2.7 by step size 0.2, respectively.
The market parameters are d =1, T'= 3, p = 0.03, and ¢ = 0.2.

(61 = 0.5) than for a more risk-tolerant agent (6; € {5,10}). If, in contrast, the agent is more
tolerant towards risk, the change in the expected optimal terminal wealth is relatively large and
the change in the loss probability is a lot smaller than the change observed for a highly risk-averse
agent. It should be noted that the more risk-tolerant agent faces a high loss probability even for
6, = 0.

To summarize, in the current example a highly risk-averse agent should choose a value of 6; close
to 0 as the benefit from an increase in expected return does not outweigh the increase in the
probability of a loss. If, however, the agent is more tolerant towards risk, a choice of 81 close to

one seems more appropriate since the increase in the loss probability is small while the increase in
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expected return is relatively high. We note at this point that, due to the strictly concave utility
function chosen in this example, all investors are assumed to be risk-averse. However, some agents

are more tolerant towards risk (larger value of d1) than others (smaller value of ;).

4.2.2. OPTIMIZATION UNDER POWER UTILITY

Let the underlying financial market again be given by the Black-Scholes market introduced at the

beginning of Section 4.2. Further, we assume that each agent uses a power utility function of the

form
1\ ! 1—L1
Ui:(0,00) = R, Uj(z) = <15> x i,
i
for risk tolerance parameters d; > 0, &; # 1,7 = 1,...,n. The objective function of agent i is then
given by

B[(1-5) (o o) ]

The competition weights 6; € [0, 1] are chosen with respect to the condition z} — % Dt l‘g >0

for the initial capitals z§ > 0, i = 1,...,n. The unique optimal solution to the auxiliary problem

-1 i 1— 5
SupwieAE[<1 — 5%) (Yj’iﬂ/’ ) Z]

st VIV =F 4+ (¥ 9)r,

is given by
Y1 (1) Sk (t) = 5if6<(aaT)_lu)kexp (51‘ (ailu)TW(t) + <5i - (;Z?);LT (O‘O’T)_l/ﬂf),

k=1,...,d,i=1,...,n (using Korn, 1997, p. 58), i.e., the optimally invested fraction of wealth
is constant. Hence, using Theorem 3.2, the unique (up to modifications) Nash equilibrium is given

by
91' v n

(n+ 0;)(1 —0) Jz::l n+ ejw’“’ ®),

fort € [0, T, k=1,...,d,andi=1,...,n.

Remark 4.2. Lacker and Zariphopoulou (2019) suggest that the multiplicative relative performance
metric is better suited for CRRA utility functions. Consequently, they use objective functions of

the form
1—L

INL( i [T i\~ ol
E[(l—&) (XT’ (EXT) ) ],121,...,7@.

)

Indeed, the multiplicative structure of the argument does simplify some calculations and is also
used in this thesis (see Section 7.4). Moreover, the constant Nash equilibrium (in terms of invested
fractions) has a shorter and overall ,nicer* representation (see Lacker and Zariphopoulou, 2019,
Corollary 3.2). However, the solution is less general since the method described in Section 3.2

cannot be applied here (see Remark 3.4) and thus, only constant Nash equilibria are considered. ¢
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4.3. BINOMIAL MODEL IN DISCRETE TIME

The next example is a Cox-Ross-Rubinstein market in discrete time (see, for example, Biuerle
and Rieder, 2011, p. 60). The model brings the advantage of being very simple, but also quite
popular among financial markets in discrete time. Moreover, the Cox-Ross-Rubinstein model
is a discrete-time approximation of the Black-Scholes market. Hence, it does not come as a
surprise that the overall structures of the Nash equilibria in the Black-Scholes market and the

Cox-Ross-Rubinstein market coincide.

The market consists of one riskless bond with zero interest rate and one stock (d = 1) with price

process (S(t))k=o,.. N, where t, =k -T/N, k=0,...,N. The stock price process is given by
n
S(tn) = S(0) [[ Bk, n=0,...,N.
k=1

The random variables Ry for k € {1,..., N} are independent and identically distributed with
PR, =u)=p=1—-P(R, =d) for 0 <d < uandp € (0,1). We assume that d < 1 < u to
exclude arbitrage (see, e.g., Bauerle and Rieder, 2011, Example 3.1.7). For a self financing strategy
© = (¢(tg))k=0,..,n—1 and some initial capital zy € R, the wealth process of an investor is given
by (see, e.g., Béuerle and Rieder, 2017, Lemma 2.2)

k

X{ =z + Z @(te—1)(S(te) — S(te—1))-
—1

Thus, the wealth process is linear in ¢. Moreover, we assume that investors use exponential utility

functions given by

1
Ui :R— R, Ux) =—exp <5l‘> ,
i
for risk tolerance parameters d; > 0, i = 1,...,n. The unique optimal solution to the classical

optimization problem

{ supweAE [— exp (—%Yf;’w )] ,
st Y = F+ S0 ¢ (te1) (S(te) — S(tea)),

is given by

5, los (1) —loa (3)
S(tk) u—d ’

P (ty) =

1—d
u—d

modifications) Nash equilibrium 7**, i = 1,...,n, where

ﬁ:< nos ; anej5j>log(:1’>_log<g>

n+0; " (n+6;)(1—9) w—d

where g = (see Béauerle and Rieder, 2011, p. 92). Theorem 3.2 yields the unique (up to

=1

describes the invested amount. Similar to the Nash equilibrium (4.4) in Subsection 4.2.1, the

invested amount is constant in time and given as the constant C; from (4.7) multiplied by some
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log (1=9) —1og( 4
expression depending only on the market parameters. If the expression w is strictly

positive (this is equivalent to p > ¢), we can use the same argumentation regarding the monotonicity

of 7%* in terms of #; as in Subsection 4.2.1.

4.4. MARKET WITH STOCHASTIC VOLATILITY

In this section, we consider a stochastic volatility model, the so-called Heston model (see Heston,
1993; Kallsen and Muhle-Karbe, 2010). The model consists of one risky asset (a stock) and a
riskless bond with zero interest rate. There are two correlated Brownian motions W° and W2
with correlation p. The price process S of the risky asset is described by the system of stochastic

differential equations

s, = S, (Atht + \/thWtS> , So > 0,
dZ; = k(¥ — Z)dt + o/ Z,dWZ, Zy > 0, (4.12)

t € [0,T]. The constants A, k, ¥, and o are assumed to be positive and satisfy the Feller condition

2k19 > 0 to ensure that Z is strictly positive (see, e.g., Jeanblanc et al., 2009, p. 357).

Remark 4.3. The volatility process (Zt)te[o,T] describes a so-called square root diffusion. The
process originates from the idea to model the square root of the volatility process as an Ornstein-

Uhlenbeck process, i.e.,

dv/Z; = — B/ Zdt + 6dW 7

for constants 3, 6 > 0 (see Heston, 1993). Using the It6-Doeblin formula (Theorem 2.1), it can be

shown that the process Z solves (4.12) if the constants are chosen appropriately. O

We assume here that each agent uses a power utility function of the form

1\t oo
Uy : (0,00) = R, Ui(w):<1—d> A

for risk tolerance parameters §; > 0, §; # 1,9 =1,...,n. The objective functions are given by

1\ ! . . 1—6%_ )
E[<1_5i> (X{;“D—a,-XTZ"f’) L],z:l,...,n.

The competition weights 0; € [0, 1] are chosen with respect to the condition z = xé—% Dt xé >0
for the initial capital xf > 0, ¢ =1,...,n. The unique (up to modifications) optimal solution of

the classical portfolio optimization problem

Supyic 4 E

(1 o 5%’)71 (Y;ﬂ’d)l)l_éll‘| ’ (4 13)
st YV =&+ (- S)p,

is given by '
w =6\ + fi(1) (4.14)
}/;/ )
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P-almost surely for all ¢ € [0,T], where the deterministic function f; can be given explicitly (see
Kallsen and Muhle-Karbe, 2010). By (Yf’*)te[oﬂ, we denote the optimal wealth process for (4.13),
i.e., the expression on the right-hand side of (4.14) describes the optimally invested fraction of

wealth. Finally, ¢**, i = 1,...,n, given by

n

P S iy

i,*t —
2 n+0; (n+9i)(1—6)j:1n+9j

P-almost surely for all ¢ € [0, 7], is the unique (up to modifications) Nash equilibrium.

4.5. CUMULATIVE PROSPECT THEORY

In the cumulative prospect theory (CPT), introduced by Tversky and Kahneman (1992), investors
evaluate their wealth relative to some reference point £ > 0. Values smaller than £ are treated as
losses while values larger than £ are seen as gains. Studies have shown that people tend to act
risk-seeking when dealing with losses and risk-averse when dealing with gains (see Tversky and
Kahneman, 1992, and references therein). This effect is captured by S-shaped utility functions
U : (0,00) — R, for example of the form

U(z) = (4.15)

7@_(671.)57 ng,
b'(l'_é)’ya l’>£,

for0<d<1,0<~vy<1anda>b>0. Figure 4.5.1 shows the S-shaped utility function (4.15)
for the parameters! a = 2.25, b =1, and § = v = 0.5. The reference point is chosen as ¢ = 1 which
could, for example, describe the initial capital of some investor.

Berkelaar et al. (2004) found the unique optimal solution to the associated single investor portfolio
optimization problem in a Black-Scholes market with constant market parameters. The stock

price processes are hence given by

d

dSk(t) = Sk(t) <ukdt + Za'kgde(t)> , T € [O,T], k=1,...,d.
=1

Moreover, there exists a riskless bond with zero interest rate. Since this thesis is focused on

investors evaluating their wealth with respect to the wealth of their competitors, we use a reference

point in terms of the weighted arithmetic mean of the other investors’ wealth. Therefore, the

objective function of agent ¢ is given by

05
0. o . b, o
El—ai- <n§ P i —X;#’> 11{)(;@" < EZE :X%""J}
J#i J#i
Vi
) o 0. o
RS R
j#i J#i

!Berkelaar et al. (2004) used the similar parameter choice a = 2.25, b =1, { =1, and § = v = 0.88. However, we
use 6 = v = 0.5 for a better illustration of the S-shape of U.
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Figure 4.5.1.: Hlustration of the S-shaped utility function (4.15) for £ =1, a = 2.25, b = 1, and
0 =~v=0.5.

for0 <6, <1,0<y <1,and a; > b; >0,7=1,...,n. We further introduce the constraint
X%‘pl — Y% >t X%W > —¢; for some & > 0. Economically, this means that the investor only

n
accepts a downward deviation from the weighted average wealth of the other investors by a
constant &. The introduction of & ensures that the corresponding classical problem is similar to

the optimization considered by Berkelaar et al. (2004). Hence, the optimization problem reads as

i

SUPyicA E[ —ai- (% S X5 = Xffﬁw)é 1 {X?pi < Ui X%w}
b (X5 = 8 X)X > G g
st XEP =ah 4 (9 S)p, XBE -y X > g,
for i = 1,...,n. The unique solution to the associated classical problem
Supyic A E [—ai (& — Y;;’wifi 1 {YTi’wi < &'} +b; (Yf;’w - &)% 1 {Yq@wi > 51}} ;
st VIV = a4 &+ (- S)p, VY >0,

is then given by (Berkelaar et al., 2004, Proposition 6)

s s =((oe) ), { 6001, 2)

[KllVT =t
+( bivi )H”eri(t) ‘ﬁ(g(t’z)*w\—/?) +‘I’(9(tvzi)+”“y_£_t)
0 IRVT = = ’

where x and (Z(t))¢e[o,r) are the market price of risk and state price density process in the given
Black-Scholes market, i.e., k = o1y and Z(t) = E(—k+W);. By ¢ and ® we denote the density
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and cumulative distribution function of the standard normal distribution. Moreover, g and T'; are
functions in terms of the market parameters, where g(t,-) also depends on Z(t). Finally, A; > 0
is the Lagrange multiplier to the constraint E[Z(T)Y;;’wi] = T} + &, and Z; is the unique root of
some additional function f;, which depends only on the market and preference parameters of the
problem. Explicit representations of the mentioned functions can be found in Proposition 6 in
Berkelaar et al. (2004).

Finally, goi:’*, k=1,....d,i=1,...,n, given by

n

i i 0; i
Pt = =i (6) + =Y ()

n+60; (n+0:)(1—0) = j
P-almost surely for all ¢ € [0,7] and ¢ = 1,...,n, is the unique (up to modifications) Nash
equilibrium. Apparently, w,i’*(t) > 0 holds for all ¢t € [0,7] if, and only if, ((O’O’T)_llu) p >0,
k=1,...,d. If this is the case, it follows from Remark 3.5 that the associated component @Z’*(t)

of the Nash equilibrium is increasing in terms of 6;.






CHAPTER D

MEAN FIELD EQUILIBRIA FOR RELATIVE INVESTORS

In the following, we give a short introduction to the extensive field of research on mean field
games. Inspired by the mean field theory from physics for large particle systems, mean field games
were introduced independently by Huang et al. (2006) and Lasry and Lions (2007) to simplify the
solution to n-player games where the number of agents is large. We refer to Lacker (2018) for
a general introduction and motivation of the topic, and to Carmona and Delarue (2018a,b) for
a thorough treatment of mean field game theory and its numerous applications. Still, we give a
brief motivation and highlight the key assumptions and features of mean field games considered in
the literature. After the discussion of general mean field games, we take a look at the literature
on mean field portfolio optimization for relative investors, which is closely related to the results

presented in this chapter.

The basic motivation to introducing mean field games was to find a mathematically tractable
approximation of n-player games with a large number of players. As Carmona and Delarue (2013)
state, ,large stochastic differential games are notoriously untractable“. Similar to the mean field
theory used in physics, where infinite particle systems are used to approximate the finite particle
setting, a model containing an infinite number of players (a continuum) is used to approximate
the corresponding n-player game. Heuristically, due to the law of large numbers, some form of
averaging is expected when the number of agents tends to infinity (see Carmona and Delarue,
2013; Lacker, 2016). To provide a mathematically rigorous explanation of this heuristic idea, one
has to make two fundamental assumptions on the model. The first is that the agents are ,,small*
in the sense that each player has very little influence on the overall system and the influence
becomes negligible for large n (see Lacker, 2016; Carmona and Delarue, 2013). The second basic
assumption is that the agents are indistinguishable or, as Carmona and Delarue (2013) describe
it, ,statistically identical“. Lacker (2018) phrases this assumption by asserting that players are

yinterchangeable®“. The symmetry among the players implies that the system does not depend on
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the individual states of the players, but only on their collective empirical distribution. Roughly
speaking, we are only interested in which states are present, but not to whom each state belongs.
If these basic assumptions are satisfied, we can expect the mean field game to provide a sufficiently

accurate approximation of the underlying n-player game.

Generally, the mean field game is more tractable than its n-player counterpart since, instead of
solving a system of n coupled problems, we only need to deal with a standard control problem
faced by a single representative agent who interacts with the environment (Carmona et al., 2016).
By the term ,environment*“ we describe the state of the continuum of agents, which can be
assumed to be fixed since the influence of the representative agent on the system is negligible.
After solving the control problem for a single agent, the next step is to find a fixed point of the
so-called consistency condition. A rough intuition for this condition is that one has to make sure

that the representative agent is, in fact, representative for the whole population.

There are two different approaches to mean field games in the literature. The first is to solve
the problem with a continuum of agents and then construct an approximate solution for the
corresponding n-player game (see, among others, Huang et al., 2006). The second approach is to
solve the n-player game first and then consider the limit as n tends to infinity (see, e.g., Lasry and
Lions, 2007). The relationship between the n-player and the mean field game is one of the three
key questions tackled by the literature. More precisely, it contains two subquestions: Does each
n-player solution converge to a mean field solution and, conversely, can any mean field solution be
obtained as the limit of some (approximate) n-player solution? Under fairly general assumptions,
it is possible to show that the answer to both subquestions is affirmative (see Lacker, 2016). The
other main questions considered in the context of mean field games comprise the existence and
uniqueness of solutions, both for the n-player and the mean field game. Of course, if there is
a one-to-one correspondence between mean field solutions and sequences of n-player solutions,
existence and uniqueness of solutions for the n-player and the mean field game are equivalent. It
is possible to prove under general assumptions on the model parameters, that both the n-player

and the mean field game admit a unique solution (see, e.g., Lacker, 2018; Lasry and Lions, 2007).

Furthermore, one key feature of a mean field game model is whether or not it contains common
noise. In the early literature on the topic, the state diffusions of individual agents were assumed to
be governed by independent Brownian motions. To include the more realistic scenario of random
perturbations affecting each agent simultaneously, Carmona et al. (2016) introduced mean field
games with common noise by adding an additional independent Brownian motion to the state
diffusion of each agent. Later in this chapter, we consider a problem of competitive investment in
a financial market common to all agents. Thus, in contrast to the majority of literature on mean

field games, we consider common noise only.

Finally, let us mention the two different ways of solving mean field games as they appear in the
literature (see Lacker, 2015). The first is an analytic approach based on two tightly coupled partial
differential equations. One of the partial differential equations has a terminal condition and has
to be solved backward in time while the second has an initial condition and needs to be solved
forward in time. This approach was, for instance, used by Lasry and Lions (2007) as well as by

Guéant et al. (2011). Carmona and Delarue (2013) chose a different, probabilistic approach to
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tackle mean field games. Their method, based on the stochastic maximum principle, results in

coupled forward-backward stochastic differential equations.

Later in this chapter, we consider a special mean field game which is not solved using the classical
methods described above. Thus, we do not go into any more detail on the general theory on mean
field games. Let us instead consider the special case of mean field portfolio problems for relative
investors, which are closely related to the problem solved in this chapter. To be more specific,
we focus on portfolio optimization problems where agents measure their preferences with respect
to the expected utility of an additive relative performance metric applied to their own as well as
their competitors’ terminal wealth. For the definition of relative performance metrics in n-player

games, we refer to the introduction of Chapter 3.

Lacker and Zariphopoulou (2019) were the initiators of the study of mean field games for relative
investors. In a continuous-time financial market with constant market parameters, they consider
agents which specialize in a single stock each, and they incorporate both an independent as well as
a common noise term. After finding explicit representations of unique constant Nash equilibria for
CARA and CRRA utility functions, they consider the (heuristic) limit of the n-player equilibria
as the number of agents tends to infinity. Following this informal derivation, they define the mean
field game rigorously for both the additive and the multiplicative relative performance metric.
Finally, they give explicit representations of the unique mean field equilibrium for both relative

performance metrics which turn out to coincide with the previously derived informal limits.

The mean field problem introduced by Lacker and Zariphopoulou (2019) was soon extended in
various ways. For reasons of tractability, each of the subsequent authors used either the additive
relative performance metric in combination with CARA utility, or the multiplicative relative
performance metric together with CRRA utility. The setting closest to the original was considered
by Lacker and Soret (2020). They added consumption to the CRRA problem with a multiplicative
relative performance metric. The assumption of constant market parameters was lifted by Fu
et al. (2020) and Fu and Zhou (2023), who consider a model with random coefficients for CARA
and CRRA utility, respectively. Hu and Zariphopoulou (2022) allowed for the market coefficients
of the stock, which is common to all agents, to depend on an additional independent Brownian
motion. Bo, Wang and Yu (2023) extended the financial market by allowing for jumps in the

stock price process.

Instead of classical utility functions, some authors consider forward utilities. For example, Dos Reis
and Platonov (2021, 2022) used forward utilities with CARA and CRRA priors, respectively.
The underlying stock price processes coincide with those used by Lacker and Zariphopoulou
(2019). Park (2022) considered forward utilities with CARA priors as well, allowing the stock
price coeflicients to be suitable stochastic processes. In contrast to the articles mentioned up to
this point, which feature only risk-averse agents, Nguyen (2022) considered a system consisting of
both risk-averse and risk-seeking investors. Moreover, he allowed for competition weights taking

values between —1 and 1, which previously had to be chosen between 0 and 1.

Finally, we want to mention an extension of the original problem which considers competing

insurance companies instead of investors. For example, Guan and Hu (2022), Bo, Wang and Zhou
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(2023), and He et al. (2023) searched for optimal investment and (re-)insurance strategies for

competing insurance companies.

Apart from Hu and Zariphopoulou (2022), all of the previously mentioned authors assumed that
investors specialize in a particular stock. Furthermore, each of the above articles requires specific
assumptions regarding the utility function employed by the agents and the underlying financial
market. In contrast to these models, we consider a mean field game for relative investors using
a general utility function to evaluate their terminal wealth with respect to the continuum of
competitors in the market. The relative concerns of an investor are measured with respect to the
additive relative performance metric. Moreover, the underlying financial market, which is common
to all investors, takes a very general form. We use the semimartingale financial market introduced
in Subsection 2.3.1, but assume that the probability space now contains three additional random
variables. These are assumed to be independent of the stock price processes and represent the
initial capital, the risk tolerance parameter, and the competition weight of a representative agent
taken from the continuum of infinitely many investors. Similar to Section 3.1, we are able to
reduce the mean field game to a single-agent portfolio optimization problem and to express the
mean field equilibrium in terms of the unique solution of the corresponding classical problem.
Although the setting is rather general (especially compared to the existing literature), we need to
assume that each agent in the continuum uses the same utility function U. Only the risk tolerance
parameter is allowed to differ between agents. In the corresponding n-agent game in Section 3.1,
we did not require this assumption. However, mean field games call for a lot of symmetry among

the agents. At least, the specific choice of U is not relevant for the proof displayed below.

The chapter is organized as follows. In Section 5.1, we provide an informal derivation of the mean
field equilibrium as the limit of the n-player Nash equilibrium from Theorem 3.2 when the number
of agents tends to infinity. Afterwards, we define the mean field game properly, similar to Lacker
and Zariphopoulou (2019). Finally, we reduce the mean field game to a suitable single-agent
problem and display the unique mean field equilibrium in terms of the solution of the corresponding
single-agent problem. It turns out that the mean field equilibrium coincides with the informal

limit derived earlier.

5.1. MOTIVATION AND HEURISTIC DERIVATION OF THE MEAN FIELD
GAME

In Chapter 3, we modeled n agents through their type vector ¢; = (), d;,0;) which contains the
initial wealth and preference parameters of agent i € {1,...,n}. In the mean field game, the type
vector of some representative agent will be given as the realization of a suitable random vector
¢ = (&,0,0), which is independent of the price processes in the underlying financial market. Before
we properly define the mean field game, we provide a heuristic derivation of its solution. More
specifically, we provide an informal derivation of the limit of the Nash equilibrium (3.6) as n tends

to infinity. A similar heuristic can be found in Lacker and Zariphopoulou (2019).
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Recall that the i-th entry of the Nash equilibrium (3.6) is given by
n 0; " n ;
. ), k=1,...,d,t€[0,T],

g 0,7]

0 = O+ e

where ¥7*, j € {1,...,n}, describes the unique optimal portfolio for a suitable auxiliary problem.

First, we obtain
lim =1, im

= 0;.

Moreover, if we assume that 01, 02, ... are independent and identically distributed random variables,

independent of the underlying filtration (F)¢c[o, 7], we obtain

since, using the law of large numbers!,

R n na
0= —] - 25 R[0:], n — oo,
S g S
"(9] n n nej a.s,
- — El0
z::n n+0; = 2 iy Bl o

Finally, if we assume that, conditional on Fr, wi’*(t), wZ’*(t), ... are independent and identically
distributed random variables (for any t € [0,7], k € {1,...,d}) we obtain (analogously, using the

law of large numbers and a sandwich argument)

n

Zn+9ww> E[yx" ()| Fr], n — oo.

J=1

Note that we can only assume that wi’*(t) are independent and identically distributed given Fr

as they are solutions to portfolio optimization problems at time T'.

Hence, we expect that the components @Z’*(t) of the Nash equilibrium (3.6) converge to

6

Yr(t) + TR

Elr®)|Fr], k=1,....d,

as n — 0o, where 6 2 61 and 1} (t) 2 wi’*(t) given Fr. By 2 we denote equality in distribution.

The convergence of the Nash equilibrium as the number n of agents tends to infinity can also be
observed in Figure 5.1.1. There, the first component of the Nash equilibrium (in terms of the
number of stocks) for n agents using exponential utility functions is displayed in terms of the
number of agents. The underlying financial market is a one-dimensional Black-Scholes market
with zero interest rate, constant drift 4 = 0.03, and constant volatility ¢ = 0.2. Moreover,
the competition weights 6; and risk tolerance parameters 6;, ¢ = 1,...,n, are realizations of

independent and identically (0, 1)- and U(0.5, 3)-distributed random variables, respectively.

a.s.
By 2% we denote P-almost sure convergence.
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Figure 5.1.1.: Illustration of x'*(¢) in a Black-Scholes market with d = 1, r = 0, u = 0.03, and
oc=02 att=1forn e {1,...,200} under CARA utility, where 0; and §; are
realizations of i.i.d. ¢(0,1)- and ¢(0.5, 3)-distributed random variables, respectively.
The dashed line marks the optimal solution to the single-agent problem (6; = 0) for
the realization d; of the U(0.5, 3)-distributed random variable used for agent 1.

Considering Figure 5.1.1, we notice that for small values of n, ©'* grows very fast compared to
the behavior for larger values of n. Moreover, Figure 5.1.1 indicates that, for n > 2, the first
component of the Nash equilibrium is always larger than the strategy obtained for n = 1, which
corresponds to the optimal strategy without competition. This observation can be explained as

follows

ik n 0; ik 0i - ,
i (8) = (n—l—@i + (n—}—&i)(l—é))wk )+ (n+6:;)(1 —0) z::n"f_e wk
i£i

oL,
ENE

i - ik
(n+0;)(1—0) an LACESIAU (5.1)

J#l

> o (t) +

where @%*(t) is taken from (3.6). The chain of inequalities in (5.1) holds if wi’*(t) > 0 for all
j=1,...,n, which is the case in the framework used to generate Figure 5.1.1. Moreover, we also
used that 6 € [0,1) (see Lemma 3.3).

Remark 5.1. One might argue that it is not necessary to consider the mean field game associated
to problem (3.3) since there exists a unique explicit solution to the n-player game given in
Theorem 3.2. However, as Lacker and Zariphopoulou (2019) argue, the mean field model presented
here might be generalized to more involved models in which the mean field game formulation is
mathematically tractable whereas the n-player game brings some serious difficulties. We do not
elaborate this any further and refer to Lacker and Zariphopoulou (2019) for examples on models

with difficult n-player games but promising corresponding mean field game formulations. O
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5.2. FORMAL DEFINITION OF THE MEAN FIELD GAME

Let us now give a formal definition of the mean field game and a mean field equilibrium. Further,
we prove that the mean field equilibrium coincides with the informally derived limit above. The
structure of the mean field game is similar to the problem introduced by Lacker and Zariphopoulou
(2019, Section 2.2). We use the semimartingale financial market described in Subsection 2.3.1 again.
To summarize, the market consists of a riskless bond with zero interest rate and d stocks. The
stock price processes (Sk(t))ico,r], k¥ =1,...,d, are assumed to be semimartingales with cadlag
paths (i.e., the paths are right continuous with existing left limits). Further, it is assumed that
there exists an equivalent o-martingale measure Q. Additionally, we assume that the underlying
probability space contains a (0,00) x (0, A] x [0, 1]-valued random vector ¢ = (&, 6, 6) independent
of the filtration (F¢).ejo,r) with A > 0. We assume that E[¢2] < oco. Finally, we define an additional
filtration (.FtMF)tG[O’T] given by

FME — 6 (F, ¢, te[0,T].

The random variables &, J, and 6 denote the initial capital and preference parameters of a

representative investor. In this setting, the wealth process of a representative agent is given by
Xf =&+ (90'5)75’ te [OvT]v

where ¢ is an admissible strategy representing the number of stocks held at time ¢ € [0,7]. We
say that ¢ is an admissible strategy if ¢ € AMF, where

AME — {90 e IMY(S): (¢+8)r € LA(P), (¢-S5)ZV is a P-martingale for all SoMM Q

d
with density process Z¢ and d% € L? (]P’)}

By LM¥(S) we denote the set of (FMF)-predictable, S-integrable stochastic processes.

Further, we assume that U : D — R is a utility function, in the sense of Definition 2.11, defined
on a domain D € {R, (0,00)} including some parameter 6 > 0. We again extend the definition
of U to the whole real line by setting U(x) = —oc if # ¢ D. Now assume that § is part of the
characterization of the representative investor. Then the combination of U and § (by inserting §
as the parameter in U) yields a (stochastic) utility function denoted by Us. Now a representative

investor faces the following optimization problem

{ SupchAMF E |:U5 (Xj(e N HX)} ’ (52)
s.t

X5 =£¢+ (- S)r, X = E[XF|Fr).

The consistency condition X = E[X|Fr] (see Lacker and Zariphopoulou, 2019) models the feature
that each agent in the continuum faces the same type vector ¢ and the same randomness from the

financial market. Hence, if we condition on the information F7 provided by the financial market at
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time T, each agent faces an independent and identically distributed copy of the same optimization
problem. Roughly speaking, the consistency condition ensures that the representative agent is

indeed representative for the whole population of agents.

Remark 5.2. We need to ensure that there is at least one strategy ¢ € AMF such that X7 — 6X € D
P-almost surely. If D = (0, 00), we can therefore only allow choices of & and 6 that satisfy £ — ¢ > 0
P-almost surely, where & := E[¢]. O

The optimal solution to (5.2) is called mean field equilibrium.

Definition 5.3 (Lacker and Zariphopoulou, 2019, Definition 2.9). A strategy ¢* € AMF is called
a mean field equilibrium, if it is an optimal solution to the optimization problem (5.2). This means

in particular that ¢* needs to satisfy the consistency condition X = E[Xg | Fr]. ¢

5.3. SOLUTION METHOD VIA PROBLEM REDUCTION

The optimization problem (5.2) can be solved similarly to the n-agent problem. Therefore, we

define the auxiliary problem

{ Sup,e gvir E [U(;(Zéﬁ)} ’ (5.3)
s.t

78 =€ =0+ (- S)r.

Then the mean field equilibrium for (5.2) is given in the following theorem in terms of the optimal
solution to the auxiliary problem (5.3). Note that we obtain exactly the representation we derived

heuristically in Section 5.1.

Theorem 5.4. Let E[0] =: 0 < 1. If (5.3) has a unique (up to modifications) optimal portfolio

strategy 1, then there exists a unique mean field equilibrium for (5.2) given by

A0 = Vi) + — B0 k=1, 6.4

P-almost surely for all t € [0,T).

Proof. In order to solve the optimization problem (5.2), we assume that X is an Fp-measurable
random variable of the form
X =E[X¢|Fr]

for an admissible strategy o € AMF with X§ = ¢. Moreover, we define the process
X =E[XPFr], t €10,T).
Since X' can be written as
d ot
Xp=¢+ Y [ axtwasiu).
k=1

we obtain

&
Xp =€+ [ anu)dsilo) (55)
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where ay(u) = E[ag(u)|Fr], k =1,...,d, and £ = E[¢]. The representation (5.5) of X requires
more explanation. As a first step, we used the independence of § and (F¢).¢[o,7), and the linearity
of the conditional expectation. To obtain

E { /0 t Ozk(u)dSk(u)‘}"T - /0 t ag(w)dSk (), (5.6)

we first observe that the sample space can be written as Q = Q; x Qy with o-algebras F(!) and F(2)
on Q1, 9, respectively, and probability measures P; and Py on FU), F?) | satisfying P = P; @ Py,
due to the independence of (F;) and (. Hence, Q2 and Q5 are associated to (F;) and (, respectively.
It follows that for any F' € Fp, there exists a unique G € F) such that F = G x Qy. Now we
prove that the conditional expectation with respect to Fr of some f%“—measurable, P-integrable
random variable Y = Y (w1,w2) can be written as an integral over Qo with respect to Po. First,
we notice that E[Y'|Fr] is a random variable that can, due to the Fr-measurability, be written
in terms of wy only. Now let F' € Fp with decomposition F' = G x Q. It follows (using Fubini’s

theorem and the definition of conditional expectation?)

/ Y(wl,LUQ)dPQ(WQ)d]Pl(Wl):/ Y (w1, w2)dP(wy, w2)
G Ja, B
:AE[Y\FT](w1,w2)dP(W17W2)
:// E[Y|Fr](wi, w2)dPa(we)dPy (w1)
G JQo
:// E[Y | Fr](w1)dPy(w2)dPy (w1
G JQo
:/GE[Y"FTK(Ul)d]P)l(Wl)

Therefore, we obtain
ELY |Fr)(wr) = | ¥ (wr,w0)dPa(wr)
2

for P1-almost all wy € Qp (following the arguments of the proof of Theorem 8.12 in Klenke, 2020).

Now we can use this result to prove (5.6)

E [/Ot e (u)dSy ()| Fr

:/ /t a(u)dSk (u)dPa(w2)
0, Jo
:// oy (u)dPy(ws)dSk(u)
0 JQo
:/0 Elag (w)| Fr]dSk(u)
_ /tak(u)dSk(u).
0

The second equality holds due to a stochastic version of Fubini’s theorem by Protter (2005) (see

Theorem 2.5). Hence, the representation (5.5) is in fact correct and we can proceed with the

2If X is an integrable random variable and G a sub o-algebra of F, the conditional expectation of X given G is
the almost surely unique, G-measurable random variable Y such that f o XdP = f c Y dP for all G € G (see, for
example, Klenke, 2020, Definition 8.11 and Theorem 8.12).
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solution of problem (5.2). By construction, the equation X% = X holds. Using the previously
defined process (X§*), we define another process (Zt)iejo,r) for ¢ € AME and X¢ = ¢ by

Zy =X} — 0X{.

Thus, Z; can be written as

oAt
Zi=e—0E+Y /O (or (1) — O (w)) dSy(u) = ZP.
k=1 =g (u)

The random variable Z% coincides with the argument of the objective function in (5.2). Therefore,

we consider the auxiliary problem (5.3)

Supd)GAMF E [Ua(Z%)} 5
st Zh=€6—06+ (¥ S)r.

If ¢* is the unique optimal portfolio strategy to (5.3), we can determine the solution to (5.2) as
follows. By definition, we have 7y = X7 — 0X or equivalently X7 = Z}b* + 0X. Moreover, the

random variable X needs to satisfy the consistency condition X = E [X7|Fr]. Hence, it follows
v — ® _ v Y _ v* Y _ v X
X =E[X{|Fr] =E |z} +0X|Fr| =E |2} |Fr| + XE[9|Fr] = E 2} |Fr| + 0X,

where we used that X is Fr-measurable and that 6 is independent of (Ft). Moreover, we introduced
the notation 6 := E[f]. Under the assumption that < 1, we obtain

X= 11033 &3

Frl.

Therefore, the optimal wealth XY is given by

* — * 9 *
X8 =270 +0X = 7Y +—1_§E[Z$ | Fr] .

Since the wealth process is linear in terms of the strategy and the solution ¥* is unique, it follows
that

P(1) = () + — =B [ ()| 1]

componentwise P-almost surely for all ¢ € [0,T]. The line of arguments implies that there exists
a unique Nash equilibrium given by (5.4) if, and only if, the auxiliary problem (5.3) is uniquely
solvable. O

Remark 5.5. The mean field equilibrium (5.4) shows, similar to Remark 3.5, that a larger value of
f results in a more risky investment behavior of a representative agent. If we substitute 6 by a
different, [0, 1]-valued random variable § with E[f] < 1 and # > 6 P-almost surely, the resulting
Nash equilibrium becomes more risky in the sense that more shares of the risky asset are purchased

or sold short depending on whether the realization of 1} (t) is positive or negative. O
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Finally, we present an application of Theorem 5.4 which describes a mean field counterpart of the

model in Subsection 4.2.1.

Ezxzample 5.6. We consider a one-dimensional Black-Scholes financial market with constant drift
w1 > 0 and volatility o > 0. Moreover, let Us(x) = —exp (—5‘13;), x € R. Then the solution to

the auxiliary problem (5.3) in terms of amounts is known to be given by

z
™ =0—.
o2

Therefore, the mean field equilibrium to (5.2) in terms of amounts is given by

_ 0 [
=(d4+6—— ) =.
(+ 1—0)02 0

_ck 0 H
7r_502+1_9JE[502‘}'T







CHAPTER 6

PARETO OPTIMA FOR RELATIVE INVESTORS

In general, there are two main optimality criteria used in n-person stochastic games: Nash equilibria
and Pareto optimality. Until now, we have only looked for Nash equilibria in the multi-objective
optimization problem (3.3) and the corresponding mean field game. In this section, we search for
Pareto optimal strategies. The criterion is named after Vilfredo Pareto who developed the concept
further in 1896 after it had already been used in 1881 (see Miettinen, 1999, pp. 10-11, and the
references therein). In contrast to a Nash equilibrium, where n agents maximize their objectives
simultaneously, each assuming that the strategies of the other players are fixed, a Pareto optimal
vector of strategies is found if no player can improve her objective without worsening the objective
of another player. Thus, Pareto optima are related to maximizing the common good of all players

as opposed to the more self-centered Nash equilibria.

The literature on Pareto optimal strategies for n-player stochastic games is rather sparse and, to
the best of our knowledge, the problem of optimal investment for competing agents has not yet
been solved using the concept of Pareto optimality. Of course, as the agents are assumed to be
competitive, it is more intuitive to search for Nash equilibria. However, instead of interpreting
Pareto optimality as optimizing the common good, we can have some central planner in mind
that manages the portfolios of n competing agents. Hence, the central planner aims to maximize
the common good of her clients without this behavior contradicting the competitive incentive of

the n agents.

Closest to our work is the article by Branger et al. (2023). They considered n non-competitive
agents aiming to maximize the expected utility of their terminal wealth given some fixed initial
capital. While the solution to such problems for a single investor is well known in many interesting
special cases, Branger et al. (2023) considered the modified problem of collective asset allocation
and searched for Pareto optimal vectors of strategies. They defined a novel type of utility function,

the so-called collective utility function, which is used to find a Pareto optimal vector of strategies
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for the n agents. An adapted version of their collective utility function is used in this chapter.
The collective utility function has the advantage of containing only one state variable, as opposed
to the ,classical* approach of maximizing a weighted sum of the n players’ objectives, which
results in an objective function that depends on all n state variables. The classical approach of
maximizing a weighted sum of the n agents’ objective functions was, e.g., used by Ferrari et al.
(2017) and Guo and Xu (2020) in problems other than portfolio optimization. The paper by
Ferrari et al. (2017) considers the optimal allocation of the initial wealth of n agents between
personal consumption and irreversible contributions to increase the level of some public good. The
paper by Guo and Xu (2020) considers a central planner problem for n players aiming to minimize
the running cost corresponding to some general diffusion state process. We refer to Branger et al.

(2023) for a more detailed literature overview of collective optimal investment and related topics.

We conclude this introduction with a summary of this chapter. The underlying financial market and
the optimization problem are explained in Section 6.1. In Section 6.2, we adapt the scalarization
method introduced by Branger et al. (2023) to competitive utility functions (see Section 3.1 for
the definition of competitive utility functions). In Section 6.3, we determine a Pareto optimum in
terms of optimal terminal wealth. In order to achieve this, we determine the optimal collective
terminal wealth first and then deduce the optimal terminal wealth for the individual agents. In

the final Section 6.4, we compare the Pareto optimum to the Nash equilibrium from Chapter 3.

6.1. PROBLEM FORMULATION

We base our analysis on the semimartingale financial market from Subsection 2.3.1. In summary,
there are d + 1 assets in which n agents can invest. The assets consist of one riskless bond with
zero interest rate and d risky stocks. The stock price processes (Sk(t))co,r), k¥ = 1,...,d, are
L?(P)-semimartingales with cadlag paths. To exclude arbitrage, we require the existence of an
equivalent o-martingale measure Q. In contrast to Subsection 2.3.1, we make the additional
assumption that Q is the unique equivalent o-martingale measure. Under this assumption, the

associated density process

d
Z?:E{ﬁ’}}],te[o,ﬂ,

is unique as well. Thus, we write Z; = Zi@, t € [0,T], throughout the present chapter. The
assumption that Q is the unique equivalent o-martingale measure has the important consequence
that each claim X € L?(P) has a unique fair price given by (cf. (2.6))

Eg[X] = E[ZrX].

Moreover, the existence of a unique equivalent (o-/local) martingale measure is usually related to
a complete financial market (see Subsection 2.3.2). Although at this point we cannot deduce that
the financial market is complete, we conjecture that this is the case. However, the possible lack of
completeness is not a problem for the later analysis. We refer to Remark 6.10 in which we revisit

the issue of completeness.
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Let us now state the central optimization problem of this chapter. Similar to Chapter 3, we

consider n agents with objectives

max [E
mteA

a6 .
UZ-(X;L” —ZZX%’”NJ:L...,W (6.1)
n <
JFi
The functions U; : D; — R, defined on D; € {(0,00),R}, i =1,...,n, are assumed to be Inada
utility functions (see Definition 2.11). Note that we did not have to impose the Inada conditions in
Chapter 3, but it is crucial for the proofs displayed later in the current chapter. The assumption
is not a severe restriction, however, since many classical examples such as the natural logarithm

and the exponential or power utility satisfy the Inada conditions.

There are two main differences between the analysis in Chapter 3 and the current chapter. The
first one is that in Chapter 3 we were interested in finding the optimal strategy 7%*, while in this
chapter we only search for the optimal terminal wealth. We adapt the solution method proposed
by Branger et al. (2023). They use the martingale approach (see, for example, Korn, 1997, Section
3.4) to solve the problem of finding the optimal collective terminal wealth. Thus, they search for
the optimal terminal wealth first and find the replicating strategy afterwards. If the financial
market is complete, it is always possible to hedge the optimal terminal wealth. However, we do

not make the assumption of a complete financial market.

Thus, the objective of agent 7 is to solve the static optimization problem corresponding to the

dynamic problem (6.1). The objective of agent i € {1,...,n} then reads as

maxx, Ji(X1, ., X) = B Us (X0 = 95, X5) ],
s.t. X, is Fr — measurable, E[ZrX;] < x§,

where x{, denotes the initial capital and X; the terminal wealth of agent i € {1,...,n}.

The second major difference to Chapter 3 is that the goal in the current chapter is to find vectors
of Pareto optimal strategies instead of Nash equilibria. We already gave a definition of a Pareto
optimal vector of strategies in Section 2.4. However, as we optimize the terminal wealth X; instead

of the portfolio strategy, we repeat the definition in terms of terminal wealth.

Definition 6.1 (Miettinen, 1999, Definition 2.2.1). A vector (X7,..., X)) of admissible states
X/, i=1,...,n, such that there is no admissible vector (X1,...,X,) with

Ji( X1, ..., X)) > Ji(XY,..., X)) foralli=1,...,n

and
Ji( X1, ..., Xn) > Ji(X7,..., X)) for at least one i € {1,...,n},

n
is called Pareto optimal. A random variable X; is considered admissible if it satisfies the conditions

of (6.2). ¢

Let us now describe how to find a Pareto optimum for (6.2). The definition of Pareto optimality

introduces an optimization problem including an n-dimensional objective function which consists
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of the n agents’ expected competitive utilities. In general, the first step in solving such problems
is to scalarize the objective function. A common and fairly intuitive method of scalarization is to
maximize a weighted sum of the n objective functions. More specifically, let 31,..., 8, € (0,1)
with >2i*; B; = 1 be weights assigned to the n agents. Then the scalarized objective function takes

the form
n

> Bidi( X, Xy).

i=1
For any choice of weights 31, ..., By, the resulting solution is Pareto optimal (see, e.g., Aubin, 2003,
p. 193). Although this method seems simple at first, using it to search for an analytical solution
to the problem (6.2) results in some serious difficulties. The main disadvantage we discovered was
a system of nonlinear equations emerging in the search for the maximum. Therefore, we use a

different scalarization approach which is carried out in the next section.

6.2. SCALARIZATION OF THE OBJECTIVE FUNCTION

In the following, we apply a scalarization method introduced by Branger et al. (2023) to the

competitive utility functions

UZ' (ZCZ — elii‘_l>

for Inada utility functions U; : D; — R, D; € {(0,00),R}, and competition weights 6; € [0, 1],

i =1,...,n, where z7% = n! >_j+i%j. The scalarized utility function, denoted by ﬁg, is

determined as the optimal value of the optimization problem

ﬁg(x) = max E?:l 61Uz (iL'l — 9@*1) ,
1,0 Tn

st. Y zi=z, -0z eD;, i=1,...,n,

where 1, ..., 0, € (0,1) describe weights, assigned to the n agents, with >~ ; 8; = 1.

Note that it is not necessary that the utility functions are of the same ,type“. For example, it
would be possible that agent 1 uses an exponential utility function while agent 2 uses the natural
logarithm. Moreover, they do not need to be defined on the same domain. We just need to assume
that the domain is either the whole real numbers or the strictly positive real numbers, which is a

reasonable requirement in the context of utility maximization.

Now we can state the following lemma which gives the optimal solution to (6.3) and the re-
sulting scalarized objective function ﬁ@. It turns out that ﬁ,g is an Inada utility function (see
Definition 2.11).

Lemma 6.2. Forn € N, let U; : D;, - R, i = 1,...,n, be Inada utility functions defined on
domains D; € {(0,00), R}. Let I; : (0,00) — D; denote the inverse of the first order derivative U]
of U. Further, let 0; € [0,1] and B; € (0,1), i = 1,...,n, be chosen so that > 7 B; = 1. Finally,
define a function I : (0,00) — Uj=1 D; by

. 1
I(y) = ——
W=7

n

o i)
I _,
1n+0; "\ Bi(n+0;)(1-0)

J
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where § = ) nf}éj. Then, for any x € Uj—, D;, the optimization problem (6.3) has a unique
solution z7, ..., x;, given by
0; I!
zr = filz) = —— -z + o I; nl” () —|,i=1,...,n, (6.4)
in terms of the inverse function I~ : i1 Dj — (0,00) of I. The functions f;, i=1,...,n, are

bijections from Uj_, Dj to Uj_; D;. Finally, for x € Uj_, D;, the optimal value of (6.3) is given

by
~ n n~71 T
j=1 Bj(n

+ 9]‘)(1 —0)
which defines an Inada utility function (Nfﬁ tUj=1 Dj — R.

Proof. The optimization problem is solved using the Lagrange dual method. The constraints
r; — 0,77 € D;, i =1,...,n, are only relevant if D; = (0, 00). We solve the optimization problem
without the constraints and prove that the optimal solution satisfies them afterwards. Hence, we

consider the optimization problem

max S, BiU; (z; — 0;377)
1yt 1 ( ) (6.5)

st. YL mi=x.

The associated Lagrangian function is given by

E(:El, vy Iy )\) = ZBZUZ (:L‘Z — Qli‘_z> - A (Z T; — :E)
=1 =1

for the Lagrange multiplier A > 0. Note that the objective function is concave and the constraint

is linear. Thus, to find a solution to (6.5), it is sufficient to determine x1,...,z, such that
%E(:El, ooy A) = 0 for all j € {1,...,n}, and such that 377, z; = z. The first order partial
derivative of £ with respect to x; for some j € {1,...,n} is given by

0

n a L
@5(561, ce TRy A) = Z:lﬁia?jUi (:L’z —O;x ) - A

If we set

w; = UZ-' (mz — Gi:f:_i) , U= Z pif: Us,

the resulting system of linear equations can be written as

n
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The unique (implicit) solution to this system of linear equations is given by

_ n(A+a)
U; = m (6.6)

Inserting (6.6) into the definition of @ yields

- x= Bib S 5 N
0 Zz::l U ( +u);n+6i (A+1a)
Since 0 < § < 1 (see Lemma 3.3), it follows
M
= .
1-90

Therefore, using (6.6), an explicit representation of u; is given by

W; i A+ 9 A= nA
"7 Bi(n+6;) 1-0")  Bi(n+6)(1—0)

Thus, using the definition of u; and the inverse I; of U/,

(1 + 91) T; — —T = T; — Qii'_i =1, nA — |,

which yields the following implicit representation of x;

i A
n+0; n+0; \Bi(n+6;)(1—0)
where we defined & := >"1 ; x;. Inserting (6.7) into the definition of & yields

n n

ey

Since 0 < 1 (see Lemma 3.3), it follows

n

P 1AZ n I n )

7

and therefore,

0; ” n nA n nA
T o) (1-0) 2 b <5j(n+9j)(1_é)> el (ﬁi(n+9i)(1_§)> :

7j=1

Finally, the Lagrange multiplier A needs to be chosen such that the constraint ) ;" z; = x is
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satisfied. Therefore, we define the function I : (0, 00) — Uj=1 D; by

~ 1 n n
I(\) = = I =2
W 1_9j21n+aﬂ]<5J(n+91)(1_9)>( )
Since the functions I; take values in D; € {(0,00), R}, i = 1,...,n, and all constant factors are

strictly positive, the function I takes values in U _1Dj. The functions I; are strictly decreasing
and continuously differentiable. Thus, I also has these properties. Moreover, U; satisfies the Inada
conditions, which implies

lim I;(z) = oo, lim I;(z) = inf D; € {0, —o0}

z\,O T—00
for all i € {1,...,n}. Hence, it follows that )l\l{{no I(\) = co.

When A\ tends to oo, there are two possibilities we need to consider. If D; = (0,00) for all
i €{1,...,n}, then each summand in the definition of I tends to 0 and therefore, I converges to
0 as A tends to oo. If at least one of the utility functions is defined on the whole real numbers, at
least one summand in the definition of I tends to —oo, while the other summands tend to 0 or to

—oo as well. Hence, in this case I converges to —co as A tends to oco.

In summary, the asymptotic behavior of I is given as follows

n
lim I(\) = oo, lim I(\)=inf | | D; € {0, —o0}.
fi T = ox. iy 1) =inf | Dy € {0, -oc)
The previous observations imply that I is a bijection from (0,00) to U;‘Zl D; and therefore, we
can consider the inverse of I denoted by ! : "1 Dj — (0,00). Since I is strictly decreasing

and continuously differentiable, I~ inherits those properties.

Finally, since I~ is a bijection from Uj=1 Dj to (0,00), we can conclude that there exists a unique
A* € (0,00) such that I(\*) = x, which is given by \* = I~!(x). Hence, a candidate for the

optimal solution is given by

. n -1 -1
2, — 0; Z nl—1(x) \Lon I nl—*(x) ]
(n+0)(1—0) = n B n+0,)(1—8)) 0 \ B (n+ ) (1-0)
0; Iﬁ
- 4+ nl” @) ) (6.8)
n 6 6\ Gt ) (1- )
By construction, the values z;, ¢ = 1,...,n, maximize the objective function and satisfy the

constraint > ;' ; z; = x. Therefore, the only thing left to show is that the remaining constraint
z; — 0;77% € D; is also satisfied. It follows

o= (18-t (10 D)o e ()

where we used (6.8) in the last step. Since I; takes values in D;, the constraint x; — 0;z7" € D; is
satisfied.
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Therefore, the optimal solution to the optimization problem is indeed given by

. 0; n nl=(z)
xT; = T+ I; — .
n+9i n+9i ﬁl(n—i—gz)(l—g)

The optimal value of the objective function is then given by

nl=—(z) >>
Zﬁ”( <5Z<n+e>< -0)))

defining a function ﬁ,g :Uiz1 Di — R. In the following, we prove that ﬁﬂ satisfies the properties of

an Inada utility function. To begin with, we determine the first and second order derivative of U fCE

!

o e VY aitw ) ()@
Usle) =2 | Bil (L (ﬁi (n+6,) (1 —é))) " (@- (n+6;) (1 —é>> Bi (n+0:) (1= 0)

- - n 2 / IY(x) =
=T Ya) (T) (2 ” T z _ ) = [(x).
@ () @ X 5t 3 (x)
In the last step, we used the following auxiliary calculation

o Bi(n+6,)* (1 Bi(n+0;)(1—
1 " -
1\ (4 S i ny ]
() @ = 5 ( S T ah <ﬁi<n+ei><1—e>>yl~l@)

_<2": n2 Il< nffl(:c) ) -1
C\G 8062 1-02" \Bnte)(1-0))

Hence, the second order derivative of U, 3 is simply given by

7 () = (1) (2) = Y n’ I nl”(z) B 6.9
6(33)_( ) )= <;5i(n+9i)2(1—§)2 i(ﬁi(n+9i)(1—é)>> ' (02

Since the utility functions U; were assumed to be twice continuously differentiable, the previous

representations of the first and second order derivative of U, 5 imply that U, 3 is twice continuously
differentiable as well. Additionally, as I~! takes values in (0, 00), the first order derivative of (,75 is
strictly positive and U 3 is strictly increasing. Moreover, the functions I; are strictly decreasing by

the strict concavity of U; and therefore, (6.9) implies that ﬁg is strictly concave.

Finally, we need to examine the asymptotic behavior of U, = I~!. The Inada conditions of Ui,

1=1,...,n, imply

Y " lim Y =00
I =2 a e>ix0[’<ﬁi<n+ei><1—é>> |

=00

n

. o ny il |
T =St () <m0 o

=inf Di
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The last equation (6.10) follows from the assumption D; € {(0,00),R} and the fact that the

constant factors are strictly positive. Hence, the inverse of I satisfies

lim I~ '(z) =0, lim I Y(z) = cc.
T—+00 a—inf|J!_ D;

In summary, it follows that U 3 is an Inada utility function.

Finally, it remains to show that the functions f; from (6.4) are bijections. The function f; is
strictly increasing in z, since I; and I~! are both strictly decreasing and all constant factors are
strictly positive. Moreover, f; is continuous as a composition of continuous functions. Finally,

using the asymptotic behavior of I; and 71,

j=1

T—00 x—inf U;L:1 D;
Hence, f; is a bijection from U?zl D; onto U;-lzl Dj for each i € {1,...,n}. This concludes our
proof. O
The collective competitive utility function U, 3 can be used to find a Pareto optimum (X7,..., X}),

where X represents the optimal terminal wealth of agent 7. First, the optimal collective wealth
X* is determined with respect to some classical portfolio optimization problem under the utility
function ﬁg. Afterwards, choosing X = f;(X*), i =1,...,n, gives a Pareto optimum with respect
to the original objective functions E[U;(X; — 6; X ~%)]. To verify that this yields a Pareto optimal

solution to the original problem, let X™* be the optimal solution to

{ max x E [ﬁB(X)] ) (6.11)
S.t

X is Fr-measurable, E[Z7X] < xo = Y1, x}.

Lemma 6.2 provides bijections f1, ..., f, for which the random variables X} := f;(X*),i=1,...,n,

satisfy
n n
Us(X*) = __max > BiUi(X1,....X,) => BiUi(X],...,X}).
Do X=X i=1
The expressions U;(X1, ..., X,,) denote the competitive utility functions

0;
UiX,...,Xn :Uz Xi—f X ,>:1,..., .
(e 8= U5 ) e

Further, assume that there exist admissible )~(1, ceey X, (i.e., )~(j satisfies the constraints of (6.2),

j=1,...,n) such that

E[U; (XT,...,X})]

- [Ui()?l,...,)?n)} foralli=1,...,n,
E[U;(XT, ..., X})]

<E
< E[U;(X1,...,X,)] for at least one j € {1,...,n}.
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Moreover, define X := > X;. Then, using that 5; > 0 foralli=1,...,n,

E |Us(X")] = Z,@Z (XTs e X))

n

<Z,@g1@[ (X1, Xn)]

=F [ijﬁzm Xi,..., Nn)l

<E

max Zﬁz Ui(X1,. .., n)]:E[ﬁﬂ(X)}.

Xle

This contradicts the assumption that X* is an optimal solution to (6.11). Hence, (X7,..., X)) is

Pareto optimal.

Remark 6.3. If we replace the constraint > ;" z; = x in (6.3) by > i a;x; = x, where o; € (0,1)
are weights with >1* | o; = 1, it follows

nl~'z) ([ af
-gow(n (s (41%))

The function I~' denotes the inverse of I : (0, 00) — Uj=1 D; defined by

A AR
g (o 175) 8 (e (+41%5))

The introduction of ay, ..., a, extends the function Ug by n additional

n
:Zn
j=1

n aj
j=1 n+9

free parameters that can be chosen with respect to some further conditions on the functions f; or

where o :=

the resulting terminal wealth X; = f;(X), where X denotes the collective terminal wealth. O

Before we use the scalarized objective function (75 to find a Pareto optimum for (6.2), let us

determine U 3 for two examples of utility functions Uy, ..., U,.

Example 6.4. Let us apply Lemma 6.2 to two special cases of Inada utility functions.

a) Let n € N and U;(x) = log(z), i = 1,...,n, with D; = (0,00). Then the collective utility
function [75 : (0,00) = R from Lemma 6.2 is given by

Us(z) = log(a +Zﬂzlog<ﬁz<1+0)(l—§)>.

b) Let n € N and U;(x) = — exp(—d; ') on D; = R for parameters ¢; > 0, i = 1,...,n. Then
the collective utility function U 53 :R — R from Lemma 6.2 is given by

ﬁﬁ(m):— 59A-exp —;Z n; log nd; = - exp —1/_\9-m ,
1-0 50 i n+0; Bj(n+0;)(1—0) 96

> . n néj
where 66 == > 7, ;- O
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Remark 6.5. Branger et al. (2023) introduced the collective utility function as the optimal value

of the optimization problem

They obtained
where y is chosen such that

Thus, up to constants depending only on the preference parameters of the agents, the optimal

value coincides with our result displayed in Lemma 6.2. O

6.3. PARETO OPTIMUM FOR THE RELATIVE PERFORMANCE PROBLEM

In the following, the scalarized utility function U, 5 is used to find a Pareto optimum for (6.2).

6.3.1. MAXIMIZATION OF THE COLLECTIVE TERMINAL WEALTH

The first step towards a Pareto optimum for (6.2) is to determine the collective optimal terminal
wealth with respect to the collective competitive utility function U 3. The optimal collective wealth

is determined as the optimal solution to

maxy E |Ug(X ,
xE [Ts(X)] | 6.12)
sit.  Xis Fp-measurable, E [Z7X] <z = Y7 2.

The following lemma provides the unique optimal solution to (6.12).

Lemma 6.6. Let U; : D; — R be Inada utility functions on D; € {(0,00), R}, i =1,...,n, and
let [7/3 be the scalarized objective function from Lemma 6.2. Further, let xo € Uj—; Di. Finally,

, nyZr N
’ l o (ﬁi (n+6:) (1 —é)) H = (6.13)

forally € (0,00) andi=1,...,n. Then the unique optimal solution to (6.12) is given by

assume that

n 7.
X =I(\2Zr) =Y I, A ——
N=2 < ) (ﬁmnwi)(l—e))

where \* > 0 is the unique value such that E[ZpX*| = xg.

Proof. Using a standard result (see, e.g., Kramkov and Schachermayer, 1999) and Lemma 6.2,
which provides that U, 5 is an Inada utility function, the unique optimal solution to (6.12) is given
by
N\ —1
= (U5)  (\2r).
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The Lagrange multiplier A > 0 needs to be chosen with respect to the constraint E [Z7X*] = xy.
Using results from the proof of Lemma 6.2, the first order derivative of ﬁﬁ coincides with the

inverse I~ of

~‘ o0 " - - n . ny
I, HZL:JID“ yH;<n+9i>(1_é)Il (ﬂi(nwz-)(l—é))

Therefore, (175)_1 = I and X* is given by

.- B n n ' n)\ZT
X —I()\ZT)—Z . é)Il <B¢(n+9i)(1—é)>‘

To find the Lagrange multiplier, define a function H on (0, c0) by

~ AZ
(N ::IE[ZTX*]:ZTLAE[ZT-IZ( nALT )]
=1 (n+0:)(1-10) Bi(n+6;) (1 —0)
Now A* > 0 needs to be chosen such that H(\*) = zo. Existence and uniqueness of \* are shown
using the intermediate value theorem. To verify that H is continuous, fix some arbitrary A > 0

and a sequence (Ag)ken C (0,00) with limg_,oo Ay = A\. Then it follows that

) B n o . nAg 41
m, ) = ; (n+6) (1) o [ZT . <6¢ (n+6;) (1 - é))]
)

e D LI [ZT I ( nAZr )] (6.14)
=1 (n—i—@l (1—0) Bz(n—i—ﬁl)(l—é?)
=H(N)
Equation (6.14) holds since each function I;, i = 1,...,n, is continuous and strictly decreasing, in

combination with the dominated convergence theorem and the integrability assumption (6.13) (see

Section A.1 in the appendix for the derivation of an integrable majorant). Thus, H is continuous.
Now we need to examine the asymptotic behavior of H. Using a monotone convergence theorem
for increasing and decreasing sequences of functions which are not necessarily non-negative
(Theorem 11.1 in Schilling, 2005), we obtain

lim H(\) = im E | ZpI (A\Z7)| = oo,

fm M) = Im B |2r] ()] = oc
since I is strictly decreasing with lim,\ o I(y) = oo (which was shown in the proof of Lemma 6.2).
If D; =R for at least one ¢ € {1,...,n}, we need to decompose the argument of the expectation
into its positive and negative part. Analogously, it follows

A—00 A—00

lim #(\) = lim E |Zp] (\Zr)| = inf | D,
i=1

since limy o I(y) = inf Jj_; D;j. Now the intermediate value theorem in combination with the
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strict monotonicity of H implies the existence of a unique value \* € (0, 00) with H(\*) = xo.

In summary,

* _ n . n\*Zr
e ; (n+6;) (1 - 9)11 (Bi(nJr 0;)(1 — é))

describes the unique optimal solution to (6.12). O

Remark 6.7. The integrability assumption (6.13) is, for example, satisfied in the important special
cases of a lognormal state price density in combination with logarithmic, power or exponential
utility. In the logarithmic and power case, this observation follows easily using the lognormal
distribution of Zp. The integrability under exponential utility follows from Lemma A.1l in the

Appendix. O

6.3.2. PARETO OPTIMAL TERMINAL WEALTH OF THE INDIVIDUAL INVESTORS

The second step in the search for a Pareto optimum is to combine the optimal collective terminal
wealth X* from Lemma 6.6 and the bijections f;, i = 1,...,n, from Lemma 6.2. However, we

need to make sure that the budget constraint
E [Zr fi(X*)] = o (6.15)

is satisfied for each agent ¢ € {1,...,n}. It turns out that this is only the case if the weights
b1, ..., By are chosen correctly. The subsequent lemma provides the unique choice of weights
B1, ..., Bn subject to (6.15).

Lemma 6.8. Assume that the conditions of Lemmas 6.2 and 6.6 are satisfied. Moreover, let
A* > 0 be the Lagrange multiplier chosen in Lemma 6.6, X* the associated optimal collective

wealth at time T, and f;, i =1,...,n, the bijections from Lemma 6.2. Then the unique solution

*

.1 =1,...,n, to the system of equations

n

]E[ZTfl(X*)] = LL’%, 1= 17"'5”7 Zﬁl - 17
i=1

is given by , (wa ) eijai)
j=1h; (966 - 9@?) .

The functions h; : D; — (0,00) are defined as h; = —t1, where H[l denotes the inverse of

H
H; : (0,00) — D;, where

(o) — S myZr | L .
e )| S

5 =

Proof. To begin with, it is important to understand that the n-dimensional system of equations
given by E [Z7 fi(X*)] =z}, i = 1,...,n, is underdetermined. Assume that E [Z7 fi(X*)] =z} is
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satisfied for all ¢ € {1,...,n — 1}. Then it follows

n n n—1
Y ah=2g=E[ZrX*|=E lZT Zf,-(X*)] =Y b+ E[Zr fu(X")]
i=1 i=1 i=1
and, thus, E [Z7f,(X™)] = z¢ — ?:_11 zl = 2. Hence, solving the system of equations given by
E[Zrfi(X*)] = x}, i = 1,...,n, leaves one free variable which can then be chosen with respect to

the condition Y 1 ; B; = 1.

Now let X* =T (A\*Z7) be the collective optimal terminal wealth displayed in Lemma 6.6 and, for
i€{1,...,n}, let f; be the bijection given in Lemma 6.2, i.e.,

. 0; . n nI=1(X*) >
(X)) = X 1 —
FX) ety

n+0; n+0; "\ B (n+6:)(1—0)

S * 7
LN N AL n\'Zr
n+0; n+0; \Bi(n+6;)(1-9)

The Lagrange multiplier A* > 0 was chosen in Lemma 6.6 subject to
E|Zrl (\Zr)| = w0 = i,
i=1

Hence, it follows

0; n n\"Zr - 4
E|Z iX* = E|Z Ii N = -
21 fi(X7)] n+0ix0+71+9i [ ! (51'(”‘*‘91')(1_9))] w

This can equivalently be written as

A¥ AN Z. - 4
Hi <> =E ZTIZ n T = = 1‘6 — Gifal, (616)
Bi B; (n+9i) (1 —9)
where :Z"ai = %Z#i xé, i1 =1,...,n. The proof of Lemma 6.6 provides that the functions H; are

continuous, strictly decreasing, and satisfy
ii{%Hi(y) = 00, yli_)rgo Hi(y)=infD;, i =1,...,n.
Hence, H; has an inverse H; ' : D; — (0,00) and we can equivalently rewrite (6.16) as

A* . .

= H Y () — 0:257) (6.17)
(2

for all i € {1,...,n}. Note that (6.17) only gives an implicit representation of /3; since \* depends

on f1,...,Bn. Since the system of equations E [Zr fi(X*)] = i, i = 1,...,n, is underdetermined,

we find S, ..., B,_1 in terms of 8, and choose £, = 1 — 7= ! B; afterwards. As (6.17) needs to

hold for each i € {1,...,n}, we deduce

n

Bl (wh — 0:1y") = N = BuHy (g — a7, ")
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for all i € {1,...,n}. Equivalently, f; is given by

H N (af — 0,3,
ﬁi = Bn _1( OZ 731' )

i

ci=1,...,n—1, (6.18)

in terms of 5,. Now the remaining condition ;- ; ; = 1 implies

n—1 n—1 1

n:1_ izl_ nHrjl n_gn——n : NE)
=t L B B = 0" & g )

i=1 =1 "1

i=1,...,n. (6.19)

The functions HZ._1 take strictly positive values. Thus, we can rewrite (6.19) as

-1

n—1
1
= | 1+ H N2l — 0,2," : :
§ ( (a6 = Bno );Hil($6_0ixol)>
n 1 T (el — 6,35")
Xn — xX
— Hfl n_an——n . — n\0 n<0 ’
( n (70 Lo )ZH_l - ) 3

o H(xh - 03y ”") iy hi(h — 6357

where we introduced h; = #, i=1,...,n. Inserting 3, into (6.18) yields

7

b (0 = 0n75™) X1 hy (2] — 0,357

Bi=p

Since p; € (0,1), ¢ =1,...,n, is obviously satisfied, the unique choice of f3;, i = 1,...,n, with the
desired properties is given by (6.20). O

If the weights §;, i = 1,...,n, are chosen with respect to Lemma 6.8, the budget constraints
EZrfi(X*)] =xh, i=1,...,n,

are satisfied by construction. Hence, the following theorem gives a Pareto optimum for the

multi-objective optimization problem

. . _f. X0
maxx, E |U; (X; - 0,X )], i
s.t X, is Fr — measurable, E [Z7X;] < z,

Theorem 6.9. Assume that the conditions of Lemmas 6.2 and 6.6 are satisfied. Moreover, let
A* > 0 be the unique Lagrange multiplier chosen in the proof of Lemma 6.6 and 5}, i=1,...,n,
the weights from Lemma 6.8. Then

N7 ; ” n\iZ
x; =2 AT )y L ' 17T ) (6.21)
n+0i \(n+0;)1-0)) (n+06;)(1-0)5n+0; " \(n+06;)(1-0)
i = 1,...,n, is a Pareto optimum for (6.2). The constants N\, i = 1,...,n, are given by

o= H1 (zf) — Giiai) for the function H;l introduced in Lemma 6.8.
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Proof. The assertion is a direct consequence of the statements of Lemmas 6.2, 6.6, and 6.8. For
the introduction of the constants A¥, we used that (6.17) holds for all i € {1,...,n}. O

Remark 6.10. In Section 6.1, we explained that the search for the optimal terminal wealth instead
of the optimal investment strategy originates from the martingale approach, a commonly used
method to solve portfolio optimization problems (see, for example, Section 3.4 in Korn, 1997,
Kramkov and Schachermayer, 1999, or Subsection 2.3.3). The martingale approach consists of
two subproblems. The first one is the static optimization problem in which the optimal terminal
wealth X™ is determined. The second one is the representation problem in which a replicating
strategy is determined, i.e., an admissible strategy ¢ for which X* = X2 = x¢ + (¢ +S)7 holds.
By zg we denote the corresponding initial capital. The martingale approach is usually applied in
complete financial markets because in such markets, it can be guaranteed that the representation
problem is solvable. We do not explicitly assume here that the financial market is complete. Under
the additional assumption of completeness, we could ensure that the representation problem has
a solution. Of course, even without completeness it might be the case that the specific optimal
terminal wealth obtained in Theorem 6.9 is attainable by some admissible strategy. However, we

leave this problem open for future research. O

Ezample 6.11. Let us apply Theorem 6.9 to the two utility functions used in Example 6.4.

a) First, assume that all n agents use the natural logarithm as their utility function. We do not
have to make any further assumptions regarding the underlying financial market. The reason
is that the inverse of the first order derivative of the natural logarithm is given by I(x) = 27!,
so that the expected value E[Z7I(AZ7)] = A~! can be determined directly without specifying

the distribution of Zp. Thus, H;(y) = (n+0:)(1=0) _ H; '(y) and therefore,

ny 1

0;)(1—6
A= —(”+, i) 7_4), i=1,...,n.
n(wl — 6:25)
Inserting I;(z) = z~! and A} into (6.21) yields
% l‘i . % i)
Xi:7;7l: yeeey T, and X :Z

Hence, the optimal terminal wealth for the individual agents coincides with the optimal
terminal wealth for a single agent (without interaction) using the natural logarithm as her

utility function and the initial capital x%, i=1,...,n.

b) Now assume that all agents use exponential utility functions of the form U;(x) = — exp(—(s%_a?)
for risk tolerance parameters d; > 0, ¢ = 1,...,n. Moreover, in order to determine the
Lagrange multipliers A* and A}, ..., A} explicitly, we need to specify the underlying financial
market. We consider a one-dimensional Black-Scholes market with drift 4 € R, volatility

o > 0, and interest rate r = 0. Hence, the discounted state price density is given by

2
Zi = exp (_ZWT . 2*;;) |
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where W is a one-dimensional Brownian motion (see, e.g., Eberlein and Kallsen, 2019,

Example 9.17). Theorem 6.9 implies

: 5 0,60 2
Xp=aht [ o+ ) (Ewr + B
n+6;  (n+6;,)(1-0)) \o o

and — 9
o0 [ p p
X* — — ~ *W 7T 9
$0+1_9<0 T+O_2 >
where 80 = ", "% Note that we used the following auxiliary result to determine the

J=1 n+6;"
Lagrange multipliers: If X ~ N (u,02), then E[X - exp(X)] = (u + 02) exp(p + 0%/2). The

auxiliary result can be shown through a direct calculation (see Lemma A.1 in the Appendix).

O

6.4. COMPARISON WITH THE NASH EQUILIBRIUM FROM SECTION 3.2

In the previous chapters, we searched for Nash equilibria. In general, Nash equilibria are not
Pareto optimal (see, e.g., Carmona, 2016, p. 169). In the underlying situation however, the Nash
equilibrium determined in Chapter 3 coincides with the Pareto optimum given in Theorem 6.9. In

the following, we justify this observation.

Theorem 6.9 displays the optimal terminal wealth of agent i € {1,...,n} in the Pareto optimum

as

P _ n i nA:Zr )y i ] Z n ‘ nAjZT ]
ot 0 (4 0)(1-0))  (n+0)(1-0) ;S0 \(n+0,)(1-0))
where \f = H; ! (ac%) — iz 2) The function H; ! was defined in Lemma 6.8 as the inverse of Hj,

where
nyZr

) =2 |zt ()| ve 0

Now we compare X P to the optimal terminal wealth X N in the Nash equilibrium. Thus,

Theorem 3.2 implies

*, N n * 01 = n *
i = Y+ A j 5
n+0; (n—l—Qi)(l—G)jZ::ln—FQj /

where Y;* is the unique optimal solution to

maxy, E [U;(¥;)]
s.t. Y is Fr — measurable, E[Z7Y;] < T,

for 4 = x} — % Dt a:%. Using standard arguments (see Kramkov and Schachermayer, 1999), Y;*
is given by
Yy =1 (G @) 2r)

2
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where G; ! is defined as the inverse of G; : (0,00) — R given by

Gily) = EZeti(yzr)) = 5 (v (1+ %) =)

Thus,

* N n ) —1/~i
X, = n—i-GZ-IZ (Gi (%)ZT) +

Since

Tt 6)(1-0)

it follows that X N = X7 P Thus, the optimal terminal wealth in the Nash equilibrium and the

Pareto optimum are identical.

'For functions f and g with inverse functions f~* and g~!, and a constant a # 0 with f(z) = g(ax) for all z, it
1

follows that f~1 = %



CHAPTER 7

NASH EQUILIBRIA FOR RELATIVE INVESTORS UNDER
(NON)LINEAR PRICE IMPACT

In the classical mathematical finance literature, it is usually assumed that the underlying financial
markets are perfectly elastic, meaning that asset prices are not affected by trades (see, among
others, Merton, 1969, 1975; Black and Scholes, 1973). While this assumption is reasonable for
small investors, there is plenty of empirical evidence for large traders having a significant impact
on asset prices (see, for example, Bouchaud, 2009; Cronqvist and Fahlenbrach, 2009). Thus, there
is a rapidly growing strand of mathematical literature regarding financial markets without perfect
elasticity. Webster (2023) gives a historical overview of the literature on price impact dating back
to the seminal work of Kyle (1985). According to Webster (2023, p. 5), the general economic idea
behind price impact is that ,trading of [a] stock cause[s] price moves for the stock that otherwise
would not have happened“. The literature lists several different explanations for the appearance
of price impact. Jarrow (1992, 1994) explains that the reason a large trader (i.e., an investor that
affects prices through her trades) is ,large* might either be significant wealth or that other traders
think she has private information. DeMarzo and Urosevié¢ (2006) argue that large investors are
often institutions or companies, but it is also possible for a private individual to be a large trader.
Bouchaud (2009) lists additional reasons for price impact and gives a short review on the different
possibilities for mathematical market models to incorporate price impact. A survey by Gatheral
and Schied (2013) gives a more detailed overview of the various price impact models covered by
the literature. In the following, we explain some features of these models, but our introduction

cannot claim to give an exhaustive overview of the diverse literature on price impact.

As stated by Schéneborn and Schied (2009), the literature on price impact follows two separate
paths. The first is to derive models that describe empirical findings for price impact appropriately.
The second line of research takes exogenously given models and solves classical mathematical

finance problems such as absence of arbitrage, asset pricing, and optimal trading. As we aim to
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find optimal investment strategies for risk-averse agents in a competitive price impact model, our
focus lies solely on the second line of research. For literature on the optimal model choice based
on empirical data, we refer to Schéneborn and Schied (2009) and references therein. Moreover,
Webster (2023) includes empirical data and compares it to different models from the mathematical

literature.

It is important to understand that there are two different types of price impact — temporary and
permanent price impact. Almgren and Chriss (2001) explain how temporary price impact is caused
by a large order being placed, leading to a temporary imbalance in supply. Hence, the asset price
deviates from equilibrium!® for a short period of time and then returns. In contrast, permanent
price impact describes a change in the equilibrium price which lasts over the whole time span
covered by the model. There is a wide variety of articles displaying models which contain both
temporary and permanent price impact (Almgren and Chriss, 2001; Schéneborn and Schied, 2009;
Horst and Naujokat, 2010; Schied and Zhang, 2017, 2019; Schied et al., 2017; Luo and Schied,
2019, to name a few). The model used throughout this chapter includes only permanent price
impact. Nevertheless, let us explain the difference between these two features and the resulting

interpretations.

In general, temporary price impact is unfavorable for the large trader as she has to pay the price
after it has been changed by her order. As Bank and Baum (2004) argue, the large trader ,always
has to trade on the bad side“. Hence, in such market models, questions of optimal execution of
an order or optimal liquidation of a fixed position play an important role. Such problems have
been considered by, among others, He and Mamaysky (2005), Schied et al. (2017), Schied and
Zhang (2017, 2019), and Schéneborn and Schied (2009). Moreover, we should also mention the
popular linear price impact model by Obizhaeva and Wang (2013), in which the authors find the
optimal order execution strategy that minimizes execution cost. Finally, in the model of Bank
and Dolinsky (2023), the large trader has additional information on the course of the future stock
price. Specifically, they introduce price impact as a penalty for the large trader in order to exclude

arbitrage strategies arising from the additional information available to the trader.

For permanent price impact, it is generally not possible to tell whether or not the price impact is
beneficial for the large trader. In this case, it depends on a particular feature of the model. If
the market is constructed such that prices change immediately and the large investor trades on
the bad side of the price, permanent price impact admits the same interpretation as temporary
price impact and can be considered a disadvantage for the large trader. This is often the case
if the stock price is affected by the large trader’s order directly through some reaction function
(see, for example, Bank and Baum, 2004; Jarrow, 1992, 1994). In these models, so-called market
manipulation strategies are often of interest. A market manipulation strategy is an arbitrage
strategy with respect to real wealth instead of paper wealth, i.e., the amount of money attained
after liquidating the current position (Jarrow, 1992, 1994). Identifying under what conditions such
strategies do (not) exist is a central topic in the literature on price impact. If prices do not change
immediately, the large trader could use her impact to her own benefit. In such models, finding

criteria for the absence of arbitrage portfolios is of significant importance. Cvitani¢ and Ma (1996)

'A financial market is in equilibrium if market-clearing is realized. That is, if the supply and demand for assets in
the market coincide (see, e.g., Yan, 2018, p. 47).
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and Cuoco and Cvitani¢ (1998) defined a market model with indirect price impact, where the
large trader’s orders only affect the model parameters, i.e., the interest rate of the riskless asset,
and the drift and volatility process of the risky stocks. A special case of their model was later
used by Kraft and Kithn (2011). Eksi and Ku (2017) and Ku and Zhang (2018) described similar
models where the large trader only affects the drift process of the risky asset. The model specified
in Section 7.1 provides a special case of the aforementioned models. A different approach to define
an indirect price impact model that reacts slowly to the large trader’s orders was given by Busch
et al. (2013). There, the large trader only affects the regime switching intensity of the risky asset’s
price process. Eksi and Ku (2017) argue that in models where price impact is beneficial for the
large trader, it is counterintuitive to pose questions of optimal order execution. Thus, typical
issues considered in such models are the pricing of asset claims as well as optimal investment and

consumption over a fixed time interval.

Although this feature is not relevant to the analysis in this thesis, let us mention a third type of
price impact, namely, transient price impact. Under transient price impact, the effect of a large
order is strongest immediately after the order has been placed and vanishes over time. Common
ways to model this feature are exponential decay as used by Schied et al. (2017), or a more general
decay kernel as used by Luo and Schied (2019) as well as Schied and Zhang (2019).

Throughout this thesis, we are interested in problems of optimal portfolio choice for strategically
interacting agents. Competition between agents can be seen as an effect of price impact if the
agents are aware of their own as well as the others’ impact on asset prices. Problems of strategically
interacting large traders, often called market impact games, have been considered by Carlin et al.
(2007), Horst and Naujokat (2010), Schoneborn and Schied (2009), Schied et al. (2017), and
Schied and Zhang (2019). In each of these papers, a finite number of agents aims to minimize
liquidation/execution cost in a competitive environment. Risk-averse investors competing to
maximize expected utility of terminal wealth have, for instance, been considered by Curatola
(2019, 2022) and Schied and Zhang (2017). In the aforementioned articles, the authors search for
open-loop Nash equilibria for agents interacting strategically via price impact. In contrast, Micheli
et al. (2021) find closed-loop Nash equilibria for strategic agents who cumulatively affect the price
process of a risky stock. They also elaborate the difference between open-loop and closed-loop

Nash equilibria (see also Section 2.4).

To the best of our knowledge, the existing literature only considers strategic interaction between
competing investors caused by either relative concerns included into the objective function or
by their joint impact on asset prices. In the current chapter, we combine these features in order
to display both the effect of large investments on the stock price (caused by a large number of
small investors) and the investors’ desire to outperform their opponents. Thus, we find the unique
solution to a multi-objective portfolio optimization problem, similar to the one introduced in
Chapter 3, in a financial market where the n agents’ investment affects the stock price dynamics
linearly. Our model provides a generalization of the financial market used by Kraft and Kiithn
(2011) by including multiple risky assets instead of just one. First, we determine the unique
constant Nash equilibrium if investors use exponential utility functions. Afterwards, we study

the influence of the parameter «, which measures the sensitivity of the stock price to the agents’
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investment, on the Nash equilibrium and the stock price process. Furthermore, as empirical
data suggests that price impact is not linear, we also consider the nonlinear case. We prove
that, as long as the price impact grows sublinearly, the emerging best response problems are
solvable. If the price impact grows superlinearly, there is no optimal solution to these best response
problems. Finally, we switch from exponential to power utility and introduce a different type of
objective function including the multiplicative relative performance metric (3.2). This criterion
was previously used by Basak and Makarov (2015) and Lacker and Zariphopoulou (2019), among
others. In that case, using the linear price impact model again, we are able to find the unique

constant Nash equilibrium.

7.1. INTRODUCTION OF THE PRICE IMPACT MARKET

Let (2, F, (Ft)eejo,r), P) be a filtered probability space and 7' > 0 a finite time horizon. Further,
let W = (Wy,...,Wy) be a d-dimensional Brownian motion. The underlying financial market
contains a riskless bond, which is for simplicity assumed to be identical to 1. Moreover, there are
d stocks. Our goal is to define their price processes as the solution to the following stochastic

differential equation

d
dSk(t) = Sk(t) <(Mk(t) + akﬁk(t)) dt + 20k5<t)de(t)> , Sk(O) =1. (71)
/=1

Ls~n 7l (t) describes the arithmetic mean of the n agents investment

The expression 7 (t) = o+ >0
into the k-th stock at time ¢ € [0, 7).

Before we discuss the requirements we need to impose on the components of (7.1), let us discuss
the structure of the stock price and its interpretations in general. First, we notice that the price
impact of the n agents is homogeneous in the sense that the weight 2% of the investment into
the k-th stock is the same for each of the n agents. This feature of our model is based on the
idea that the n agents are small if we consider them by themselves. However, as n is supposed
to be large, we can treat the group of n agents like one large agent. Hence, it is reasonable to
assume that the influence of each agent’s investment on the stock price is assigned the same weight.
Moreover, it makes the model mathematically more tractable. Second, we assume that the agents’
investment only affects the drift and not the volatility of the stock price. Cuoco and Cvitanié
(1998) give a detailed explanation of this assumption. To summarize, they base the assumption on
two different factors. On one hand, they argue that market equilibrium conditions affect the stock
price as a whole, and not the drift and volatility processes separately. Hence, one could fix the
volatility matrix and only manipulate the drift in order to clear the market. On the other hand,
they refer to empirical data in which the volatility is independent of the quantities invested into
the asset. A third feature of our model is the affine linear structure of the drift process, which
was also used by Kraft and Kiithn (2011). They argue that, additionally to resulting in a more
tractable model, the affine linear structure is a typical outcome of equilibrium models and hence, a
reasonable assumption. Moreover, they explain that the affine linear structure can be interpreted

as a first-order approximation of a more general price impact function.
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Now we proceed with the conditions we need to impose on the processes contained in the stock
price dynamics (7.1). The conditions are taken from Section 1.1 in Karatzas and Shreve (1998).

The drift process p = (u1, ..., pq) is an (F;)-progressively measurable, d-dimensional stochastic

P (/OT u()lldt < oo) 1 (7.2)

The volatility process 0 = (0k¢)1<kr<d is an R¥*49_valued stochastic process such that oy is

process satisfying

(F¢)-progressively measurable with

P </0T0'kg(t)2dt < OO> =1

for all k,¢ € {1,...,d}. Moreover, we assume that o(t) is regular P-almost surely for all ¢ € [0, T7.
The expression 7(t) denotes the arithmetic mean of the investment of n agents into the k-th
stock at time t € [0, T, i.e.,

1 n
=
where 7 (t) describes either the amount or the fraction of wealth agent i invests into the k-th

stock at time t € [0, T.

Finally, o € R, k =1,...,d, are constants that describe the impact of the n agents’ investment
into the k-th stock. Hence, we refer to them as price impact parameters. Some authors argue that
ay should take both positive and negative values due to the fact that (large) investors may have
both positive and negative impact on stock returns (see, e.g., Cronqvist and Fahlenbrach, 2009;
Curatola, 2019). On the other hand, Bank and Baum (2004) prove that stock prices need to be
increasing in terms of a large trader’s investment. Otherwise, it would be possible to construct
some ,,In & Out* arbitrage strategy. However, such arbitrage strategies arise due to the direct
change in the share price in their model and are therefore not an issue in our case. Moreover,
since the optimization problems considered in the linear price impact market have finite optimal
solutions, our market is free of arbitrage. Hence, we allow for general ap € R, k =1,...,d. The

constants aq, ..., q, are collected in the diagonal matrix
A= diag(ai,...,qq),

which will be used later on.

Before we can use the stock price processes (7.1), we need to pose some assumptions on the
investment processes 7', i = 1,...,n, of the n investors. The assumptions are again based on the
financial market in Section 1.1 of Karatzas and Shreve (1998). Since the drift in (7.1) needs to
satisfy (7.2), we obtain the condition

P </0T ||pe(t) + Ame||dt < oo) =1.
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However, using the triangle inequality, it suffices? to request that the strategies 7 satisfy

T 5
P / Iri)Pdt < oo | =1,i=1,....n,
0

since p satisfies (7.2) and A is a deterministic, constant diagonal matrix.

Regarding the investment strategies, Karatzas and Shreve (1998) request, additional to progressive

measurability, the following conditions for a portfolio process m
T
P / () ()]t < o0 | =1, (7.3)
0

P (/OT Ha(t)Tw(t)H2dt < oo> = 1. (7.4)

The second assumption (7.4) is the same in our setting, whereas the first assumption (7.3) translates

p</OT

Using the triangle and Cauchy-Schwarz inequality, we can request instead that

P (/OT () T (1)t < oo> —1,
T
IP’(/O |

hold for all i € {1,...,n}. To summarize, the sufficient integrability assumptions for a strategy 7’

to

)T (u(t) + Aﬁ't)‘ dt < oo) =1.

2
wz(t)H dt < oo) =1

are

oo
P / w2 at < 00| =1, (7.5)
0
T .
P </ ()T ()] dt < oo) =1, (7.6)
0
T . 2
P / lo@Twi@)|| at < 00} =1. (7.7)
0
The set A of admissible strategies is, thus, given by

A= {71 :7 is an R%valued, (.7-}),56[O,T]—progressively measurable process that satisfies

the integrability conditions (7.5) — (7.7)}. (7.8)

Remark 7.1. If p and o are constant, the set A is simply given by the set of R%-valued, progressively
measurable processes 7 such that P (fOT |l7()||?dt < oo) =1. O

2Note that it would be sufficient to assume that ]P’(fOT |7 (t)||dt < 0o) = 1, but since we need the stronger quadratic
assumption later, we already pose it at this point.
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For admissible strategies 7/, 7 = 1,...,n, we denote the wealth process of investor i € {1,...,n} by
(XZ”TZ')TE[O’T}. It should be noted that X&™ depends on all n strategies 7', ..., 7™ The expression
ﬂi(t) will be interpreted as either the amount or the fraction of wealth invested by investor j into
stock k at time ¢ € [0,T]. This depends on the particular example since, for CARA utilities, it
is more convenient to optimize the invested amount, while the invested fraction works better in

combination with CRRA utility functions.

Now let z) denote the initial capital of agent i € {1,...,n}. If 7}.(t) describes the amount investor

1 invests into stock k at time ¢, the associated wealth process is given by

t”r xO—I—Z/Trk ( (8) + ag7r(s) ds—i—Zakz VAW, (s ))

(=1

_:c0+/ §) + AR(s))ds + odW(s)), ¢ € [0,T).

In contrast, if 7} () describes the fraction of investor i’s wealth invested into stock k at time ¢,

the wealth process is given by

d

XZ’Wi =z} exp </ Zwk ( s) + apmi(s) — ;eglwé(s)akg(s)apg(s))ds
/ Z 4 (8)oke(s)AWy (s ))

0 k=1

— i exp ( /0 ()T (,u(s) + AR (s) — ;J(s)a(s)—rﬂi(s)> ds + /0 t Wi(s)Ta(s)dW(s)> e (o,T].

7.2. RELATIVE PERFORMANCE PROBLEM UNDER GENERAL UTILITY

As explained at the beginning of this chapter, our goal is to solve a problem similar to (3.3)
in the previously described price impact market. In the following, we describe a method to
find Nash equilibria in terms of invested amounts for objective functions including the additive
relative performance metric. Hence, our goal is to find all Nash equilibria to the multi-objective

optimization problem

Sup ic4 E [U (X%’Wi & Z]?’fi X%Wjﬂ ’

(7.9)
st XiT =i+ / u(t) + AT (1)) dt + o (t)dW (1)),

1 =1,...,n, where U; : D; — R describes a general utility function defined on some domain
D; € {(0,00),R} (see Definition 2.11). Since the difference in the argument of U; may become
negative, we extend U; to the whole real line by setting U;(x) = —oo if = ¢ D;. Obviously, this
does not change the optimal value in (7.9). Nevertheless, we assume that xf — % Dot :c% € D; for
alli € {1,...,n} (see also Remark 3.1).

In order to solve (7.9), we choose some investor i € {1,...,n} and assume that the strategies 7/,
j # 1, of the other agents are given. Under these conditions, we can rewrite the optimization

problem (7.9) as a classical portfolio optimization problem in a different price impact market.
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Afterwards, Nash equilibria can be determined using the solution to the classical problem. First,

define the process (Yti’saz by

)te[o,T]

Y = Z XI™ tel0,T),i=1,...,n, (7.10)
i

where we further defined the strategy ¢° by

ol (t) = b ——Zwk L te[0,T), k=1,...,d,i=1,...,n.
JFi

Note that ¢’ is admissible since the conditions imposed in the definition of .4 are preserved under

)
linear combinations of elements in A. Then we can write YTW as

0;

var = xim - 2 X
" J#i
d
= ——Za}O—I-Z/ ( —*Zﬂ'k >< )+ak7rk( ))dt—l—zakg(t)de(t)>
J#i J#i (=1
—a) =pi. (1)
d
—5+ Y [ e <(uk<t> + 20+ oA D)) d + S (AW >>
k=170 n n -

R S A . an d
=Ty + Z/O o1 (1) <(ﬁ;’(t) + nkw?c(t)) dt+> Uké(t)dWE(t)> ,
k=1

/=1
where we introduced the following notation

771 ~71 n+0177z
= Zﬂk , (t) = pu(t) + ag T (2):
J#l

Hence, in order to solve the best response problem associated to (7.9), we can solve the single

investor portfolio optimization problem

SUpic 4 E [Ui (Yfi‘pi)} ,

e | | | (7.11)
st VPP =Fh+ e (T (1) + LAG (1) dt + o(t)dW (1)),

in a different price impact market. Now assume that ¢»* = ©**(i~?) is the unique optimal solution
to (7.11) depending on the drift process fi~*. Then the optimal solution to the best response
problem with respect to (7.9) is uniquely determined by

71',2:@2’(;7_14— Zwk,k—l Ldi=1,...,n. (7.12)
"

Note that we can find a unique Nash equilibrium if, and only if, problem (7.11) and the system of

equations (7.12) are uniquely solvable.
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7.3. OPTIMIZATION UNDER EXPONENTIAL UTILITY

Given the situation from Sections 7.1 and 7.2, suppose that the n investors use exponential utility
functions of the form
Ui :R— R, x — —exp (75;133>

for parameters §; > 0,1 = 1,...,n. Moreover, let the market parameters ¢ and p be constant.

In order to solve the auxiliary problem (7.11), we need to restrict ourselves to constant Nash
equilibria. Hence, for the best response problem of agent ¢, we assume that the strategies of the
other agents j # ¢ are constant while we still need to allow agent i to consider any admissible
strategy in A (see Remark 2.14). If the optimal strategy of agent ¢ turns out to be constant as

well, we found a constant Nash equilibrium.

Lacker and Zariphopoulou (2019) give a justification of the restriction to constant strategies. They
argue that the assumption is natural in the case of lognormal stock prices in combination with
CARA or CRRA utilities. Indeed, Merton (1969) considered lognormal stock prices and obtained
constant, expressions for the optimally invested amount and fraction in the cases of CARA and
CRRA utility, respectively. Thus, constant strategies are somehow expected and the restriction to

such strategies is not too severe.

7.3.1. UNIQUE CONSTANT NASH EQUILIBRIUM

Let us now search for constant Nash equilibria for (7.9). Each agent i aims to solve an optimization

problem of the form

Supric 4 £ [ eXp( 5712 (pr - n i XM?)” ’

(7.13)
s.t. }W =zl + / W) ((n+ Ary) dt + odW (1)),

where §; > 0 and 0; € [0,1] denote the risk tolerance parameter and competition weight of
agent i € {1,...,n}, respectively. Then the following theorem displays the unique constant Nash
equilibrium for (7.13).

Theorem 7.2. Assume that the following assumptions hold

a) oo’ — 276%4 is positive-definite for all i € {1,...,n},
A oo\ -1
b) (1—=0)Iq— 37 nj—@ (UO'T ii ) A is regular,
where § = Y1, n+9 <1 (see Lemma 3.3). Then the unique constant Nash equilibrium to (7.13)
is given by
i _ i ( T @A)—l N ( T 5iA>_1A+ 0, (7.14)
T = oo — — oo — — .
n+6; n a n+ 0; n n+0; d

-1
5 ~ T_ 9 >_1 -~ _nd; ( T_ 9 >_1
((1 0)1, ]Zanr@j (O’O’ nA A Zn—i—é’j oo nA ,u

J=1

forie{l,...,n}.
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T

Remark 7.3. The first condition of the theorem implies that the matrix oo ' — %A is also positive-

definite since

n T n T
—oc0 —A>; —o0 —A>;0
5 Ly 5 LY,
where >, describes the Loewner order for Hermitian matrices (see, for example, Horn and Johnson,

2013, Section 7.7). The first inequality is valid since o was assumed to be regular and hence, oo "

is positive-definite. The second inequality is equivalent to condition a) from Theorem 7.2. O

The following example provides a class of matrices that satisfy the conditions of Theorem 7.2.
Roughly speaking, the conditions of Theorem 7.2 state that the price impact parameters o cannot
be too large. Similar requirements were, for example, used by Kraft and Kiithn (2011).

Ezample 7.4. In the previous theorem, assume that A = « - I for some constant o € R. Let

T

A1, ..., g be the eigenvalues of oo | which are strictly positive since oo | is positive-definite. Then

the eigenvalues of the matrix in condition a) of Theorem 7.2 are given by Ay — 2£ia, {=1,...,d

(Bernstein, 2009, Proposition 4.4.5). Hence, condition a) is satisfied if, and only if,

n)\min
25max '

a < (7.15)

where Apin == min{A,..., \g} and dpax = max{dy,...,d,}. If n is sufficiently large, (7.15) is

satisfied and the matrix in a) is positive-definite.

Now we need to consider condition b) of Theorem 7.2. If « is chosen with respect to (7.15), the

matrix " .
0; 0; N\~
J (UO’T — JA)
on +0; n
is positive-definite (see Remark 7.3). Hence, its eigenvalues p,...,uq are strictly positive.

Moreover, using A = « - I; and Proposition 4.4.5 in Bernstein (2009), the eigenvalues of the matrix
in b) are given by
—aug—i—l—é,é:l,...,d.

We can now ensure that the conditions of the theorem are satisfied if we choose « sufficiently
small (with respect to (7.15)) and so that o # lu;f forall ¢ =1,...,d. O

Now we proceed with the proof of Theorem 7.2 using the auxiliary problem (7.11).

Proof (Theorem 7.2). We solve the auxiliary problem (7.11) for exponential utility to find a
constant Nash equilibrium for the multi-objective optimization problem (7.13). Therefore, let
i € {1,...,n} be arbitrary but fixed and assume that the strategies 7/ of the investors j # i are
fixed and constant. Then we determine the optimal strategy for investor ¢, which turns out to
be constant as well. Afterwards, we can solve a system of linear equations to determine a Nash
equilibrium for the original problem.

i

Since the strategies 7, j # 4, are constant, the drift 7~ is also constant. The process Yi#' from

(7.10) is therefore given by

Yie' — 34 /0 Ci(s)T ((;ﬁ’ + :LASOZ'(S)> ds + adW(s)> teo,T]. (7.16)
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In order to derive an HJB equation, we introduce the value functions

., J(ty) = sup J(t,y;¢"),

1. ..,
J(t,y; o) = EWY [— exp (—YW’ )
pleA

6 T

t €[0,T], y € R. By Eb we denote the conditional expectation given that Yti’@i = y. Since the
parameters of the adapted price impact market are constant, we can use the Bellman principle
(see, for example, Equation (3.20) in Pham, 2009)

J(t,y) = ZtéaEt’y [J(t', Y'Y )} , (7.17)

that holds for each t € [0,T] and ¢’ € [¢,T.

Now let ¢t <t < T and let J;, J,, Jy, denote the first and second order partial derivatives of J in
terms of ¢ and y. We assume here that J € C12([0, 7] x R) for the heuristic derivation of the HJB
equation. Using the It6-Doeblin formula (Theorem 2.1) on the interval [¢,t] in combination with

Lemma 2.2 implies

J(t,, th’w)

J<t7 Y;i,cpi) + /t’ Ji (3’ }/Si#li)ds + /t, Jy (S, }/Si,%i)dy:gi,soi + ;/t/ Jyy s, Ysi,wi>d<yi7¢i>s
o tt’ . tt’ _

:J<t,Y;Z’“’Z> +/t Jt(s’}/si7<pl)d5 +/t Jy(SaYsWZ)SDi(S)T <~_Z + Ago (s )> ds

1t N .
+/ s, Y“p ©'(s) odW (s) + i/t Jyy(s,Y;"P )goz(s)TaaTcpZ(s) ds. (7.18)

Now we can apply the Bellman principle (7.17), divide by ¢’ —¢, and take the limit ¢ — ¢ to obtain
the following HJB equation

i L, 1 i i
0= Gi+ sup {Gy (eHT (u + —Ap ) + =Gy () oo } , (7.19)

with terminal condition G(T,y) = — exp (—éy), y € R. We omitted the arguments of the partial
derivatives of G to simplify notation. In the previous step, we assumed that the stochastic integral
in (7.18) is a martingale and hence, the conditional expectation vanishes. Further, we assumed
that the limit ¢ — ¢ and the conditional expectation can be interchanged. These assumptions are
no limitation since we only use them in the heuristic derivation of the HJB equation. Lemma B.1
in the Appendix verifies that a solution to the HJB equation does, in fact, provide a unique optimal

portfolio strategy for (7.11). In the proof of Lemma B.1, it is also shown that the stochastic

integral in (7.18) is a martingale.

Let h(¢") describe the argument inside the supremum, i.e.,

, T ; 1 1 .
h(e") =Gy (") "+ ()" (nGyA + 2nyUUT) @
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To find the maximizer of h, we determine the gradient. Thus,
i ~—i 1 1 Ty it
Vh(p") =Gy " +2 ﬁGyA + §nycm o' =0.

Solving the previous equation for ¢ would yield a possible maximizer of h. However, since we
cannot ensure that the matrix %GyA + %nyao—r is regular, we first insert an ansatz for G and

then solve for ¢’ using the assumptions of the theorem. Let

G(t.) = FO0() = £0)- (~exp (~5) )t O.T) y e B,

for some continuously differentiable function f : [0,7] — (0,00) with f(7) = 1. Then G is
sufficiently differentiable, i.e., G € C12([0, T],R), and the partial derivatives of G’ with respect to t

and y are given by

Gilty) =/ O0(W). Gyltey) = =5 - FOTW), Gult.w) = 53 - FOTW).

Thus, Vh simplifies to

: YU : 25; :
Vh((pl): f( )62(3/) (_5Zﬁ1+ (UO’T—nA> §01> ;0’
which we can equivalently rewrite as
26; , 26; , i
(O’O’T - A) b = <O’O‘T — A) o' =oip ", (7.20)
n n

since f(t)U(y) # 0 for all (¢,y) € [0,T] x R. Moreover, the Hessian matrix of  is given by

which is negative-definite since f > 0, U < 0, and oo | — %&A is positive-definite by assumption.

Hence, ©"* from (7.20) is the unique maximizer of h. Further, we can solve (7.20) for ¢’ since

T 20, 4 - .
oo’ — =t A is regular by assumption.

It remains to show that the ansatz for G solves (7.19). Inserting the ansatz into the definition of

h implies (where we omitted the arguments of f and U to simplify notation)

U /1 26; L
h(p) = ‘}:TQ (290T (UUT - nA> p—0ip' i > :

Therefore, h(p"*) is given by
0% Lo~ 5T T 20 ! ~—j
h(‘P7):—§fU'<M ) oo _FA B

where we used that oo — %&A is symmetric. Now we can finally insert the ansatz for GG into the
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HJB equation (7.19), which yields

_ _ , N1
0= 10 - 5/ OTWE T (007 - 224) 7

= Uly) (f'(t) — pf(2)) (7.21)

. -1 . ~
with terminal condition f(7) = 1, where p = 1 (ﬁ_l)T (O’O‘T — 2 A) . Since U(y) # 0 for
all y € R, f needs to solve

The unique solution to this ordinary differential equation is given by
fty=e?TD ¢t e0,T].

Hence, the function G : [0,7] x R — R with G(t,y) = —exp (—J%_y —p(T — t)) solves (7.19) and

) 2 .
f,Dl’*:(Si <O’O’T—5A> ﬁ—z

is a candidate for the optimal solution to the auxiliary problem. Lemma B.1 in the Appendix

%

verifies that ¢»* is, in fact, an optimal solution to the auxiliary problem. Moreover, Lemma B.1

also states that the above solution G' and the value function J are equal, which also implies that

7%

the solution ¢®* is unique (up to modifications).

Now we can reinsert the definition of i~ and ¢** to determine the Nash equilibrium. Recall that

- 0;
o t=p n—i— AZT[‘J o' =7t ——ij
J#i j#i

Therefore, we obtain the system of linear equations

2
(JUT—5A> (W—Zﬂ']>— =G+ ntb 514271']

JF#i J#i

which can be equivalently rewritten as

——A|n" =g —A+— - —A J 22
(aa ~ =i+ - + - ZT( (7.22)

JF#i

In order to solve (7.22), we add (%A + % (O’O’T - %A)) 7t on both sides to obtain

n + 6 (O’O‘T—&A>7Ti:(5i,u+<5iz4+9i( —A>)Zﬂ']
n n n

n

T

Since the matrix oo’ — %A is regular by assumption and the arguments in Remark 7.3, it follows
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that

i _ no; T d -1 n T 0 -1 0; 0; T 0; L j
T =1 d; (UO’ _nA> M+n+9i (O'J _nA> (nA—i-n(Ja —nA>)Z7r

. ) -1 ) . -1
- no; (O’O‘T — (SZA) i+ i (O’O‘T - 51A> A+
n+ 0; n n+0; n

=%

n

Taking the sum over all ¢ € {1,...,n} on both sides yields

5 N\ g & N ', i
T_9% _9 (T YU . j
(oa nA> 'u+(zn+<9j (ao nA> A+0 Id)Zﬂ'.

j=1

zn: , z": no;
7w = J
= = n + 9]'
This can equivalently be rewritten as

(1—@)]—i 5j ( T_de>1A i j_i néj ( T_(SjA>1
47219\ n 4_7r ~ 2zt \%7 n K-
J ]_]_ J

j=1

The matrix on the left-hand side is regular by assumption, so we can further deduce

zn: j_ (1_é)1_2”: 5; ( T_‘A)_IA 1Zn: nd; ( T_de>_1
j:lw N d jzln—i-Hj o7 n n+6; o7 n H-

j=1

Finally, we insert > ; 7/ into (7.23) to obtain the asserted constant Nash equilibrium given by

ix ’I’L(;Z T 61 -1 51 T 51 -1 01
7T _n+9i<00 _nA> H+<n+9i<ag _nA) A+n+9ild

-1
. LISy §; \ ! " nd; §; \!
Aa-=r,— J T—JA) A J ( T—JA) . O
<( O)a jZ::ln—i-Hj (UU n ) Zn+9j 77 n a

=1

Remark 7.5. a) In the previous proof, we used condition a) of Theorem 7.2 to ensure that the
local extremum of the function A is, in fact, a maximum. Roughly speaking, condition a)
prevents the price impact of the agents from becoming too large. Otherwise, they might be
able to exploit their price impact by investing an infinite amount into the stock and gaining an
infinite amount of utility. A similar assumption has also been used by Kraft and Kiithn (2011).
They explain that without the assumption that the price impact parameter is sufficiently small,

,the demand for stocks is infinite*.

b) If assumption b) in Theorem 7.2 is not satisfied, there is no constant Nash equilibrium (in
most cases) since, in general, the system of linear equations (7.22) is not solvable without
condition b). O

Remark 7.6. Inserting A = 0 into the Nash equilibrium (7.14) yields

- nd; 0; " nd; -1
ik ? + 2 _ J T ,
T (n—i—@i (n+0i)(1_9)2n+9j>(00 ) H

J=1
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which is exactly the solution to the problem without price impact (see Subsection 4.2.1). This
does not come as a surprise since the matrix A contains the coefficients ay, which model the
impact of the arithmetic mean of the n agents’ investment on the price process of the k-th stock,
k=1,...,d. Moreover, if we let A be arbitrary and set 6; = 0, we can deduce the optimal solution
to the optimization problem without relative concerns. In this case, interaction is caused solely by

the cumulative price impact. Then

i 0 -1 Q T é -1
T =6 (oa A) w4 (0’0 - A) A
n - -1 n _
<Jd -3 ‘iﬂ(acﬁ - (iJA) 1A> > 6j(00" - (iJA) u
on n st n
describes the unique Nash equilibrium. O

We conclude this subsection with a version of Theorem 7.2 for a market with only one stock.
Corollary 7.7. Let d =1, A = «, and assume that

nod;

— 0.
jz::l (n+6;)(no? —d;a) 71

n02—2a6j>0,j:1,...,n,

Then the unique constant Nash equilibrium for (7.13) is given by

n2s

i n>dip I ( LI nad; ) 21 trg o5 M
= . 2 _§. . . 2 _ §. ' A n nad;
(n+6;) (no? — ;) n+6; (n+0;)(no?—-da)) 1-§— > T j

(n59;)(no?=0;a)

forie{l,...,n}.

7.3.2. INFLUENCE OF THE PRICE IMPACT PARAMETER

The goal of this subsection is to study the influence of the price impact parameter o on the
components of the constant Nash equilibrium and on the stock price. To do this, assume that there
is only one stock (d = 1) with constant and deterministic parameters pu; = p >0, 011 =0 > 0,

and a1 = «, driven by a one-dimensional Brownian motion.

The first step is to take a closer look at the assumptions of Corollary 7.7. The first assumption

can be written as )

- no
a<a =

max 25max
where dpax = max{dy,...,0,}. For the second assumption, we define s : (—00, Amax] — R by

n

nad;
s(a) == ];1 (n ;) (naj2 —ad))’ (7.24)

Then we can deduce that there exists a unique value g such that s(ag) =1 — 6. Moreover, we

have o € (0, max). To verify this observation, we introduce functions f; : (—00, max] — R,
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j=1,...,n, given by
’I’L(Sj
(n+ ;) (no® — ady)’

fila) =

Note that, for any j € {1,...,n}, f; is strictly positive and continuously differentiable in o for
a € (—00, iax). Now we can display the components of the Nash equilibrium from Corollary 7.7

in terms of the functions fi,..., f, as

. 0 S nfie))
—(nf@() (5 +afi@) 1@s<a>> n (7.25)

and the function s from (7.24) can be written as
a) = aij(oz), a € (—00, (max]-
=1

The functions f; are strictly increasing in terms of « since

0 o B n5j2 0
%fj(a) = fil0) = (n+6;)(no? — ad;)? e
Moreover, the functions o — af;(a), j =1,...,n, are strictly increasing in « since
0 . néj n5]2
90 ile) =2 0,)(no? —as;)) " (nt 0,)(n0? — ad;)?
o 712(725]' >0

~ (n+0;)(no? — ad;)?

holds for any o < amax. Hence, the function s is strictly increasing in o as well. Moreover,
s(0) = 0 and

max) +
sla ;<n+0 zamax—aj) n+9j>
" nd; + 0;(20max — 9;)
j=1 (n +0;)(20max — ;)
N Omax + ak(25max - 6max)
> —1, 7.26
(n + gk)(25max - 5max) ( )
where k € {1,...,n} is chosen so that 6 = dmax. Hence, s(amax) > 1 — 0. Finally, since s is

continuous on (—00, max), the intermediate value theorem implies that there exists a unique point
ag € (0, max) such that s(ag) =1 — 0.

To summarize, o € R is an admissible price impact parameter if, and only if, o < amax and
o # g, where admissible means that « satisfies the conditions of Corollary 7.7. This can now be

used to analyze the influence of the price impact parameter.
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INFLUENCE ON THE NASH EQUILIBRIUM

First, we consider the influence of the price impact parameter o on the components of the Nash

equilibrium from Corollary 7.7. The representation of 7** in (7.25) implies

R 7Ti’* R 91 n
(=0 s(@) - =nf(@) 1 =0 o) + (377 +afi)) Lndite)
—nfi(@)(1 -0 — s(a)) + n?fe > fila) + nfi(a)s(a)

j=1

=n(1—0)fi(a)+

since € [0,1) (see Lemma 3.3) and fj(a) > 0 for all & < amay and all j € {1,...,n}. Hence,

since p > 0, the sign of m* equals the sign of 1 — 6 — s(«). By definition of ag, 1 — 0 — s(a) > 0
i% i gt

holds if, and only if, « < ag. Thus, 7»* > 0 if, and only if, & < ag. The behavior of 7

the discontinuity «g and the left boundary (o« — —o0) can be further specified. If a becomes

increasingly small, 7%* tends to zero. To verify this, we consider the asymptotic behavior of the

functions f;, j = 1,...,n, and s. It follows
. L noj; B
ol file) = ol (n+60;)(no? —ad;) 0
-1
ni;o nd,; no? n
1' : = 1 J == J 1 —_— — (S = —
a0 afi(@) a0 (n+0;)(no? —ad;) n+6; oo ( a J) n+6;’
. " n
s =) o0y (r.27)
7j=1
Hence,

~

lim 7%* = lim (nfz(oz) + ( " +afi(a)> 14— s(a)

a——00 a——00 n —+ 01

Z?zl ”fj(a)> =0,

Moreover, since limg\ o, 1 — 6 — s(a) = 0 = limg sq, 1 — 0 — s(a) and ©* > 0 if, and only if,

a < ag, it follows

lim 7% =00, lim 7" = —cc.
o fag a N\

*

Furthermore, we can consider the monotonicity of 7#* in terms of . The first order derivative of

7h* from (7.25) is given by

o 7-(7;7*

a1

~ nxia fila) +< 0;
-0 afi(a) \n+b

i S (120 S afi(@) +n i fi() (S fie) + afj(a)
(1-0-x0, afj(oz)>2

=nfi(a) + (fi(e) + afi(a)) " afi(a))

)
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which can be rewritten as

gwi,* :<1 _é—azn:fj(a)>

oo

+ - ie (n(l —0)Y" fj(a) + n(ij(a))Q } (7.28)

Jj=1 j=1
92- L f n 2
R (”(1_9);fj(a)+n<;fj(a)) )} (7.29)

If o < ap, all summands in (7.29) are strictly positive. If ap < o < aupax, it follows

N e no; _ né?
file) — afi(e) = (n+6;)(no? — ad;) Oz(n +6;)(no? — ad;)?
no; no? — 2ad;
= . >0

(n+6;)(no? —ad;) no?—ad;

since @ < amax. Hence, we obtain the following for the second and third summand in (7.28)

n

1 =) 81e) 3 5 (0) 0 = Do i 1fei ~afl(a) >

*

Since the other summands in (7.28) are strictly positive as well, the derivative of 7%* is strictly
positive for a € (v, amax) and thus, for all admissible «. Note that, due to the jump located at

ag, ™* is only piecewise strictly increasing in terms of a on (—o0, ) and (g, Cmax)-

The previously derived properties regarding the behavior of 7%* in terms of o can also be observed
in Figure 7.3.1. The vertical lines (dotted) show the discontinuity ag for the different parameter
choices. The gray horizontal line (dashed) marks the value 0 while the orange and blue horizontal
lines (dashed) display the optimal solution to the classical problem of maximizing expected
terminal wealth under exponential utility, without price impact and relative concerns, given by
d1puo~2 (Merton ratio). There are two ways the agents may try to influence the stock price to
their advantage. By buying the stock, they may jointly increase the stock value and thus, raise
their utility, or by jointly short-selling the stock and thus, decrease its value. Our analysis shows
that, in case of a small price impact, the agents go for the first option and, in case of a larger price
impact, they go for the latter option. Of course, this is only true under the exponential utility
where short-selling is no problem. Under an increasingly negative price impact, the investors

engage less in the financial market.
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20
15 A 5,=4

10 -

______________________________________________

_10 4

_15 .

_20 T T T . T T T
—-0.04 —-0.02 0.00 0.02 0.04 0.06
a € (—0.04, amax)

Figure 7.3.1.: Illustration of 71* from Corollary 7.7 in terms of o € (—0.04, auay) for n =12, u =
0.03, 0 = 0.2, amax = no?/8. The parameters for agent 1 are §; = 0.3, §; € {1,4},
and the parameters 6; and ¢;, j > 2 are increasing from 0 to 1 with step size 0.1,
and from 0.5 to 2.7 by step size 0.2, respectively.

INFLUENCE ON THE STOCK PRICE

In the second part of this subsection, we consider the influence of the price impact parameter o

on the stock price. Recall that the dynamics of the stock price are given by
dS: = Si((p + am)dt + odWy), t € [0,T], So=1.

If we insert the constant Nash equilibrium from (7.25) and use that p and o are constants,

Theorem 2.4 implies

nf 2

Si(a) = Sy =exp u—l—oz-M-u—J— t+oWy|,tel0,T]. (7.30)
1-60-s(a) 2

Since the functions o — afj(a), j =1,...,n, and s are strictly increasing in terms of «, the stock

price S} is piecewise increasing on (—o0, o) and (ap, max) in terms of a with a jump located at

ay l_ fila)
1—0—s(a)

Sf () > S5 (0) if, and only if, a € (0, ). More specifically, we obtain the following ordering for

ag. Moreover, the summand - ju is strictly positive if, and only if, « € (0, ). Thus,

any choice of a1 < 0, ag € (0,p), and a3 € (0, ¥max)

S¥(as) < S¥(ay) < SH(0) < 87 (az). (7.31)



92 CHAPTER 7. RELATIVE INVESTORS UNDER (NON)LINEAR PRICE IMPACT

The second and third inequality follow directly from the previous observations. For the first

inequality, we consider the limit of S} as a tends to —oo and amax. Obviously, it suffices to

consider the expression 172(:32@) _ alzfé ilsj(ﬁa ()a)

. If o tends to amay, it follows

nd;

2=1 ) Boman =5
o im "01(0‘) _ ~i=1 ; +9J)(2amzé LN (7.32)
max | — ) — s(a) 1*9*23‘:1W

Further, recall that s(a) — — 377 ﬁ(,j as a — —oo (see (7.27)). Now consider the function
riR\{1-0} >R, 2+ —5—- Then

and r is piecewise increasing on (—oo, 1 — é) and (1 — 0, oo) with a jump from positive to negative

values located at 1 — 0. Hence, r(z) > —1 on (—00,1 — ) and r(z) < —1 on (1 — 0, 00) and, in

particular,
r(z) > —-1>r(y) forall z2<1-—0<y. (7.33)
. A 5 A
Since — 3774 #ej <0<1-0and 3}, Wr%)(g#—éj) > 1—0 (see (7.26)), (7.27), (7.32) and

(7.33) imply
, s(a) " n
lim —————=r| —
L e TR )

& nd; ) s(«@)
> = 1 _
T<]§ (n+9])(25max_5])> aéloIlrrlnaX 1—0—8((1)

s(a)

Since Ts(a)
(7.31) follows as well.

is piecewise increasing in « on (—oo, o) and (g, max), the first inequality in

The behavior of ST in terms of o can also be observed in Figure 7.3.2. The horizontal dashed
lines represent the stock price S7.(0) without price impact for three possible realizations of Wy.
The vertical dotted lines mark the values « = 0 and o = ag. The figure shows the monotonicity

of ST in terms of « as well as the ordering discussed in (7.31).

7.3.3. DISCUSSION OF NONLINEAR PRICE IMPACT

At the beginning of Section 7.1, we assumed that the price impact of the n investors is incorporated
into the drift of the stock as a linear function in terms of the arithmetic mean of the investors’
strategies. While the use of the arithmetic mean seems intuitive and reasonable since we assumed
that the single investors are ,small“, one could ask whether using a different function than a
linear one would lead to a different optimization problem and hence, also a different optimal
investment. Moreover, Muhle-Karbe et al. (2022) (and references therein) discuss empirical data
which suggests that price impact is not linear but concave in order size. Further, Bouchaud (2009)
argues that the volume dependence of price impact is sublinear and behaves like a power function

with an exponent approximately between 0.1 and 0.3.



7.3. OPTIMIZATION UNDER EXPONENTIAL UTILITY 93

2.5

2.0 1

0.5 A

0.0 T I - T T T T
—0.02 0.00 0.02 0.04 0.06 0.08

a€(—0.02, amax)

Figure 7.3.2.: Illustration of S}.(«) (solid) from (7.30) in terms of o € (—0.02, amax) for three
different realizations of Wp, where T' = 10, n = 11, p = 0.03, 0 = 0.2. The
parameters 6; and J;, j € {1,...,11}, are increasing from 0 to 1 with step size 0.1,
and from 0.5 to 2.7 by step size 0.2, respectively. The horizontal dashed lines mark
the stock price for o = 0.

In Theorem 7.2 and the subsequent Corollary 7.7, we were able to find an explicit constant Nash
equilibrium to the associated multi-objective portfolio optimization problem using exponential
utility (if the parameters are chosen accordingly). The proof depends strongly on the linearity of
the price impact. Thus, we are not be able to give an explicit solution to the optimization problem
if the price impact is included into the drift via a nonlinear function g. However, we can show
that using a function g that grows superlinearly results in a problem that does not have a finite
optimal solution, whereas a function g that grows sublinearly yields a finite optimal solution. If
g is a linear function, it depends on the parameter choices whether or not there exists a finite
optimal solution (see Corollary 7.7).

In the case of linear price impact, we allowed the price impact parameter « to take both positive
and negative values. However, the considerations in Subsection 7.3.2 showed that the n agents’
investment into the stock becomes negligible for increasingly negative price impact. Hence, in the
nonlinear case, we only consider price impact which is increasing in order size. Therefore, the price
impact is now modeled by a continuous and strictly increasing function g : R — R with ¢(0) = 0.

Thus, the stock price process is given as the solution to the stochastic differential equation

ds; = St((u+g(7_rt))dt+ O'th), Sy = 1.
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We have to restrict the problem to constant Nash equilibria again. Therefore, from the perspective
of investor i € {1,...,n}, we can rewrite the expression ¢g(7;) in the previous stochastic differential
equation as
g(@) =g =D 7t ) =g( —m+ > ) =g(m),

j=1 J#i
where g(p) =g (% + % > i 7Tj> , p € R. We assume that the strategies 7/, j # i, of the other
investors are fixed, constant, and deterministic. Moreover, we require 7° € A for the set A
of admissible strategies from (7.8). From the definition of g, it follows directly that g is still
continuous and strictly increasing and satisfies g (— >t ml ) = (0. The wealth process of investor
1 is given by

X~ i / 7 ((n+ () ds + 0dW,) , ¢ € [0, 7],
0

In the following, we prove that the best response problem for

1 i,mt 0; 4,9
Supric 4 E |—exp -5 Xpo = 53 X7 ,
o [ T(l 3 7 )] i=1,....n, (7.34)
st X :x6+/ 7 (1 + g(70)) dt + od W),
0

has a finite optimal solution if g grows sublinearly, and is not solvable if g grows superlinearly.
The following proposition summarizes the first assertion of this subsection which treats the case of

sublinear growth.

Proposition 7.8. Leti € {1,...,n} arbitrary but fived, and 7, j # i, deterministic and constant.
If limg 400 @ = 0, the best response problem for constant Nash equilibria associated to (7.34)

has a finite, constant optimal solution. Moreover, each optimal solution is a global maximum point
of the function h: R — R given by

h(a) = <a— %;H) (u+§(a)) — ;;i(a— %;H)Q.

Remark 7.9. A similar observation was made by Eksi and Ku (2017). They showed that their
price impact market does not contain arbitrage strategies if the price impact function is sublinear.

However, they had to restrict their set of admissible strategies to bounded strategies. O

Proof. For the moment, we restrict the set of admissible strategies to bounded strategies (w%)te[O’T],
i.e. there exists a constant K > 0 such that |7}| < K P-almost surely for all t € [0, T]. For constants

7, j # i, we obtain

L b j 1 T b j (it T O J
== xo—gzxo —57 /0 Wt—gZ’/T (u—i—g(ﬂt))dt—i-a/o Wt—n;W dW;
o2 T/ . 9. N 2 o2 T/ . 9. N 2
_ v 7t J - v _ 7t J
252/0 (”t n 4 ¢W> dt+25§/0 (Wt nzﬂ> dt.
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Now define a new probability measure Q by

S5 i1
ap ~ P\ Tz fy oy

J#i

ﬂ']) th>

Note that the expression on the right-hand side is a density since (wg’)te[m is bounded. Thus, we

i

can write the objective function of (7.34) as

oo (s (i)
oo B sl ([ (-5 (4

i
~i T
:exp<?>-EQlexp<; h(w;ﬁ)dt>],
i i Jo

where we used the abbreviation of 7} = z, — % Dt 1‘6 and the function h from the proposition.
But now in order to maximize the expectation, we can do this pointwise under the integral which
leads to maximizing the function h. If a tends to +o00, the function A converges to —oo since g,
and thus g, grows sublinearly. Hence, the maximizing point of h is not at the boundary and the
assumption of bounded strategies is no restriction. Moreover, h is continuous since g is continuous
and hence, h takes its maximum. Thus, an optimal strategy to (7.34) exists and is finite. This

concludes our proof. O

Remark 7.10. The structure of the function h in Proposition 7.8 suggests that there are at least
one and at most two global maxima. To verify this, we consider the components of h. The first
factor a — % Dt 7/ is strictly increasing in a for all a € R and strictly positive if, and only if,
a > % Dt 7J. The second factor p + g(a) is also strictly increasing for all @ € R and strictly
positive if, and only if, g(a) > —u. Given the continuity and monotonicity of g, there exists a
unique point @’ € [~00, =37, ; 77) such that g(a) > —pu if, and only if, a > a/. Note that a’ = —o0
is possible since g might be bounded from below by a constant strictly larger than —u. The last

component of h, given by
2
o 0; N2
_% (g2 7rJ)
251' ( n Z ’
JFi

is strictly negative for all a € R, strictly increasing for a < % >t 7/, and strictly decreasing,
otherwise. A combination of these observations, together with the asymptotic behavior of h,
yields that h can have at most three local extrema, as there are only three points at which the
monotonicity behavior of h might change. More specifically, there is either only one local maximum,

which is also the global maximum of h, or there are two local maxima and one local minimum. ¢

A combination of Corollary 7.7 and Proposition 7.8 yields that, as long as the asymptotic growth
of g is at most linear, there exists an optimal solution to the best response problem. The next

proposition shows that the opposite holds if g grows superlinearly.
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Proposition 7.11. Let i € {1,...,n} arbitrary but fived, and 7, j # i, deterministic and
9(z)

constant. If limy 100 = = 00, the best response problem for constant Nash equilibria associated

to (7.34) does not have an optimal solution.

Proof. To prove that the best response problem for (7.34) does not have a finite optimal solution,
we show that even if we consider only constant strategies for agent ¢, the optimal value is 0 and

the associated strategy is infinite. If 7/ is constant for all j € {1,...,n}, it follows

X’LT(' _*ZX]FJ

J#i
i b i b j
:xo——z ( —Zﬂj>u+g ))T—i—(7r —ZTF]>O'WT
J#i J#i J#i
=7 + u(rT + o (7" )Wr. (7.35)

The random variable in (7.35) has a normal distribution with mean p(7*) and variance o (7%)%T.
Therefore, if we apply the exponential utility function to (7.35), we obtain a lognormally distributed
random variable and the expectation can be determined explicitly. Hence, for constant 77,
j =1,...,n, the value of the objective function in (7.34) is given by (see Johnson et al., 1994, p.
212)

E l— exp <— 512(% +p(r')T + U(Wi)WT)ﬂ = —exp (- %fé) - exp < - é(u(wi) - 0(27;)2>T>.

Thus, maximizing the objective function of (7.34) with respect to constant strategies 7 is equivalent

to maximizing p(m?) — U(” ) . Reinserting the definition of (%) and o(n?) yields

i o(rh)?
p(m*) 2%,
=n'g(n") — g(ﬂ' Y+ (,u—i— s Z ) ——g Zﬂ'j —Z?TJ(M-F 9. Zﬂ']),

J#i J#i JF#i J#i

which converges to oo if 7 converges to +oo using the assumption that g (and thus, §) grows

superlinearly. Therefore,

0> sup E[—exp< (%(X“T - ZZX”J)N

mieA

JF
L/ini O i
> sup K| —exp _E(XT ——ZX ) =0.
TeA t n j#i

% constant

Hence, the optimal value of (7.34) is 0 which implies that the argument inside the exponential

function needs to be infinite. Thus, the problem does not have a finite optimal solution. O
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7.4. OPTIMIZATION UNDER POWER UTILITY

In the previous two sections, we used the additive relative performance metric to measure the
relative concerns of n agents. For the definition of relative performance metrics, we refer to the
introduction of Chapter 3. Afterwards, we found the unique constant Nash equilibrium in a more
specific setting, where the market parameters were assumed to be constant and the investors used
exponential utility functions. In combination with exponential utility, it was convenient to use
the arithmetic mean in the objective function and to optimize the amount invested into each of
the d stocks. However, when using power utility functions, it is more convenient to optimize the
invested fraction of wealth and use the geometric mean in the objective function (see, among
others, Lacker and Zariphopoulou, 2019). Indeed, it is possible to determine a constant Nash
equilibrium to the resulting portfolio optimization problem explicitly. We refer to the beginning
of Section 7.3 for a justification of the restriction to constant strategies. Another benefit of the
geometric mean (compared to the arithmetic mean) is that we do not need any restrictions on the
competition weight 6;, since the argument inside the utility function is strictly positive if, and

only if, the initial capital x) of each agent i € {1,...,n} is strictly positive.

Let us assume that the agents use power utility functions of the form

U; : (0 R PR
for risk tolerance parameters §; > 0, 0; # 1, i = 1,...,n. The underlying financial market again
consists of one riskless bond, without loss of generality assumed to be identical to 1, and d stocks

with price processes determined by

d

dSi(t) = Si(1) (mk +akﬁk<t>>dt+zmdm<t>> e 0,T], Su0) =1, k=1,....d.
/=1

For tractability reasons, we assume that the market parameters p and o are constant and

deterministic. The volatility matrix o is again assumed to be regular and the strategies 77,

j=1,...,n, are taken from the set A of admissible strategies defined in (7.8).

In contrast to the model presented in Section 7.1, the process (7 (t))sepo,r] = (7 (1), . . ., 7)) tefo.1]
now represents the fractions of agent j’s wealth invested into the d stocks. Nevertheless, 7
still describes the arithmetic mean of the n investors’ strategies. The wealth process of agent

i €{1,...,n} solves the stochastic differential equation

, L4 d g .
dXp™ =X Y m() ((Mk; + ok (t)) dt + Z%dee(f)> , Xg" = .
k=1 =1

An explicit representation of X*™ is thus given by (see Theorem 2.4 and Lemma 2.2)

X = 2 exp ( /0 ()T (u + AR(s) — ;UUTH(SQ ds + /0 t wi(s)TUdW(s)>, (7.36)
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€ [0, T]. Hence, the portfolio optimization problem of agent i is given by

6;—1

(T X%”j)_eni>5i],

= X 2T (u+ A7)t + odW (1)) , Xi™ = .

max i 4 IE[ 5T (X%7r

axi™

(7.37)
s.t.

In order to determine a Nash equilibrium explicitly, we need to restrict the problem to constant
Nash equilibria again. Then the unique constant Nash equilibrium is given in the following

theorem.

Theorem 7.12. Assume that the following assumptions hold

~i4) -

26; A - .. . .
=1L A is positive-definite for all i € {1,...,n},
c) Lg—377 (% (aa - JA)

Then the unique constant Nash equilibrium for (7.37) in terms of invested fractions is given by

) ) 5 -1
Th* =, (n 0 (O'O'T — 6114) — 916100T> I
n n n

l lO—O—T

a) %9" (aa is regular for all i € {1,...,n},
b) oo —

9595 O’JT)il (% (1 - %) A— %((5]- - 1)0’(TT) is reqular.

+(n+ez (gaT—&A)—MUUT> <5J(1_9>A_6(5 — oo )
n n n n "
-1
n ) 5 -1 . . .
(Id Z n+9 ( B 53,4) B 0]5JUUT> <5J (1 _ 91) A 94@ — 1)0’0’T>)
j=1 " " " ! "
n . "y -1
Z5J< < _(SJA>_0J5]U()'T) JUR iZl,...,’I’L.
n n

Jj=1

Before we display the proof of Theorem 7.12, we provide an example of a class of matrices A that
satisfy the conditions of the theorem. Roughly speaking, the conditions a) — ¢) of Theorem 7.12

are satisfied if the price impact parameters ag, k =1,...,d, are not too large.

Ezample 7.13. Let A = aly for some constant o € R. In order to ensure that A satisfies the

conditions of Theorem 7.12, we can find sufficient conditions on «.

Since the volatility matrix o is regular by assumption, oo | is positive-definite. Let Ai,..., Ag
denote the (strictly positive) eigenvalues of oo '. It turns out that the condition
0;(0; —1
a<wy forall £ € {1,...,d}, j € {1,...,n}, (7.38)
d;(n — 6;)

is sufficient to ensure that A = «ly satisfies the assumptions of Theorem 7.12, given that n is

sufficiently large. The following shows why this is the case.

For j € {1,...,n}, the eigenvalues of the matrix

0](63_1)0_0_T_ j A
n n
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(that appears in condition c¢) of the previous theorem) are given by

0;(6; — 1) dj(n —6;)

n2

Ao — a, (7.39)
¢=1,...,d (see Proposition 4.4.5 in Bernstein, 2009). The expression in (7.39) is strictly positive
if, and only if,
R UEEN
d;(n — 6;)
forall £ € {1,...,d} and j € {1,...,n}, i.e., if the asserted sufficient condition (7.38) is satisfied.

Using Proposition 4.4.5 by Bernstein (2009) again, the eigenvalues of the matrix in assumption b)
are given by

2 .
rv-Bigr=1,. 4,
n

for j € {1,...,n}. Thus, the eigenvalues are strictly positive if, and only if,

A
a<uforallﬁzl,...,d,j:1,...,n.
24

If n is chosen large enough, i.e., if n > 6;(20; — 1) for all j € {1,...,n}, the following holds

nf;(0; =1 _ n
dj(n—0;) = 20;

Therefore, condition (7.38) implies that A satisfies condition b) of Theorem 7.12 if n is sufficiently

large. Moreover, the eigenvalues of the matrix in a) are given by

n—i-@j(l—éj) 5j(n+9j)

Ao —
n2

a, L=1,...,d, (7.40)

for j € {1,...,n}. The expression in (7.40) is strictly positive if, and only if,

n(n + 9]'(1 — (53>)
5j(n + 9])

A¢

forall/=1,...,d,7=1,...,n. Note that

0;(0; —1) _n+0;(1-9))
n—Gj n+0j

holds if, and only if, n > 0;(26; — 1), which we already assumed earlier. Hence, the matrix in
a) is positive-definite and thus, regular, if (7.38) holds. Finally, this implies that the matrix in

condition c¢) of Theorem 7.12, which can be rewritten as

n . . Y -1 (8. — (n — 0
Iy + Z (n—;e] <O‘O‘T — %A) - HJ(SJUO'T) (9J<6] 1)00T — 75](71 HJ)A) )

. n n n2
Jj=1

is a sum of positive-definite matrices. Thus, the matrix is positive-definite as well and hence, regular.
Altogether, assumption (7.38) ensures that A = al, satisfies the requirements of Theorem 7.12 as

long as n > 0;(20; — 1) for all j € {1,...,n}. This is not a restriction in our case considering that
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n represents a (large) number of agents. It should be noted that condition (7.38) is sufficient, but
not necessary, to ensure that the requirements of Theorem 7.12 are satisfied. Indeed, we chose
(7.38) to ensure that the matrices apparent in the sum in condition c) are positive-definite while
the theorem only requires that the sum of matrices in ¢) is regular. However, it simplifies the

arguments to consider positive-definite summands instead of regularity for the whole matrix. ¢

Now we proceed with the proof of Theorem 7.12.

Proof (Theorem 7.12). Choose some arbitrary i € {1,...,n} and assume that the agents j # i
use constant strategies 7/, j # i, which are assumed to be arbitrary but fixed. Now define a
stochastic process (Y;_i)te[oﬂ by Y, = I14 th’ﬁj, t € [0,T]. Using (7.36), it follows

Y;_i—yéexp</0t(27rj)T((u+A7r( ))ds + odW (s) / Z () Yoo 7r]d3>

j#i JF

where y = Lz a:é. Thus, the argument of the expected utility in (7.37) can be written as follows

32

X ()

0.

- B(yo) Jexp</()t7ri(s)T <,u+A7_r( )—faa 7T >ds+/ adW (s)

_ii{/ot(zﬂa) (1 + AR(s) ds+/ Trﬂ) odW (s /ZWJ oo TFJdS}>

J#i
= exp (/Otﬂi(s)—r<u+ (%A—%O’JT) Us) + (1— >A27ﬂ>ds—l—/ Todw ( ))
J#
‘(yé)_%eXP<_%{[)t(;Wj> <H+ AZﬂ)ds—k/ 77] adW(s)
/ZTF] oo W]d8}>
J#i

3

=X ()

where the process Y~ does not depend on 7*. More specifically, the processes X and Y~ are
the unique solutions to the following stochastic differential equations (using Theorem 2.4 and
Lemma 2.2)

~ii i 1., 1 0; ;
1, 1,T 1 T - 7 - N j
dX;" = X" al(t) <<u+nA7r (t)+n(1 n)AZw)dt+adW(t)>,
JFi
Ay, =y, (Z Wj)T A+ lAZ w0 |dt +odW (t) | + L > (" T oo Tnidt
! ! vy n 4 2 .
J#i J#i 1<h#j<n
h.ji
with initial values )N(é’wi = xf and }N/O_i = yj. The introduction of X i and Y~ simplifies the

derivation of the HJB equation below. First, we notice that the quadratic (co)variations of X
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and Y~ are given as follows (see Lemma 2.2)

~. i ~: N2 . . ~ . ~ N2 N .
d(X*™), = (X;”T ) () Too T rt(t)dt, d(Y™), = (Yt_z) (Zﬂ'j) oo’ Z?T]dt,
J# J#
a(xs, ?_i>t = X"y i) oo > o wldt,
JFi
for t € [0,T). Let us now define the following value functions for ¢ € [0, 7], z,y € (0, 00)

. 0i i, (r—i - %
J(t,z,y;7") fZE[(gi_l(X%ﬂ (YTz) n)

= e[ (e (7))

(2

X = v = y]

J(t,z,y) = sup J(t,z,y; 7).
mieA

Then, for any t < t' < T, the Bellman principle

J(t,z,y) = sup Eee [ (¢, X5 V)] (7.41)

holds (see, for example, Equation (3.20) by Pham, 2009). For the following heuristic derivation of
the HJB equation, we assume that J € C122([0,T] x (0, 00)?). Now we can apply the Itd-Doeblin

formula (Theorem 2.1) for J on the interval [¢,#'], in combination with Lemma 2.2, to obtain
I X V) =0 (LX) + /t " (s, X2, ¥ ) ds + /t ", (s, Xim', V) X
t . i~ N o~ 1/t ~ o~ ~
+ /t Jy (s, X0V vyt g /t Jow (5, X0 V1) a(X),
t' o~ o~ o~ 1 rt o~ .
+ /t oy (5, X7 V1) d(X Y+ g /t Ty (5, X7 V) d(v ), (7.42)

By J, we denote the first order partial derivative of J with respect to x. The other partial
derivatives used above are denoted analogously. To simplify notation, the arguments of J and its

derivatives are omitted from now on. Continuing (7.42) yields

i~ t v 1 . 1 0; .
co=J (t,Xt”r ,Y;") + | Jyds+ | LXETri(s) " (u + —An'(s) 4+ — (1 - ) AZw3>ds
t t n n NS
t t \T
[ X () TedW (s) + / LY ) odiw(s) (7.43)
K K i
t N 1 . 1 ,
[ v () (nr3aX )+ 5 X () oo Tnl ds
t i#i " I
7] 7

+ 5/ Sz (Xé’7r ) 7i(s) Too 7l (s)ds + Joy X0V iri(s) Toa T E mds
t t —
J7#i
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Now we insert the previous representation of J(#, Xti,’ﬁz, f’tfi), into the Bellman equation (7.41),
divide by ' — t and take the limit ' — ¢, to obtain

-
; 1 , 1 ; 1 .
0=G;+ yGy{ (Zﬂj> <,u + AZ?T]> + 3 Z (ﬂ'h)TO'O'Tﬂ'J} + §y2ny Z (7™ Too Tl
j#i " JFi hh;éi‘ ' h.j#i
’J 1

A 1 , A 1 0,7 :
+ ﬂsilel]gd {asz (7 T+ E:I:Gm (7)) T AT + waﬁ (1 - n)(ﬂ’)TA%é; 7

1 A . A ,
+§:C2Gm (1) oo Tt + ayGay - (7)) oo " Z Wj} (7.44)
J#i

9;

1
with terminal condition G(T, z,y) = (1 — 6%_)71 (acgf?)li&j, x,y € (0,00). Note that we assumed
that the limit ¢ — ¢ and the conditional expectation E5*¥ can be interchanged. Further, we
assumed that the stochastic integrals in (7.43) are martingales so that the conditional expectation
vanishes. This is not a restriction as the verification theorem (Lemma B.2 in the Appendix)
ensures that a solution to the HJB equation coincides with the value function and provides a

unique best response w**.

To determine the supremum in the previous equation, we define the expression inside the supremum

as h(r'), i.e.,

h(r?)

; 1 0; . . 1 1 ,
— (0T - N T j T [ 4.2 T 7
(") <JIGIM+ (xGxn (1 n) A+ zyGyyoo ) g T ) + (7") (nxGxA—i- 5% Gra0O0 >7r

J#i

= (7r")—r <xGmu + Cs Z 7Tj> + (Wi)TClwi,
J#i

where . ) ) p
CL = —xG A+ *IL‘QG;M;O'UT, Cy = 2Gy— <1 - z) A+ .’L‘nyyO‘UT.
n 2 n n

The gradient of A is then given by

Vh(n') = 2Gop + Co 37 + 2017 = 0,
J#i

Moreover, the Hessian matrix of h is given by
Hh(ﬂ'i) = 201.
Hence, a candidate for the maximizer of h is determined by

i 1 1 .
Cim' = —iti,u — 502 ;77]. (7.45)

Since the matrix C; depends on the unknown function G, we cannot guarantee that C is regular.
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Therefore, we insert an ansatz for G first. We choose

0; _ Y9 251' ~
Gt.v.) = 1(0) - 5o (v ) © = 40 Ulaw), g € 0,00)

where f :[0,7] — (0, 00) is some continuously differentiable function with f(7') = 1. Then the
terminal condition is obviously satisfied and G € C122([0,T7, (0, 00)?). Moreover, we can directly
deduce that G(t,z,y) # 0 for all t € [0,7] and z,y € (0,00). Let us now find a suitable choice for
f to ensure that G solves the HJB equation (7.44). First, we determine the partial derivatives of
G with respect to ¢, z, and y:

- 0 —1 _
Gi(t,z,y) = f'(t)U(z,y), oot ,y) = ==~ "G(t,2,y),
6i_1 — GZ- (52'—1 2 _
Galtirny) = e G w) Gayltiy) = = (U=2) () Glen),
061 06— 1 0,0, — 1\ _,
Gy(t,x,y) - 7% 51 Yy G(t7x’y)7 ny(t,l',y) - n 51 (1 + 51 > Yy G(t,ﬂj‘,y)

The matrices C7 and Cs can then be simplified to

B L =P e )
C’l—nxGIA+2x Gypo0' = 5 522 G:|oo A

Cy ::):le (1 - Hi)A—Fl'nyyUUT = % — 1G ((1 - 0) lA— @(Si _ 1O'O'T) )
n n 1) n n o0

% n 7

Hence, C is regular using assumption b) as well as G # 0 and §; # 1. Thus, we can insert C; and
(s into (7.45) to obtain

J#

= (O’O‘TifiA)l (67,,u+<i (li>A9 b — Voo >Z7r3).

J#i

% | j
I —501 ! (IL’GxM‘f‘CQZTI'])

Therefore, the candidate 7%* for the optimal strategy of investor i appears to be constant as well.
However, we need to verify that G is in fact a solution to the HJB equation (7.44). The first step

is to insert 7%* into the function h. This yields (since C} is symmetric by construction)

h(mh*) = (x)T (xGx,u +Cs Z 7Tj) + (2t T Oyt

i
:—l(l"Gw:u‘i'C?Z >T01_1(:L‘Gxu+0227rj)
J#i i

0 Qz(;l— 51 -
:%((2—1)(? (,u—f—( (1_E>A_E 5, >§7‘(’J> (aa —%A) '
(o (20 2)a- 200 o)

JF
=p-G
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for a constant p; € R, since 7, j # i, are constant by assumption. It also follows that 7%* is
indeed a maximizer of h since the Hessian matrix Hj(7"*) = 2C} is negative-definite due to

assumption b) of the theorem and the fact that

5;—1
0.

— A62 G:—‘f(t)-<xy_rf) " <o

for all z,y € (0,00), t € [0,T]. Moreover, we can simplify the first three summands of (7.44) as

follows

- f U7
T 1 . 1 T T
Gy (Zﬂ'j) (u—i— —AZWJ) + - Z (m") oo ' b =pa2- G,
— n 2~
J#i JF h#j.
h,j#i
1 .
5V Gy 3 (M) ool =py- G,
h,j£i

for constants p2, p3 € R that can be given explicitly but are not of interest for the rest of the proof.
Hence, after inserting the ansatz for G, the HJB equation (7.44) simplifies to (using G = f - U)

0= f'U+ pofU + p3fU + p1 fU = U (f' + pf) (7.46)
for p = p1 + p2 + p3. Since U(z,y) # 0 for all 2,y € (0,00), it follows that f needs to solve

f'(t) = —pf(t), t € 0,71, (7.47)

with terminal condition f(7") = 1. The unique solution to this ordinary differential equation is
given by
f(t)y=e!T=D¢ e 0,7

Hence, the ansatz for G does in fact yield a solution to the HJB equation if we choose f as in
(7.47). Therefore, the function G : [0,T] x (0,00)? — R given by

5;—1

is a solution to the HJB equation. Using Lemma B.2 in the Appendix and (7.45), the unique (up

to modifications) optimal solution of the best response problem is given by 7%*, where 7%* solves
26; . 0 0; 0;
(UJT—(SZA>7TZ —Z,u+< (1—>A—5—100 )ZWJ (7.48)
n n n o

Moreover, Lemma B.2 implies that the solution G and the value function J are equal which also

implies that G is the unique solution to the HJB equation (7.44).

The only task left in order to find the Nash equilibrium is to solve the system of linear equations
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given by (7.48). First, we add (% (1 - %) A— %(& — 1)00T) 7t on both sides to obtain

(P oo = 5A) = Bt ) ot = (5 (1= ) 4 o) S
n n n n "

By assumption a), the matrix on the left-hand side of the previous equation is regular, so it follows
that

) ) S -1
7t =6 (n 0 <00’T — 51A> — 91(57’00—'—> 7
n n n

. —1 A ) n
+ (n—i—@, (0’ —5A> 0i0: O'T) (5171 HZA—GZ(&—I)GJT)ZW]
n n n o n n =

Summing over all ¢ € {1,...,n} on both sides of the previous equation implies
L 0. 5. 0.5, -1
Zﬂa_z(gj(’”] <MT_JA)_HMT> u
; ; n n n
j:1 ]:1
" /n+6; T 6 0;9; djn —0; 0,
B Ay I R ' T) < ]A——d—l > J
+jz:1< - (00 - ) noa . Yoo Zﬂ'

By assumption c), the matrix

IdZ(nj;ej <UO’T(ZA) dejO'O'T) (5 n- QJA*%((S —1)oo >

= n n o n
is regular. Hence, the sum of all 7/, j = 1,...,n, is given by
n n 6 5\ 60 S5in—8; 6 o
Z?Tj:<fd—z<n+ j(JUT——]A) —”UO’T> < n- ]A—(éj—l)aaT)>
; ; n n n n o n n
7j=1 7j=1
-1
- 0; 0; 0;6;
Z5j<n+ ( O'T—JA>—”O'O’T> b
et n n

Finally, the unique constant Nash equilibrium is given by
A 0. 5 -1
=6 (n + 0 (O’O’T — ZA) JO’T> 7
n n

+(n+ei<a 5A) 9500T> <5@-n—0iA0i(5i1)mT>

n n n o n n
-1
. [d_z<n+9j (UO—T_(SjA>_0j5ng'T> <5 n— 0 - A 0‘(5j—1)aa—r)
= n n n n o n n
n . ) 5 -1
. Zéj (n +0; (O'UT — 6JA> — %UUT) « L. O
= n n n

Similarly to Corollary 7.7, we can deduce the unique constant Nash equilibrium for the case of

only one stock (d = 1).
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Corollary 7.14. Let d =1, A = «, and assume that the following assumptions hold

a) (n+0;) (no? — §;a) —nb;d;0% # 0 for all i € {1,...,n},

b) no? — 285>0 forallic{1,...,n},

(n—0;)ad;—nb;(6;—1)o

C) Z (n+0; (n0'2—o¢5 )—n0;0; 0'2 7 1.

Then the unique constant Nash equilibrium to (7.37) in terms of invested fractions is given by

0%

[ Jappp—

26Z,u (n — 9,)0[(52 — nﬁz(éz — 1)02

{

forie{l,...,

- (n+6;)(no —504)—71060 * (n+6;)(no? — §;a) — nb;d;0?

-1
zn: —nb;(0; — 1)o? zn: n2d;
(n+ 9 no? — adj) —nb;djo? — (n+0;)(no? — dja) — nbjdjo?

Jj=1

Subsequent to Corollary 7.7, we analyzed the influence of the price impact parameter o on the

entries of the constant Nash equilibrium in terms of invested amounts under exponential utility.

Due to the more complicated structure of the constant Nash equilibrium in Corollary 7.14, we do

not discuss the influence of o as detailed as in Subsection 7.3.2. However, Corollary 7.14 enables

us to compute the value of a component of the Nash equilibrium for specific parameter choices.

The results are illustrated in Figure 7.4.1.

30

20 A

10 A

—10 1

—20 1

-30

Figure 7.4.1.:

— 6:=1

gy gy geegrepge e sl e s sl el s o s s e

-0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 o0.06
a E (_0.02, amax)

Nlustration of 7%* from Corollary 7.14 in terms of a € (—0.02, aupax) for n = 12,
p = 0.03, 0 = 0.2, and amax = no?/8. Further, ; = 0.3, §; € {1,4} and the
parameters 6; and J;, j > 2 are increasing from 0 to 1 with step size 0.1, and from
0.5 to 2.7 by step size 0.2, respectively.
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Figure 7.4.1 displays the first component 7'* of the constant Nash equilibrium given in Corol-
lary 7.14 in terms of « varying between —0.02 and apmax for the two different risk tolerance

parameters §; = 1 and d; = 4. The expression amax is defined analogously to Subsection 7.3.2 as

’f'L('J'2

Omax =
20max ’

where 0pax = max{dy,...,0,}. In the example displayed in Figure 7.4.1, we used 0pax = 4. The
market parameters are chosen as yu = 0.03 and ¢ = 0.2. Note that all considered parameter
combinations satisfy the conditions of Corollary 7.14. Similar to Figure 7.3.1, we observe a

L*_In Subsection 7.3.2, we provided a detailed discussion of the existence of a

discontinuity of 7
unique point of discontinuity. Here, we only give a short explanation regarding the discontinuity.
For the specific parameter choices used in the example, conditions a) and b) of Corollary 7.14
are always satisfied. The discontinuity is due to condition c), i.e., for both parameter choices
01 € {1,4}, there exists a unique value o € (—00, &max) such that the expression in condition c)
is zero. In the figure, the value aq is highlighted by a vertical dotted line for each of the two
parameter choices d; € {1,4}. Moreover, the blue and orange horizontal dashed lines mark the

2

Merton ratio 140~ %, i.e., the unique optimally invested fraction in the associated classical problem

(=0, 01 = 0), for the two different values used for d;. Finally, we highlighted the value zero on
both axes by a grey line.

* *

Considering the behavior of 7!* in terms of «, we notice that 71* is strictly positive for a < ag

and strictly negative for o« > ag. Moreover, we observe that for larger price impact (i.e., if the

absolute value of « increases), the agents engage less in the financial market which is represented

1,% 1,

by a decrease in the absolute value of 7*. Overall, we notice the same behavior of 7-* in terms

of a as in the case of exponential utility which we considered in Subsection 7.3.2.






CHAPTER 8

RELATIVE PERFORMANCE VIA A VAR-TYPE CONSTRAINT

In Chapters 3 — 7, we modeled the relative concerns of investors by including a relative performance
metric into their utility function. In this chapter, we take a different approach by adapting a
method introduced by Basak and Shapiro (2001). They incorporated risk constraints into the
classical utility maximization problem. As a risk measure, they chose the value at risk (VaR)
which is a standard criterion to assess risk in the financial industry (see, e.g., Berkelaar et al.,
2002). The value at risk at level 1 —« € (0,1) of some payoff X describes the ,smallest amount of
capital which, if added to X and invested in the risk-free asset, keeps the probability of a negative
outcome below the level 1 — a“. Mathematically speaking, the value at risk at level 1 — a of a

payoff X is defined as
VaRi_o(X) = inf {m € R|P(X +m < 0) <1-a}.

Thus, VaR1_o(X) describes the lower a—quantile! of —X (see Féllmer and Schied, 2016, p. 231).
Basak and Shapiro (2001) define the value at risk slightly different by considering the loss of
wealth suffered by some portfolio over a fixed time period. They describe it as the worst loss over
a given time interval under ,normal market conditions“. The term ,normal market conditions®
refers to the fact that the level 1 — « is usually chosen as a small percentage, for example 5% or
1%. Hence, the loss is bounded from above in a fraction of « of all possible market scenarios and,
for small values of 1 — «, this fraction is close to 1. They specify their definition by explaining the
value at risk at level 1 — « for some wealth process (X (t))
real number VaR;_, (X (T) — X (0)) for which

refo.r] OVer the time period [0, 7] as the

P(X(0) - X(T) < VaRy_o(X(T) - X(0))) =

!Note that « is usually chosen as the level of the value at risk instead of 1 — a. However, it simplifies the notation
for the later analysis to choose 1 — « instead of « as the level of the value at risk.
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If the cumulative distribution function of X (7T") — X (0) is strictly increasing and continuous on its
support, this is simply the a-quantile of —(X(T') — X (0)). Note that if the cumulative distribution
function is strictly increasing, the upper and lower quantiles? are equal and we simply refer to
them as quantiles. Thus, the definition of Basak and Shapiro (2001) coincides with the standard
definition for the payoff X (7') — X (0) if the corresponding cumulative distribution function is

strictly increasing and continuous on its support.

Basak and Shapiro (2001) chose the following approach to incorporate risk management concerns
into the standard utility maximization problem. To keep the risk below a certain level, they
bounded the value at risk from above by some endogenously given constant K > 0. Thus, they

considered the constraint

VaRi_, (X (T) — X(0)) < X(0) — K,

which entails
o =P(X(0) - X(T) < VaRi_o(X(T) - X(0))) < P(X(T) > K),

Therefore, by including the additional constraint P(X (7)) > K) > « into the utility maximization
problem, they bounded the risk arising from the portfolio while maximizing the expected utility of
the terminal wealth. In support of the risk management feature of the problem, they explain that
the constraint acts as a partial portfolio insurance which lies somewhere between the benchmark
cases of the classical problem without the constraint (o« = 0) and the case of a portfolio insurer
(a=1).

In order to adapt the model of Basak and Shapiro (2001) to include relative concerns, we replace
the constant K in the optimization problem of agent ¢ by a weighted arithmetic mean of the other

n — 1 agents’ terminal wealth. Thus, we incorporate the constraint

P(X(0) = Y1) ) = o (8.1)

J#i
into the optimization problem of agent i, where a; € [0,1] and ; € (0,1) for all 4,5 € {1,...,n}.
By X;(T') we denote the terminal wealth of agent j € {1,...,n}. Under normal market conditions,
i.e., in a fraction of «; of the possible market scenarios, agent i attains a terminal wealth which is
at least as large as the weighted average of her competitors’ terminal wealth. As opposed to the
optimization problems considered in Chapters 3 — 7, the objective function of agent ¢ is given by

the standard objective, i.e., the expected utility of her terminal wealth only.

The parameters 3; in (8.1) are custom to each agent j, but not to agent ¢, meaning that the weight
assigned to agent j is the same in the optimization of agent i for any i # j. A possible choice is
Bj = ﬁ, but we allow for more generality at this point. It is, for example, possible to consider
weights in terms of the initial capital invested by the agents so that a larger initial investment

goes along with a larger weight assigned to the corresponding agent. In contrast to the parameters

For a random variable X and \ € (0, 1), the lower and upper A-quantiles are g () = inf{z € R|P(X < z) > A}
and ¢ ()\) = inf{z € R|P(X < z) > A}, respectively (see, e.g., Féllmer and Schied, 2016).
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Bj, g =1,...,n, the level o; € [0,1] is chosen by agent ¢ herself and has a similar interpretation
as the competition weight 6; used in earlier chapters. If a; is chosen close to 1, agent ¢ wants to
insure her terminal wealth against the other agents’ wealth in almost all possible scenarios, while
a value «; close to 0 implies that she does not care as much about her performance with respect
to the others. However, a large choice of «; indicates risk aversion (since the agent bounds her

risk in a larger percentage of cases) whereas a large choice of ; turns out to be more risk-seeking.

To conclude, let us give an overview of the chapter. In Section 8.1, we introduce the underlying
financial market and state the optimization problem for n agents using the VaR-based constraint
(8.1). We present the optimal solution to the best response problem in terms of terminal wealth
in Section 8.2. Due to the complicated structure of the optimal solution, we restrict the set
of strategies to be able to find Nash equilibria. This gives rise to an n-dimensional fixed point
problem. In Section 8.3, we solve the fixed point problem for two agents. Afterwards, the unique

fixed point for a general number of agents is found and discussed in Section 8.4.

8.1. PROBLEM FORMULATION

In order to formalize the optimization problem described above, let us specify the underlying
financial market first. The financial market is the same as the one used in Chapter 6. Nevertheless,
we repeat the basics at this point. We base our analysis on the semimartingale financial market
explained in Subsection 2.3.1. In summary, there are d 4+ 1 assets in which n agents can invest.
The assets consist of one riskless bond with zero interest rate and d risky stocks. The stock
price processes (Sk(t))ico,r], k= 1,...,d, are L?(P)-semimartingales with cadlag paths (i.e., the
paths are right continuous with left limits). To exclude arbitrage, we require the existence of
an equivalent o-martingale measure Q. In contrast to Subsection 2.3.1, we make the additional
assumption that Q is the unique equivalent o-martingale measure. Under this assumption, the

associated density process

d
Z,‘:@:E{ﬁ’ft],te[o,ﬂ,

is unique as well. Thus, we write Z; := Z;@, t € [0,T], throughout this chapter. The assumption
that Q is the unique equivalent o-martingale measure has the important consequence that each

claim X € L?(P) has a unique fair price given by

Eg[X] = E[ZrX].

Let us now formalize the optimization problem motivated in the introduction to this chapter.
Let ; € (0,1) and o; € [0,1] for all 4 € {1,...,n}. The constant 3; describes a weight assigned
to the j-th agent’s wealth in the stochastic constraint and «; describes the probability assigned
to the stochastic constraint in the optimization problem of agent i. Each agent 7 uses an Inada
utility function U; : (0,00) — R to measure her preferences (see Definition 2.11). Note that the
requirements on the utility functions are a lot stricter than the ones considered in Chapter 3.
First, U; is required to satisfy the Inada conditions and second, we only allow for utility functions

defined on the strictly positive real numbers. However, the proofs presented in the current chapter
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rely heavily on both assumptions imposed on Uy, ..., U,. Fortunately, this requirement is not too
restricting as there are commonly used utility functions such as the natural logarithm or power
utility functions that satisfy the conditions. Finally, we assume that each agent i is equipped with

an initial capital :1:6 >0,1=1,...,n.

Following the motivation in the introduction to this chapter, agent ¢ € {1,...,n} aims to solve

the optimization problem

maxie 4 B U3 (X77)],
st X =ab+ (¢ ), P(XGF > 5 5X5 ) > as

Similar to Chapter 6, we only consider the terminal wealth, not the replicating strategy. If the
financial market is additionally assumed to be complete, replicating strategies do exist for every
terminal wealth determined in this chapter. However, we do not consider the replicating strategies
and leave this question open for future research. Thus, we state the optimization problem of agent ¢
directly in terms of her terminal wealth. Hence, the optimization problem of agent i € {1,...,n}

is given as

maxx, E [U;(X;)],

. (8.2)
s.t. X is Fp — measurable, E [Z70X;] < xj, P (XZ > 3k Bij> > aj,

where X; denotes the terminal wealth of investor j € {1,...,n}.

Remark 8.1. In Chapter 3, we displayed a method to solve portfolio optimization problems for
relative investors who include their relative concerns into their expected utility function via the
additive relative performance metric. Because of the arithmetic mean in the constraint (8.1), it
would be possible to adjust (8.2) to make the method from Chapter 3 applicable. However, in
order to be able to reduce the problem to an auxiliary single-agent problem, we would also have to
adjust the argument in the objective function of (8.2) to match the constraint. Since this does not
fit the motivation presented in the introduction to this chapter, we did not choose this approach.

However, the resulting optimization problem seems more tractable when compared to (8.2). ¢

&.2. DISCUSSION OF TERMINAL WEALTH

Let us consider the optimization problem (8.2) faced by agent i € {1,...,n}. In the following, we
state and prove the optimal solution to (8.2) for agent ¢ while the terminal wealth X;, j # ¢, of

the other agents is assumed to be fixed. To simplify notation, we introduce the abbreviation

X;'=> BX; ie{l,...,n}.
J#

Now the following proposition contains the optimal terminal wealth for agent ¢ in the optimization
problem (8.2).
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Proposition 8.2. Let a; € [0,1], 8; € (0,1), and m% >0,j=1,...,n. Further, leti € {1,...,n}
and assume that X;, j # i, are fivzed and P-almost surely positive. Moreover, assume that U; :
(0,00) = R is an Inada utility function and let I; = (U})~L. Define the function g; : (0,00) — R
by
6:(2) = Uy(1i(2)) - Z1(2) + 2K (8.3)
and define
1 1 —i
L(MYzr), MYz <uUl(x5),
Xi=1x;" Ul(X;h) < 2z < &, (8.4)
I; (/\El)ZT), AE”ZT > &,

where & is chosen such that g;(&;) = )\52) + U; (XB_Z) and & > UZ’(Xﬁ_Z) P-almost surely, and
)\1(1)’ )\2(2) > 0 are chosen with respect to E[Zp X} =z, and P(X} > Xlgz) = «a;. We assume that
&, )\(1), and \? exist. Then X} is the optimal solution to (8.2).

7 7

Proof. Let i € {1,...,n} be arbitrary but fixed and define
L(X7 21722) = Uz(X) — le —+ ZQ]l {X Z X/gz} )

For fixed z1,2z9 > 0, the function X — L(X, z1,292) is increasing if, and only if, X < I;(z1).

Moreover, L(-, z1, z2) is piecewise concave with a jump located at X 5 '. Therefore, the maximizer
is located either at I;(z1) or at Xﬂ_i. It turns out that

X; = Li(=0)1 {0 <U(X5) } + X510 {U](X5") < ;1 <&} + L)1 {z > &3,

is the unique maximizer of X — L(X, z1, 22), where &, is chosen such that g;(&;) = UZ-(X;) + 29
and &, > U/(X g z) P-almost surely. At this point, we assume that such a value &, exists. To
prove this assertion, we use a case distinction with respect to z;. First, let z; < U/ (Xgl) and

thus, I;(z1) > Xﬁ_i. Since the function g; from (8.3) is increasing if, and only if, Z > U/ (XB_’), we

obtain

L(Ii(zl),zl,zg) :Ui(IZ-(zl)) — 2’1[(2’1) + 22
:gi(zl) — ZlXﬂ_i + Z9
>g:i(Uj(X5") — 21 X5" + 22

:UAXE’) — ZlXﬁ_i + 20 = L(Xﬂ_i,2'1,2'2).

For UZ’(XEZ) < 21 < &, it follows
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using the monotonicity of ¢g; and the definition of £,. Finally, if z; > £, the reverse of (8.5) holds.

Thus, X; is the unique maximizer of L(-, 21, 22).

To prove that X/ from (8.4) is optimal for (8.2), assume that X is another random variable

satisfying the constraints of (8.2). Then it follows

E[Ui(X;)| - E[Ui(X)]
A R
>E[U(X7) - N2 X 2P {X; 2 x5 ] - E[U(R) - AP 20X 4071 {X 2 x5}
:IE[L (X;, Af-l)ZT,AEz)) . (K NS &(2))}
>0,

since, by construction and the previous observation, X satisfies the constraints from (8.2) with
equality and maximizes the function L(-, )\(I)ZT, /\(2)) (pointwise for every w € Q). This concludes

% 7

(-1), and A exist by assumption. O

our proof since &;, A; i

The representation (8.4) of the best response for agent i brings some serious difficulties. In general,

(1)

existence and uniqueness of the expressions &;, A )\52) are not clear. Moreover, we do not
expect to be able to find analytical representations for these expressions, even in special cases like
logarithmic utility. Thus, in order to find Nash equilibria for (8.2), we restrict the set of possible
terminal wealth, although we might lose optimality compared to the more general set of admissible
wealth profiles. Nevertheless, we only consider wealth profiles for agent ¢ € {1,...,n} which are of
the form
Li(XiZr), Li(NiZr) =2 X5, Zr < Xous
Xi=qX5", Li(XiZr) < X5", Zr < Xags (8.6)

Iz(AZZT)a ZT > Xags

where X, is the o;-quantile of Z7 and X/g" = Z#i BjXj,i=1,...,n. The random variables X},
J # i, describe the terminal wealth of the (other) agents j # i. The constant A\; > 0 is chosen so
that E[ZrX/[]| = xf). Thus, )\; is often called Lagrange multiplier. For now, we assume that the
parameters of the model are chosen such that \; exists and is unique. In general, this is the case
if the initial capital is sufficiently large. In Section 8.3 as well as Section C.3 in the appendix,
we give necessary and sufficient conditions for the existence and an explicit representation of the
unique \; in the special case of logarithmic utility and n € {2,3}. Moreover, it should be noted

that, by construction, X; satisfies the constraints of (8.2).

Remark 8.3. a) The structure of (8.6) is motivated by the unique optimal terminal wealth found

by Basak and Shapiro (2001). They consider the optimization problem

{ maxy E[U(X)], (8.7)
s.t

E[ZTX] < Zo, P(X > K) > «,
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for constants K > 0, 9 > 0, and « € [0,1], and an Inada utility function U : (0,00) — R.
They prove that the optimal solution to (8.7) takes the form

I(\Zr), Zr<ZE

X*=1{K, VLK) < Zr < X (8.8)

I()\ZT)a ZT > Xas

where x, denotes the a-quantile of Z7 and I denotes the inverse of the first order derivative

U’ of U. Moreover, A > 0 is chosen with respect to the budget equation E[ZpX*] = x.

Due to the structure of the optimal terminal wealth (8.8), which divides the solution into three
cases depending on the value of the state price density Z7, Basak and Shapiro (2001) call these
three cases good, intermediate, and bad states. The good states are associated to smaller values
of Z while the bad states correspond to larger values of Zp. However, this interpretation is
not based on the optimal solution to the VaR-based problem (8.7) alone. It can also be justified
in more generality. If, for example, we take a standard Black-Scholes market with one stock,
one riskless bond with zero interest rate, and constant market parameters (see, e.g., Eberlein

and Kallsen, 2019, Examples 9.1 and 9.17), the state price density at time 7" is given by

1 2
Zr = exp ( — By - 2“2T>.
g g

The stock value at time T is given by
o2
ST = exp ((,u — 2>T+ O’WT>,
which can be rewritten as
o? 1 5
ST:exp<— ;log(ZT)_'_E (u—a )T)

Hence, large values of Zr result in small stock values which justifies the association of large
values of Z7 with bad market states.

O

Since we aim to find Nash equilibria in the class of terminal wealth profiles of the form (8.6),

we need to solve the emerging n-dimensional fixed point problem to find explicit representations

of the components Xy, ..., X,, in the Nash equilibrium. The search for and discussion of the

n-dimensional fixed point is the focus of the subsequent Sections 8.3 and 8.4.

8.3. SOLUTION OF THE FIXED POINT PROBLEM FOR TWO AGENTS

In this section, we set n = 2 and determine the unique two-dimensional Nash equilibrium in the

class of wealth profiles of the form (8.6). Solving the fixed point problem for general n is quite

complicated, so for illustration we solve it for only two agents at first. Afterwards, Section 8.4

gives the general solution for n agents.
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The following theorem displays the unique solution to the fixed point problem (8.6) for two agents.

Theorem 8.4. Let U; : (0,00) — R be Inada utility functions, i = 1,2. Moreover, for a; € [0,1],
let xq, describe the o;—quantile of Zp and let 5; € (0,1), i = 1,2. Define

L(MZr),  h(MZr) > Bal2(MaZr), Zr < Xass
Xi(A1,A2) = § Bala(NaZr), Li(MZr) < Bala(MaZ1), Z1 < Xas s
L(MZr),  Zr > Xai,
Iy(NoZ7),  Ia(NeZr) > Bili(MZr), Zr < Xas,
Xo(A,A2) = § Bili(MZr),  Ta(MeZr) < Bili(MZr), Zr < Xass
I(A\2Zr), Z1 > Xags

and assume that the system

E[Zr X} (M, M) =2, i = 1,2, (8.9)

has a unique solution (\j, \5) € (0,00)%. Then X;(\},\}), i = 1,2, is the unique Nash equilibrium
for (8.2) in the class of wealth profiles of the form (8.6).

Remark 8.5. a) Since 51,82 € (0,1) and I; and I» take only strictly positive values, it cannot

happen that I1 (A Z7) < B2l2(AeZr) and I2(AoZ7) < B111(A1Z7) hold at the same time. Thus,
we notice that for any valid choice of parameters, utility functions, and for any realization
of Zr, at least one of the random variables X7 is given by I i(X\jZr). Note that, although
the structure is the same, I;(\;Z7) does not necessarily describe the solution of the classical
problem without the VaR-constraint, since the Lagrange multiplier might be different from the
one in the classical problem. It is also possible that both agents obtain the classical solution in
the Nash equilibrium. This is the case if I1(\Z7) and I3(A2Z7) are ,close® in the sense that
Bala(NoZp) < L1 (M Zr) < Bl_lfg()\gZT). This observation becomes more tangible in the case

where both investors use the natural logarithm as their utility function (see Remark 8.10).

The search for a solution of the system (8.9) of equations consists of two steps. First, we need
to determine the expected value to receive a two-dimensional system of equations. Afterwards,
we need to solve the emerging system of equations (which is most likely nonlinear) and make
sure that there exists an admissible solution in the sense that A} > 0, ¢ = 1,2. If, for
example, 3:6 > ﬁg,jmg*j , 7 = 1,2, we can ensure that for any fixed A\; > 0 the equation
E[Zr X3 (A1, A2)] = mg_j has a unique solution A\j_;, depending on A;, using the monotonicity
and continuity in terms of A\3_; and the intermediate value theorem. However, this does not
ensure that the emerging two-dimensional system of equations is (uniquely) solvable. It should
also be noted that this condition is sufficient, but in general not necessary. Lemma 8.8 gives
necessary and sufficient conditions for the parameter choice in the case of logarithmic utility

for both investors. O

Before we provide a proof of Theorem 8.4, we apply the result to the case that both agents use

power utility functions. The example gives us more insight into the case distinction in the Nash
equilibrium (X7, X3).
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Example 8.6. Suppose that both agents use power utility functions with parameters d; > 0, §; # 1,

i.e.,

1Nt 2
Ui(z) = (1 - &) T L(z)=27% >0,i=1,2.
(2

Assume without loss of generality that do > §;. Then
A1\ 21
L(MZr) 2 Bolo(NoZr) <= Zr > <521> = 21,

202 515
Iy(XoZr) > pili(MZr) = Zr < <51X;21> = 2.
1

Since (182 < 1 and A1, Ay > 0, we obtain z; < z3. Hence, we obtain the Nash equilibrium

X =0olo(MZr)1{Z1r < 21 A Xou } + Ti(MZ7)1{Zr > 21 A Xar }»
X5 =L(XZr)1{Zr < 22 A Xas} + L1 Li(MZ1) 1 {22 A Xas < Z7 < Xas}
+ IQ()\QZT)]]_ {ZT > XQQ} .

Note that do > §; has the interpretation of investor 2 being more risk-taking than investor 1. If
(51 = (52 = (5, then

Li(AMZ7) > Bola(MaZy) <= Mo > B3/°Ay,

Li(AaZr) > fili(MZr) <= M\ > BN,

which shows that the case distinction does not depend on Z7 but solely on the parameters chosen

by the investors. Hence, we obtain the following case distinction for the Nash equilibrium (X7, X3).

a) If Ay > B1/° Ay and Ay > B3/° A, then
X =Li(MZr), X5 = LaZr).
b) If Ay < By/° A1, then A > B1/°); and
X7 = Bols(MaZr)L{Zr < xay} + LM Z0) L {Z7 > Xau s X5 = L(M\aZ7).
c) If A < B/%x,, then Ay > B2/°\; and
Xi=L(MZ7), X3 = Bili0nZr) L {Zr < Yo} + LA Zp) 1 {Z > Xay} -

O

Proof (Theorem 8.4). To simplify notation throughout this proof, we abbreviate I; = I;(\;Z7)
and X = X*(A1, A2), ¢ = 1,2. We define functions f; to rewrite X;, i = 1,2, from (8.6) as

X1 = fi(Xe) =0L1{L1 > B2X2, Z1 < Xou } + B2 Xol {1 < B2Xo, Z1 < Xau } + 111{Z7 > Xay }
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for agent 1 and
Xo = fo(Xy) =DL1{ly > 1X1, Zr < Xao} + 51 X0 1 {I2 < B1X1, Z7 < Xao} + L21{Z7 > Xas}
for agent 2. To construct the two-dimensional fixed point for (8.6), we consider the equation

fi(fa(X1)) = Xy (8.10)

and prove that the unique solution to (8.10) is given by Xj. The analysis of Xo = fa(f1(X2))

proceeds analogously.

We use a case distinction based on Zp. If Zp > xa, V Xay, (8.10) simplifies to X, = I; and thus,
the unique solution is given by X; = I; in this case. For the case xa; N Xas < 27 < Xay V Xag, WE
consider two subcases. If xa, < Xasy, then Zp > x,, and (8.10) again simplifies to X1 = I;. If
Xa1 = Xas, (8.10) reads as

X1 = fill2) = L1 {1y > Bolo} + Polol {1} < PB2ls}.

Since the right-hand side is constant in X1, it is the unique solution to (8.10) in that case. Finally,
assume that Zp < Xa; A Xa,- First, let us simplify the components of fi(f2(X1)). We obtain

1{Iy > Bafo(X1)} =1{11 > Bola, I3 > 51 X1} + 1 {I1 > 152 X1, Io < f1. X1}
=1 {11 > Bal, X1 < (5152)_111}

for the first indicator,

L{li < Bafo(X1)} =1{11 < fols, I > 51 X1} + L{[y < f12X1, I» < f1 X1}
=1{1 < oLy, X1 < B ' L} + 1{ X1 > max {8 'z, (8182) "1} }

for the second indicator, and thus,

fo(X1)1 {1 < Bafo(X1)}
=11 {11 < PBoly, X1 < 51_112} + /1 X1 {X1 > max {51_112, (5152)_111}}~

Therefore, (8.10) simplifies to

X1 =1 {h > fBolz, X1 < (ﬁlﬁz)_lh} + Bal21 {11 < folz, X1 < 51_112}
+ A1 X1 { X1 > max {8 Do, (162) '} (8.11)

If Iy > (212, the unique solution to (8.11) is given by X; = I;, whereas for I < (212, the unique
solution is given by X; = f2ls. This is based on the fact that, in both cases, the right-hand side
of (8.11) is constant for small values of X; and linear with slope between 0 and 1 for large values
of X1. In both cases, the unique point of intersection with the identity function is located in the

interval where the right-hand side is constant.



8.3. SOLUTION OF THE FIXED POINT PROBLEM FOR TWO AGENTS 119

To summarize, the unique solution to (8.10) is given by
X1=nh1 {Il > Boly, Z1 < Xa1} + [alo1 {II < Baola, Zt < qu} + 1 {ZT > Xal} .

Using similar arguments for X yields that (X7, X3) from the theorem is the unique fixed point
for (8.6). O

Remark 8.7. In Section C.2 in the Appendix, the n-dimensional fixed point problem (8.6) is
reduced to an (n — 1)-dimensional fixed point problem. The reduced problem (C.7) can be used
to determine the fixed point for n = 2 instead of the previously displayed direct calculation. It is
also used to solve the fixed point problem explicitly for n = 3 (see Section C.3 in the appendix).
Afterwards, the Lagrange multipliers A1, Ay are calculated explicitly if the agents use logarithmic
utility functions and the parameters are chosen correctly. Finally, the explicit representations are

used to generate some numerical results. O

ExAMPLE: LOGARITHMIC UTILITY

In the following, we consider a special case of Theorem 8.4 where both agents use the natural
logarithm as their utility function. In this setting, we explicitly determine the Lagrange multipliers

mentioned in Theorem 8.4, which allows us to look at some numerical results.

Theorem 8.4 implies that, if both agents use logarithmic utility, the unique fixed point for (8.6) is

given by
ﬁ} )\1,82 S )\2’ ZT S Xo s 7)\212T’ )\2,31 S /\1, ZT S Xazs
Xik — )\257%7“7 )\1/82 > )\2’ ZT < Xai X; == AféT’ )\2,81 > Al, ZT < Xags (812>
ﬁa Zr > Xais AzlzT’ Zr > Xaz:

Now we can explicitly determine the Lagrange multipliers A1 and Ao with respect to the conditions

E[X}Zr] = x§, i = 1,2, if the parameters are chosen correctly.

Lemma 8.8. Let z§ > o823, 23 > aofBix), and let XF = X7 (M1, \2), i = 1,2, be given by
(8.12). Then the unique solution A1, A2 > 0 to the system

E[X{Z1] = g, B[X3 Z1] = o,

is given by
M= =1 o < o)+ 1 {ab > )
x5 — a1 P27 x4
Il —a 2 1 1 2 1
- - >
A2 o agﬁlx})]l {930 < ﬁlxo} + x%]l {900 > ﬁlﬂﬂo} :

A proof can be found in Section C.1 in the appendix. Using Lemma 8.8, the unique solution to

the fixed point problem (8.6) can now be given explicitly.
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Proposition 8.9. Let 2} > a1 5223, 23 > a1}, and U;(z) = log(x), © € (0,00), i = 1,2. Then

the unique Nash equilibrium in the class of wealth profiles of the form (8.6) is given as follows.

a) If z§ > Poxd and x3 > Bix}, then
17—1 2r7—1
X{ =wxgZy, X5 =a527.

b) If o} < Baxd, then x3 > Bixl and

X* _ ﬁ QZfl:H- T < x[]j - OKIBQ.%% Z*l]]_ 7 X* _ 2Z71
1 = BewoZy U Zr S Xa} + =1~ Zr WZr > Xai}, Xy =227

c) If 2 < B, then x§ > Boxd and

* 11 * 1—1 x% - a251$5 -1
Xi =22y, Xy =BrgZy 121 < Xao} + =7 — —— 27 L{Z1 > Xao}-

The assertion follows directly by inserting the Lagrange multipliers from Lemma 8.8 into (8.12).

Nevertheless, we displayed the proof in Section C.1 in the appendix.

Remark 8.10. Proposition 8.9 reveals an important feature of the Nash equilibrium (X7, X3).
First, we notice that either X{ or XJ has a discontinuity while the other is given by the solution
to the classical problem. The agent whose wealth in the Nash equilibrium is given by the classical
solution a:%Zf Lis always ,,the better one® in the sense that her initial capital is significantly larger
than the other investors’ initial capital (a;% > Bj_lxé >z, i # j). If the initial investments x§ and
x3 are close in the sense that Bezd < 2§ < %?7 then both investors obtain the terminal wealth
x%Zqu in the fixed point. O

NUMERICAL RESULTS

Proposition 8.9 enables us to consider some numerical results. We use the special case of a classical
Black-Scholes model (one stock, constant market parameters) with zero interest rate. Thus, the
discounted state price density Zp is given by (see, e.g., Eberlein and Kallsen, 2019, Examples 9.1
and 9.17)

1 2
ZT:exp<—ZWT—252T>.

Hence, Zr follows a lognormal distribution with parameters v and 72, where

_ 2 _ M
V——§§T,T —;T

The quantiles xq, @ € [0, 1], of Zr are given by (see, e.g., Johnson et al., 1994, p. 213)
Xa = €xp (V +7- <I>_1(a)) ,

where @1 describes the quantile function of the standard normal distribution. Throughout our

computations we set = 0.03, 0 = 0.2, and T' = 4. The numerical results are shown below.
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Figure 8.3.1.: X7 and X; from Proposition 8.9 (solid) in terms of Zp for 51 = 0.5, S = 0.9,
a1 =02, as =04, 2y =2, 22 =3, 4 = 0.03, 0 = 0.2, T = 4. The dashed and
dotted lines mark the classical solution z{Z5 L and (M Z7r)~ ! for Ay from Lemma 8.8,
respectively. The parameters are chosen such that case b) from Proposition 8.9 is

present.
30 30
— X{ — X{
25 - X3 25 X3
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0 . . . . . 0 . . . . .
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
zr zr
(a) 2§ =2, 23 = 3, B1 = 0.9, B2 = 0.5 (case a). (b) 2} =2, 22 =3, 1 = 0.5, 2 = 0.9 (case b).

Figure 8.3.2.: X{ and X3 from Proposition 8.9 in terms of Zp for p = 0.03, 0 = 0.2, T' = 4,
a1 = 0.2 and as = 0.4.

Figure 8.3.1 gives a first glance at the behavior of the Nash equilibrium (X7, X3) from Propo-
sition 8.9. It shows X; and X3 (solid) for the parameter choices 51 = 0.5, 2 = 0.9, a3 = 0.2,
as = 0.4, 2§ = 2, and 23 = 3. Note that, due to the choice of parameters, X; and X} are
given in part b) of Proposition 8.9. For reference, the figure also displays (A1 Zr)~! (dotted) in
terms of Zr. It is important to notice that (A;Z7)~! is not the solution to the classical problem,
since the Lagrange multiplier \; = ———24

xo—alﬁzxg
A= (z§)”! = 0.5 in the solution to the classical problem. For comparison, we also included the

~ 0.5479 is different from the Lagrange multiplier

classical solution a:(l)Z; 1 (dashed) for agent 1. While X5 is simply given by the solution to the
classical problem, X7 shows a discontinuity at xn,. For Zr < x4, (,,goo0d states“), X is given by
B2(A2Z7) ™1 and hence, strictly larger than (A Z7)~L. If Zp > x4, (,bad states®), X is given by
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(M Zr)~t. We observe that X7 is slightly smaller than the classical solution z{Z; Yif Zr > Xays
but significantly larger if Zr < xq,-

Figure 8.3.2 illustrates cases a) and b) from Proposition 8.9. Due to the symmetry between cases
b) and c), only cases a) and b) are illustrated. For the first set of parameters, the conditions of
case a) in Proposition 8.9 are satisfied so that X} is given by (\;Zr) ™!, i = 1,2, for any realization
of Zr. Hence, both X and Xj are continuous in Zr. For the second set of parameters, the
conditions of case b) are satisfied. In that case, X3 is again given by (A\oZ7)~! whereas X7 is

given by Bo(MoZr) 7 if Zp < xay and (M Z7) "1 if Zp > X4y, With a discontinuity located at yaq, .

2 1
2> \
20 4 1 _\
[ —
15 - O T T T
1.25 1.50 1.75 2.0(¢
10 4
— a1=0.1
51 - a,; =0.3
‘\\\ — a1=0.5
0- — a1=0.7

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Zr

Figure 8.3.3.: X7 from Proposition 8.9 in terms of Z7 for 1 = 0.1, B2 = 0.9, ap = 0.4 and different
values of a1, 2 = 2, 23 =3, 4 = 0.03, 0 = 0.2, and T = 4. The parameters are
chosen such that case b) from Proposition 8.9 is present.

Figures 8.3.3 and 8.3.4 illustrate how the choice of the parameters «; and §;, i = 1,2, affects the
component X{ of the unique fixed point for two agents. All parameter choices used in the two

figures satisfy the conditions of case b) in Proposition 8.9.

Figure 8.3.3 shows two different features of the influence of ;. We notice that the location of
the discontinuity changes with «aq, since the discontinuity is located at the quantile y,,. We also
notice that the value of X7 is decreasing in terms of o if Zr > xq,. Hence, if a larger value of ay
is chosen, more states are insured with respect to agent 2, which outperforms agent 1 in this case.
However, in the states in which there is no insurance with respect to agent 2, the terminal wealth
is smaller for a larger choice of o;. The reason for this observation is the Lagrange multiplier Ay
which is increasing in «; in case b) of Proposition 8.9. Thus, we observe that a larger choice of
«q is related to agent 1 being more risk-averse. She wants to insure her wealth against the other
agent’s wealth in a larger fraction of the possible market scenarios. However, she has to ,,pay
the price“ for this choice with an even smaller terminal wealth in the ,bad* states. This reveals
a general criticism of the value at risk — it only limits the probability of losses above a certain
threshold; the magnitude of such losses is not taken into account (see, e.g., Follmer and Schied,
2016, p. 231).
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Figure 8.3.4.: X} (solid) and X3 (dashed) from Proposition 8.9 in terms of Zp for different values
of Bo, B =1— P, a1 =0.2, a2 =04, 2} =2, 23 =3, u=0.03, 0 = 0.2, and T = 4.
The parameters are chosen such that case b) from Proposition 8.9 is present.

Figure 8.3.4 illustrates the influence of the parameter 3 on X7. Here we chose x{ = 2 and 23 = 3,
so that, as long as 2 > 2/3, case b) of Proposition 8.9 is present. Note that the parameter 3; has
no effect in this case, since X| does not depend on f;, nor does the condition which ensures that
case b) is present. Figure 8.3.4 shows that a larger value of 5 results in a larger value of X7 in

the ,,good states” (Z1 < Xqo,) and in a smaller value of X7 in the ,bad states®.

8.4. SOLUTION OF THE FIXED POINT PROBLEM FOR n AGENTS

In this section, we show that, if 5; < ﬁ for all j € {1,...,n}, a fixed point for (8.6) is either
unique or all components are equal. Moreover, we prove an important property of the fixed point,
which is similar to the case distinction for three investors given in Table C.1 in the appendix. It
shows that any possible value of the triple (X7, X3, X5) contains some (at least one, at most three)
entries X7 that are given by I;()\;Zr) while the other entries are linear combinations of these
I;’s. We provide a similar result for a general number of investors. Finally, if we consider the case
Bj = ﬁ and o = € [0,1] for all j € {1,...,n}, we can give a closed-form representation of the
unique Nash equilibrium in the class of strategies of the form (8.6) (under an additional assumption
which is conjectured to hold for general n and is proven to hold for n € {2,3}). The solution for
investor 4 is given as a maximum of 2”1 terms if Zr < x4, and by I;(\;Z7) if Z1 > xo. We also

state and justify a conjecture on a statement allowing for more general choices of 3;, j = 1,...,n.

Using (8.6), X; equals I;(\iZ7) if Zr > Xa,, or if Zr < xq, as well as [; > >4 B Xj, and
>_j#i BiX; for other values of Zp. Hence, to solve this n-dimensional fixed point problem, we
can distinguish how many of the n investors use the ,classical® solution I;(\;Z7). Note that we
need to be careful with the expression ,classical solution® since the Lagrange multiplier \; is not
necessarily given as the solution to E[ZpI;(\;Zr)] = m%) since there might be values of Zp for

which X7 is not equal to I;(A\;Z7). Hence, although the structure is the same as in the classical
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solution for some values of Zp, the value might not be equal to the value of the classical solution.

We can use this idea in the following to solve the n-dimensional fixed point problem emerging
from (8.6). But first, we need to introduce some notation. For a finite set S C R, we denote the

set of k-combinations of pairwise distinct elements from S by (i), ie.,

S
(k‘) 2:{(i1,...,ik)‘ijES,jZl,...,k,’il<’i2<...<ik},k€{0,1,...,’5’},

(i) =0, k¢{0,1,...,|5}.

If K =0, the set (g) contains only the empty tuple (). A standard combinatorial result then states
that the number of elements in (;) equals ("2') if k € {0,...,|S|}, where

<18|> _ s
k K!(|S] — k)!

denotes the binomial coefficient (see, e.g., Harris et al., 2008, p. 133). We also use the abbreviation
[L] ={1,2,...,L}, LeN.

We can then define

L k
dp(ji, - sjr)=1=> (k=1 > 115, (8.13)
k=2 (Z177lk)€([£]) /=1
and
1 _6j2 _/Bja e _/BjL
_/le 1 _/Bj3 _IBjL
AL(jlv s 7jL) =
_/le s _BJL—Q 1 _IBjL
_/le _6j2 s _Bqu 1

for some L € {1,...,n}, where A;(j1) = (1). Hence, the entries of Ar(j1,...,Jjr) are given by

. . . 17 1= k7
Ag(its- g k] = ,
_/Bjka 1 7& ki

The first goal of this section is to prove the following theorem which presents an n-dimensional

analogue of Table C.1.
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Theorem 8.11. Let 3; < ﬁ for all j € {1,...,n} and let the value of Zp be arbitrary but fized.
If there exists a solution (X1,...,Xy) to the fized point problem (8.6), one of the following two
cases is present. Fither the fized point satisfies X; = X; for alli,j € {1,...,n} or it is unique with
the following property: If, for some L € {0,...,n — 1} and an L-combination (ji,...,jL) € ([z}),

Xjé 7é Ijé()\jZZT)7 g E {1’ * '7L}7 Xk = Ik(AkZT)> k ¢ {jlu e 7jL})

then
L
H + B]z n
i=1,i#L
X, = S 7. N ﬂk:[k >\k:ZT
o d(r, - dL) kz::l ( )

k¢{j17"'7jL}
holds for all ¢ € {1,...,L}.

The proof uses Lemmas 8.12 - 8.14 stated below. Their proofs can be found in Section C.4 in the
appendix.

Lemma 8.12. Let L € {1,...,n} and (j1,...,71) € ([Z}). Ifg; < forall j € {1,...,n}, then

—nl

n )Lln—L

n—1

dL(jl?' ")jL) 2 <

n—1"

Further, dr(j1,...,jr) > 0 holds if, and only if, either L € {1,...,n — 1} or L = n and
n
=185 < (n 1) :
Lemma 8.13. Assume that 3; < ﬁ forallj € {1,...,n}. Then, if either L € {1,...,n—1}, or

L=n and[[j_, B; < (n 1) , the matriz Ap(j1,...,j1) is reqular with inverse Ar(j1,...,j1) "
given by

L-1 m
1—> (m—1) 3 I1 5.
m=2 (i1,-ensim )€ (D1 IL N i) £=1 -
AL(jla"ij)il[i?k] = L dL(.h?--'ajL) ’ ’
=104k .
- - k
dr(ji,---»jr) i #k,

for any (j1,...,j1) € ([Z]). If L=mn and fB; = ﬁ forallj € {1,...,n}, then Ap(1,...,n) is not
regular.

Lemma 8.14. Let 3; < ﬁ for all j € {1,...,n}. Further, let either L € {1,...,n — 1} or
L=mn and [}, B; < (%)n Finally, let (j1,...,j1) € ([Z]), Then the sum of the i-th row of

n—1

Ap(it, ..., 50)" Y, i€ {1,..., L}, is given by
L

L
CoN—1r-
E e z,k,’:—, || 1—|—

Using these three lemmas, we can now prove Theorem 8.11.
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Proof (Theorem 8.11). Considering the n-dimensional fixed point problem (8.6), any fixed point
(X1,...,Xy) has the property that, for any value of Z7, X; is given by either I;(\;Zr) or =, 4; 8; X
To prove the assertion in the theorem, we use a case distinction based on the number M of indices
j€{1,...,n} for which X; = I;(\;Zr) holds.

First, we need to consider the case that X; = ;; 3;X; for all i € {1,...,n}, i.e., M = 0. This

yields a system of linear equations which can be written as
A1, n)(X1,. .., X)) T =0y, (8.14)

n
where 0,, denotes the n-dimensional vector of zeros. If H?Zl Bj < (ﬁ) , Lemma 8.13 implies
that A,(1,...,n) is regular and thus, the unique solution to this system is given by 0,,. However,
Xi =2 ;4 8;X; implies that 0 =3, 5; X; > I;(\iZ7), which is a contradiction since I; takes
only strictly positive values. Now let 3; = ﬁ for all j € {1,...,n}. Then (8.14) reads as

1 1
X; = X, or, ivalently, X; = — X,
i Z j or, equivalently, X; n]z::l §

n—1Z

for all i € {1,...,n}. Thus, all components of the fixed point are equal.

Now let M € {1,...,n} describe the number of indices j € {1,...,n} with X; = I;(\;Z7). Further,
let L:=n—M €{0,...,n— 1} and denote the L-tuple of indices ¢ for which® X, # I,(\¢Zr)
by (ji,...,jr). For L = 0, X; = I;(\jZr) holds for all j € {1,...,n}. Thus, we consider
Le{l,...,n—1}. Hence, for all £ € {1,...,L},

n

n L

X5, =Y BiXi=>_B,X5+ Y. Bule(MZr)
i—1 =1 =1

i#je p#L k¢{j1,....ir}

and we obtain the system of linear equations

L n

X, =S B, Xi, = Y BliwZr), f=1,...,L,
=1 k=1
o ke Ur i)

which we can also write as

n
ApGi - d) (X X)) T = Y Belk(MZr) - 1y, (8.15)
k=1
k¢{j1,...ir}
where 17 denotes the L-dimensional vector of ones. Since, for L € {1,...,n— 1}, Ar(j1,...,J4L)
is regular with known inverse Ay (j1,...,55)" ! (see Lemma 8.13), the unique solution to (8.15) is
given by
n
Xj-n X)) = > Bule(MZr) - AL, ... j0) L.

k=1
k¢{j1,-.jr}

3Note that, although not relevant for our proof, this does imply that Zy < Xay, forall £ € {1,...,L}.
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Therefore, the ¢-th entry of the solution is given by

n L
X] = ( Z Bka<)\kZT)> 'ZAL(jla"'ajL)il[ap]‘
k=1 p=1

k¢{j1,....oL}

Combining Lemma 8.13 and Lemma 8.14 yields

L
IT +5;,) .
x, ==t LA Zr).
I dL(]la"'a.]L) ];1 5k k( g T)

k¢{j1,-Jr}

Since we can use this argumentation for any solution of the fixed point problem, it follows that, if
there exists a fixed point for (8.6), it is unique or all components are equal. Moreover, it satisfies

the asserted property from the theorem. O

Remark 8.15. Although the fixed point problem (8.6) contains a case distinction on whether
Zp < Xa OF Z7 > Xa, We did not need to separate these two cases in the proof of Theorem 8.11.
We just needed to consider how many and which of the indices j € {1,...,n} satisfy X; = I;(\; Zr),
which could be due to Zr > xa, or to I;(\;Z7) > > k+j Bk Xk. This enables us to state the

theorem without the assumption a; = a for all i € {1,...,n}. O

Theorem 8.11 shows that if there exists a fixed point for (8.6), it is either unique or all components
of the fixed point are equal. Moreover, in the case where not all components are equal, it can be
expressed implicitly via a case distinction. However, it does not prove the existence of a fixed point
or give an explicit representation. In the following, we provide a closed-form representation of the
unique fixed point (in a slightly more restrictive setting) and thus, the unique Nash equilibrium in
the case that a; = o € [0,1] and 8; = 15 for all i € {1,...,n}. We also state and justify two
conjectures about a more general theorem (see Remarks 8.17 and 8.19). The following theorem

displays the mentioned closed-form representation of the unique fixed point.

Theorem 8.16. Let a; = o € [0,1] and B; = -5 for all j € {1,...,n}. Then the P-almost surely
unique Nash equilibrium for (8.2) in the class of wealth profiles X;, j =1,...,n, of the form (8.6)
for which

P(Xi =X, forallij€{l,....,n}) =0 (8.16)

holds, is given by (XF,...,X}) for

n—2 L ) n
X; Zmax{{fi(AiZT)}U U U { L (4 i) > ﬂk[k(/\kZT)}}

. dL 1 iujlw")jL
L=0 (i) e (M3 1) il )kg{i,lj'i.l,,7jL}
-1 {ZT < Xa} + Iz()\zZT)]l {ZT > Xa} , (817)
i =1,...,n, where we assume that the n-dimensional system E[ZpX}] = xh,i=1,...,n, of
equations has a unique solution (A1,...,A,) € (0,00)".

Remark 8.17. We conjecture that (8.16) holds for any Nash equilibrium for (8.2) in the class of
wealth profiles of the form (8.6). Thus, we believe that Theorem 8.16 holds without the restriction



128 CHAPTER 8. RELATIVE PERFORMANCE VIA A VAR-TYPE CONSTRAINT

(8.16) to tuples (X1,...,X,) with components that are almost surely not identical. For n € {2,3},
we can prove that (8.17) is the unique Nash equilibrium in the class of wealth profiles of the
form (8.6) without the additional restriction (8.16) (see Theorem 8.4 and Theorem C.1 in the

appendix). O

The proof of Theorem 8.16 uses the following lemma.

Lemma 8.18. Let L € {0,...,n — 1} and (j1,...,jr+1) € (L[:‘_]l) Moreover, let 5; < ﬁ,

j=1,...,n. Then

L

dL+1(j17 cee 7jL7jL+1) = (1 + /BjLJrl)dL(jl? .. 7jL) - /BjL+1 H(l + 5]2)
/=1

The proof can be found in Section C.4 in the appendix.

Proof (Theorem 8.16). The conditions of Theorem 8.16 allow us to use the statement of Theo-
rem 8.11. We only need to consider the case Zr < xq, because otherwise we already know that X

is given by I;(A\;Zr) for all ¢ € {1,...,n}. Thus, we assume that Zp < x, throughout this proof.

To prove the claimed representation of X, ¢ = 1,...,n, we have to show that the n-tuple
(X7,...,X}) solves the fixed point problem (8.6). To keep notation simple, we consider ¢ = 1 and
assume that X]’-k, j=2,...,n,are given by (8.17). Then we need to show that Xj can also be

written in the form of (8.17). For the remainder of this proof, we abbreviate I; = I;(\; Zr).

Analogously to the proof of Theorem 8.11, we use a case distinction based on the number
N €{0,...,n—1} of indices j € {2,...,n} for which X7 = I; holds. If N = 0, i.e., if X7 # I;(\;Zr)
for all j € {2,...,n}, it follows immediately from assumption (8.16) that X; = I; (A1 Z7) P-almost
surely. In fact, the proof of Theorem 8.11 implies that, if X7 # I;(A\;Zr) for all j € {1,...,n}, it
follows that X = X7 for all ¢,j € {1,...,n}, which is P-almost surely not the case using (8.16).
Thus, we can assume that there are N € {1,...,n — 1} indices j € {2,...,n} for which X;=1
holds. Further,let L=n—1—N €{0,...,n—2} and j1,...,J € {2,...,n} describe the pairwise
distinct indices for which X ;fl #1;,, 0 =1,...,L. Then it follows analogously to the proof of
Theorem 8.11 that X7 is given by either I; or

dL+1(17j17"')jL) k=2
k¢{j1,dr}

Hence, it remains to show that

n—2 M n
max{{]l}u U U {dM+1p1(1+ﬁmp) Z Brlr}}

M=0 (1. mag)e (")) (L,my,...,mpr) =

ré¢{mi,...,mpy}

I (14 85,) -

=max < I, . - E I 5.
{ ! dL+1(1)J15"'7.]L) k=2 /Bk g

k@ {j1,ir}
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In order to do this, we prove the inequality

MOt 8) - g pet(L+ Bim,) ¢
- - I > . 8.18
dL+1(1)J17"'7.]L) k=2 /Bk F dM+1(1’mla"'7mM) 7;2 /8 ( )
k¢{j1,...iL} rg{mi,...mu}

forall M € {0,...,n—2} and (mq,...,mp) € ({2’M”}) with (mq,...,mup) # (j1,-..,j0). Hence,
let M € {0,...,n—2} and (my,...,mpy) € ({2’M"}) with (mq,...,mar) # (J1,...,jr) be arbitrary
but fixed.

Using that X7, j =2,...,n, are given by (8.17) and that X; = I for k € {2,...,n}\{Jj1,....jr}

yields

K n
1 (1+5i,)
I, > g=11" T ™’ N I 8.19
k= dK+1(/€,Zl,...,’LK) 6 ( )

s=1
sE{k,i1,...,ix }

for all K € {0,...,n—2}, (i1,...,ix) € ([n}}{k}), and k € {2,...,n}\{j1,...,50}. We can use
(8.19) to show (8.18) by choosing K and (i1, ...,ix) accordingly. The choice of K and (i1, ...,ix)
is divided into two cases. The reason is that the lower bound (8.19) only holds if the sum on

the right-hand side does not contain the summand (5. Hence, we need to distinguish the cases

ke {mi,...,mpy}and k ¢ {my,...,mp}.
First, we consider the indices k contained in {mj,...,my}\{Jj1,...,7r}. Note that the index set
{ma,...,mp}\{J1,...,71} is non-empty by assumption. For these indices, we can choose K = M

and {i1,...,ixg} = {1,my,...,my}\{k}, and obtain
[oerima,ma\gi (1 + Bp) Z":

dyry1(1,me, ... may) =
rg¢{l,mi,...,ma}

I, > By I, (8.20)

Now we consider the case k € {2,...,n}\{Jj1,...,jr,m1,...,mar}. Then we choose K = M + 1

and {i1,...,ix} = {1,m1,...,mys} and obtain

I, > HPE{1,m17---7MM}(1 + Bp) i
B dM+2(1a mi,...,mp, k)

/BT‘IT‘v
r=1
rg{l,m,...,mpr,k}

which we can equivalently rewrite as

Brly.

(1 + Bk Hpe{l,ml,...,Tn]u}(]‘ + 5?)) Ik- > Hpe{l,ml,.‘.,mM}(l + /BP) zn:

dM+2(1,m1,...,mM,k) - dM+2(1,m1,...,mK,k) —

r¢{l,mi,...,mu}

We can rewrite the constant factor on the left-hand side using Lemma 8.18. It follows

Hpe{l,ml,...,mM}(l + ﬁp) . dM+2(1a my,...,mMp, k) + Bk HpE{l,Wll,...,vaI}(l + ﬁp)
dyre2(1,ma, ..., mar, k) N dyr2(1,my, ... ,mar, k)
(1 + Bk)dM_H(l, mi,... ,mM)
dyrro(1,my, ..., mar, k)

1+ B

9
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which is strictly positive using Lemma 8.12. Hence, we obtain

Hpe{l mi,...,m }(1 + ﬁp) =
I > M L. 8.21
k= (1+Bk)dM+1(1,m1,...,mM) z:: b ( )

T
rg{l,ma,...,mar}

Now we combine (8.20) and (8.21) to obtain

n

S Bk = > Brdy + > Bl

k=2 ke{ml,‘..,m]”} =
k¢{j1,-.ir} g k¢{m1,....,mar}
e FE ) K¢ s}
e frmycomarpiiey (1 + Bp) -
> M-y
- Z 5k dM+1(1,m1,...,mM) Z BTIT
ke{m,...mp} r=1
k‘e{jl,...,jL} 7’¢{1,m1,...,mM}
n Hpe{l mi mM}(l + Bp) ~
+ — T‘IT
]CZ::Q ﬁk(l+6k’)dM+1(17m1>"'7mM) ; B
k¢{m1,..,mps} ré¢{lmi,...my}
kg{j1,-ir}
_ Hpe{l,ml,...,mM}<1 + /Bp) zn: /Bk i 67.17“
dM+1(1,m1,...,mM) P 1+ B f—t
kg{j1,.ir} r¢{l,m1,...,mp}

Therefore, we obtain

Hgl:l(l + Bje) -
: . Bredy
dr+1(1,j1,- -, L) kzz:g
k%{jlr"'ij}
H£:1(1 + /Bje) Hpe{l,ml,...,mM}(l + Bp) zn: 614 zn: 6 I
“dpyi(L i) Ay (Lma,.oomay) 0 o 14 Be - o

r=1
k¢{jl:~~~7jL} T%{l,mh...,mwj}
[T (14 85,) . B pepmamny (14 5p) n
= . — (1 + - o 1. (8.22
dLJrl(la]l,..-,]L)( Ay 122 1+ Be das1(1,me,...,ma) 7;1 Brlr. (8.22)
ké{jlv"':j[/} T¢{1,m1,...,mM}

=7L,1

Finally, we need to check if 71 > 1 which then concludes our proof. If we use the assumption

Bi < o= 1, j=1,...,n, used throughout the current section, we obtain

Wa(+ ) gy 5 D

L1 = - -
7 dL+1(17]1>"'7]L) k—2 1+6k
k¢{j1,...ir}
+ L 1 1
( 1) <1+>(n—1—L)- ol 1,
The lower bound on dr41(1,71,...,jr) is given in Lemma 8.12. Hence, we can only achieve

v, > 1 (or, to be more precise, vz,1 = 1) if we choose f; = ﬁ Then we can make the final
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step in (8.22)

H%:l(]‘_‘_ﬁjl) = Hpe{ml mM}(l—'_pr) “

- Pie) I >0 - o I,

dr+1(1,j1,- -+, L) ,;;2 Pilk 2701 dy1(1,ma, ... ymar) Tz::l §
k%{jlw--vjll} T%{l,ml,...,mM}

_ Hpe{mlv"'vml\/f}(l + ﬁp) i /8 I

dya(1,me, .. may) et

rg¢{l,mi,...mp}
which concludes our proof. O

Remark 8.19. Note that, although we assumed that 8; = ﬁ for all j € {1,...,n}, we displayed
X in terms of 1, ..., By. The reason is that we conjecture that (8.17) holds for general 5; < ﬁ,
not just for B; = —L-. We expect that the lower bounds (8.20) and (8.21) in the proof of
Theorem 8.16 are too small. The lower bound (8.19) holds for any K € {0,...,n — 2} and any
(i1,...,iK) € (["}X{k}). Although the specific choice in the proof enables us to prove (8.17) for
general n, different choices for K € {0,...,n—2} and (i1,...,ix) € (["]Ek}) might result in better
(larger) lower bounds for Iy, k € {2,...,n}\{j1,...,7L}, and hence, also a better lower bound for
the sum ;. BiIx. This might yield the desired lower bound (8.18) under the weaker assumption

Bj < L forall j€{1,...,n}.

In the case n = 3, we are able to prove the assertion for general 3; < % In the proof of Table C.1,
we needed to use all 3 = 2”1 — 1 lower bounds resulting from the representation of X} as a
maximum of four arguments. For general n € N, it is simply not possible to consider 2"~ — 1
different lower bounds in order to find the best one. However, we strongly believe that it would

give us the desired result for general 8; < ﬁ O
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APPENDIX A

ADDITIONAL MATERIAL FOR CHAPTER 6

The following chapter contains supplementary material for Chapter 6. First, we explain the
application of the dominated convergence theorem in the proof of Lemma 6.6 in more depth.
Afterwards, we prove two results regarding the expected value of the product of a normal and a

corresponding lognormal random variable (appearing in Remark 6.7 and Example 6.11).

A.1. APPLICATION OF THE DOMINATED CONVERGENCE THEOREM IN
LEMMA 6.6

In Lemma 6.6, we determined the optimal collective competitive terminal wealth using the collective
competitive utility function U, 3 from Lemma 6.2. In order to argue that there exists a unique
Lagrange multiplier, we needed to apply the dominated convergence theorem. In what follows, we
explain the application of the dominated convergence theorem in more depth. To be more specific,

we justify the following interchange of convergence and expectation

lim E [ZT-IZ( nMIT )] —F [ZT-L( nAZr ﬂ
k—»00 Bi(n+6;)(1—0) Bi(n+0;)(1-0))]

where (A;)ren is a sequence of real numbers with limg_,oo A = A

For simplicity, let L(l‘) =1 (W), x € (0,00). We consider two different cases: First,
assume that D; = (0,00). Let 0 < e < A. Since A\, — A, k — 00, there exists some ko = ko(¢)

such that A\ € (A — e, A+ ¢) for all k > ko. Hence, since I; is strictly decreasing, it follows

ZTji ()\kZT) § ZTINi (()\ — E)ZT) Yk Z k‘o.
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Moreover, let Apin = minj<g<p, Ax. Then
Zrl (M Zr) < ZrL DminZr) Yk < ko.
In summary, we obtain

ZTji ()\kZT) é max {ZTL (()\ — €)ZT) >ZTI~1' ()\minZT)}
< ZTfi ((/\ — €)ZT) + ZTji ()\IninZT)
for all k € N. By assumption, the right-hand side is integrable and hence, we can apply the
dominated convergence theorem.
Now assume that D; = R. Again, let 0 < & < A\. Then there exists some ky = ko(¢) € N such that

M € (A —e, A+ ¢). Hence, using the monotonicity of I;, we have

‘ZTji()\kZT)} S max {’ZTINZ((A — €)ZT)} N

ZrLi((A+¢)Zn)|}
for all £ > ky. Moreover, let

Amax = arg max )ZTiz()\kZT)’ .
AE{A A1}

Then it follows
’ZTfi(AkZT)‘ < ’ZTINi()\maXZT)‘ VEk < kg.

In summary, we obtain

| Zr (1)
< max {‘ZTL(()\ - €)ZT)’ ;

Zsz(()\ + E)ZT) s ZTfi()\maxZT)‘}
<|Zrli((A = ) 20| + |2 LM+ ) Z7)| + | 22 LiOvmas Z7)

for all k € N. By assumption, the right-hand side is integrable and hence, we can apply the

dominated convergence theorem.

A.2. EXPECTATION OF A NORMAL AND A LOGNORMAL RANDOM
VARIABLE

The following lemma treats the expectation of the product of a normally distributed random
variable and the corresponding lognormally distributed random variable. The results are used in
Remark 6.7 and Example 6.11.

Lemma A.1. Let X ~ N(u,0?) for uy € R, ¢ > 0. Then

E[|X|exp(X)] < o0, E[Xexp(X)] = (u + 02) exp (022 + u).
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Proof. A straightforward calculation yields

Bl X|exp(0] = o [ lelexpla)enp ( - 10
T

o? ~
= exp (/H— 2) E[|X]|] < oo,

where X ~ N (u+ 02,02). The expectation in the last line is finite since || < (22 + 1) holds for

all x € R and the second moment of a normally distributed random variable is finite.

We can reuse the previous calculation for the second assertion of the lemma. Thus,

2

:<M+02) exp (u+022).

E[X exp(X)] =exp (u + (’2) E[X]






APPENDIX B

ADDITIONAL MATERIAL FOR CHAPTER 7

In the following, we prove two verification results used in the proofs of Theorems 7.2 and 7.12.

B.1. SUPPLEMENTS FOR THE PROOF OF THEOREM 7.2

Throughout this section, we work in the setting of Section 7.3 and use the notation defined there.
Lemma B.1 verifies that the optimal strategy determined in the proof of Theorem 7.2 is, in fact,

the unique optimal solution to the best response problem.

Lemma B.1. Suppose that the assumptions of Theorem 7.2 are satisfied. For some arbitrary but
fized i € {1,...,n}, let

Gt y) = — exp (—p(T . §y> te[0.T], y R, (B.1)

where p is taken from (7.21), and let u* = u*(t,y) be the unique mazimizer of

h:RY SR, o G(;;y) (;QOT (O’O’T - 23%1) o — 5Z~cpTﬁi>

for (t,y) € [0,T] x R.

Then J(t,y) = G(t,y) for all (t,y) € [0,T] x R and ¢} = u* (t,Y;") is the unique optimal solution

to (7.11), where Y* solves the stochastic differential equation
1 ,
v, = u* (1, Y;)T ((ﬁ + Au*(t,yt)) dt + odW(t)) He0.T], Yo =5, (B2
n

Proof. The proof follows arguments of standard verification theorems (see, e.g., Bjork, 2004, pp.
280-282; Pham, 2009, pp. 47-49). First, we define an operator 7 to rewrite the HJB equation
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(7.19) as follows

1
+ FywaaaTgo} =: sup TF(t,y, ), (B.3)

;1
0= sup {Ft +Fyp' (u ‘4 Agp)
n 2 goGRd

pERL

where F € CY2([0,7] x R), t € [0,T], and y € R. Now we apply the It6-Doeblin formula
(Theorem 2.1) to the function G from (B.1) and the process Y*% from (7.16), where ¢ € A, over
the time interval [t, T for some t € [0,7]. It follows

G(T,Yi%)
. T . T
—G(t,Y]?) + / Gi(s, Yi#)ds + / Gy (s, YI9)aY3 + / Gy (5, Yi#)d(Y5#),
t t
) T . T . .
—G(L,Y#) + / Gi(s, YI9)ds + / Gy (5, Yo%) o(s) T (ﬁwnAgo(s)) ds
4 / (5, V%) () od W (s) + / Gy (5, Y9V 0(5) Too T io(s)ds
—G(t,Y]?) + / TG (s, Y%, o(s))ds + / 5, Y9)o(s)Tod W (s). (B.4)
t

By Gy, Gy, and Gy, we denote the respective partial derivatives of G with respect to ¢ and y.
Further, we applied Lemma 2.2 to determine the quadratic variation of Y*¥. Let us now assume

that the process
t .
| Gl Yi#)ols) T (s), £ € 0.7, (B.5)
0

is a martingale for any admissible ¢. Then we can apply the conditional expectation E4Y for some
J1
y € R to both sides of (B.4), using that G(T,y) = —e 2", to obtain

ELY { exp <;Yzﬁ’¢>}

T .
=G(t,y) + EYY [/ TG(s, Y%, o ds+/ (5, YI%)o(s) T odW (s)
t

T .
<G(t,y) + EWY [/t Gy (s, Y;"p)go(s)TadW(s)] (B.6)
=G(t,y). (B.7)

The last step (B.7) holds due to the assumption that (B.5) is a martingale. Moreover, (B.6) follows
since G is a solution to the HJB equation and hence, T G(s, Y%, ¢(s)) < 0 for all s € [0,T] and
any admissible ¢. Then it follows by the definition of the value function J

J(t,y) = sup E*Y {— exp (—1Yr}"p)] < G(t,y) (B.8)
peA 0;

for all (¢,y) € [0,7] x R. Moreover, since u* = u*(t,y) maximizes h and thus, TG(t,y,-), we

obtain equality in (B.6) for ¢*(s) = u*(s,Y;"), where Y solves the stochastic differential equation

(B.2). Thus, we also obtain equality in (B.8). Hence, ¢*(s) = u*(s,Y;") is an optimal solution

o (7.11). Moreover, the solution G to the HJB equation is equal to the almost surely uniquely

defined value function J and thus, G is the unique solution to the HJB equation. To see that ¢*
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is the unique (up to modifications) optimal solution to (7.13), we note that any optimal strategy
satisfies the Bellman optimality principle. Since we already found the (unique) value function,
this implies that optimal strategies are precisely given by the extremal points in (B.3). Thus, the

optimal strategy is unique due to the strict concavity of the expression inside the supremum.

Hence, it only remains to show that the process (B.5) is a martingale. For now, we assume that
¢ is bounded, i.e., there exists a constant K > 0 such that ||¢(¢)|| < K P-almost surely for all
t € [0,T]. In order to show that (B.5) is a martingale, it suffices to prove that the integrand is

square integrable, i.e., that

< 0.

T . )
K [ [ ety yst ol a

This is a general result arising in the construction of the It integral with respect to a Brownian
motion. It can, for example, be found in Theorem 4.3.1 in Shreve (2004). Moreover, since we

assumed that ¢ is bounded and o is deterministic and constant, it is enough to show that

E l /0 ' Gy(t,Yf’“’)2dt] = /O 'K |Gy (t,Y,%)?] dt < o0, (B.9)

where we used Fubini’s theorem in the first equality. Using the representation
i, ~7 ¢ T ~—1 1 ¢ T
=gyt [ ol (7 A0 ) ds+ [ p(s)Tadw ),
we can calculate the expectation in (B.9)
E [Gy (t, Yj’%ﬂ

7

i t )
= %e_zp(T_t)_%on {exp (—2/0 o(s)" (ﬁ_z + iA«p(s)) ds — ; ;

1 2 .
=FE [(52 exp <—2p(T —t) — 5—1Yt w)

i 0;

= Lt gt Loy (2 oo (174 Lagto)~ Looot0) )

= 536 Eg |exp 5 )y o(s)' (p —l—nAcp(s) 6iaa o(s) ) ds (B.10)
L —opr—t)-2%

< ﬁe 2p(T—t)— £, exp(C - t) (B.11)

In (B.10), we introduced an equivalent probability measure @ ~ P with density
dQ 2 [t 2 [t
§ = exp <_5i/0 go(s)TadW(s) — (SZQ/O ¢(S)T00Tg0(3)ds> .

Since ¢ was assumed to be bounded, this is in fact a density. In the last step (B.11), we used
the assumption that ¢ is bounded again and thus, the integrand is bounded by some constant
C > 0. Now we can deduce further that the integral in (B.9) is finite and thus, (B.5) is in fact a

martingale.

Since the strategy we derived in the proof of Theorem 7.2 is constant and not at the boundary of
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the interval the strategy ¢ was restricted to in the beginning, the dominated convergence theorem
for stochastic processes (Theorem 32 in Protter, 2005, p.176) yields that the assumption that ¢ is
bounded is not a restriction (see also Korn and Desmettre, 2014, p.294; Pham, 2009, pp.47-48).

This concludes our proof. O

B.2. SUPPLEMENTS FOR THE PROOF OF THEOREM 7.12

We use notation taken from Section 7.4 throughout this section. The lemma below verifies that the
optimal strategy determined in the proof of Theorem 7.12 is, in fact, the unique optimal solution

to the best response problem (7.37) for constant Nash equilibria.

Lemma B.2. Assume that the assumptions of Theorem 7.12 are satisfied. For some arbitrary but

fired i € {1,...,n}, let 7/, j # i, be deterministic and constant, and

G(t,z,y) = %eP(T—t) (xy_ef) R ,t€10,T], z,y € (0,00), (B.12)

; —

where p € R is taken from (7.46), and let u* = u*(t,x,y) be the unique mazimizer of h : R — R,

— 1 T 0; 0; 0; 25
52 G(t,z,y)-m {5iﬂ+<n(1—n)A (0; — 1)oo )Zﬂ] ( —A) }

JF

for (t,2,y) € [0,T] x (0,00) x (0, 00).
Then J(t,z,y) = G(t,x,y) for all (t,z,y) € [0,T] x (0,00) x (0,00) and 7} = u* (t,f(i;‘,f/t_ﬁ is

the unique optimal solution to (7.37), where X* solves the stochastic differential equation

. 1 o 1 0; .
dX, = Xpu*(t, X, YO T ((u + —Au*(t, Xy, Y, ) + — (1 — —)A Zw3>dt + adW(t)) (B.13)
n n n
J#i
fort € [0,T) and Xo = .
Proof. The proof follows arguments of standard verification theorems (see, e.g., Bjork, 2004, pp.
280-282; Pham, 2009, pp. 47-49). First, we define an operator T by

TE(t, z,y,)
4 1 ‘
=F; +yF, ( > () (u + AZ 7rj> +- > (m O'O'T7Tj> + §y2Fyy > (") T oo Tri
J# J# h#] h,j#i
h,j#i

T T(1 L, T T(1 b; T j
+abm p4 7w | —xF, A+ —x*Fo0' |n+7 | — (1 — —)xFJ;A + zyF 00 Z 7,

n 2 n n oy

where 7 € R4, ¢ € [0,T], z,y € (0,00), and F € C1*2([0,T] x (0,00)?). Note that the arguments
of F' were omitted to simplify notation. Then the HJB equation (7.44) can be written as

0= sup TF(t,z,y,m) (B.14)
mER
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6;—1

~ 0; -
with terminal condition F(T,z,y) = U(x,y) = 6-(21 (q;y*?) %

Now we consider the function G given in (B.12) and apply the It6-Doeblin formula (Theorem 2.1)
to G, X", and Y, where 7 € A, over the interval [t,T] for some t € [0,T]. It follows

G(T, X7",Y7")
_ T T . T ~ .
=G, X" Y +/ ths—i—/ GIdX;’”Jr/ G,dY,; ™
t t t
1 /T ~ . T ~ o~ 1 /T ~
+3 / Gaad (X7, + / Gy (X7, 7 )y + / Gy d (V).
t t

t
_— T o~ o~ T ~. ~ )
=Gt X7, YY) +/ TG(s, X0, Y, m(s))ds +/ (GIX;:MT(S)TU + GyY, " Z(Wﬁ)Tg>dW(s).
t t —
JFi
By G;, we denote the first order partial derivative of G with respect to t. The other partial

derivatives with respect to ¢, x, and y are denoted similarly. Let us now assume that the process
t o~~~ o~~~ )
(/ (Gx(sy X YY) XEr(s) Lo+ Gy (s, X0, Y)Y, Z(?TJ)TO') dW(s)) (B.15)
0 —
J# te[0,7]

is a martingale for any admissible 7. Then we can apply the conditional expectation E**Y on
both sides of the above representation of G (7, X’;fr, ?T_ ") to obtain

5; e, Bt

| 2 (R )

. T _ .
1 Y [G(t’XZ’W%J) + [ TG<S,X;’”,n1,w<s>>d81
t

<G(t,z,y). (B.16)

6, —1

On the left-hand side, we used that G(T', z,y) = 61_51'1 (my*%)Z‘T for all z,y € (0,00). In the first

equality, we used the assumption that (B.15) is a martingale which implies that the conditional

expectation of the stochastic integral vanishes. Further, the inequality in the second step follows
since G solves the HJB equation and thus, the supremum of TG(t,z,y,7) over all 7 € R is equal
to 0. Therefore, it follows by the definition of the value function J that

9;

8 e~ 0y Gt
J(t,y) = sup B | O (R (7))
TeA 52*1

< G(t,z,y), (B.17)

i.e., the first assertion of the lemma holds.

Now let u* = u*(t,x,y) be the maximizer of the function h given in the lemma. Noticing that
the operator T, applied to G and evaluated at ¢, x,y, and 7, can be written as a sum of h(7r) and
some expression independent of 7 (that takes the form C - G(t,z,y) for some constant C' € R),
we can deduce that using 7 = u* gives equality in (B.16) and thus, equality in (B.17). Hence,
mf = u*(t, X7, Y,;"") is an optimal control for the best response problem for (7.37) and G is equal
to the value function J. By X*, we denote the solution to the stochastic differential equation
(B.13) given in the lemma. To verify the uniqueness of 7*, note that any optimal control satisfies

the Bellman optimality principle. Thus, the optimal strategies are precisely the extremal points of
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the supremum in (B.14). Since the function inside the supremum has a unique maximizer (which
we have shown in the proof of Theorem 7.12), 7* is the unique (up to modifications) optimal

solution to the best response problem associated to (7.37).

The last step remaining in this proof is to show that the process (B.15) is in fact a martingale.
For the moment, assume that 7 is bounded, i.e., that there exists a constant K > 0 such that
|m(t)|| < K P-almost surely for all ¢t € [0,T]. First, we notice that it suffices to prove that both
summands in (B.15) are martingales to prove that the sum itself is a martingale. According to
Theorem 4.3.1 in Shreve (2004), it suffices to show that the integrand is square integrable, i.e.,
that

< 00,

T . ~ .~ 2
EUO |Galt, ™ V) X () 0| at

to prove that the first summand defines a martingale. Further, since o is deterministic and

constant and 7 is assumed to be bounded, it only remains to show that

El /()T(Gm(t,ygm,z—z) )dt] /OTE{(Gx(t,f(Z’”,?;_Z)X ") ]at < oc. (B.18)

We used Fubini’s theorem to interchange integral and expectation in the previous line. Using
§;—1

z - Gy(t,z,y) = eI (:cyf%)%iz for any ¢t € [0,T], z,y € (0,00), and recalling that

X" =a} exp (/OtW(S)T(u + (%A - %O’O’T>7T(S) ( )AZWJ dS +/ TodW ( ))

J#i

fﬁ_izyéexp</ot(27r3) (,u—i- AZW] ds"‘/ 77] UdW /ZWJ gg WJdS)
J#i

i
we obtain the following bound for the expectation in (B.18)

_2(5;,—1)

T (g () ) E{(Gx(t, Xﬁ’”%i)f{f’ﬁﬂ
oo (B4 [ e+ (=) i 245 e
2, 5 ~1) {/ <( #W]) ( . Azﬁy)_,z (1) Too T 7r]>ds /Ot(zwj) adW(S)}ﬂ

J#i JF

:exp< il < w4+ AZTF]) — 72 7Tj)TO'O'T7rj>t>
J?él

J;éz
E[ < (%: = 1) {/Otw (%A—%JJT)W(S) ( )AJ%;W” ds+/ TodW (s }
6—1 t ;
A (J#Tr) odW (s >]

=: exp(C - t) E@lexp <2 (% = 1) (5)—r (,u—l— (%A— %O’O‘T) (s)+ (1 - )AZ?T]> )

J#i
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-exp<<52)/0 (W(s) — gZWJ) ool (7‘((8) — nZW)ds)] (B.19)
i j#i J#

<exp(C -1). (B.20)

In (B.19), we abbreviated the constant in the first exponential factor by C' and introduced an

equivalent probability measure @ ~ P with density

(Cilg — exp (2(51'6;1) /Ot (77(3) — %Zﬂ'j)TUdW(S)

J#i
_ 2(516;1)2 /Ot (W(s) — %Zﬂj)TJUT (W(s) - %Zﬂj>d8>- (B.21)
i i i

Note that, since m was assumed to be bounded, (B.21) is indeed a density. Moreover, in (B.20) we
used that 7 is bounded and that the other expressions appearing in the integral are constant. Thus,
the integrand can be bounded by a constant. In combination with the constant C' introduced in
(B.19), we obtain the bound (B.20). Thus, the integral in (B.18) is finite and the first summand of
(B.15) is a martingale. Proving that the second summand in (B.15) is also a martingale proceeds

analogously since
5;—1

Oi 1 i\ 5
y- Gyt z,y) = ——eT D (ay)

for all t € [0,T] and =,y € (0,00). Thus, up to a constant, the expectation
T . ~ .~ A2
Bl [ (Gy6 X VY
0

coincides with (B.18) and is, thus, finite. Finally, let us recall that the candidate optimal strategy
determined in the proof of Theorem 7.12 is constant and not at the boundary of the restriction
interval. Hence, the dominated convergence theorem for stochastic integrals (Theorem 32 in
Protter, 2005, p.176) yields that the assumption that 7 is bounded is not a restriction (see also
Korn and Desmettre (2014), p.294; Pham, 2009, pp.47-48). This concludes the proof. O






APPENDIX C

ADDITIONAL MATERIAL FOR CHAPTER 8

The following chapter contains additional material for Chapter 8. Section C.1 comprises proofs of
Lemma 8.8 and Proposition 8.9, which provide an explicit representation of the Nash equilibrium
in terms of terminal wealth of two agents using logarithmic utility. In Section C.2, we explain how
the n—dimensional fixed point problem (8.6) can be reduced to an (n — 1)-dimensional fixed point
problem. This technique is used in Section C.3 to solve the fixed point problem for three agents.
Afterwards, we apply the result for three agents to the special case of logarithmic utility. At the
end of Section C.3, we illustrate the Nash equilibrium for three agents under logarithmic utility
for varying values of the state price density Zr and for different parameter choices. The fourth
and last section of this chapter contains the proofs of four lemmas used to prove Theorem 8.11
and Theorem 8.16.

C.1. PrROOFS OF LEMMA 8.8 AND PROPOSITION 8.9

First, we display the proof of Lemma 8.8, in which the Lagrange multipliers from (8.12) are

determined explicitly if both agents use the natural logarithm as their utility function.

Proof (Lemma 8.8). The proof consists of two steps. In the first step, we compute the expected
values E[X}Zr], i = 1,2. Afterwards, we solve a two-dimensional system of nonlinear equations

to determine the Lagrange multipliers A\; and s.

Let us determine the expected value E[Zr X7]. It follows

1 1
XiZy = (Aln (B < Ao} + fZJL (Mo > A2}> {Zr < X} + 53 14Zr > o}
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Hence, since x,, denotes the aj-quantile of Z7,

E[XTZT] = Q1 ()\111 {Alﬁz < )\2} + fZ]l {Alﬁg > )\2}) + )\11(1 - 041)

= o1 (M1 {1 = Paye} + Bovel {11 < f2y2}) + (1 —a1)n
= fi(71,72),

where we defined ~; := )\i_l, i = 1,2, to simplify notation. Analogously, we obtain

E[X5Z7] = a2 (21 {72 > Bim1} + Binil {2 < Bim}) + (1 — a2)vye
= fa(y1, 72).

Now it remains to solve the system of equations

fi(r1,72) = x5, fo(11,72) = 3.

Clearly, fi(71,72) can be rewritten as

Ji(v,72) = nl{n = Boya} + (1foye + (1 — o)1) {1 < Baya} = -

For fixed 2, the unique solution ~; to this equation is given by (using a case distinction based on
whether or not x} > 272 and the sketch of f; below)

z§ — a1 B2

T 1 {1‘(1) < BQ’)/Q} . (Cl)

=5l {95(1) > 5272} +

f1(v1,72) J1(71,72)

7 2!

Since the representation (C.1) of v, depends on 72, we insert 41 into the equation fo(v1,v2) = 3
to find an explicit solution for s, which can then be inserted into (C.1) to determine an explicit

solution for v; as well. First, we rewrite fa(v1,72) as

fo(v1,72) = 72l {v2 > Bivi} + (a2Biy + (1 — a2)y2) L {72 < Bim}.

Now it remains to find an explicit representation for ;. Using (C.1), it follows

1

{72 = Bim} = ({72 > ,3133(1)} N {l’(l) > 5272}) U ({72 > /611?01&10451272} N {wcl) < 5272})
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= {ﬂ1[323?(1) < Boye < xcl)} U {ﬂQ’m > 55(1)} (C.2)
= {’72 > 5195(1)}-

(C.2) holds since

3, z$ — a1 B2 b1 1

2 > = 1> T
" 1— oy =T (1= BB

and

1<l <= (I1—)fifa<l—o

<= fif2 <1—ai(l— p152)
A1 < 1
L—ai(l1-p162) B2

—

1
Since ;—g > z§ > Brad, 11 given in (C.1) takes the value ) if 72 < B1zf. Therefore,

fo(71,72) =21 {72 > 5193(1)} + (a2B12) + (1 — a)y2)1 {72 < 511“(1)} < 3.

The previous equation has the following unique solution (using a case distinction on whether or
not 22 > Bix} and the sketch of fa below)

2 1
g — 21T

_ .2 2 S 1
Yo =zl {l’o _ﬁlxo}—{— T

{28 < Brab}, (C.3)

which is positive due to the assumption 22 > as812} of the lemma.

f2a(v1,72) J2(v1:72)

Y2

2

(a) 2§ > Prag (b) 23 < Pr

Using (C.3), it follows

{zg > Paye} = ({xé > /3’2:63} N {xﬁ > Bwé}) U ({xé > Bzrcg_aml)} n {33(2) < 51%})

= {5152373 < Brap < 373} U {95% < ﬁlx(l)} (C4)
= {55(1) > 52333} : (C5)

2
(C.4) follows analogously to (C.2). Moreover, since ;—? > 22 > Boxd, vo takes the value 23 if
z} < Baxd. Now we can insert (C.3) into (C.1) and apply (C.5) to find an explicit representation
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of 1. It follows

1 2
xp — o152

Note that the assumption z} > a1f22% of the lemma implies 41 > 0. Using the definition of

¥ = )\i_l, 1 = 1,2, concludes our proof. ]

With the Lagrange multipliers from the previous proof, we can now give an explicit representation
of the fixed point for two agents using the natural logarithm as their utility functions. Thus, the

proof of Proposition 8.9 proceeds as follows.

Proof (Proposition 8.9). a) If z{ > paad and 3 > 12}, using Lemma 8.8, the Lagrange multipli-

ers are given by

Hence, it follows that
A1B2 < Az, A2 < Ag.

Therefore, (8.12) implies

1 1,1 1 2,1
b) If 2§ < Boa, it follows
1
x3>@>xé>ﬂlx})
165
and thus, ) )
M=——5, A= —.
x(l) — alﬁgx% x%
This implies
PaA1 > Az, Bide <\
and therefore, using (8.12),
X{ = bz 1{Z7 < Xa }+L]1{ZT>XQ }
X Zp - ! M2 !
1 2
_ x5 — a1 fexf .,
= oad Z7 1{Zr < Xau } + Ol_ilﬁ“)ZTlﬂ{ZT > Yo}
* 1 2r7—1
¢) The proof in case ¢) follows, due to symmetry, analogously to case b). O

C.2. DIMENSIONAL REDUCTION OF THE FIXED POINT PROBLEM

In the following, we demonstrate how to reduce the n-dimensional fixed point problem (8.6) to
an (n — 1)-dimensional fixed point problem with a similar structure. We use the abbreviation
I =IL;(\Zr),i=1,...,n, throughout this section.
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We can write the fixed point problem (8.6) as

X; = (m {I,» > Xﬁ_i} +X5'1 {I,» < Xﬂ—i}) 1{Zr < Xa,} + L1 {Z1 > Xa;} (C.6)

= max {I, X;'} 1{Zr < xa,} + L1 {Zr > Xai},

1 =1,...,n, where we defined

n
Xglol= N X, 0<k<n, jre{l,....,n}, 1 <<k
j=1
341}

In the following, we insert X,, into X; for all 1 <4 < n — 1 to reduce the n-dimensional fixed point
problem given by (C.6) to an (n — 1)-dimensional fixed point problem. If we are able to solve
the reduced problem, we can easily determine X,, by inserting the solution Xi,...,X,,—1 to the

reduced problem.

Without loss of generality, we assume that o < as < ... < «,. Moreover, let 1 <i <n — 1. First,

we insert X, into the first indicator function in (C.6) to obtain
1 {[Z- > X /B—Z}
::ﬂ_{[i > X548, (Inﬂ {In > X§H}+Xﬁ—"ﬂ {In < XE"}) 1{Zr < Xan }+BuIn1{Z1 > X%}}

=1{Zr < X} (V{L: > X5"" + Buln p 1 {1 > X" p+1 {1 > X" +8,X5" L 1 {I, < X5} )

+1{Zr > X} 1{Li > X" + Bul} .

The second indicator function can be simplified analogously. Since we assumed that aq,...,a,

are in ascending order, it follows

1{L;> X5} 1{Zp < Xa,}

=1{Zr < Xa.} (1{L: > X" 48,0, } 1 {1, > x5} +1 {1 > x4 8,557 b {n, < 57} ).
Now we insert X,, into the summand Xlgi]l {IZ- < ng} 1{Zr < Xa,} of (C.6) to obtain
X5 {L < X571 {Zp < X}

=1{Z < Xa,} (Xgi’” + (5nln]1 {In > Xﬁ_”} + Ba X5 {In < Xﬁ_”} ))
. <]1 {Ii < X774+ 5n1n} 1 {In > X[;”} +1 {IZ» < X5+ ﬁnXﬁ‘”} 1 {In < XE”})
=1{Z7 < Xa,} ((X[;Z?” + BnIn) 1 {IZ- < X5+ @,Jn} 1 {In > Xﬁ_”}

+ (Xﬁ_i’” + ﬁnXﬁ‘”) 1 {Ii < X;M+ ﬁnXﬁ‘”} 1 {In < Xﬁ_”} )
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Finally, we obtain the following implicit representation of X; in terms of only X,, 1 < ¢ < n— 1:
Xi = (1 (b= X5} (00 {6 > X5+ Bala ) + (X5 4 Bala) 1 {L < X;" + Bul} )

1{L, < X5} (BU{EL > X35+ B X5 |+ (X5 48X )1 { L < X548, X5} ))
I{Zr < Xa;} +Li - 1{Zr > Xou } -

In order to find an explicit representation of X;, we define the right-hand side of the previous
representation as f;(X;) and solve the one-dimensional fixed point problem f;(X;) = X;. First, we

rewrite the indicator functions in the definition of f; in terms of X; to receive

Fi(X0) =1{Zr < xa,} - ( {X < ﬁl (1. - Xﬁ_i’")} (L1 {5 > x5 + Bul }

+ (X5 4 Bul)U{ L < X5+ Bula } )

1 {Xi > Bl (1. - Xﬁ_i’”)} (Iz-]l {X,- < BTB (L-(+ ﬁn)X[;@”)}

m~n

(BB Xe+ (148X )1 { X > 2 (1 <1+5n>Xﬂ_m>})>
+ 1 1{Zr > Xa,}-

In the following, the fixed point, which turns out to be unique, is determined via case distinction.
If Zr > Xa,, the unique fixed point is apparently given by X; = I;. Hence, we assume Z7 < xq,

for the remainder of the fixed point search.
Case 1: I; > Xﬂ_i’n + Bndn

In this case we have

ﬁilﬁn (L= (14 B)X5"") = ﬁl (£, - x5"")

and therefore, we need to determine X; such that

1
X; =1 {Xi <
Bif

iPn

(- (+ B@X/’")}
+ (Xt (148X 1{X0 > o

=max {;, iBaX; + (14 Bu) X5}

ﬁzﬁn ( — (14 Ba) X" ")}

Since the right-hand side is continuous in Xj, constant for X; < 55~ 5 (I (14 Bn) X5 X ”) and

linear with positive slope smaller than 1 otherwise, the unique fixed point is given by

L, I </3/3 (L= (14 B X5,
1+5n —i,n in
L x> gl (I (14 B.)X5" )
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Case 2: [; < X;"" + B,1,
Then it follows that ) )
L —i,n o o —1,n
and the fixed point is given as the solution to the following equation
o —i,n ) 1 —i,n
X; = (XB +ﬁnIn) 1 {Xz <z (In - X; )
—i,n 1 —i,n
+ (BiBaXi + (14 Ba) X5 ) 1 Xi>E<In—XB )t

The right-hand side is continuous in X;, constant for X; < é (In - X g m) and linear with positive
slope smaller than 1 otherwise. Hence, the unique fixed point is given by
X" 4 Bl X5+ Buln < 3 (I — X5™),
148, —1,n —1,n 1 - —i,n
g X5 X Buln > & (1= X5).

i

In summary, the unique fixed point is given by

y 1+ By ooy
X =1{Zr < Xa,} (Jl{lz- > X5 4 Buli} (L1 {1 I_ngxﬁ“”}
~n

g e )
1+ 5

—i,n —i,n ;"
+1 {Ii <Xg""+ /J’nln} ((Xﬁ + B"I”) L {I” 2T Bipa }

+

. 1 +Bn —i,n —i,n
_<max {Il’l—ﬁiﬁnXﬁ }ﬂ{lz ZXﬁ +BnIn}
L+ Bn

+ max { X; " + Ly, —
R e 7

XB"’"} 1{l < X5 + Bul} ) U{Zr < Xai}
—|—I¢1[{ZT > Xai}
1+ Bn

) 7}(51',11’ Xﬁ*i,n + /ann} 1{Zr < Xa,} + L1{Z1 > X0, } -
1- B’Lﬁn

=max {Ii
Finally, the original n-dimensional fixed point problem can now be solved using the (n — 1)-

dimensional fixed point problem

1+ By

X; :maX{I-,
’ ' 1_61671

XX Bl b U2 S o+ TL{Z > xa}s (C)
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C.3. SOLUTION OF THE FIXED POINT PROBLEM FOR THREE AGENTS

The following theorem gives the unique solution to the fixed point problem (8.6) for three agents.

Theorem C.1. Letn =3, a; = a € [0,1], and 3; € (0, %] for all i € {1,2,3}. Moreover, let
U; : (0,00) = R be Inada utility functions and define I; == I;(N\;Z1) for notational convenience.
Finally, define

1+ Bk
"1 — Bifk

. 1+,
X (M1, A2, A3) =max {Ii Bil;, i Bily, Bi1; + 5kfk} 1{Zr < Xa} + Li1{Z7 > xa}

1= Bip;
for pairwise distinct i, 7,k € {1,2,3}, and assume that the system
E[Z7 X} (M1, A2, A3)] = xh, i = 1,2, 3,

has a unique solution (\§, A5, \5) € (0,00)3.

wealth profiles of the form (8.6) is given by X*(A},\5,A3), i =1,2,3.

Then the unique Nash equilibrium in the class of

Remark C.2. Similar to Remark 8.5, we can ensure that, for fixed A\; > 0, j # ¢, the equation
E[Z7X}] = x§ has a unique solution A} > 0 in terms of \;, j # 4, if we assume that z > >t Bj:n%
for all 4 = 1,2,3. Again, this assumption is sufficient, but not necessary, and does also not ensure

that the emerging three-dimensional system of equations is (uniquely) solvable. O

Proof. First, we rewrite the wealth profile from (8.6) of agent i as
X; = max {Ii,Xﬁ—i}n {(Zr < Xa} + L1{Zr > xa}, i =1,2,3.

The three-dimensional fixed point problem from (8.6) can be reduced to a two-dimensional problem
using the reduced problem (C.7). Hence, we need to solve the following two-dimensional fixed

point problem

1+ B
X1 = max {117 7&52)(27 P2 Xo + ﬁ3f3} 1{Zr < xo}+ L1{Z1r > xa},
1— 153
1+
X3 = max {127 1_6523[31)(1, BiX1+ [3313} HZr < xat + L1{Zr > Xxa}-

Inserting X5 into X7 yields for Zp < xq

1+ B3 (1+85)°

X1 = max{[l, 11— ﬁlﬂgﬁ2j2’ (1 — /Blﬂg)(l — ﬁ253>5162X17
11_—;?;351@)(1 + %525313, Bals + 3313, %5152)(1 + B33,
B1B2X1 + B3(1 + 52)13}

= max{mi, g1(X1), g2(X1), g3(X1), 94(X1) }, (C8)
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where we defined

m1 ‘= max {11, 11:;?;352[2,5212 + 5313},
_ (1+ B3)? 1+ 83
g1(X1) = (1= BiBa) (1 — 5253)&'62)(17 93(X1) = mBLB%)Q + Bsls,
g2(X1) = Lﬂgﬂlﬁﬂﬁ + %525313 94(X1) = 152 X1 + B3(1 + 52)I3.
1—B1ps3 15183 ’

Now we compare g2(X7) and g3(X7). The constant term of go(X7) is smaller than the constant
term of g3(X1), since

using the assumption g8; € (0,1/2] for all i € {1,2,3}. Moreover, if we assume that 3; < S,
92(X1) is smaller than g3(X;) (pointwise for any X7 > 0) and can therefore be neglected inside
the maximum. Note that we could make this conclusion because X is strictly positive due to the
above representation as the maximum of I; (which is strictly positive by assumption) and some

other expressions. Hence, we now need to solve the following one-dimensional fixed point problem

2
X = max {mh i 5(115:—)(513)— 6263)51/82)(1, 11_—1—55;351@)(1 + 8313, f1P2 X1+ B3(1 + /32)]3}
= max {mlvgl(Xl)ng(Xl)a94(X1)}~ (C.9)

The second argument g¢;(X;) inside the maximum cannot yield the fixed point because the
intersection with the identity is located at 0. Thus, we consider g3(X;) and g4(X1). The value of
g4 at zero is strictly larger than the value of g3, while the slope of g3 is larger than the slope of
g4. Thus, we need to analyze whether the point of intersection of g3 and g4, denoted by z3 4, is

smaller or larger than the intersection z4iq of g4 and the identity function.

Simple calculations imply

1
I3, 2450 = M[&

1= P12

o = 1 — B2f3
’ B1(1 + B2)

Hence, 249 < 234 (using the assumption 0 < ; < 1/2 for all i € {1,2,3}) and therefore, the fixed

point is given by the maximum of m; and z4q, i.e.,

B3(1 + B2)

X1 =max<im;, ——=
' { U= BBy

Ig}]l {ZT < Xa} + ;1 {ZT > Xa} . (ClO)

Now assume that $; > 2. Hence, we cannot omit g2(X7) in the maximum in (C.8). Let us now
argue that adding g2(X7) to the maximum (C.9) does not change the fixed point. In order to do
this, we compare the intersection of g and the identity, which is denoted by 22 iq, with 24;q. The

intersection of go and the identity is given by

B233(1 + f3)

2id =T B1P2 — 153 — 15233 s
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A straightforward calculation using 5; < 1/2 for all i+ € {1,2,3} yields 22iq < 24i4. Hence, the
term ¢2(X1) does not influence the fixed point and X; from (C.10) is the unique solution to the
fixed point problem.

To summarize, the first component of the fixed point for (8.6) takes the form

1+3 1+
X, = max {11, T 513535212, T ﬁ1;25313, Bals + 5313}-
Now the assertion follows due to the symmetry of the original fixed point problem. O

Theorem C.1 shows a very compact representation of the unique Nash equilibrium in the class of
wealth profiles of the form (8.6) for three agents. However, it does hide some structural properties
of the triple (X7, X3, X5). Table C.1 shows all possible combinations of the wealth profiles for
agents 1, 2, and 3, given that Zr < x,.

X7 Xy X3

a) L(MZy) Is( N2 Z7) Is(A\3Z7)

b)  Bala(AeZr) + B313(A327) I(M\2Z7) I3(A\sZ7)

c) Li(MZr) Brli(MZr) + B3I3(AsZr) I3(A\sZ7)

d) L(MZr) I(A2Zr) Bili(MZr) + Bola(A2Zr)
e) Ii(MZ7) 11,25?33 prli(MZr) 11j5{j§3 prli(MZr)

f) By (M\o Zr) L(X\oZr) B Iy (Mo Zr)

g) - B3T3 (A3 Zr) B3 T3(As Zr) I3(A3Zr)

Table C.1.: Possible values of the triple (X7, X5, X3) from Theorem C.1 for Zr < x,.

We can divide the behavior of (X7, X3, X3) into three different cases. First, it is possible that all
three investors perform equally well in the sense that their terminal wealth in the Nash equilibrium
is given by the solution I;(A\;Z7), i = 1,2, 3, to the standard utility maximization problem (case a)).
Moreover, it is also possible that two of the three investors perform equally well while the third
investor performs worse, so that her wealth in the Nash equilibrium consists of a linear combination
of the other two agent’s wealth (cases b)-d)). Finally, if one investor outperforms the other two

agents, their terminal wealth is a multiple of the classical solution for the ,winning® investor
(cases e)-g)).
The previous observations become more clearly visible at the end of this section where we consider

the special case of logarithmic utility functions. The numerical results presented there also show

that the initial capital of the investors mainly determines which of the three cases is present.

Proof (Table C.1). In the following, we prove that Table C.1 contains every possible combination
of values of X{, X3, and X3 from Theorem C.1. Again, we abbreviate I; = I;(\;Zr), i = 1,2, 3.
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First, it is obviously possible that X} = I, X5 = I, and X3 = I3 occur simultaneously (case a)).
Next, assume that X = 8215 + B313. Then

1 14 5 1+ 51

I3 > 57 (1_5153ﬁ2f2 — 5212) =~ 1-3 5. ﬁ153ﬂ2f27 (C.11)
1 1+ 5 1+ 5

I > % (1 — 5152&))[3 - 5313) =1 3.3 &52&3[3, (C.12)

since fBols + P3l3 > %ng \Y, 1 5 ﬁ B313. Further, we obtain

Bl + Bala < P1(B2l2 + B3ls) + Bolo = Bo(1 + 1) 12 + B18313

< Ba(1+ 51)11_453;?3512]3 + B15313 = I3, (C.13)

where we used (21 + (313 > I; in the first and (C.11) in the second inequality. Analogously, we
can deduce
Pl + Bsls < Ip (C.14)

using fols + f3ls > I; and (C.12). Finally, it follows,

I3 > Bi1y + Pala > prdy + Bo(Bily + B3l3) = Si(1 + Po)l1 + P2/3313,

using (C.13) in the first and (C.14) in the second inequality. This implies further that

1+ [
I 1.
3> 15 ﬁ351 1
Analogously,
1+ 3
I > ——— B14.
| —525361 !

In summary, X{ = B2l + (33 implies X5 = I and X3 = I3.
Using very similar arguments, we can deduce the following implications

Xy =pi11 + B3ls = X =1, X3 =13,
X3 =011+ fols = X{ =1, X5 =1

So far, we justified lines a)-d) of Table C.1. Now assume that X* = 22528, [, Then it follows

1-B1B3
1+ 1+
P11+ B2l < 1_5;3513212 + Boly = - ﬁ?; Balz,
since 7 < 1 51 ﬁ B212, using the representation of X{ in Theorem C.1 and the assumption
Xi = 11_2%3 Bo15. Moreover, we obtain
1+ 5 145 1+ 53 1+ 53
— =1 I 1.
R N R T

Again, we used Theorem C.1 and the assumption on X7 for the first inequality. The second
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inequality is valid since

which holds due to the assumption 3; < %, 7 =1,2,3. Finally,

1+81

Thus, X3 = 5.5

(14 B2)(1 + B3)
1 — Ba2f3

1+ 33

1

<361 <1+ p,

11—2?33@]2 > Bals + 3313 implies

1+ 5

1
Iﬁ([— I): Is. C.15
3S 5 1_6163[322 Balz 1_6163[322 ( )
B215 holds. For X5, we obtain
14+ 61 1+ 5
o> —— Bolo >0 > — —— 3]
2= 1—51ﬁ3/82 = s 1—ﬂ1/3253 s
1 <1

from the assumption §; < 1/2 for all j € {1,2,3}, and the previous representation of X3.

Analogously,

Finally, using (C.15) and I; <

Iy > B11y + B3l > By -

1+ f3

Ih > — " 3.1,.

22T B
BTy = X7,
1—-p1p3 1 1— /1P 1
Sl Lo By SO N o Bl AP N RN Y
155 50 B3 T3 5, ,823_ﬂ11 Bsl3

>1 >1

Therefore, it follows that X5 = I.

Using similar arguments, we can also prove the following implications

1+ 32

Xi = 1—7515253]3 = X5 =
X = s bl — X
Xj = (o Bals — X} =
X3 = llfﬁf;gﬁlfl — X
X = g el = X =

1+ 5

= mﬁﬂ& X3 = 1Is,
=1, X5 = %ﬁlh»
= 11_4:3?;25313, X3 =1,
=1, X5 = 11_4_65235111,
—fjf%@hxgzb

Hence, lines e)-g) in Table C.1 are valid as well. The line of arguments also implies that lines a)-g)
of Table C.1 contain all possible combinations of X7, X3, and X3. O

EXAMPLE: LOGARITHMIC UTILITY

If all investors use the natural logarithm as their utility function, we can determine the unique

Lagrange multipliers A;, i = 1,2, 3, mentioned in Theorem C.1 explicitly. Using the cases a)-g)

introduced in Table C.1, we obtain the following values of X, i = 1,2, 3.
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Proposition C.3. Let n = 3 and assume that U;(z) = log(z), © > 0, i = 1,2,3. Further, let
a; =a€[0,1] and B; € (0,1/2], i =1,2,3, and let

1+8; » 140k o
1—BiB; - @'@qﬁﬂo}

for all pairwise distinct i,7,k € {1,2,3}. Then the triples (X7, X5, X3) displayed in Table C.1
take the following form

i J k
xH > amax {Bjazo + Brxg,

a) Xj =42 i=1,23,

% . j+ k i _ . .7+ k * J N k .
b)-d) X; = BEIAR Y {70 < xo} + BECBEIOI) Y {77 > xo}, X; = 52, Xj =S4 for pair-
wise distinct 1,7,k € {1,2,3},

« _ 14B; — j 1+8; -
e)-g) X} = 1o Beak 2" 1 {21 < xa} + 15 (2 — ot Bual) 201 {Zr > Xa},

* 1+8; — 14-8; —
Xp = 28 B 201 {2y < xa} + 15 (m{) —artil 5kx’5) Z; 1 {Zr > Xa}
k
X = ;—; for pairwise distinct i, 7,k € {1,2,3}.

Proof. Since U;(x) = log(x), I;(x) = x~! holds for all i € {1,2,3} and # > 0. In the following,
we determine the Lagrange multipliers A;, i = 1,2, 3, in the cases a)-g) displayed in Table C.1.
As already stated in Theorem C.1, ); is determined via the budget constraint E[X}Zr] = x,
i=1,2,3.

a) In case a), the wealth profile of agent i is given by X} = (\;Zr) ! for all i € {1,2,3}, i.e., by
the solution to the classical problem without the VaR-constraint. Hence,

'

E[X;Zr] = — =

1
i
and thus, \; = (z§)71, i =1,2,3.

b) In case b), we obtain X; = (/\Q%T—F)\:;BET)IL {Z7 < Xa Y+ M Z7) 1 {Zr > X}, X5 = (NoZ7)7 L,

X3 = (A3Z7)~ L. Analogously to a), we obtain Ay = (23)71, A3 = (23)~!. Hence, it follows

E[X{Zr] = (o + B3ad)E[L{Zr < xa}] + )\11E[11 {Zr > xa}]

1—
= a(,@g])% + /ngg) + N

l—«

which lmphes Al = W

. Note that we used that x, denotes the a-quantile of Zp.
: — (1)1 _ 1—a — (231
¢) Analogously to case b), we obtain A\; = (z3) ™", A2 = (Bl el and A3 = (z5)~".

l—«
i —a(Braf+B223)”

d) Analogously to case b), we obtain A\; = (z{)7!, A2 = (23)7!, and A3 =
e) In case e), we have X7 = (A Z7)~ L, so that \; = (z§)~! follows. Moreover, X; and X} are
given by
¥ 1+ p33 Bixg
p= T8
1 —Pafs Zr

1
IL{ZT < Xa}+ 7E{ZT > Xoa})
Ao Zr
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* 1+ 62 /le[l) 1
X5=—"22 070 < X} + - 1{Zp > Xa},
3 1— /BQﬁS ZT { XOC} A3ZT { XOC}
and therefore
E[X5Z7] = a———=fixg + —— = xy,
X3 Zr 1—BoBs 70 Ny 0
1+ 5 1, 1-a 3
E[X3Z7] = a———=fixg + —— = xy,
X3 Zr 1—BaBs7 70 T N 0
which imply that
l-«a l-a
Ao = i A3 = .
+B: ’ 1+
I% o al—ﬁ§%3 ﬁlx(l) IS o al—ﬁ?& ﬂlx(l)
f) Analogously to case e), we obtain Ay = (23)~! and
l1-—ao l1-«a
Al = il Az = .
+ ’ 1+
w(l) - al*ﬁ?%?) P x% B 04175?23 ﬁzl‘%
g) Analogously to case e), we obtain A3 = (z3)~! and
-« l1-«a
A= i Ao = .
+ ’ 1t
7§ — agfig far 7 — oty Be

Finally, inserting A7 into X from Table C.1 for all i € {1,2, 3} yields the asserted representation
of the triple (X7, X3, X3). O

ILLUSTRATION OF PROPOSITION C.3

The following figures show an application of Proposition C.3. The displayed results are based on
a classical Black-Scholes market with one stock, drift ;4 = 0.03, and volatility ¢ = 0.2, and one
riskless bond with zero interest rate. Moreover, we chose o = 0.5 and T' = 4 (similar to the setting

used in Section 8.3).

Figures C.3.1 - C.3.3 display X, i = 1,2,3, for varying values of the state price density Zr.
Figure C.3.1 shows case a) of Table C.1 in which the parameters of the problem are chosen so
that the terminal wealth in the Nash equilibrium is the classical solution for all three agents. In
Figure C.3.2, the parameters are chosen so that case b) is present. The figure displays, as expected,
that agents 2 and 3 use the classical solution while agent 1 uses a linear combination of X3 and
X3 for small values of Zp (i.e., Zr < xo) and the ,classical solution® I;(A; Z7) for large values of
Z7. Again, we have to be careful with the term ,classical solution“ since the Lagrange multiplier
A1 is not the same as in the classical problem due to the discontinuity at .. The last of the three
figures, Figure C.3.3, shows case e) in which the parameters of the problem are chosen so that
agent 1 uses the classical solution while the other two agents use a multiple of the first agents
optimal wealth for small values of Zp and their ,classical solution“ I;(\;Z7), i = 2,3, for large

values of Zp.
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Figure C.3.4 shows the behavior of X] in terms of Zp for different choices of 2, while 5; and
B3 are fixed. For the smallest value of (s, i.e., B3 = 0.2, case a) is present and we can observe
that X7 is simply given by the solution to the classical problem. For the other three values of /32,
case f) of Table C.1 is present, which explains the discontinuity of X} at Zp = x4. As the value
of B increases, we can observe that the value of X7 increases for small values of Zr (Z7 < xa)

and decreases for large values of Zp (Z1 > xa)-

30 T Xl*

X3

25 4 X;
20 4
15 A
10 A
5 -

0.2 0.4 0.6 0.8 1.0

Zr

Figure C.3.1.: X, ¢ = 1,2, 3, from Proposition C.3 in terms of Zy for o = 0.5, 51 = 0.4, f2 =
0.3, B3 = 0.4, 2} = 3, 22 = 2.5, 3 = 3. The parameter choice implies that case a)
of Table C.1 is present. The market parameters are d =1, =0, u = 0.03, 0 =

0.2, T = 4.
50 T Xl*
X3
40 A x3*
30 A
20 A
10 A
0 .
0.2 0.4 0.6 0.8 1.0

Zr

Figure C.3.2.: X, ¢ = 1,2, 3, from Proposition C.3 in terms of Zy for o = 0.5, 51 = 0.2, f2 =
0.2, B3 = 0.4, 2} = 1, 3 = 4, 23 = 5. The parameter choice implies that case b)
of Table C.1 is present. The market parameters are d =1, =0, u = 0.03, 0 =
0.2, T =4.
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50 T —_— Xl*
R XZ*
40 A x3*
30 A
20 A
10 A
0- -
0.2 0.4 0.6 0.8 1.0
Zr
Figure C.3.3.: X", i = 1,2, 3, from Proposition C.3 in terms of Z7 for a = 0.5, 51 = 0.4, B =
0.2, B3 = 0.4, x}) =5, xg =1, xg = 2. The parameter choice implies that case e)
of Table C.1 is present. The market parameters are d =1, r =0, p = 0.03, 0 =
0.2, T =4.
60 A
50 A
40 -
g&_‘ 30 -
20 A
— B,=0.2
10 —— B,=0.35
— By=0.4
0 — B,=0.45
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Zr
Figure C.3.4.: X{ from Proposition C.3 in terms of Zp, for different choices of 2, while a =

0.5, 81 = 0.3, B3 = 0.5, x} = 4, 23 = 8, 23 = 3. For B2 = 0.2, case a) from Table
C.1 is present; the other parameters imply that case f) is present. The market
parameters are d =1, r =0, p = 0.03, 0 = 0.2, T = 4.

C.4. PROOFS OF LEMMAS FROM SECTION 8.4

In the following, we provide the proofs of Lemmas 8.12 - 8.14, as well as Lemma 8.18, that were

left out of Section 8.4. The lemmas are used to find and characterize the unique fixed point for

(8.6) for general n € N.
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Proof (Lemma 8.12). Let L € {1,...,n} and (j1,...,j1) € ([E]). Using dr(j1,---,Jj1) defined in
(8.13) and the Binomial theorem (Harris et al., 2008, p. 139) yields

L
dL(jl,--ij):l*Z(k*l) Z Hﬁhe
k=2 (i1,0nnsin) € ([L])
L 1 k
>1-> (k-1 > (n_1> (C.16)
k=2 (ir,in)e ()

k=2 k
LL<L—1>1kLL 1 \*
) O 6
n—1:m~= k n—1 = k) \n—1
=1 (1+ ! >L1+ L +<1+ ! )L T
B —1 —1 n—1 n—1 n—1
L—1
n n—1L
= ) C.17
(n — 1> n—1 ( )
If L =nand ;= =5 forall j € {1,...,n}, we obtain equality in (C.16) and the expression in
the last line (C.17 ) is equal to 0. Otherwise, we obtain either a strict inequality in (C.16) or a
strictly positive lower bound in (C.17). This concludes our proof. O
Proof (Lemma 8.13). First, let L =n and 8; = =5 for all j € {1,...,n}. Then the entries on the
diagonal of A, (1,...,n) are equal to 1 while all other entries are equal to —ﬁ. Thus, the rows
of A,(1,...,n) sum up to the n-dimensional vector 0,, of zeros and A, (1,...,n) is not regular.

Now assume that either L € {1,...,n—1},or L = n and [Ij=1 B85 < (ﬁ)n Let (ji,...,jL) € ([Z])
be arbitrary but fixed. Throughout this proof, we denote Ar(j1,...,jr) by A and the claimed
inverse by A~!. Moreover, we set B := A1 A and dy, := dp(j1,...,j1). Note that Lemma 8.12
implies d;, > 0. We show that A~! is the left inverse of A. The proof that it is also the right

inverse of A proceeds analogously. First, we consider the elements on the diagonal of B. Let
ie{l,...,L}. Then

k=1
1 L—-1
= d(l— (k—1) Z Hﬁlg‘i'ZB]k H 1+ﬁj£).(_ﬁji)>
L k=2 i) € (V1IN £=1 k=1 (=1
(i1,-si0)€( )¢ kA ik
1 L—1 k
_d<1_ (k—1) > 11 5.
L k=2 (i, i) € (LI P £=1

L-2

~ 5, Z 5> )3 II 6)

k:;é m=0 (il,...,im)e({jl »»»»» J'L}\{J'i»jk}) /=1
1 m
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L—-1
1 (S ST VR 1 (7

L .
k=2 (i1,...,ik)€({]1 ,,,,, JL}\{]Z}) =1

L m—1
8 S (m—1) 5 I B)

m=2 (il,,..,imfl)e({jl »»»»» JL}\{h}) =1
1 L k L m—1
=d(12<k1> > 18— > (m-1) > ﬂ)
L k=2 (i1,.. ,ik)E({jl"k"jL}) (=1 m=2 (il’_._,im)e({jlﬂ;ﬁ,][}) /=1
Jig(i1,e508) Ji€(11,50sim)

1 L k
= <1—Z(k—1) > HBZ-Z>:1.

L k=2 (i1, ig) € (V17 7L Y) €=1

Now let i,k € {1,...,L}, i # k. Then
L
kK= A7'i,p] - Alp, k]
p=1

L-1 L
A (D SRS SR | £ EVART Y | (LB T

m=2 (i1,...,im)€({j1 AAAAA %}\{ji}) =1 Z;Z-lk

Y g T8 <—ﬁjk>>
p;ézlk ft;él,lp

ﬁ' L—-1 L L L
:—djllj<1— Z(m—l) Z H/Blg H 1+/8.71)+ Z ﬁjp H(1+ﬁjp)>
(=1 J4

m=2 (i1 'Lm)E({]l ,,,,, JL}\{]'L}) = ik p};:z,lk f;é:i,lp
3; L L—2 m L-1 m
~o(vsy s fla-Seen s fla
e e R m=2 (i1,0ensim )€ (V1AL £=1
L—2 m
m=1 (i1,. Z"L)E({]l ----- JL}\{Jz Jk}> =1
3, L L—2 L-1 m
- _dij< > B ) Hﬁze > (m—1) 2 117
p;;é:l}k m=0 (i1,...,im)e(“1 ..... jLTi\{ji,jp})Z 1 m=2 (i1,...,im)€({j1 vvvvv J'W%}\{ji}) =1
L—1 m L—-2 m
- > sexs ¥ s
m=1 (i1, ,im)e({jl ~~~~~ JL}\{Jz}) = m=0 (2-17_”71-7”)6({3'1 ~~~~~ jL"z\{jivjk}) (=1

ﬁ'k L m L—-1 m
~-le(5s, SN | O SR VR 1 ()
p= m=

m=0 (i17.‘.7im)€({j1 »»»»» J'];g\{jz‘vjp}) /=1 (il,...,im)e({jl yyyyy jn%}\{ji}> =1

% O OL D VRN | 7 SR DR | (O

1 (il,...,im)e({jl ~~~~~ JL}\{h}) m=1 (il,...,im)e({jl ~~~~~ J'WLL}\{J'i}) (=1

Hence, B equals the identity matrix in RX>*L, O
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n—1

n
Proof (Lemma 8.14). Let L € {1,...,n —1} or L = n and [[}_, B; < (L) . Further, let

(J1,-.-,7L) € ([z]) be arbitrary but fixed. Throughout this proof, we denote Ar(j1,...,j)"" by
A=Yand dp(j1,...,70) by d. Let i € {1,...,L}. Then, using Lemma 8.13,

L-1 m L L
dy, - ZA ik =1-Y (m—1) 3 HBiZ‘FZﬁij(l—FﬁjZ)
m=2 (i) (1 aL}\{;z}) —1 =l e
L—1 L-2 m
:1_2(7”_1) Z HBZH'ZBMZ Z Hﬁie
m=2 (i17_”7im)€({j1 ----- JL}\{JZ}) = k;éz m=0 (i17.”7im)€({j1 ----- jLW}l\{jivjk}) /=1
L—1 m L-1 m
= —Z(m—l) Z Hﬁie‘i'zm Z HB’L@
m=2 (il,..‘,im)e({jl ,,,,, j,ﬁ}\{ji}) (=1 m=1 (i1,..‘,im)€({j1 ,,,,, jng}\{ji}) /=1
L-1 m
=1+ > 11 3
m=1 (il,...,im)G({jl ‘‘‘‘‘ jn%}\{ji}) (=1
L
= H(l + Bje) m
Gi

Proof (Lemma 8.18). Let L € {1,...,n— 1} and (j1,...,j1+41) € (L[T—&L—]l) Then, by definition of

dr+1(J1s- -5 J0+1)s

L+1 k
A1, i) =1- Y (k—1) Hﬁjw
k=2 (il,-n,ik)E([Lzl]) (=1
L+1 k—1 L k
=1=Bi, > k=1 > I8, > k-1 115,
k=2 (i1 e sifo 1)6( )E 1 k=2 (7;17“"%)6([1};]) (=1
L+1
:dL(jlv"'7jL)_l8jL+1 Z<k_1) Z Hﬁﬂlz
k=2 (i1,enyif—1)€E ([L])
L
:dL(jlv"‘ij)_/BjL-HZk Z H/Bjig
k=1 (ih'._ﬂk)e([i])f:l
L k L k
:dL(jlv"‘ij)_/BjL+1 Z(k_l) Z Hﬁjz‘e _ﬁjL+1 Z Z H/Bjig
k=2 (i17-~~7ik)6([i]) t=1 k:l(ih”.%)e([i]) =1
L k L
= dL(jla cee 7jL) - 5jL+1 Z(k - 1) H ﬁjié + BJ’L-H - 5jL+1 H(l + ﬁ]k)
k=2 (i1,....ix) € (1) =1 =1
L
:(1+/8jL+1)dL(j1w--ajL)_ﬁjLﬂ H(1+/Bjk)' O
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