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Abstract

We study games of optimal stopping (Dynkin games). A Dynkin game is a mathe-
matical model involving several competing players, each of them interested in cap-
turing the moments when certain stochastic processes are at an extremum. Actions
of players are referred to as “stopping” (of an underlying process), and the outcome

for every player depends on the stopping decisions of the other players.

Our focus is on Dynkin games with asymmetric information. Asymmetry of in-
formation refers to the situation in which different players have different (possibly
incomplete) knowledge of the underlying world. Observations of the underlying
processes (or of a more general information flow) and of the actions of competitors
allow the players to make optimal stopping choices. An important aspect of our
framework is a possibility of randomising these choices: for example, in order to

avoid revealing private information to competitors.

We develop a general stochastic framework for studying Dynkin games with asym-
metric information. In particular, we provide conditions for the existence of the
value in such games. Separately, we study issues arising in games with mixed first-
mover advantage, in which sometimes it is beneficial for the players to act as soon

as possible, and sometimes to wait for another player to act.



Abbreviations

Below we present an incomplete list of the mathematical notation used in the thesis.

3.9
co(X)
B(A)

Iy

aVb
alb
(a,b)

the set of real numbers (—oo, )

the set of natural numbers {1,2,...}

a probability measure

the mathematical expectation (with respect to a probability measure)
a sigma-algebra

the sigma-algebra generated by a random variable X

the Borel sigma-algebra on a set A

a set of stopping times (with respect to a sigma-algebra)
the Lebesgue measure

the indicator function of a set (event) A

maximum of @ and b

minimum of a and b

scalar product of vectors a and b

transpose of a matrix a
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Chapter 1

Introduction

Optimal stopping is a stochastic problem of the following kind. Suppose an actor observes a
stochastic process and wishes to capture the moment when the process is at its maximum (or
minimum). Possible tasks include characterising this time in terms of parameters of the process,

or estimating the expected value of the process at that time. This results in a problem of a form

sup EXx,

€T
where T is a set of stopping times, (X;) is a stochastic process, and E denotes the mathematical
expectation.

A Dynkin game (or a game of optimal stopping, or an optimal stopping game) is an exten-
sion of an optimal stopping problem that allows for multiple actors (or players). Such games
originate from Dynkin (1969). A variation of the Dynkin game appeared shortly after in the
textbook Neveu (1975) and in the following years received attention of researchers worldwide
Bismut (1977b), Stettner (1982a), Stettner (1982b), Lepeltier & Maingueneau (1984), Yasuda
(1985). More recently, Dynkin games have gained popularity due to their financial applications,
particularly game options Kifer (2000) and real options Steg & Thijssen (2015), De Angelis &
Ekstrom (2020). We provide a review of the most relevant literature in Chapter 3.

Dynkin games appear in the literature in numerous variations — as discrete-time games or
continuous-time games, in a zero-sum or a nonzero-sum framework, as two-player or multiple-
player games, under different assumptions on the set of stopping times and on the underlying
processes. We now outline a framework that is close to our research. Consider two stochastic
processes (f;), (g;)- Let there be two players, and denote by T and o the stopping times used by
the first and the second player, respectively. The game ends at time T A G := min{t,c} with the



first player delivering to the second player the random payoff

P(t,0) = filfr<oy + &olio<)

where I{;<5} and Ij5.1) denote the indicators of the events {T < 6} and {G < t}. Since the first
player (the T-player) is the one who pays the amount P, she is referred to as the minimiser in the
game. On the other hand, the second player (the 6-player) is the one who receives P, and hence
is the maximiser.

Let us mention a fundamental concept from game theory. A couple (t*,6%) is called a Nash

equilibrium, if for any other couple (7,G) the following holds:
E[P(t",0)] <E[P(t",0%)] < E[P(t,0%)]. (1.1)

One way to interpret these inequalities is that neither minimiser nor maximiser can obtain a more
desirable expected payoff by deviating from the Nash equilibrium.

Another important concept is the value of the game, which is defined as
V = supinfE[P(t,0)] = infsupE[P(1,0)], (1.2)
c T T (&)

provided that the second equality holds.

The reader might have noticed that we did not specify over which sets the supremum and
infimum are taken in (1.2), and what set t*, 6*, 7, 6 in (1.1) belong to. Traditionally, the set of
stopping times is the one that appears in these definitions. However, one can also consider the set
of randomised or mixed stopping times (rigorously introduced in Section 2.4). This set is larger
than the set of usual (pure) stopping times, and therefore, the existence of value and/or of Nash
equilibrium can be ensured for a broader class of games. Such relaxation is particularly useful
for games with incomplete/asymmetric information that we proceed to introduce.

So far, we implicitly assumed that both of the players observe both of the payoff processes
(ft), (g¢), fully and without any noise, and their actions T, G are based on this observation. In
such situations, we say that the game is a game with full and symmetric information. However,
it is easy to think of situations when the information is incomplete and/or there is no symmetry
of information available to the players. For example, the payoff processes may depend on an
exogenous random variable which is only known to one of the players (the informed player) and
could be viewed as a scenario in which the game is played, or as insider information.

A possible way for randomised stopping times to appear in this framework is the following:
they are used by the informed player to gradually reveal the information to the uninformed player.

To give an intuition, imagine a game with two possible scenarios: in one of them, it is optimal for



the informed player to stop at time 0, in the other one — at time 1. If the game is played in the
latter scenario, a “naive” informed player would wait until time 1 to stop. But then, immediately
after time 0, the uninformed player learns the true scenario (from the fact that the informed player
did not stop at 0). To avoid the information being revealed in such a way, the informed player
may want to include randomness in her choice of the stopping time, and to manipulate the beliefs
of the uninformed player in an optimal way.

Dynkin games with asymmetric information are the main object of our study. Chapter 4 is
devoted to our main results in this area. Particularly, the question of existence of the value in
such games is our focus. We specify conditions under which the supremum and infimum in (1.2)
can be interchanged. In general, both players in our framework use randomised stopping times.

Traditionally in the study of Dynkin games with asymmetric information Griin (2013), Lempa
& Matomiki (2013), Gensbittel & Griin (2019), De Angelis et al. (2021b), De Angelis et al.
(2021a), certain specific assumptions on the structure of information available to the players are
imposed. Moreover, the payoff processes (f;), (g) are assumed to be Markovian. In many cases,
they are specific deterministic functions of a single underlying Markov process. The advantages
of our approach in Chapter 4, compared to results in the literature, are that we allow for a gen-
eral structure of information in our game, and we do not impose any Markovian assumptions.
Chapter 4 is based on the joint paper with my PhD supervisors De Angelis ef al. (2021c¢).

Initially, our research was focused on classical Dynkin games (with full and symmetric infor-
mation). For such games, one of the important conditions for existence of the value used to be
the Mokobodzki condition Bismut (1977b), Mokobodzki (1978), Stettner (1982a) on the payoff
processes (f;), (g/). Mokobodzki condition states that there exist two supermartingales whose
difference lies between g and f. However, in Lepeltier & Maingueneau (1984) it was proven that

Dynkin games have a value under a weaker condition:

f>s. (1.3)

This condition (that has no scientist’s name attached to it, so we call it the order condition) is, as
we will see, quite natural, and it was adopted in most of the literature.

To the best of our knowledge, the order condition was first challenged in Stettner (1982b),
and later studied in a more general set-up in Touzi & Vieille (2002) and Laraki & Solan (2005).
In the latter two papers, a relaxed Dynkin game (with randomised stopping times) is considered,
and the value is proven to exist without the order condition. In Chapter 5, we unify certain results
and ideas from the literature in order to show that the value exists under a condition weaker than

(1.3), in a setting when players only use pure stopping times.



For the reader’s convenience, we clarify the content of the chapters we did not mention so
far — Chapter 2, Appendix A, and Appendix B. In the former two, we discuss several general
concepts and preliminary facts that are used throughout the thesis. Chapter 2 can be viewed as
a mathematical introduction to the main chapters of the thesis, while Appendix A collects the
textbook definitions and theorems. Finally, Appendix B is devoted to auxiliary proofs that may
be of interest at various stages of reading the thesis.

We conclude the introduction with a discussion of financial applications of Dynkin games.
The game options introduced by Kifer (2000) are option contracts which enable both the buyer
and the seller to stop them at any time before (and including) the time of expiration of the con-
tract. Thus, the game options extend the notion of American options (which only allow the buyer
to exercise the option). We also see that this financial situation is, mathematically, precisely a
Dynkin game.

A popular real-world instrument embodying the concept of a game option is a convertible
bond. Such contracts are issued by a firm, held by a bondholder and typically prescribe the
following: the bondholder is entitled to receiving the coupons while she holds the bond, and,
further, has the option to exchange (convert) the bond for the firm’s stocks. The firm, on the
other hand, has the right to call the bond, in which case the bondholder must surrender the bond
for a pre-specified price. Finally, at the maturity of the contract, if neither the conversion nor
the call have happened, the bondholder must sell the bond back to the firm, for a pre-specified
price or in exchange for the firm’s stocks. We see that such a convertible bond can be viewed
as a game option, or a Dynkin game between the firm and the bondholder, with specific payoff
processes tied to the value of the firm’s stock, to the coupon rate, and to the fixed prices agreed
in the contract.

The mathematical study of convertible bonds dates back to Brennan & Schwartz (1977),
Ingersoll (1977), but it was not until more recently Sirbu er al. (2004), Sirbu & Shreve (2006)
that researchers began to explore the connection with Dynkin games. For various extensions
of the model and properties of the value and the Nash equilibrium in this setting, we refer to
Bielecki et al. (2008), Crépey & Rahal (2011/2012), Chen et al. (2013), Yan et al. (2015), Liang
& Sun (2019).

Moving on to financial interpretations of the informational features of Dynkin games, certain
parameters of the underlying assets may be unknown to market players, giving rise to games
with incomplete and/or asymmetric information. For example, in Lempa & Matomiki (2013),
the Dynkin game is set on a random time horizon, and the occurence of the expiring event is only

observable by one of the two players. From the financial standpoint, this situation corresponds



to one of the players having inside information about a default taking place. In De Angelis er al.
(2021b), the two players are trading a call option on an asset with the drift which is random
and only partially observable. De Angelis & Ekstrom (2020) introduce a Dynkin game with
both players not being certain about the existence of the competitor. This may be interpreted as
investors not wanting to publicly reveal their interest in a certain business opportunity. Another
interesting view on the information is provided in Ekstrom ez al. (2017), where the two players
have heterogeneous beliefs, i.e. disagree about how to estimate the drift of the underlying asset.
This idea is justified by the following example: for the buyer of a call option, it is natural to

estimate the drift of the underlying asset higher than the seller’s estimation.



Chapter 2

Preliminaries

In this section, we agree on several general concepts that are used throughout the thesis, introduce
notation and give a number of preliminary facts we will refer to. Note that the textbook defini-
tions (e.g. of a stopping time) and theorems (e.g. Lebesgue’s dominated convergence theorem)

are given in Appendix A.

2.1 Probabilistic setting

Unless specified otherwise, random variables and stochastic processes we consider are defined on
the same probability space (Q,F,P) and take values in R. We always assume that the probability
space is complete, that is, for any set A € J of P-measure zero, the sigma-algebra J includes also
all the subsets of A.

When we say “with probability one” or “almost surely”, it is implied that the probability
measure [P is the one in question. Another synonym to describe the same concept is P-a.s. We
write I for the expectation EF with respect to measure P. We work in continuous time, and
T € (0,00] denotes the time horizon.

We call a stochastic process (X,)te[oﬂ cadlag (from the French “continu a droite, limites a
gauche”), if its trajectories ¢ — X; are right-continuous with left limits everywhere, with proba-
bility one.

Let (I7)e[o,r] be a filtration (Definition A.1.1) on (Q,J,P). The set of (F;)-stopping times
(Definition A.1.2) is denoted T(J;). We omit the mention of the filtration and simply write T
whenever it causes no ambiguity.

We consider situations when the time horizon 7 is infinite, as well as the situations when it is

finite. These two types of horizon can be treated similarly, as explained in the following remark.



2.2 Lebesgue-Stieltjes measure and integral

Remark 2.1.1. If T = oo, then o is a one-point compactification of [0,%0) (c.f. (Dellacherie
& Meyer, 1982, Remark VI1.53e)). There are bijections between any finite interval and [0,o0],
and, intuitively, the properties of stochastic processes should be preserved if such a bijection is
applied to the time. In particular, cadlag processes on [0,0] are understood as follows: a process
(Xt )ie(0,00] is cadlag if it is cadlag on [0,0) and the limit Xeo— := lim;_,o X; exists. When we say
that the process (X;);c(0,00] i (Ft)1e[0,.0)-adapted, it is also assumed that the random variable X
is Foo-measurable, where F . is potentially larger than Fe— := 6(U;g[0 00) T )-

For simplicity of notation, we often denote filtrations as (J;) instead of (F);¢[o 7], and simi-

larly for processes: (X;) instead of (X;),c[0,7)-

2.2 Lebesgue-Stieltjes measure and integral

We will employ integrals with respect to processes with paths of finite variation (Definition
A.4.13). Such integrals will be understood in pathwise Lebesgue—Stieltjes sense. We recall the
relevant theory in this section.

Let F be a measurable function on a measure space (S,X,u). We denote by [¢ F(x)du(x) the
Lebesgue integral of the function F over the set S with respect to the measure u. We sometimes
omit the variable of integration x and write [ Fdu.

Let us now focus on functions on the real line. As we mentioned, the results of this section
will be applied to paths of stochastic processes. It will be convenient to treat the value of these
paths at time zero as a jump from an “initial” value, and to think that the process takes this
“initial” value at time “just before zero”. This is why some of the functions below are defined on
[0—, ).

Let F : [0—,) — R be a right-continuous function of finite variation. The corresponding
Lebesgue—Stieltjes measure is denoted by u". Note that, in general, it is a signed measure; it is
only a positive measure if the function F' is non-decreasing. If the function F' has values between
0 and 1, the positive measure u’ is a probability measure.

Let G : [0,0) — R be a measurable function, F : [0—, ) — R a function of finite variation.
It is known (Proposition A.4.14) that F = F™ — F~, where F ", F~ are non-negative and non-
decreasing. For ¢ € [0,0), we define the Lebesgue—Stieltjes integral of G on [0,1] as

. Ftoey dut (s
GO = [ Gyl () /M G(s)du (s),



2.2 Lebesgue-Stieltjes measure and integral

where we assume that the terms on the right-hand side are finite. The Lebesgue—Stieltjes integral
on an open or a semi-open interval is defined in the analogous way. We remark that the value of
the integral does not depend on the choice of F* and F~.

In our proofs, there are several important building blocks related to Lebesgue—Stieltjes inte-

grals. We state the corresponding propositions here.

Proposition 2.2.1 (Integration by parts). If F, G : [0—, ) — R are two right-continuous functions
of finite variation such that F(0—) = G(0—) = 0, then for every t € [0,) we have

F(1)G(1) = /[O JFOIGE)+ [ Gl=)aF (o)

Proof. Denote AF(0) = F(0) — F(0—), AG(0) = G(0) — G(0—). Observe that in our case

F(0)G(0) = (F(0—)+AF(0)) (G(0—) +AG(0)) = AF(0)AG(0);
0 F(s)dG(s) = o F(s)dG(s) — AF (0)AG(0); .1
/ | GF() = [ Gls-)aF(s),

F(t)G(t) =F(0)G(0)+ | F(5)dG(s)+ | G(s—)dF(s)= / F(s)dG(s)+ | G(s—)dF(s),
(0,1] (0,1] [0,¢] [0,¢]

where the first equality is due to the integration by parts formula on the semi-open interval (Revuz
& Yor, 1999, Prop. 0.4.5), and the second one is due to (2.1). L]

For a non-decreasing right-continuous function F : [0—, ) — R, let us define a function F <
for s € [0,00) as
F< (s) =inf{zr € [0,00) : F(t) > s},

with the convention inf@ = co, and F < (0—) = 0. The function F " is called a generalised inverse

of the function F.

Proposition 2.2.2 (Change of variables). Let F : [0—, ) — R be a non-decreasing right-continuous
function, and let F*~ be its generalised inverse. Let additionally F (t) = 1 for somet € [0,00). Let
H :[0,00) — R be a measurable function. Then,

1
/0 H(F%(u))l{pe(u)g}du = 0 t)H(S)dF(S).



2.3 Regular processes and projections

Proof. For s € [0,00), define H(s) = H ($)I(5<s}- Due to the right-continuity of the function F at
t, foru € [0,1), we have F* (u) < t, and for u € [1,0), we have F* (u) > ¢. Then,
oo ) 1
/0 H(F () pe (u)<oopdu = /0 H(F™ (u)I{pe (uy<ry = /O H(F™ () (uy<i}
and

Jo AOFG) = [ HOMaqdF ()= [ HE)AFG)

Applying (Revuz & Yor, 1999, Prop. 0.4.9) to the function H, we obtain the desired equality.
]

Remark 2.2.3. The condition that F(t) = 1 for some t € [0,00) is convenient for our purposes
below, but it is not a key condition in the change of variables formula. Without it, we could make
a similar claim for integrals limiting at infinity:

/0 H(Fe(u))I{Fe(qu}du = 0 )H(s)dF(s),
which follows directly from (Revuz & Yor, 1999, Prop. 0.4.9).

2.3 Regular processes and projections

In this section, we focus on properties of stochastic processes in continuous time that play the
key role in Chapters 4 and 5, as well as in most literature on optimal stopping (Chapter 3). On
our complete probability space (Q,J,P), consider a filtration (J}),c(o,7] (recall that T € (0, 0]
denotes the time horizon).

We say that the filtration (5;) is right-continuous, it F;, = F, for all t, where F;; := Ny, F.
We say that it is complete if the probability space is complete (which we always assume) and if
the sigma-algebra J contains all sets of P-measure zero. When a filtration is both complete and
right-continuous, we say that it satisfies the usual conditions. The completeness condition is not
restrictive, since, given a filtration (J;), one can add to F; (for every r) all the P-measure zero sets
from J in order to obtain a complete filtration (this process is called the usual augmentation).

By a measurable process we mean a stochastic process (X;) such that the mapping (¢, ®) —
X, (o) is B([0,T]) x F-measurable. For a measurable process (X;), we denote by (FX) its natural
filtration (i.e. the filtration such that X = o(X;) for all ¢ € [0,T]). We assume that (F¥) is
augmented in a usual way and therefore complete.

Let £;, be a Banach space of cadlag measurable processes (X;) with the norm

IX|e, ;:E[ sup \x,\] < . 2.2)
t€[0,T]



2.3 Regular processes and projections

Remark 2.3.1. In the general literature on stochastic processes (e.g. (Rogers & Williams, 2000,
Definition VI1.29.5)), a class of processes larger than Ly, is frequently considered: the class (D).

A measurable process (X;) is said to belong to class (D), if the family of random variables
{Xy : M is a finite stopping time}

is uniformly integrable (i.e. limg_,o(supy E[|Xy|l{x,>k}]) = 0). We see that the class (D) is

indeed larger than Ly, because for any process (X;) € L, we have

I}i_lgo(SlTl]PE[lﬂxmzk}]) < 4im (E(Zup, 1 %) 2k}]) = 0,

and therefore (X;) belongs to class (D). In line with most literature on optimal stopping (see

Chapter 3), we choose to focus only on the processes from Ly,

The space £;, will be extensively used in Chapter 4, as well as the definition below that we
take from Meyer (1978). To avoid a terminological confusion, we remark that previsible stopping
times in the definition below are also known as predictable or announceable stopping times (see
Definition A.1.3).

Definition 2.3.2. A process (X;);c(0,1] € L is called regular, if
E[Xn —Xn—|In-] =0 P-a.s. for all previsible (J;)-stopping times 1.

Example 2.3.3. It is immediate from Definition 2.3.2 that a continuous process is regular, since
for such processes a stronger property P({®: X;(®) — X;—(0) =0 forallt € [0,T]}) = 1 holds.

Example 2.3.4. A process (X;) is said to be quasi left-continuous (or left-continuous over stop-

ping times), if for all stopping times My, M such that M, ,/* 1N as n — o we have

Xn, — Xy P-a.s.
Let (X;) be a quasi left-continuous process and 1| a previsible stopping time. By the definition
above,
Xn = lim X;,, = Xy, P-a.s.,
n N MNn dl
and therefore E[Xy — Xn—|In—] = 0, P-a.s. Thus, quasi left-continuous processes are regular.

Example 2.3.5. Let 0 be a random variable with continuous distribution on [0,0). Let A; :=
I{/>g), and let F :=06(A;,0 <5 <t). By (Rogers & Williams, 2000, Example VI.14.4), 0 is a
totally inaccessible (F;)-stopping time.

From Definition 2.3.2 and Lemma A. 1.6 we see that regular processes can only jump in totally
inaccessible times. Therefore, processes that only jump at such (continuously distributed) © are

regular.
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2.4 Randomised, mixed, distribution stopping times

We will use the concepts of J;-optional and F;-previsible projection of a measurable stochas-
tic process (see Section A.5.1 for the formal definitions). Here, we state the non-standard results

that will play an important role in our proofs.

Theorem 2.3.6. (Bismut, 1978, Theorem 3) Let (X;) € L}, be a cadlag, (F;)-adapted, and regular
process. Then there exists (X;) € L, with continuous trajectories (not necessarily F;-adapted)

such that (X;) is an (F;)-optional projection of (X;).

Theorem 2.3.7. (Dellacherie & Meyer, 1982, Thm VI.57, Remark V1.58.d) Let (X;) € Lp, and
let (Y;) be its (F;)-optional projection. Let (p;) be a non-decreasing (3;)-adapted process. Then

E{ Xtdpt]:E{ / Y,dpt]. (2.3)
[0,T] [0,T]

Following (Dellacherie & Meyer, 1982, Remark VI.50.d), we note that there is an equivalent
definition of regularity: a process (X;) is regular if its previsible projection is indistinguishable
from the left-limit process (X;—). In the original (Bismut, 1978, Theorem 3), this equivalent
definition of regularity is used. It is also formulated for class (D) processes and thus is applicable,

in particular, in our case (see Remark 2.3.1).

Remark 2.3.8. Throughout, integrals of processes in Ly that appear in (2.3) are understood
in pathwise Lebesgue—Stieltjes sense. Formally, for integrals in (2.3) to be well-defined, we
consider Qx :={0 € Q: [j; 71 |X;(w)|dp;(®) < oo}, and similarly for Qy, and take ® € Qx NQy.
However, by definition (2.2) of the space Lyp, we have P(Qx) =P(Qy) = 1. Therefore, we usually
omit a mention of ® and assume that integrals are finite in calculations (e.g. when applying

results of Section 2.2 to integrals of processes).

2.4 Randomised, mixed, distribution stopping times

In this section, we introduce several closely related concepts that extend the notion of a stopping
time. They will be important for studying optimal stopping problems and games, particularly the
games with asymmetric information (see Section 3.4 for the literature review, and Chapter 4 for
the main asymmetric information problem of the thesis).

Fix a filtration (F7),¢[o 7] that satisfies the usual conditions. Recall that T denotes the set of
(F;)-stopping times, and A denotes the Lebesgue measure. By a mixed stopping time, we mean
a measurable function u : Q x [0, 1] — [0, T'] such that for A-almost every r € [0, 1], the mapping
® — u(o,r) belongs to 7T.

11



2.4 Randomised, mixed, distribution stopping times

It is clear that any “usual” (pure) stopping time T € 7T is a mixed stopping time. To be more
precise, to any T € T, there corresponds a mixed stopping time defined as u(, r) := t(®) for any
re|0,1].

Now we introduce another concept that, as we will see below, is equivalent to the concept of
a mixed stopping time in a suitable sense. For a filtration (G;) C (J;), define the following set of

processes:

A°(Gy) :={(p;) : (ps) is (G;)-adapted with ¢ — p;(®) cadlag,

(2.4)
non-decreasing, po—(®) =0 and py(®) = 1 for all ® € Q},

where we adopt a convention that Go_ is the trivial sigma-algebra.

Remark 2.4.1. In the definition of the set A°(S;), we take the opportunity to require that the
stated properties hold for all ® € Q. This leads to no loss of generality, if o contains all P-null
sets of Q (in particular, if (G;) satisfies the usual conditions). In this case, for any ® € N C Q
with P(N) = 0, we can simply set p,(®) =0 fort € [0,T) and pr(®) = 1.

Let Z be a random variable with uniform distribution U ([0, 1]), independent of F7, and let
the process (p;) € A°(G;). A random variable 1 defined as

n=n(p,Z) =inf{t € [0,T]: p; > Z}, P-as.

is called a (G;)-randomised stopping time. We call the variable Z the randomisation device for
the randomised stopping time 1, and the process (p;) the generating process. The set of (G;)-
randomised stopping times will be denoted T%(G,). In case (G;) = (F;), we will use a shorter
notation T®. Whenever we consider multiple randomised stopping times, we additionally assume
that their randomisation devices are independent.

Any pure stopping time is a randomised stopping time, in a sense that, to any T € 7, there
corresponds the generating process defined as p;(®) := Ij;> (@)} for any ¢ € [0, T]. Indeed, note
that P{o: Z(0) = 0}) = P({o: Z(w) = 1}) = 0. In other words, Z € (0, 1) with probability
1. Therefore, with probability 1, we have N = inf{t € [0,T] : I;;>y > Z} = 1. We see that in
this case, with probability 1 the randomisation device Z does not affect the realised value of the
randomised stopping time 1.

Note that in Shmaya & Solan (2014), the terminology is different: the generating process (p;)
is called a randomised stopping time. However, given a randomisation device Z, the correspon-
dence between randomised stopping times and the generating processes is one-to-one. Therefore,

there is no conceptual difference between our approach and the one in Shmaya & Solan (2014).

12



2.4 Randomised, mixed, distribution stopping times

In a similar way one can identify our definition of a randomised stopping time with the ones used
in Meyer (1978) and Touzi & Vieille (2002). We clarify this further in Sections 3.1.3 and 3.5.

Shmaya & Solan (2014) introduce a concept that unifies the randomised and mixed stopping
times. Denote by M the set of probability measures on Q x [0,7]. Ford € M, t € [0,T],A € T,
denote

& (A) :=8(A x[0,1]).
We call a measure 6 € M a distribution stopping time, if it satisfies the following properties:
* The marginal distribution of é on Q is P.
* Foreveryr € [0, T], the Radon-Nikodym derivative of &' with respect to P is F;-measurable.

Observe that any mixed stopping time u naturally defines a measure 6, € M via
Ou(Ax[0,1]) ;== (PRA)({(w,r) : € A, u(w,r) <t}) (2.5)

for A € F,t € [0,T]. Similarly, a randomised stopping time with the generating process (p;)
defines a measure 6, € M via

8p(A x [0,1]) : / pi(@)dP(w) =E [I1p;] (2.6)

forAe JF,t€[0,T].

In (Shmaya & Solan, 2014, Section 2.3), it is proven that the measures ,, 8, defined above
are distribution stopping times. On the other hand, by (Shmaya & Solan, 2014, Corollary 2), for
any distribution stopping time 0, there exists a mixed stopping time u and a randomised stopping
time with the generating process (p;) such that 6 = 8, = 8. Moreover, the generating process
(p;) is unique up to indistinguishability. In particular, we see that there exist a mapping H from
the set of mixed stopping times onto A°(F;). We clarify the importance of this correspondence

in Section 2.4.1.

2.4.1 Equivalence of functionals

We now clarify the relation between mixed and randomised stopping times using equivalence of
certain functionals. Let the filtration (F;) satisfy the usual conditions. To a pure stopping time

T € T and a process (X;) € L, we associate the expected payoff as follows:

NP (1,X) = E¥ [Xy() (0)]

13



2.4 Randomised, mixed, distribution stopping times

To a mixed stopping time u, we associate the expected payoff
Nm(,u,X) = EPXA[XH((DJ) (0))]7

and to a randomised stopping time with the generating process (p;) the expected payoff

N'(p,X) = EF [ /[Oﬂ X,((o)dpt((o)} . @.7)
All these functionals agree on pure stopping times in the following sense.
Proposition 2.4.2. Let t € T and (X;) € Lp. Let p(®,r) =t(®) for all r € [0,1]. Let p;(®) =
Ii>r(w)y for allt € [0,T]. Then,
NP(T,X) = N"(u,X) =N"(p, X).
Proof. For the first equality, we by definition of N and u have

Nm(,u,X) _ EIP’X?»[X

u(w,r) (0‘))] = EP [XT((D)] ((’)) = NP (TvX)'

Further, by definition of N and p we have

N’(p,x>:Eﬂ”[ Xt<w>dpt<w>} =EP[ X (@)d(Issan) | = E o] (@) = N7(2.X).

[0,T] [0,T]

]

Moreover, there is the following correspondence between an arbitrary mixed stopping time

and a generating process of a randomised stopping time.

Theorem 2.4.3. (Shmaya & Solan, 2014, Theorem 3) Let u be a mixed stopping time. Let (X;) €
Lp. Let H be the mapping from the set of mixed stopping times onto A°(F;). Then,

N™(u,X) =N"(H(u),X).
This result can be extended to a payoff functional that depends on two random stopping times.
Fix processes (f;), (g:), () € Lp. For 1,6 € T, define
NP (1,6) = EF [ f1(0) () {x(0)<o(0)} T 8o(0) (@) {s(0)<x(0)} + hr(0) (@) {6(0)=x(0)}]-
For mixed stopping times u, v, consider
N™(u,v) = EFMME ) (0) (o) <viorr)} + &v(0.m) (O fv(o,rs) <u(@ir)}
o, (O (o) =v(@ )} ]

and for randomised stopping times with generating processes (p;), (X;), define

W= | [ (@)1 -dpo)+ [ a1 -pin(e)+ T napat|

t€[0,T]

)
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2.4 Randomised, mixed, distribution stopping times

Proposition 2.4.4. (Touzi & Vieille, 2002, p. 1075) Let T,6 € TJ. Let pr = I{;>1y, %t = Li>c) for
allt € [0,T]. Then,
NP(t,0) =N"(p,x).

The functional N” plays the central role in Touzi & Vieille (2002) (see Section 3.5). The
proposition below provides a mapping from the set of mixed stopping times onto the set of
generating processes A°(JF;). This mapping preserves the functional N”, therefore proving that

the concepts of mixed and randomised stopping time are equivalent in the setting of the paper.

Proposition 2.4.5. (Touzi & Vieille, 2002, Proposition 7.1) There exists a mapping H from the
set of mixed stopping times onto A°(JF;) such that, for every pair of mixed stopping times u,v,

we have

N™(u,v) = N"(F (), F(V)).
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Chapter 3

Background and literature review

3.1 Optimal stopping theory

Before we can start the review of literature on optimal stopping games, we need to recall certain
facts and methods from the optimal stopping theory. We follow Karatzas & Shreve (1998) and
Peskir & Shiryaev (2006) to outline the martingale and the Markovian aspects of the theory. We
refer to Definition A.1.9 for the concept of a martingale (and also of a super- and submartingale),

and to Definition A.1.10 for the concepts of Markov and strong Markov process.

3.1.1 Martingale approach

Let a filtration (7)o 7] satisfy the usual conditions, and let (X;) be an (J;)-adapted stochastic
process. Assume that (X;) € £;. In order to avoid some technical difficulties, we additionally
take (X;) to be non-negative (and explain in Remark 3.1.8 how to treat the general case).
Consider an optimal stopping problem
V =supEX;. 3.1
teT

The problem involves two tasks: to characterise the value V, and to present an optimal stopping
time T at which the supremum is attained. In order to do this, we need the notion of essential

supremum/infimum of a family of random variables.

Definition 3.1.1. Let {Zy } 1 be a non-empty family of random variables. The random variable
Z* is called the essential supremum of the family {Zy}qcr (relative to the probability measure
P), if the following conditions are satisfied:

P(Zoy <Z")=1foreach a.€1;
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3.1 Optimal stopping theory

if Z is another random variable satisfying P(Zo, < Z) = 1 for each o. € 1, then
P(Z"<Z)=1. 3.2)

The random variable Z* is called the essential infimum of the family {Zy}qcr (relative to the

probability measure P), if the following conditions are satisfied:
P(Zo > Z") =1 foreach a. €1
if Z is another random variable satisfying P(Zo, > Z) = 1 for each o. € 1, then
P(Z*>Z)=1. (3.3)
The essential supremum and infimum are denoted essSupy g Zo, and essinfycp Zg.

Remark 3.1.2. It is clear from (3.2), (3.3) that the essential supremum and infimum, when exist,

are unique up to P-a.s.

Definition 3.1.3. A family of random variables {Zy} qc1 is called upwards directed if it is closed
under pairwise maximisation, that is, if for any o, B € I there exists y € 1 such that Z, VZg <Zy,
P-a.s. A family of random variables is called downwards directed if it is closed under pairwise

minimisation.

Lemma 3.1.4. (Karatzas & Shreve, 1998, Theorem A.3) Let {Zy}qc1 be a non-empty family of
non-negative random variables. Then esssup,yZqy exists. Moreover, if the family {Zy}qer is

upwards directed, then there exists a countable set {0, },>1 such that

esssupZy = lim Zgy, P-a.s.,
ael oo

where Zy, < Zy, < ... P-a.s.

Remark 3.1.5. For the essential infimum, the symmetric property holds: if the family {Zy }qe1 is

downwards directed, then there exists a countable set {0, },>1 such that

essinfZy = lim Zy, P-a.s.,
oel i—yeo

where Zy, > Zgy, > ... P-a.s.

Let us return to the optimal stopping problem (3.1). We will think of it in an extended sense
and will allow it to “start” not necessarily from time zero, but from an arbitrary stopping time.

More precisely, for 6 € T(J;), we define

To={t1€T(F): 1>86, P-as.}, (3.4)
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3.1 Optimal stopping theory

so that Tp = T(F;) = T, and

Z(0) = esssupE[X¢|Fp].
t€Ty

The family of random variables {Z(0) }gc gives rise to the so-called Snell envelope of (X;) —

the process (Z°) from the following theorem.

Theorem 3.1.6. (Karatzas & Shreve, 1998, (D.6)), (Karatzas & Shreve, 1998, Theorem D.7)
There exists a cadlag (F;)-supermartingale (Z°) such that

73 =Z(8), P-a.s. for every ® € T;

(Z°) dominates (X;) (Definition A.1.8).

Moreover; (Z°) is the smallest cadlag supermartingale that dominates (X;), i.e. if (Z;) is another

cadlag (F;)-supermartingale that dominates (X;), then (Z;) dominates (Z?).
Note that to say that a stopping time t* is optimal in (3.1) is equivalent to saying that

EXy+ = Z3 = supEX;.
1T

The following theorem further explains the link between the concept of the Snell envelope and

the optimal stopping problem (3.1).

Theorem 3.1.7. (Karatzas & Shreve, 1998, Theorem D.9) The stopping time T° is optimal in
(3.1), if and only if

. 2* = X+, P-a.s.,
* (Zto/\r*)te[o,T] is an (J;)-martingale.

Due to the latter claim of Theorem 3.1.7 and to the supermartingale property of the Snell en-
velope, the approach to optimal stopping based on Snell envelopes is often referred as martingale

approach.

Remark 3.1.8. The results of this section can be extended beyond non-negative processes in the
following way. For (X;) € Ly, and any s € [0,T], note that

E[tei[g’fT}XA?s} > —oo.

Define for s € [0,T]
£ :XS—E[ inf X,|3fs]
t€[0,T]
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3.1 Optimal stopping theory

Observe that X; > 0, because

E Lei[g:fﬂ X, |3"S} — X, AE Le[o%?]f\ {X}X, ysz] .

Then we have

Z(0) = esssupE[X¢|Fg| = esssup (E[Yﬂrfe] +E []E[ inf X;|J7] |3”9])

€Ty €Ty 1€[0,T] (3.5)

:esssupE[defe]—I—E[ inf X,|3”e]
1€Tg t€[0,7]

Since the process (X;) is non-negative, for the family {Z(0)}gcy defined as

Z(0) := esssupE[X;|TFg],

1€Ty
we can construct the corresponding Snell envelope (Theorem 3.1.6), and apply Theorem 3.1.7 to
characterise the optimal stopping time T*. Since the second term in (3.5) does not depend on T,

the stopping time T* would be optimal in the original problem (3.1) as well.

3.1.2 Markovian approach

The martingale approach of Section 3.1.1 is applicable for a large class of processes (X;), but it
has a disadvantage of not providing an explicit solution to the optimal stopping problem (3.1).
One way to make the approach more explicit is to additionally assume that the Markov property
holds.

Let (X;),c[o,r] be a strong Markov process defined on a filtered probability space (Q, F, (), Py),
where Xy = x under the measure PP, and (J;) satisfies the usual conditions. We assume that (X;)
takes values in a measurable space (E,B). We assume that (X;) is right-continuous and quasi
left-continuous. For the ease of presentation, we also assume that (X;) is time-homogeneous.

Let a measurable function F : E — R belong to the space L;f defined as

LY :={R:E Rsuchthat E;[ sup [R(X;)|] <ooforallxe€E}, (3.6)
t€[0,T]

where [E, denotes the expectation with respect to the measure P.

Let T = o. Consider the optimal stopping problem

V(x) = supE F (Xz). 3.7)
teT
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3.1 Optimal stopping theory

The case of finite horizon T' < e can be treated similarly. Note that the process (¢,X;) is an

R?*1_valued Markov process. In this case, we consider the optimal stopping problem

V(I,)C) = sup EXF(I+T7XH—T)'
1€T:.0<t<T—t

For simplicity of notation, in the sequel we assume that T = oo, and additionally that F (X..) = 0.
As with (3.1), the goal is to characterise the value function V(x) and the optimal stopping

time t* that delivers the supremum in (3.7). For a subset D C E, denote
tp = inf{r € [0,00] : X; € D}, (3.8)
where we adopt the convention inf() = co. We will need the following definition.

Definition 3.1.9. Let C C E be a measurable set, and let D = E \ C. A measurable function
R : E — Ris said to be superharmonic in C if

ExR(Xtrry) < R(x)

forallt € Tandall x € E.
R is said to be subharmonic in C if

ER(Xtprp) > R(x)

forallt€e Tandallx € E.

R is said to be harmonic in C if
E,R(Xznrp) = R(x)
forallte T andall x € E.
Remark 3.1.10. A measurable function R : E — R is superharmonic in E if and only if
ExR(X:) < R(x)

forallt € T and all x € E. Similarly for subharmonic and harmonic functions in E, the variable

Tp = oo disappears from the definition.

Proposition 3.1.11. (Peskir & Shiryaev, 2006, (2.2.8)) R is superharmonic in E if and only if

(R(X;)) is a right-continuous supermartingale under P for every x € E.

20



3.1 Optimal stopping theory

Introduce the continuation set
C={x€E:V(x)>F(x)}

and the stopping set
D={x€E:V(x)=F(x)}.

The sets C and D have such names due to (Peskir & Shiryaev, 2006, Theorem 2.4), which states
that, if there exists an optimal stopping time t* in (3.7), then (under some additional continuity

assumptions) the stopping time Tp is optimal in (3.7).

Remark 3.1.12. The algorithm of finding the value function of the Markovian optimal stopping
problem (3.7) can be summarised as follows. By (Peskir & Shiryaev, 2006, Theorem 2.7), (Peskir
& Shiryaev, 2006, Corollary 2.9), the problem reduces to finding the smallest superharmonic
function V that dominates the function F on E. The latter problem is equivalent to solving the
following obstacle problem:

LxV <0,

V>F,
where Ly is the infinitesimal operator of (X;) — an integro-differential operator acting on func-
tions G : E — R given by (Peskir & Shiryaev, 2006, (7.0.11)). This connection between the
optimal stopping in Markovian framework and partial integro-differential equations will be fur-

ther explored in Sections 3.3 and 3.4 in the context of optimal stopping games.

3.1.3 Approach based on functional analysis

Recall the functional N” defined in Section 2.4.1. We will follow Meyer (1978), which extended
the earlier results of Baxter & Chacon (1977), and study certain compactness and continuity
properties of this functional. Our goal is to use these properties to show that the supremum of
this functional is attained, and then deduce the existence of an optimal stopping time in (3.1).
Recall that, for a filtration (5),c[0,77, by A°(F7) (2.4) we denote the set of generating pro-

cesses of (J;)-randomised stopping times. Consider
A7 :={(ps) : t = p;(o) cadlag, non-decreasing, po_(®) = 0 and pr(®) = 1 for all ® € Q},

which is the same set of generating processes but without the adaptivity condition. Note that the
functional N" (2.7) can be extended to (p;) € A™: let

N(p,X) =EF { / Xsdps} :
[0,7]
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3.1 Optimal stopping theory

With an abuse of notation, we denote this extended functional N”(p,X). There is the following

result on convergence of such functionals.

Theorem 3.1.13. (Meyer, 1978, Theorem 8’) Assume that, for some (p?),(p;) € A~, we have
n—soo

N'(p",X)"=" N"(p,X) for all continuous bounded processes (X;). Then, N"(p",X)"="N"(p,X)
for all cadlag regular (Definition 2.3.2) processes (X;) € Ly.

In Chapter 4, the reader will see an extension of Theorem 3.1.13 to a functional depending
on two randomised stopping times. Due to an additional adaptivity assumption therein, we were
able to prove this in a more straightforward way. Results of this kind emphasise the importance
of regular processes in our study.

The proof of Theorem 3.1.13 relies on several ideas from topology, functional analysis, and
theory of projections of stochastic processes (Section A.5.1) which we proceed to overview.

Let D denote the space of bounded cadlag processes, and C C D the space of bounded con-
tinuous processes. The following theorem provides a correspondence between linear functionals

on C and elements of A~.

Theorem 3.1.14. (Meyer, 1978, Theorem 2) For any linear functional H on C such that |H(X)| <
E [sup, | X[}, H(1) = 1, there exists a unique (up to indistinguishability) (p;) € A~ such that

N'(p,X) = H(X).

Remark 3.1.15. Let us draw a parallel between the set A~ and a certain set of probability mea-
sures. Meyer (1978) calls a probability measure v on Q x [0,T]| a randomised random variable
(variable aléatoire floue), if the projection of v on Q is P. For a randomised random variable v

and a bounded measurable process (X;), denote
v(X) = / X;(@)dv(w,s).
Qx[0,T]

Disintegration theorem (Dellacherie & Meyer, 1978, pp. 78-80) provides a correspondence
between a randomised random variable v and a unique (up to indistinguishability) cadlag non-

decreasing process (p;) with po— = 0 via equality
V(X) =N"(p,X) (3.9)

that holds for all non-negative processes (X;). Since the projection of v on Q is P, we see that
pr = 1, and therefore (p;) € A™.
The terminology of Meyer (1978) evolves around the set of randomised random variables,

but we will use the identification described above and proceed to study the set A™.
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3.1 Optimal stopping theory

Note that, according to (3.9), for any (p,) € A~ there exists a linear functional on C satisfying
the properties listed in Theorem 3.1.14. Therefore, the correspondence between (p;) € A~ and
such functionals 3 on C is one-to-one.

The weak topology (see Section A.3.1) on the set A~ is introduced as the coarsest topology
such that the mapping p — N"(p,X) is continuous for any (X;) € C. Meyer (1978) establishes
weak compactness of the set A, and further proves that the set A°(J;) is weakly closed. We see
that the set A°(J;) is a weakly closed subset of the weakly compact set A~. Therefore (Theorem
A.2.3), the following holds.

Theorem 3.1.16. (Meyer, 1978, Theorem 3) The set A°(F;) is weakly compact.

By definition, the weak convergence of (p}') € A~ to (p;) € A~ means that N"(p",X) —
N"(p,X) for processes (X;) € C. It turns out that the convergence holds for a more general class

of processes. The following theorem is a step in the proof of Theorem 3.1.13.

Theorem 3.1.17. (Meyer, 1978, Theorem 5) Let (p}) C A°(F;) be a sequence that converges
weakly to (p;) € A~. Then, N"(p",X) — N"(p,X) for any regular process (X;) € D.

The result of Theorem 3.1.17 can be applied as follows. The mapping p — N"(p,X) is
continuous on A°(F;) with respect to the weak topology on A~. We also know (Theorem 3.1.16)
that the set A°(J;) is compact with respect to the same topology. This allows to apply the extreme
value theorem (Theorem A.2.4) to deduce that, for a regular process (X;) € D, the supremum

sup N'(p,X) (3.10)
pEA(T)

is attained. This is equivalent to existence of an optimal randomised stopping time in

V= sup EX;.
1eTR(F,)
Moreover, it can be shown that the supremum is attained at a pure stopping time. To clarify
this, we need a concept of extreme point. A point x of a vector space § is called an extreme
point, if it cannot be expressed as a convex combination of two points of S different from x. It
turns out that the generating processes of pure stopping times are extreme points of the set of
generating processes (Pennanen & Perkkio, 2018, Lemma 2). Then, to prove that the supremum
in (3.10) is attained at a generating process of a pure stopping time, one needs to verify (Pennanen
& Perkkio, 2018, Theorem 1) the assumptions of Bauer’s maximum principle (Choquet, 1969,

Theorem 25.9), which are the conditions for a function to attain its maximum at an extreme point.
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3.2 Martingale approach to games

In Bismut (1977a), the ideas described in this section are used to prove the existence of a
solution to a certain mixed problem of optimal stopping and control. We also refer to Pennanen
& Perkkio (2018) for a more recent generalisation of this approach. In the optimal stopping
problem of Pennanen & Perkkit (2018), the process (X;) is required to be neither cadlag nor
regular for a solution to exist. However, in Pennanen & Perkkio (2018), the notion of solution is
different: instead of optimal stopping times, the so-called optimal quasi-stopping times (or split
stopping times (Dellacherie & Meyer, 1982, Appendix 1.14)) are studied.

We note that the approach of Meyer (1978) is close to the one we take in Chapter 4. Albeit the
core functional studied therein (p,%x) — N(p,¥) is bilinear, while the functional p — N"(p,X) is
linear, and despite the fact that in Chapter 4 we work in a different topology on A°(F;), the main

ideas are still applicable.

3.2 Martingale approach to games

In Section 3.1.1, we introduced an optimal stopping problem and outlined the martingale ap-
proach to finding an optimal stopping time that delivers the supremum therein. The main object
of our study is optimal stopping games, where there are several (in this thesis, usually two)
players and each of them chooses a stopping time in order to maximise or minimise a certain
functional. Some methods used in order to find “optimal” stopping strategies in this context have
a parallel in optimal stopping theory. In this section, we describe the martingale approach to

optimal stopping games.

3.2.1 Zero-sum game

We start by reviewing the set-up and results of Lepeltier & Maingueneau (1984).

Consider the continuous-time setting of Section 2.3 with the time horizon 7 = . Let a
filtration (J7),c[0,.o) Satisfy the usual conditions. Let (f;);e(0,e0] (81)se[0,0) D€ Tight-continuous
processes optional with respect to (J;). Lepeltier & Maingueneau (1984) additionally assume

that fo. = g = 0, and that the following order condition holds:
fi > g forallt € [0,00) P-a.s. (3.11)

Let T and ¢ be (JF;)-stopping times chosen by, respectively, the first and the second player.
We assume that at time T A 0, the first player delivers to the second player the random payoff

P(1,6) = filjreo) + 8ol {o<r}- (3.12)
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3.2 Martingale approach to games

Since the first player (or T-player) is the one who pays this amount, she is the minimiser in the
game, while the second player (or 6-player) is the maximiser. The combined wealth of the two
players does not change, and for this reason such games are known as zero-sum games.

We denote the expected payoff as

N(t,0) = E[P(1,0)].

Remark 3.2.1. The game described above is a war-of-attrition due to the condition (3.11). War-
of-attrition refers to the fact that each player at each moment of time would benefit more from
the other player stopping the game rather than from stopping herself. This canonical class of
Dynkin games will appear multiple times below. Its complement are the so-called pre-emption
games, in which players have an incentive to stop first (see e.g. De Angelis & Ekstrom (2020),
(Fudenberg & Tirole, 1991, Section 4.5.3), Boyarchenko & Levendorskii (2014)). In Chapter 5,
we study a “mixed” optimal stopping game that is neither a war-of-attrition nor a pre-emption

game.

Remark 3.2.2. In the literature, a more general payoff than (3.12) is sometimes considered (see

e.g. (3.18) below): one of a form
P(,0) = filfreo) + &ol{o<n) + Ml {z—c}, (3.13)
where the “middle” payoff process (h;) is commonly assumed to satisfy
fi > >giforallt € 0,00) P-a.s. (3.14)

In Section 3.3, we consider a game with such “middle” payoff (that additionally has a specific
Markovian structure).

Remark 3.2.3. In papers concerned with financial applications of Dynkin games (see e.g. Sec-
tions 3.4.2-3.4.4 below), one can often encounter the payoff of a form

P(t,0) = e_”fTI{KG} + e_mgol{cgr},

for some fixed constant r € (0,00). The exponential discounting term has a financial meaning
of money being worth more the sooner it is received, due to its capacity to earn interest. This

term does not cause any mathematical difficulties, as one can consider payoff processes (e~ f;),
(e7"g).

The two concepts defined below play the key role in studying zero-sum optimal stopping

games.
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3.2 Martingale approach to games

Definition 3.2.4. Define the lower value and upper value of the game as

V.:= sup inf N(1,6) and V*:= inf sup N(t,0).
GE{‘T(S’}) TG‘I(S’}) TG‘T(?[) GE{‘T(S’})

If they coincide, the game is said to have a value V =V, = V*. Existence of a value is also

sometimes called Stackelberg equilibrium.
Remark 3.2.5. It is clear from the definition of supremum and infimum that V, < V*.

Definition 3.2.6. A pair (t*,6%) € T(F;) x T(F;) is called a Nash equilibrium point (NEP, or

simply a Nash equilibrium, or sometimes a saddle point), if the following holds
N(t",0) < N(t*,6") < N(t,6")
foranyt,6 € T(F;).

Remark 3.2.7. Existence of a Nash equilibrium implies existence of a value. Indeed, if (t*,6%)
is a Nash equilibrium, then for arbitrary t,6 € T(F;) we have

V*= inf sup N(t,0)< sup N(t,6") <N(t",6")

€T (F;) 0T (F;) ocT ()
< inf N(t",0) < sup inf N(t,0)=V;,
€T (F) c<€T(F;) €T (F)

therefore V* < V.. The opposite equality always holds (Remark 3.2.5), so the upper and the

lower values coincide, and the value V =V, = V* = N(t*,0%) exists.

Lepeltier & Maingueneau (1984) study the existence of the value and of the Nash equilibrium
in the game using an extended Snell envelope approach described in Section 3.1.1 in the context
of optimal stopping problems. More precisely, they define two families of random variables

indexed by stopping times 0 (c.f. Theorem A.5.2):

S.(0) = esssupessinfE[P(1,06)|Fg] and S*(0) =essinfesssupE[P(t,0)|Fo], (3.15)

ocTy €Ty €Ty 0€Ty

where Ty is the set of stopping times that exceed 6 as in (3.4).
The authors prove (Lepeltier & Maingueneau, 1984, Theorem 7) that there exist measurable

optional processes (S (t))iec[0,0] and (§*(t))t€[0,m} such that
S.(8) = S$.(0), $*(8) = §*(0), P-a.s. forall © € T.
Moreover, if we define, for € > 0, the random times

D.(g) = inf{r € [0,00] : 8,(t) > f, —€}, D*(e) =inf{t € [0,00] : $*(¢) < g, + ¢},
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3.2 Martingale approach to games

then it turns out (Lepeltier & Maingueneau, 1984, Theorem 11) that the stopped process (S* (t A
D.(€)))sc[0,00 1S @ submartingale, while the stopped process (Si(t A D*(€)));e[o,] 1S @ Super-
martingale (c.f. the supermartingale property of the Snell envelope of Theorem 3.1.6). This
allows to deduce (Lepeltier & Maingueneau, 1984, Corollary 12) that, for all stopping times 6,

S.(8) = §*(0), P-as., (3.16)

and, in particular (for 8 = 0), that V, = V*, and hence the game has a value.
The equality (3.16) holds for stopping times 0, and, in particular, for any constant time ¢t €
[0,00] we have S, (f) = 8*(¢) := S,. We already mentioned that (St)re[0,) is @ measurable process.

Under an additional condition
limg, <Pg;, limsupf; <?f,
st st

where the (Pf;),(Pg;) denote the previsible projections of (f;),(g;), the process (S;) yields the
saddle point of the game (Lepeltier & Maingueneau, 1984, Theorem 15) via

T =inf{r € [0,00] : S; = f;}; o  =inf{r € [0,00] : S; = g}

3.2.2 Nonzero-sum game

Ideas of Lepeltier & Maingueneau (1984) are extended in Hamadene & Zhang (2010) for a study
of a nonzero-sum game.

Let the time horizon 7' < oo, and let (J7),¢[o,7] be a filtration that satisfies the usual condi-
tions. Consider four cadlag (J;)-adapted processes (f),(f?),(gl),(g?) of class (D) (recall the
definition from Remark 2.3.1). As above, let there be the first and the second player who choose

(F;)-stopping times T and o, respectively. Define the random payoffs

P1(t,0) = gljz<o) + folion)s

) 5 (3.17)
Pa(t,0) = 8clic<t) T [t <o}

and denote
Ni(t,0) = E[Pi(1,0)]

for i = 1,2. We assume that at time T A G, the first player obtains the amount P; and the second
player obtains P,. Therefore, unlike in the zero-sum of Lepeltier & Maingueneau (1984), both
players in this nonzero-sum set-up are maximisers. We also assume that £’ > g’ (i = 1,2) for all

t € [0,T] P-a.s. In other words, if the player i is the leader (i.e. stops the game first), she receives
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3.2 Martingale approach to games

the (smaller) payoff g'. If the player i is the follower (i.e. does not stop first), she receives the
(larger) amount f'. Thus, this game is a war-of-attrition (recall Remark 3.2.1).

Hamadene & Zhang (2010) impose additional assumptions on the processes (f), (g!) (i =
1,2): namely, the processes (g¢) have only positive jumps, and for any 1 € T(J;), there holds
P({gn < fa} \{gn < fa}) = 0. Under these and the above assumptions, the authors study the

Nash equilibrium of the game, which in this setting is defined as follows.

Definition 3.2.8. A pair (t*,6%) € T(F;) x T(F;) is called a Nash equilibrium point, if
Ni(t,6%) < Ni(1°,0%), Na(T",0) < Np(T%,07)

foranyt,6 € T(F;).

The main result of Hamadene & Zhang (2010) is that a Nash equilibrium exists. The proof
relies on constructing a decreasing sequence of pairs of stopping times (T,,G,) whose limit is a
Nash equilibrium. The construction uses a sequence of Snell envelopes and iterative application
of Theorem 3.1.7 to the resulting sequence of optimal stopping problems.

More precisely, let T = 6; = 7. Assume that for some n > 1, T, and G, are defined. Set for
every 1 € [0,T]

1,
" = eSSS;JPE[g%I{nmn} + fodinza,} 1),
neJ:

and

~ . . 17 1 . %n+1 if%n+1 < Gn;
Torr =inf{r € [0,T]:S," =g, } ACp;  Tyy1 = L
T, if T,41 = Op.

Similarly, let

2, > >
S;" = ess ?PE[gnl{n<cn+1} + fo Iz 151,
neJs

and

~ . o 2n 2 ] Ont1 1 Gpy1 < Tyt
Cnt+1 = lnf{l < [O7T] g\ :gt}/\Tn+1a Ont1 = p ~
Gn if 611 = Tut1-

This iterative procedure yields a sequence of “best responses” for each player, in a sense that

(Hamadene & Zhang, 2010, Lemma 3.3), for any 1 € 7 and any n > 1,

Nl (T]acn) S Nl (Tn+176n)a N2(1n+17n) S N2(1n+176n+1)‘

This, together with a few auxiliary lemmata, proves (Hamadene & Zhang, 2010, Theorem 2.2),

that is, that the couple T* := lim,,_,. T;;,6" := lim,,_, G,, forms a Nash equilibrium of the game.
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3.2 Martingale approach to games

3.2.3 Backward stochastic differential equations

In this section, we again consider a zero-sum game. Cvitanic & Karatzas (1996) draw a con-
nection between its value and a solution of a certain system of stochastic differential equations
(Section A.7). First, we need to give a rigorous definition of such a solution.

Let T < oo, and let (F});¢[o,r] be a filtration that satisfies the usual conditions. Let (f;);[0,77,

(81)re[o,7] be continuous processes adapted to (JF;). Assume that

E[t:;%}(ﬁ)z} < oo, E[f:{l(l)g}(gﬂ < oo,

and
f; > g forallt € [0,T] P-a.s.

Let i be an F7-measurable square-integrable random variable such that
gr <h< fr, P-as.

LetR:[0,7] x Q x R x R? — R be a P x B(R) x B(R?)-measurable function, where 3 denotes
the previsible sigma-algebra. Assume that
T
]E/ (R(t,0,0,0))%dt < oo,
0
|R(t70*)7-x7y) —R(t,(x),xl,y/)| < k(|x_x/| + ||y_y/||)7
forall € [0,T]; ® € Q; x,x’ € R; y,y € RY and for some k € (0, ).

Definition 3.2.9. Let the processes (f;),(g:), the random variable h, and the function R be as
above. Let (X;), (K;) be R-valued and (Y;) an R?-valued stochastic processes. Let (X;), (Y;), (K;)
be (F;)-adapted. We say that the triple ((X;), (Y;), (K;)) is the solution of the backward stochastic
differential equation (BSDE) with reflecting barriers (f;), (g;), terminal condition % and driver

R, if
K =K"—K ,

T T
X, :h+/ R(s.X, Yy)ds +Ki — K — (Ky —K") —/ (Y, dW,),
t t
gt SXI‘ S ﬁ)
T T
/ (Xs_gS)sz+ :/ (fs_XS)dK; =0,
0 0

forallt € [0,T] P-a.s., where (W,) is the standard d-dimensional (F;)-Wiener process, and where
the following additional properties hold:
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3.3 Markovian approach to games

* (K;"),(K;") are continuous, non-decreasing, (¥;)-adapted processes with Kj = K; =0,
E[(K7 ) E[(K7)?] < oo,

« (%) is an (F,)-previsible process with [] E||Y,||*ds < o.
The process (X;) is called the state process and (Y;) the noise process of the solution.

Assume that there exists a solution ((X;), (Y;), (K;)) of the BSDE above. Define forz € [0, T],
e Q,
r(®) =R(t,0,X (), (w)).

Finally, fix r € [0,T], and for t,0 € T, define the payoff of a game at time ¢ via

TAC
Pi(t,0) = filreo) T 8oljo<tinfo<Ty T Mio=T}N{r=T} T+ /t rudu.

Here, similarly to the classical set-up of Lepeltier & Maingueneau (1984), T is the stopping
time chosen by the first player, © is the stopping time chosen by the second player, and at time
TAGAT, the first player delivers to the second player the random amount Py(t,0).

Consider

S.(t) = esssupessinfE[P;(7,06)|F;] and S*(r) = essinfesssupE[P;(t,0)|F;].
occT; 1€7; t€T;  oeT;

According to (Cvitanic & Karatzas, 1996, Theorem 4.1),
S«(t) =8*(t) = X;, P-a.s. forall t € [0, T],

where (X;) is the state process (Definition 3.2.9) of the BSDE above.

3.3 Markovian approach to games

As with optimal stopping problems (see Section 3.1.2), optimal stopping games that have Marko-
vian structure are of special interest. Following Ekstrom & Peskir (2008), we provide the condi-
tions for existence of the value function and of Nash equilibrium in a Markovian optimal stopping
game.

Consider a filtration (J7),c[0,.o] that satisfies the usual conditions. Consider a strong Markov
process (X;), defined on a filtered probability space (Q,F, (F;),Py), with values in a measurable

space (E,B). Here, for x € E, we assume that Xy = x under P,.
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3.3 Markovian approach to games

Consider a zero-sum game with the payoff
P(r,0) = F(Xo)[1<0) + G(Xo){o<ry + H(X2)[{r=0} (3.18)
where F,G,H € Lff (recall the integrability condition (3.6)). As before, we denote
Ny(T,0) = E,[P(7,0)].

We assume that F, G, H are continuous functions that satisfy (c.f. the order condition (3.14))

G(x)<H(x)<F(x) Vx€E, (3.19)
and that

lim G(X;) = lim F(X;), Py-a.s. (3.20)

f—3o00 f—3o0

Recall the non-Markovian Definition 3.2.4 of the lower and upper value. Since in the current
set-up, the probability measure depends on the starting point x of the underlying process, the

lower and upper value of the game become a function of x, as in the following.

Definition 3.3.1. For the game with the payoff (3.18), the lower and upper value (functions) are

V. (x) = sup inf Ny(t1,0); V*(x) = inf sup Nx(T,0)
ccTteT 1€ToeT

If
Vi(x) =V*(x) forall x € E,

we say that there exists a value (function) V (x) := V. (x) = V*(x) for x € E.
Definition 3.3.2. A pair (t*,6") € T x T is called a Nash equilibrium, if
Ni(T%,0) < Ni(T%,6%) < Ny(T,67)
forallt,6 € T and for all x € E.
Let us quote the main result of Ekstrom & Peskir (2008).

Theorem 3.3.3. Consider the optimal stopping game (3.18). Let F,G,H € Lf be continuous
functions satisfying (3.19) and (3.20). If the strong Markov process (X;) is right-continuous, then
there exists a measurable value function V. If (X;) is right-continuous and quasi left-continuous
(recall Example 2.3.4), then the Nash equilibrium holds with

T =inf{t: X, € D}; 6" =inf{t : X, € D1}, (3.21)

where Dy ={x € E:V(x)=F(x)} and Dy ={x € E:V(x) = G(x)}.
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3.3 Markovian approach to games

The proof is closely related to the theory of Snell envelopes and the martingale approach to
optimal stopping. We provide a brief overview.
Fix arbitrary T € 7T, and consider the optimal stopping problem of the G-player

VT* (x) = sup]Vx(t,G),
oceT

where we set
G;: = F(XT)I{tgs} + G(XY)I{S<‘E}7 NX(T» G) = EX[GI%]'

Let (S7) be the Snell envelope of the process (G?) (recall Theorem 3.1.6). Using the Markov

property, the authors obtain a result stronger than in Section 3.1.1:
Vi (Xp) = E.S5, Pr-as.,
for any p < 1. The authors also prove that the family of random variables
{supMyx, (7,0) }rex
(¢}

is downwards directed for any p < t. Roughly speaking, this allows to replace the infimum/supremum
with the the limit and swap them with the expectation in

V*(x) = inf supM,(t,0).
1€TocT
We note the parallel with (Karatzas & Shreve, 1998, Proposition D.2), and with our approach in
Section 4.5.3. Ultimately, this results in the equality V* = V* = V,, which in particular implies
existence of the value. We omit the details on the proof of existence of Nash equilibrium and
its characterisation (5.23), and only mention that it is as well related to Snell envelopes and
Theorems 3.1.6 and 3.1.7.

One advantage of the Markovian framework is that it enables to characterise the value func-
tion of the stopping game as a solution of a certain system of variational inequalities. This
approach was pioneered by Bensoussan & Friedman (1974). Let LL be the infinitesimal generator
(see (Dynkin, 1965, Chapter III)) of the process (X;). The value function of a Markovian optimal

stopping game is the solution w of the equation of the following kind:

max{min{(—% —]L)[W],W—G(X)},W—F(x)}} =0. (3.22)

Depending on the regularity assumptions on F' and G, the exact definition of the solution of

(3.22) relies either on theory of solutions in Sobolev spaces or on theory of viscosity solutions to
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partial differential equations. We refer to (Brezis, 2010, Chapters 8-9), (Fleming & Soner, 2006,
Chapter II), respectively, for the details of these theories.

To finish this section, we mention that the superharmonic characterisation of the value func-
tion of an optimal stopping problem (Remark 3.1.12) is generalised in Peskir (2008) for the stop-
ping game described in this section. It turns out that the value function V, when it exists, admits
a so-called semiharmonic characterisation. Roughly speaking, it is the smallest superharmonic
function and the largest subharmonic function between G and F.

Our main results (Chapter 4) do not rely on the Markov property, and our approach is closer to
the martingale approach described in Section 3.2. For this reason, we omit further details on the
semi-harmonic characterisation of Peskir (2008), as well as a review of other important results
Ekstrom & Villeneuve (2006), Ekstrom (2006), Alvarez (2008) related to classical Markovian
optimal stopping games. On the other hand, in Chapter 4 we study a (non-Markovian) optimal
stopping game with asymmetric information, and the existing literature on such games tradition-
ally follows the Markovian approach. Therefore, we illustrate the other aspects of this approach

below in Section 3.4, in the framework of asymmetric information games.

3.4 Asymmetric information games

So far, we have only considered games with full information, where both players observe the
underlying filtration (J;), and their strategies are (J;)-stopping times. This section is devoted
to games with one or both players having incomplete information. The game itself in such a
situation is referred as a game with asymmetric information. Incompleteness of information
can be formalised via player(s) only having access to a subfiltration (G;) of the full information
filtration (). As we will see, the set of players’ strategies also changes in this situation.

Recall Section 2.4 and the concepts of mixed/randomised stopping times. As we will see,
these concepts are crucial for studying asymmetric information games. The value and Nash
equilibrium in such games may not exist in the classical sense of Definitions 3.2.4 and 3.2.6
(see, for instance, an example in (Griin, 2013, Section 2.1)). However, enlarging the set of
players’ strategies to include mixed/randomised stopping times allows to prove existence results
and study properties of the value/Nash equilibrium. This idea is not specific to Dynkin games
with asymmetric information and appears in more general game-theoretical frameworks - see
e.g. Cardaliaguet & Rainer (2009), Cardaliaguet et al. (2016), Gensbittel (2019).

In Section 2.4, we showed that equivalent stopping times induce the equivalent game payoffs.

Therefore, in the sequel, while reviewing papers on asymmetric information games, we omit the
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specifics of the definition of a mixed/randomised stopping time the authors use.

3.4.1 Game with partially observed scenarios

In this section, we review the results of Griin (2013). We demonstrate the methodology the author
uses to prove that the value of a certain asymmetric information game exists, and outline the link
between the value and the solution of a certain system of partial differential equations (PDEs).
Fixd € Nand 7 € [0,T]. Let (W,),c[o,r] be the standard Wiener process in RY. For s € [t,T],
let J(; ; be the sigma-algebra generated by paths of (W,) on [¢,s]. Consider the diffusion process

that starts at time ¢ from the point x € R?, i.e. the process (X;) selr,r] With dynamics
dX'™ = b(s,X!") +a(s,X!")dW;, X" =x,

where a = (ax;)1<ki<qand b: [0,T] x R R?, ay; : [0,T] x R? R (1 < k, [ < d) are bounded
and Lipschitz continuous functions (see Section A.7 for a justification of the latter assumption).

Let I € N, and let the scenario random variable J take values {1,...,I} with probabilities
{p1,...,pr}. We require J to be independent of o 7. The idea behind the asymmetric informa-
tion game is that J is observed by one of the players but not by her opponent. Fori € {1,...,1},
let F;,G;,H; : [0,T] x R? — R be bounded and Lipschitz continuous functions.

Let us denote by T(t) the set of (H; ;) e[ 7)-stopping times, and by T%(z) the set of (H;s)-
randomised stopping times. For i € {1,...,1} and 1;,6 € TX(t), define the payoff

Ni(t,x,7:,0) = E[F(t1, Xy )M r<onfmi<1) + Gi(0,. X6 M o< + Hi(Xp M ggm1]-
Denote by A(I) the simplex of R!. For vectors p := (py,...,pr) € A(I) (satisfying p; > 0 for all

iand Y!_, p; = 1 by definition of the simplex) and T := (ty,...,7) € (TR(¢))’, let

N(t,x,p,T,0) = Zp, (t,x,7;,0

The lower and upper value of the game are defined as

Vi(t,x,p) = sup inf  N(t,x,p,7,6) and V*(t,x,p)= inf  sup N(¢,x,p,T,0).
ocTR(t)te(TR(1))! te(TR(1)) 6eTR(1)
To prove that the value of the game exists means to prove that, for every (¢,x,p) € [0,T] x
RY x A1),
Vi(t,x,p) =V*(t,x,p).
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In order to prove this equality, Griin (2013) uses the theory of viscosity solutions to PDEs. Define
the differential operator

2(w(t,x wit.x
Llwl(t,x,p) = %trace (a(t,x)aT(;,x)W) + (b(t,x),W>

(recall that the trace of a matrix is the sum of the elements on its main diagonal). Define, for
p € A(I) and a symmetric / X I matrix A,
(Az,z)

in 7A = i ?
Min(p,A) = 1R, T

where C = Uy ~o(A(I) — p)/\ is the tangent cone to A(/) at p.
Finally, consider the following equation on w:

2
max{max{min{(—% —L)[w],w— (G(t,x),p)},w— (F(t,x),p)},?»min(p, 372})} =0,
w(T,x,p) = (p,H(T x)),
(3.23)
where, similarly to the above, F = (Fy,...,F;), G=(Gy,...,Gj), H= (Hy,...,Hj).

Roughly speaking, A, appears in (3.23) as a condition of concavity of w with respect to p.
Let us clarify this using the example I = 2. If there are only two possible scenarios, then their
probabilities satisfy p, = 1 — p;. Then, (pi1,p2) is a point of an interval on the plane, and C
is either a line or (if p; = 0 or 1) a half-line. In this case, it can be proven that the directional
derivative Apin(p, 3272”) reduces to the partial derivative 327?, where w(p1) :=w(p1,1 — p1).

By (Griin, 2013, Theorem 3.4), the value function of the game exists and is a solution of
(3.23) in a suitable viscosity sense (Griin, 2013, Definitions 3.1 and 3.2). This result is obtained
by first proving certain continuity and convexity properties of the functions V, and V* (Griin,
2013, Propositions 5.1 and 5.2), and then by deriving the so-called dynamic programming prin-
ciples (see (Fleming & Soner, 2006, Section I1.3)) for V, and V* (Griin, 2013, Theorems 5.8 and
5.3). Finally, the comparison principle (see (Fleming & Soner, 2006, Section V.8)) (Griin, 2013,
Theorem 3.3) allows to combine the results for V, and V* into (Griin, 2013, Theorem 3.4).

3.4.2 Game with two partially observed dynamics

In the set-up of Griin (2013), as well as in the papers considered below in Sections 3.4.3 and 3.4.4,
the information parameters of the game do not evolve over time. In Gensbittel & Griin (2019),

they do: the information available to a player consists of observations of a Markov process, and
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3.4 Asymmetric information games

the two players observe two different processes. The payoff of the game then depends on both
of the Markov processes. We specify the set-up and overview the results below.

Consider two independent time-homogeneous Markov processes (X;), (¥;) with state spaces

{1,....,1},{1,...,J}, initial laws p € A(I), g € A(J) and infinitesimal generators R = (R; ); ie(1....

0= (Q_,-J/)j’j/e{lmj}, respectively.
The payoff processes are discounted functions F > G of the underlying processes (X;), (¥;).
That is, the expected payoff of the game, given a choice of random times T and ¢ for the first and

the second player, reads
Np4(T,0) = E[e_mF(Xt»Yt)I{Kc} + e_rGG(XnYt)I{cgr}]-

The minimiser is assumed to have access to the information (F%) (recall Section 2.3) and
the maximiser is assumed to have access to the information (F7). The upper and lower value

functions of the game are defined as

Vi(p,q) = sup inf Np4(t,06); V*(p,q)= inf sup Ny 4(7,0).
ccTR(FY) e TR(FY) teTR(FX) 6cTR(FY)
The authors prove (Gensbittel & Griin, 2019, Theorem 3.3) that the game has a value V (p, q)
for all (p,q) € A(I) x A(J), and provide the following variational characterisation of V:

max { min {FV(p, q) — (VY (p.q).R"p) = (V4V(p,q),0" ),V (p.q) — G(p,q) }
(3.24)

V(p,q)—F(p,cI)} =0,

where V,V(p,q) and V,V(p, q) are the components of the gradient of V corresponding to vectors
p and g, respectively. As with the characterisation (3.23) of the value function in Griin (2013),
we omit the rigorous definition of the solution to (3.24) and the related constraints. Similarly
to (Griin, 2013, Theorem 3.4), the proof of (Gensbittel & Griin, 2019, Theorem 3.3) relies on
certain continuity and convexity properties of the function V* (Gensbittel & Griin, 2019, Lemma
3.5) and on the dynamic programming principle (Gensbittel & Griin, 2019, Proposition 3.7). The
corresponding properties of V. follow by symmetry of the model, and the comparison principle
(Gensbittel & Griin, 2019, Theorem 3.12) finishes the proof.

3.4.3 Games with a single partially observed dynamics

In De Angelis et al. (2021b) and De Angelis et al. (2021a), the incomplete/asymmetric infor-
mation feature is modelled differently from Griin (2013) and Gensbittel & Griin (2019). The
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3.4 Asymmetric information games

underlying dynamic (X;) itself is not fully observable by one (De Angelis er al. (2021a)) or both
(De Angelis et al. (2021b)) of the players.

Let us start by describing the set-up of De Angelis ef al. (2021b). Let the underlying process
be a geometric Brownian motion with a random drift that is unobservable by both players. More
precisely, let

dX; = (r —809)X;dt + 6X;,dW;, Xo=x>0,

where (W;) is the standard Wiener process in R, r, 8¢, are positive constants, and J is a random
variable that takes values 0 or 1 with P(J = 1) = 7 and is independent of (W;). The constant T is
assumed to be known to both players, but none of them observes J.

The payoff functions of the game are specified as follows: fix K,€p > 0 and consider
G(x)=(x—K)", F(x) = (x—K)" +¢.

Note that the integrability condition (3.6) is not satisfied for the functions G, F (De Angelis et al.,
2021b, Remark 2.1).

LetT = ‘J'(ﬁ'“tx ), where (ﬁ"ff ) is the filtration generated by (X;) augmented in a certain way (we
omit further details as they are not essential to describe the problem). For T,6 € T, the expected

payoff of the game is defined as
NXJE(Ta G) = E[eimF<XT)I{t<G} + eirGG(XG)I{th}]‘

Note that, since 8y > 0, the speed of growth of trajectories of F(X;) and G(X;) is [P-a.s. at most
exponential with the rate smaller than r, and therefore we have

limsupe " F(X;) = limsupe " G(X;) = 0, P-a.s.

t—roo -

(observe the similarity with the condition at infinity for the full information game without dis-

counting (3.20)). The upper and lower value functions are

Vi(x,®) = sup inf Ny z(7,0); V*(x,m) = inf sup Ny x(7,0).
ceTteT 1€ToeT
Note that, due to the dependence on J, the process (X;) is not Markovian. In (De Angelis
etal.,2021b, Section 2), the authors apply the filtering theory (Lipster & Shiryaev, 2001, Chapter
9) in order to increase the dimension of the state space and formulate an equivalent Markovian
problem. Informally speaking, filtering is used to progressively update the players’ estimate on J

based on their observation of (X;). The existence of the value and Nash equilibrium (De Angelis
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3.4 Asymmetric information games

et al., 2021b, Theorem 3.2) are then closely related to the classical results described in Section
3.3.

We emphasise that no randomisation is needed in this set-up: the strategies T, are pure
stopping times. An intuitive reason is that the information available to players is incomplete but
symmetric (they both cannot observe J). On the contrary, in De Angelis ez al. (2021a), one of the
players learns the true value of J as soon as the game starts. We proceed to describe the resulting
asymmetric information game.

The underlying dynamics of the game in De Angelis et al. (2021a) is a diffusion whose drift
depends on the realisation of the random variable J (J as above) in a general way, i.e. a process
(X;) in R with the dynamics

1
dx, = Zl{j:i},ui(Xz)df +06(X)dW,, Xo=x,
i=0

where (W;) is the standard Wiener process in R, and ug, 1, G are positive continuous functions.
The payoff processes are continuous functions F, G of the underlying process. That is, the
expected payoff of the game, given a choice of random times T and & for the first and the second
player, reads
Nin(t,0) = E[F (Xo)l(z<o} + G(Xo)(o<r}]-

We assume that F > G > 0 (c.f. the order condition in the classical set-up (3.19)). Note that the
functions F, G used in De Angelis et al. (2021b) by definition satisfy this property.

As we already mentioned, one of the players (the minimiser) is assumed to have access to the
information J. Her information flow is therefore modelled as F.~ := FX v 6(J) (recall Section
2.3 for the definition of the filtration (F%)). The upper and lower value functions of the game are
defined as

Vi(x,m) = sup inf  Nyg(t,0); V*(x,m)= inf sup Ny z(T,0).
oeT(FY) teTR(F) 1eTR(FXI) 0T (F)
The intuition behind T being randomised is that the informed player uses randomisation in order
to “gradually reveal” the information to their opponent when optimal. We also note the parallel
with the set-up of Section 3.4.1, where the informed player uses a vector of randomised stopping
times as her strategy. This parallel is clear upon noticing that T € J¥ (3",X’j) can be decomposed
as in Lemma B.1.2:

T="Tol{y—0} + T1l{5=1},

where Tp,T| € (.TR<3'}X).
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3.4 Asymmetric information games

An important step in solving the problem is to rewrite the game in terms of singular controls
- namely, the generating processes of the randomised stopping times Tp,T; (De Angelis ef al.,
2021a, Proposition 3.1). We will heavily rely on this idea in Section 4.3. For the set-up of the
current section, it allows to characterise the value function of the game as a solution of a certain
quasi-variational inequality (De Angelis et al., 2021a, (42)-(43)) that comes with a set of non-
standard constraints related to the informational asymmetry (De Angelis ef al., 2021a, Theorem
5.1).

3.4.4 Game with a random horizon

In Lempa & Matomiki (2013), the information asymmetry is introduced in yet another way.
Consider a classical Markovian stopping game (3.18). Assume additionally that it stops at an
exogenous random time 0 (more formally, that its payoff is zero after the time 0). Assume that
only one of the players observes the occurrence of 0, and that only she is able to make a stopping
decision at the time 6. We formalise this description below.

The underlying dynamics of the game is a one-dimensional diffusion
dXt = [J(X[)dt + G(Xt)dVVt, X() =X.

The payoff functions F', G, H are assumed to be continuous, non-decreasing, and to satisfy
¢ < G < H <F for some constant ¢ € R (c.f. (3.19)). Further, they are assumed to satisfy

]Ex[/ e "|F(X;)+G(X;) + H(X;)|| <o forall x,
0

where the discounting rate r € R is fixed (c.f. the integrability condition for Markovian problems
without discounting (3.6)).

Let 8 be an exponentially distributed random variable independent from (X;). Let A, :=
I{;ze}, and let Sf,X’e = CT’”,X V 6(Ay,0 < s <t). The occurrence of 6 indicates the end of the game

that only one of the players observes. That is, the expected game payoff is defined as
Ny(t,0) = E, (e_rTF(XT)I{‘C<G} + e_rGG(XG)I{cKr} + e_rTH(XT)I{T:G})I{‘C/\GSG} .

Lempa & Matomiki (2013) do not fix which player is informed (has access to the filtration
(fﬂx’e)), but instead consider two symmetric definitions of the lower/upper value (and thus two

symmetric games):

Vi(x) = sup inf  Ny(1,6); V*(x)= inf  sup N,(T,0)
o€T(F) 1eT(F59) 1eT(F59) 0T (FY)
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and
Vix)= sup inf N(t,6); V*(x)= inf sup Ni(1,0).
oeT(FX0) 1eT(F) 1€T(F) 6eT(F59)

The analysis of the two games is analogous. It relies on the specific structure of (&"tx’e) thanks
to which, for any 1 € T(FX?), there exists 7] € T(FX) such that N A O =M A6 P-a.s. (Lempa
& Matomiki, 2013, Lemma 3.1). This allows to rewrite the lower/upper value of the games
in a way that only involves (FX)-stopping times (Lempa & Matomiiki, 2013, Proposition 3.2,
Proposition 4.1). These auxiliary expressions involve the different payoffs that are obtained,
roughly speaking, by integrating out the information 0 from the payoff N,. The existence of the
value then follows from the classical results of Section 3.3. Using the diffusion structure of the
problem, the authors provide explicit expressions for the value (Lempa & Matomiki, 2013, (3.9),

(4.6)), and study its asymptotic behaviour with respect to the parameter of the distribution of .

3.5 Approach based on functional analysis

In this section, we provide a review of Touzi & Vieille (2002) which largely influenced the
approach we take in Chapter 4. Touzi & Vieille (2002) apply the ideas discussed in Section 3.1.3

to Dynkin games (with full information).

3.5.1 Setting

Consider (f1)e(o,r]; (&)refo,r]> (e )rejo,r] € Lp- Let Iy = F/ v F¢ V " (recall Section 2.3). As in
(3.13), the payoff of the game is set to be

P(r,0) = Jilirco) +8ol{o<ty + helio=1}- (3.25)

Recall that in Lepeltier & Maingueneau (1984), the value of the game was proven to exist for the
infinite horizon game without the “middle” payoff (%) (i.e. therein i, = f; for all t) and under
the order assumption

fi > g forallt € [0,00) P-a.s.

Touzi & Vieille (2002) relax the order assumption and prove that the value of the game exists if
the players are allowed to use randomised stopping time as their strategies.

Recall the set A°(J;) of generating processes of randomised stopping times defined in (2.4).
Instead of studying the expected payoff functional (t,6) — E[P(t,0)], consider a functional
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3.5 Approach based on functional analysis

acting on this set: for (&), ({;) € A°(F;), let
N(E, Q) =E {/ Ji(1-5)dg ‘|‘/ g (1-&)dg + Z hAG AL |, (3.26)
o] o7) o
where A, =& — &, and A, = {, — {,_. From Section 2.4.1 we know that, for 1,6 € T%(F;)

with generating processes (&), (§;), we have

N(E,C) =E[P(t,0)],
so the notation N that we commonly use for the expected payoff of a game comes at no surprise.

Remark 3.5.1. In the sequel, we will introduce a payoff (4.9)

NEQ=E| [ 0Lt [ a8l +iskal]. G20

’

where h is an Fr-measurable random variable. This payoff is a particular case of (3.26), to
which (3.26) reduces if hy = f; on [0,T). Indeed, in this case,

/m)ft(l —C)dé+ Y, mAEAL = /[o,n £i(1 =& )dE, + hr AEr ALy

t€[0,T]

by definition of AL, and A&;, and the random variable hy becomes the same as the random
variable h in (3.27). See Section 4.5.4 for a further connection between the payoffs (3.26) and
(3.27).

The lower and upper value of the game are then defined via the functional (3.26) as

Vi= sup inf N(§,0), V¥= inf sup N(E,OQ).
CeA° () EeA(Tr) EeA°(F,) Ce A ()
The main result of Touzi & Vieille (2002) is the that the game has a value in this extended sense

under the assumptions of the theorem below.

Theorem 3.5.2. (Touzi & Vieille, 2002, Theorem 3.1) Let (f;),(g:),(h:) € Lp. Let (f3), (g:) be
semimartingales with trajectories continuous at time T, P-a.s. Let f; > h; for allt € [0,T] P-a.s.
Then,

V.=V".

The proof of Theorem 3.5.2 involves an application of a general min-max theorem known as

Sion’s theorem.
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3.5 Approach based on functional analysis

Theorem 3.5.3 (Sion’s theorem). (Sion, 1958, Corollary 3.3) Let A and B be convex subsets of
a linear topological space one of which is compact. Let ©(u,V) be a function A x B +— R that
is quasi-concave and upper semicontinuous in u for each v € B, and quasi-convex and lower
semicontinuous in V for each u € A. Then,

sup inf @(u,v) = inf sup@(u,v).
UEAVEB VEB ucA

Definitions of terms used in the theorem are listed in Section A.4.1. For its proof and related
examples, we refer to Section 3.6.

The difficulty arises from the fact that the set A°(F;) does not satisfy the assumptions of
Sion’s theorem (this will become clear in Section 3.5.3, after introducing the topology we work
in). In order to overcome this, we will consider auxiliary subsets of the set of players’ controls
(and quantities that can be viewed as lower/upper values of auxiliary games). We then prove
that these auxiliary games have the same lower and upper value V, and V*. This is achieved by
constructing a sequence of controls that approximate a general control from A°(J;) in a suitable
sense. The final step is to verify the conditions of Sion’s theorem and apply it to show that the
auxiliary games have a value.

More precisely, define
Ar={(&) € A°(F) : frA&r <O0P-as.}; Ax={(§) € A°(F): () is continuous P-a.s.}.

These sets will act as the sets of players’ strategies in the auxiliary games for which, as we will
see, an application of Sion’s theorem yields existence of the value. The following are the main

steps in the proof of Theorem 3.5.2.

Proposition 3.5.4. (Touzi & Vieille, 2002, Proposition 4.1) For (f;),(g:), (k) € Lp,

sup inf N(§,{) = sup inf N(E,Q).
CeArEeA, LeAr EcA°(T)

Proposition 3.5.5. (Touzi & Vieille, 2002, Proposition 4.2) Under the assumptions of Theorem
3.5.2,

inf sup N(§,0) = inf sup N(§,Q).
EeA LeA, EeA I LeA°(F1)

Proposition 3.5.6. (Touzi & Vieille, 2002, Proposition 4.3) Let (f;),(g:), (h) € Lp. Let (f1),(gr)

be semimartingales. Then,

sup inf N(E,C) = inf sup N(E,Q).
LeArEeA, EeAleA,
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With these results in place, recalling that A, A} C A°(F;), we deduce

Vo= sup inf N(§ L) > sup inf N(E,L)= sup inf N(E,Q)

eA(F1) §eA° () LeArEeA° (%)) CeAr8eA,
= inf sup N(§,{)= inf sup N(§,{)> inf sup N(EC)=V"
EeA LeA, EeA LeA° () EeA°(F1) Le A ()

The reverse inequality is a general property of the lower/upper value of a game (Remark 3.2.5),

and the statement of Theorem 3.5.2 follows.

3.5.2 Approximation with auxiliary controls

The proof of Proposition 3.5.4 relies on constructing, for arbitrary (&) € A°(JF;), a strategy
(&) € Ay as

ET = &r_ on the event { fr > 0};

& = £ otherwise.

It is then verified that, for every (§;) € A,

N(E,Q) <N(EQ).

which implies that

sup inf N(§,) < sup inf N(E,Q).
CeArEeA, LeArEeA° ()

The opposite inequality follows from the fact that A; C A°(JF;), and the statement of Proposition
3.5.4 follows.
The proof of Proposition 3.5.5 employs a similar idea but requires extra technical steps.

Define another subset of the set of players’ controls as

Az ={(G) € A°(F;) : AGr =0 on {fr > 0,87 > 0}}.
By (Touzi & Vieille, 2002, Lemma 5.1), for any (§;) € A; and (§;) € A°(F;), there exists a

sequence ({'),>1 C A3z such that

limsupN(§,C") > N(E,L).

n—oo

The construction of the sequence (') utilises Snell envelopes of the processes (f;), (g;) and

relies on their continuity at the terminal time 7.
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Further, in (Touzi & Vieille, 2002, Lemma 5.2), for arbitrary strategy ({;) € A3, a sequence
(€M) p>1 C Ay is defined as

G =G — ZACSI{AQSS%}- (3.28)
s<t

It is then proved that, for any (&) € Ay,

limsupN(E,") > N(E,().

n—oo

The proof uses integration by parts of the integral terms in (3.26), and therefore relies on the
semimartingale assumption on (f;), (g;) that ensures that the stochastic integrals with respect to
these processes are well-defined.

Applying (Touzi & Vieille, 2002, Lemma 5.1, 5.2), we see that

inf sup N(§,0) > inf sup N(§,0).
EeA LeA, EeA) LeA°(F)

The opposite inequality is due to A, C A°(JF;), and the statement of Proposition 3.5.5 follows.

3.5.3 Verification of the conditions of Sion’s theorem

Consider the Banach space S of (F;)-adapted processes (p;) with po— = 0 and

T
IolP = [ b0+ (91 ?] <. gy mpy —timintp 329
t

and consider the weak topology on & (see Section A.3.1). The weak topology is used to prove
the compactness and continuity results required to apply Sion’s theorem. The equivalence of
strong and weak closedness for convex sets (Theorem A.3.3) allows to work mainly in the strong
topology on 8 (induced by the norm (3.29)).

As we already mentioned, the set A°(J;) does not satisfy the assumptions of Sion’s theorem
(Theorem 3.5.3) — in particular, this set is not compact in the weak topology on &, and the
continuity properties of the functional N are violated on this set. However, both conditions can
be verified for sets A,, A in place of A, B in Sion’s theorem.

The first condition of Sion’s theorem is verified by (Touzi & Vieille, 2002, Lemma 6.1) that
proves compactness of the set A in the weak topology. The proof goes through showing the
convexity of A, and the sequential closedness of A; in the strong topology on 8, and applying
Theorem A.3.3.

In order to verify the continuity conditions of Sion’s theorem, (Touzi & Vieille, 2002, Lemma

6.3) shows continuity of the mapping £ — N(&,Q) for all (§;) € A; in the strong topology on
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8. The proof is sequential: for arbitrary (&;) € A, take an arbitrary sequence ({') C A, that

converges to ({;) € A,, and prove the convergence

The proof again utilises integration by parts and hence relies on the semimartingale assumption.
After several technical steps, the convergence result is obtained by the dominated convergence
theorem.

Similarly, (Touzi & Vieille, 2002, Lemma 6.4) shows continuity of the mapping (§;) —
N(E,C) for all (§;) € A, in the strong topology on 8. The proof is analogous to the proof of
(Touzi & Vieille, 2002, Lemma 6.3).

The convexity requirements of Sion’s theorem are fulfilled by bilinearity of the functional N.
They also allow to apply Theorem A.3.3 again to deduce from the continuity results of (Touzi
& Vieille, 2002, Lemma 6.3, 6.4) that hold in the strong topology the continuity properties of
the functional N in the weak topology. This, together with the weak compactness established in
(Touzi & Vieille, 2002, Lemma 6.1), finishes the verification of conditions of Sion’s theorem,

and its application finishes the proof of Proposition 3.5.6.

3.6 Sion’s theorem: proof and examples

Sion’s theorem (Theorem 3.5.3) is a key tool for proving the existence of the value not only
in Section 3.5, but also in the main chapter of the thesis — Chapter 4. The theorem was
originally proved in Sion (1958) using a topological result known as the Knaster—Kuratowski—
Mazurkiewicz theorem Knaster ef al. (1929). In this section, we review a more straightforward
proof of Sion’s theorem Komiya (1988). In fact, below we work under assumptions symmetric
to Komiya (1988). Recall that in Sion’s theorem, one of the spaces in question is compact. In
Komiya (1988), the infimum is taken over a compact space, while for our purposes (see Theorem

4.4.5) it will be convenient to have the supremum taken over a compact space instead.

Lemma 3.6.1. (Komiya, 1988, Lemma 1) Under the assumptions of Theorem 3.5.3, for any
V1,V2 € B and any real number o > sup,,c, min{(u,V1),9(u,V2)}, there exists v € B such that

o> sup,uGA ¢(H7V)'

It is worth emphasising that the proof of Lemma 3.6.1 is elementary, in a sense that it only
uses definitions and basic properties of the conditions in Sion’s theorem (see Section A.4.1), and
does not use non-standard results, unlike the proofs in Sion (1958). From Lemma 3.6.1, one can

by induction deduce the following.
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Lemma 3.6.2. (Komiya, 1988, Lemma 2) Under the assumptions of Theorem 3.5.3, for any
V1,...,Vn € B and any real number o > sup,c, min| <i<,{0(1,V;)}, there exists v € B such that

o> Sup,uGA (I)(,u,V).

We now reproduce a proof from Komiya (1988) in order to show how Theorem 3.5.3 follows
from Lemma 3.6.2, as well as to introduce some notation that will be useful in the sequel. Recall

that we work under assumption that the space A in Theorem 3.5.3 is the one that is compact.

Proof of Theorem 3.5.3. Fix o € R such that & > sup,,c 4 infyc5¢(u, V). Forevery v € B, the level
set

2%(v) = {u € A 0(u,v) > ot}
is closed by the upper semicontinuity of ¢(-,v) (Theorem A.4.5). By the choice of a, we have
NyvepZ%(v) = 0. In other words, sets {A\ Z*(v) : v € B} form an open cover of the compact
A. Hence, by Definition A.2.2, there exist vi,...,V, € B such that N7, Z%(v,) =0, i.e. o >
Sup,ca Miny<i<n §(4, V). By Lemma 3.6.2, there exists vV € B such that o > sup,,c4 ¢(u, V), and
hence o > inf, cgsup,ec4 ¢(u, V). Therefore,

sup inf ¢(u,v) > inf supd(u, V).
HUEAVEB VEB ucA

The reverse inequality is always true (Remark 3.2.5), which finishes the proof of Theorem 3.5.3.
O

Let us provide a lemma that allows to write max instead of sup in Theorem 3.5.3.

Lemma 3.6.3. Under the assumptions of Theorem 3.5.3 with the space A compact, there exists
u* € A such that

sup inf ¢(u,v) = inf (1", V).
HEAVEB veB

Proof. Consider the mapping ¢ : A — R defined as ¢(u) = inf,5 0(u, V). Take arbitrary o € R.

Consider the level set for ¢:

2%={uecA:info(u,v) > a}.
veB

Then, 2% = NycpZ*(v). For any v € B, by the upper semicontinuity of ¢(-,V), the set Z*(v) is
closed (Theorem A.4.5). Therefore, the set 2% is closed for arbitrary o, € R, i.e. the function ¢ is
upper semicontinuous. Since the space A is compact, by Theorem A.4.6 ¢ attains its supremum
on A, which finishes the proof. ]

We conclude with the examples illustrating the necessity of conditions in Theorem 3.5.3.
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Example 3.6.4. Consider ¢ : R x R — R such that ¢(u,v) = u+v. Then

sup inf O(u,v) = —oo,
HERVER
but

inf supO(u,v) = +oo,
veRueR

so the infimum and the supremum cannot be swapped. This is due to R not being a compact

space, so Theorem 3.5.3 does not apply.

Example 3.6.5. Consider ¢ : [0,1] x [0,1] — R such that ¢(u,v) = y* — 2uv +Vv>. Consider; for
a fixed V € [0, 1], the task of maximising ¢(u,V) over p. The maximum
5 2 6 102

max ,V) = max —2uV 4V

ye[071}¢(‘u ) ue[m](“ % )
is attained at the boundary u =0 or u = 1, and equals V> \/ (9% — 20 4 1). Then it is easy to see
that |

min max ,V) = —.
ve[o,l]ye[o,l]q)('u ) 4

On the other hand, consider, for a fixed ji € 0,1], the task of minimising ¢(f1,v) over v. The
minimum

. N N RS 2
min ,V) = min —20v+v
VE[O,H(P(# ) VEM(u v +v7)

is attained at v = [i, and equals 0, therefore

i =0.
S

Thus, the infinum and the supremum (which are the minimum and the maximum in this set-up)
cannot be swapped. This is due to ¢ not being quasi-concave (Definition A.4.2) in u for each v, so
Theorem 3.5.3 does not apply. Indeed, the quasi-concavity is violated because, for example, for
O = § the level set {u € [0,1] : 12 — 20 +92 > 1} = {0, 1}, which is not connected and therefore

IS not convex.
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Chapter 4

Value of asymmetric information games

In this chapter, we develop a framework for studying the existence of the value in zero-sum
Dynkin games with partial/asymmetric information. In contrast with most literature on such
games (see Section 3.4), our set-up is non-Markovian. The games are considered on both the
finite and infinite-time horizon and, as always in the thesis, the horizon is denoted by 7. We
assume that the payoff processes are the sum of a regular process (in the sense of Meyer (1978);
recall Definition 2.3.2) and a pure jump process with mild restrictions on the direction of jumps
for one of the two players. The rigorous description of our set-up can be found in Section 4.1.

We allow for a general structure of the information available to the players. All processes
are adapted to an overarching filtration (), whereas each player makes decisions based on her
own filtration, representing her access to information. Letting (/) be filtration of the i-th player,
with i = 1,2, we only assume that F/ C F; for all # € [0,7]. In particular, we cover the case in
which the players are equally (partially) informed, i.e. F' = 7, and the case in which they have
asymmetric (partial) information, i.e. F} # J7.

Under this generality we prove that Dynkin games in the form of war-of-attrition (recall
Remark 3.2.1) admit a value in randomised stopping times. We emphasise that, due to the asym-
metry of information, the value may not exist in pure stopping times (i.e. in the classical sense
of Definition 3.2.4). Our Definition 4.2.2 of the value is, instead, similar to the one used in the
literature on asymmetric information games (see, in particular, Sections 3.4.1 and 3.4.2).

Our framework encompasses all the examples of zero-sum Dynkin games (in continuous
time) with partial/asymmetric information that we could find in the literature. We will give a
detailed account of this fact in Section 4.6. As explained in Section 3.4 where we review this
literature, the methods traditionally employed to study asymmetric information games hinge on

variational inequalities and partial differential equations. The classical assumptions share two
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4.1 Setting

key features: (1) a specific structure of the information flow in the game and (ii) the Markovian
assumption. In our work, instead, we are able to analyse the games at a more abstract level that
allows us to drop the Markovian assumption and to avoid specifying an information structure.
We will also show by several counterexamples in Section 4.7 that our main assumptions cannot
be further relaxed, as otherwise a value for the game may no longer exist.

Our methodology draws on the idea presented in Touzi & Vieille (2002) (recall Section 3.5)
of using Sion’s min-max theorem Sion (1958). In Touzi & Vieille (2002), the authors study non-
Markovian zero-sum Dynkin games with full information, in which the first- and second-mover
advantage may occur at different points in time, depending on the stochastic dynamics of the
underlying payoff processes. This “order” feature is studied in Chapter 5. Since our set-up is
different, due to the partial/asymmetric information features and to relaxed assumptions on the
payoff processes, we encounter some non-trivial technical difficulties in following the arguments
from Touzi & Vieille (2002): for example, our class of randomised stopping times is not closed
with respect to the topology used in Touzi & Vieille (2002) (see Remark 4.4.17). For this reason,
we develop an alternative approach based on the general theory of stochastic processes (see

Sections 2.3 and A.5) combined with ideas from functional analysis (Sections A.3 and A.4).

4.1 Setting

We consider two-player zero-sum Dynkin games on the horizon T € (0,c0]. Basic probabilistic
features of our problem are outlined in Section 2.1, and we will extensively use definitions of
regularity, projections, and of space £, from Section 2.3. For notation, recall that we work
on a filtered probability space (2,5, (J)c[o,r], ). Actions of the first player are based on the
information contained in a filtration () C (J;) (the rigorous meaning of this will be clarified
later). Actions of the second player are based on the information contained in a filtration (32) C
(37). Each player selects a random time based on the information she acquires via her filtration;
the first player’s random time is denoted by T while the second player’s random time is 6. The
game terminates at time T/A 0 AT with the first player delivering to the second player the random
payoff

P(7,0) = feli<oynfe<r) t 8ol{o<t)n{o<1} T M{o=T)n{r=T}- (4.1
The first player (or T-player) is the minimiser in the game whereas the second player (or G-player)
is the maximiser.

The payoff processes (f;) and (g;), and the terminal payoff h satisfy the following conditions:
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4.1 Setting

(A1) (i), (&) € Lo,

(A2) (f;),(gr) are (F;)-adapted regular processes,
(A3) f; >g forallt €[0,T] P-as.,

(A4) the random variable /4 is Fr-adapted and satisfies

gTSthTa ]P’—a.s.,

(AS) the filtrations (F;) and (J7), i = 1,2, satisfy the usual conditions, i.e. they are right-

continuous and Srf), i = 1,2, contain all sets of P-measure zero (see Section 2.3).

We elaborate on our assumptions (and relax one of them) in Section 4.1.1.

Players assess the game by looking at the expected payoff
N(t,0) =E[P(1,0)]. 4.2)
Recall that the game is said to have a value if

supinfN(t,0) = infsupN(t,0), (4.3)

c 71 T O
where for now we do not specify the nature of players’ strategies (T,6). The mathematical
difficulty with establishing existence of a value lies in the possibility to swap the order of ‘inf’
and ‘sup’, and this is closely linked to the choice of the set of strategies that the players are

allowed to use (recall the discussion at the start of Section 3.4).

Remark 4.1.1. By (4.1), if the players stop simultaneously, they exchange the larger payoff (f;).
This choice causes no loss of generality, since we do not make assumptions on the sign of (f;),
(&), h. Indeed, if the value exists for the game with payoff P(t,G), the same is true for the game
with payoff P'(t,0) = —P(t,0). However, in the latter game the T-player is a maximiser and the
o-player is a minimiser, since
supinfP(t,0) = —infsupP'(t,0).
c T c 7T

Defining f] := —fi, g := —g), we have f] < g). So, in this case, if the players stop simultaneously,
they exchange the smaller payoff (f}).
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4.1 Setting

It has been indicated in the literature that games with asymmetric information may not have
a value if players’ strategies are stopping times for their respective filtrations. Indeed, in Section
4.7.2 we demonstrate that the game studied in this paper may not, in general, have a value if
the i-th player uses (F7)-stopping times, i = 1,2 (that is, if infimum and supremum in (4.3) are
taken over the sets T(J/) and T(J?)). It has been proven in certain Markovian set-ups that the
relaxation of player controls to randomised stopping times may be sufficient for the existence
of the value (see Sections 3.4.1 and 3.4.2). Our goal is to show that this is indeed true in the

generality of our non-Markovian set-up for the game with payoff (4.1).

4.1.1 Opverview of the assumptions

The integrability Assumption (A1) is natural in the framework of optimal stopping problems and
Dynkin games, as we saw in Section 3. Most of our proofs in Sections 4.3-4.5 rely on finiteness
of integrals in question, and the latter is ensured by Remark 2.3.8.

By the regularity Assumption (A2) we replace semimartingale assumptions on (f;) and (g;)
from Touzi & Vieille (2002) (recall Section 3.5). In the optimal stopping framework, it dates
back to Meyer (1978) (Section 3.1.3). Regular processes encompass a large family of stochastic
processes encountered in applications. It is straightforward to see (Example 2.3.4) that quasi
left-continuous processes are regular. In the Markovian framework, strong and weak solutions
of stochastic differential equations (Section A.7) are continuous and therefore regular.

We subsequently relax Assumption (A2) by allowing the payoff processes to have previsible
jumps with nonzero (conditional) mean. In particular, in (A2’) we allow either jumps of (f;)
in any direction and upward jumps of (g;) or, vice versa, jumps of (g/) in any direction and

downward jumps of (f;). This ensures a certain closedness property (see Section 4.5.1).

(A2’) Processes (f;) and (g;) have the decomposition f = f+ £, g = g+ & with

1. (ﬁ) [) 6 Lb,
2. (fr)
3. (fy)
grable variation with fo =%0=0, AfT = fT — fT, =0and Agr =gr —4r— =0,

(8
, (&) are (F;)-adapted regular processes,
) (§z

) are (F;)-adapted (right-continuous) piecewise-constant processes of inte-

4. either (f;) is non-increasing or (g;) is non-decreasing.

Note that there are non-decreasing processes (£,7), (), (&"), (&) € L starting from 0 such
that f = fT— f~ and § = ¢t — ¢ (Definition A.5.5).
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4.2 Main definitions and results

Observe the similarity between the restriction on the direction of previsible jumps of one the
payoff processes (item (4) in (A2”)) and the assumption in the nonzero-sum game of Hamadene
& Zhang (2010) (recall Section 3.2.2). In zero-sum setting, this restriction is a new feature
introduced by the asymmetry of information, i.e. for classical zero-sum Dynkin games it is
not necessary, see Sections 3.2.1 and 3.3. It is worth emphasising that further relaxation of
Assumption (A2’) is not possible in the generality of our setting, as demonstrated in Remark
4.5.7 and in Section 4.7.3.

The order conditions similar to (or stricter than) (A3)-(A4), on the contrary, do appear in
the full information setting as well (recall (3.11), (3.14), (3.19)). Although their necessity is
challenged in Touzi & Vieille (2002) and Chapter 5, we require it to hold in the current setting,
in order to focus on the specifics of the problem caused by the asymmetry of information.

Finally, Assumption (A5) on filtrations is technical and goes beyond the game applications

of theory of stochastic processes (c.f. Section 2.3).

4.2 Main definitions and results

Recall the notation from Section 2.4: given a filtration (G;) C (J;), we denote

.Ao(gt) :{(p[) . (p[) 18 (9,)—adapted with ¢t — pt((l)) Cédlﬁg,
non-decreasing, po—(®) =0 and pr(®) = 1 for all ® € Q}.

We emphasise that these properties are required to hold for all ® € Q; recall Remark 2.4.1 for
why this requirement is not restrictive as long as (9;) satisfies the usual conditions. In the infinite-
time horizon case T = oo (recall Remark 2.1.1), we understand pr as an F.-measurable random
variable, while pr_ := lim;_, p; (which exists by the assumption that (p,) is a cadlag process).

In Section 2.4, we encountered the concepts of a mixed/randomised/distribution stopping
time and discussed their equivalence. In our work, we choose to use randomised stopping times.
The main reason for this choice will be clear in Sections 4.3 and 4.4: randomised stopping times
provide a way of working in a space of processes with a convenient tolopogical structure. Since
randomised stopping times play the key role in our analysis, let us formalise the definition we

gave in Section 2.4.

Definition 4.2.1. Given a filtration (G;) C (3;), a random variable 1 is called a (G;)-randomised
stopping time if there exists a random variable Z with uniform distribution U ([0, 1)), independent
of Fr, and a process (p;) € A°(G:) such that

n=n(p,Z) =inf{r € [0,T]: p; > Z}, P-a.s. 4.4
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4.2 Main definitions and results

The variable Z is called a randomisation device for the randomised stopping time M, and the pro-
cess (p;) is called the generating process. The set of (G;)-randomised stopping times is denoted
by TR(S,). It is assumed that randomisation devices of different randomised stopping times are

independent.

To avoid unnecessary complication of notation, we assume that the probability space (Q, F, P)
supports two independent random variables Z; and Zs which are also independent of F7 and are
the randomisation devices for the randomised stopping times T and ¢ of the two players.

Now we finally give the formal definition of the value of the game described in Section 4.1.

Definition 4.2.2. Define
Vi.:= sup inf N(t,6) and V*:= inf sup N(7,0).
ccTR(F2) teTR(F)) t€TR(F}) ceTR(F?)
The lower value and upper value of the game in randomised strategies are given by V., and
V*, respectively. If they coincide, the game is said to have a value in randomised strategies
V=V, =V
The following theorem states the main result of this chapter.

Theorem 4.2.3. Under Assumptions (Al), (A2’), (A3)-(AS5), the game has a value in randomised

Strategies.

For the clarity of presentation of our methodology, we first prove a theorem under more
restrictive regularity properties of the payoff processes and then show how to extend the proof to
the general case of Theorem 4.2.3.

Theorem 4.2.4. Under Assumptions (Al)-(A5), the game has a value in randomised strategies.

The proofs of the above theorems are given in Section 4.4. They rely on two key results: an
approximation procedure (Propositions 4.4.6 and 4.5.2) and an auxiliary game with ‘nice’ regu-
larity properties (Theorem 4.4.5 and 4.5.1) which enables the use of a known min-max theorem
(Theorem 3.5.3).

The sigma-algebra J is not assumed to be trivial. It is therefore natural to consider a game
in which players assess their strategies ex-post, i.e. after the observation available to them at time
0 when their first action may take place. Allowing for more generality, let G be a sigma-algebra
contained in 3’”(1) and in 32, i.e. containing information available to both players at time 0. The

expected payoff of the game in this case takes the form:

E[P(1,0)|S] = E|filr<o}niz<T} + &olio<tin{o<} + Mlio—T}nfz=T}|S]- (4.5)

The proof of the following theorem is in Section 4.5.3.
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4.3 Reformulation as a game of (singular) controls

Theorem 4.2.5. Under Assumptions (Al), (A2’), (A3)-(AS) and for any G C ffé NF2, the G-

conditioned game has a value, i.e.

esssup essinf E[P(t,6)|G] = essinf esssup E[P(t,0)[]. (4.6)
ceTR(F?) teTR(F}) € TR(F})) 6eTR(F7)

4.3 Reformulation as a game of (singular) controls

In order to integrate out the randomisation devices for T and ¢ and obtain a reformulation of the
payoff functional N(t,0) in terms of generating processes for randomised stopping times T and

o, we need the two auxiliary lemmata below.

Remark 4.3.1. Ifn is an (G;)-randomised stopping time for (S;) C (J;), then m is also an (F;)-
randomised stopping time. Indeed, by definition of a randomised stopping time, the generating
process (p;) of | belongs to A°(G;). Then (p;) is (G;)-adapted by definition of this set, therefore
it is (3;)-adapted, and thus belongs to A°(F;). Applying the definition of a randomised stopping
time again, we see that 1| is an (F;)-randomised stopping time. Therefore, the results below are

formulated for (3;)-randomised stopping times.

Lemma 4.3.2. Let | € TR(F,) with the generating process (p;). Then, for any Fr-measurable
random variable K with values in [0,T],

E[I{ﬂSK}’g:T] = Px; E[l{n>x}‘?T] =1-px, 4.7)
Ellgm<xy|F7] =P, Ellm>yFr] =1-p_. (4.8)
Proof. The proof of (4.7) follows the lines of (De Angelis et al., 2021a, Proposition 3.1). Let

Z be the randomisation device for 1. Since (p,) is right-continuous, non-decreasing, and (4.4)

holds, we have the following inclusion of events:

{pe>Z} C{n<x} C{px>7Z}.

Using that p is Fr-measurable and Z is uniformly distributed and independent of F7, we com-

pute
1
Ellin<x}|F7] > Ell{p, 2y |F7] = /0 Ip=y1dy = P,
and

1
Ellin<yF7] < Ellfp >z |Fr] = /0 Iip>yydy = Prc

This completes the proof of the first equality in (4.7). Since the events {1 < k} and {n > «} are

complements of each other, the other equality is a direct consequence.
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4.3 Reformulation as a game of (singular) controls

To prove (4.8), we observe that, by (4.7), for any € > 0 we have
L0V Bl m<x—e)v(x/2)}1IT] = Lo 0} P (x—e) v (x/2)-
Dominated convergence theorem implies
Ellin<}197] = L0y Ellfn <y I 7] = lim Fe-) Ellin<(x—e)vx/2)}197]
= 153&00} Px—e)v(x/2) = I{x>0} Px— = Px—;

where in the last equality we used that pp— = 0. This proves the first equality in (4.8). The other

one is again a direct consequence. ]

Lemma 4.3.3. Let 1,0 € TR(F,) with generating processes (p;), (X;) and independent randomi-
sation devices Zy, Zg. For (X;) € Ly, we have

E [Xﬂl{née}ﬁ{ﬂ<T}] =K { 0 T)Xt(l —Xt—)dpt} ;

E [Xnlin<o)] =E {/[O -

)

X (1 —Xt)dpz} ;

where we use the notation f[()’T) for the (pathwise) Lebesgue—Stieltjes integral (recall Section
2.2).

Proof. Fory € [0,1), define a family of random variables
q(y) =inf{r € [0,T] : p; > y}.
Then, N = g(Z;). Using that Z, ~ U(0, 1) and Fubini’s theorem, we see that
E [Xnn<ojnimer}] = [ / Xq»Hq<0nig(y)<T}ay

= / a0 ta0)<oynat<r)|Fr]] dy

Since Xeo)lig(n) <1} is Fr-measurable and the randomisation device Zg is independent of I, we
continue as follows:

1 1
/0 E[E [Xq(y)l{q(y)ée}ﬂ{q(y)<T}|?T” dy :/0 E [Xq(y)l{q(y)<T}E[l{q(y)§9}|?TH dy

1
=K {/0 Xy gy (1 — xq(y)_)dy}

:E|: Xt(l—X[_)dp[:| P
[0,7)
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4.3 Reformulation as a game of (singular) controls

where in the second equality we apply Lemma 4.3.2 with k = ¢(y), and in the third equality we
change the variable of integration applying Proposition 2.2.2 ®-wise and using the fact that the
function y — ¢(y)() is the generalised inverse of t — p,(®). The first statement of the lemma
is now proved.

For the second statement, we adapt the arguments above to write

1 1
E [Xnln<e)] = /0 E [Xy)Ell{g)<0y|F1]] dy = E [ / Xy (1= Xq(y>>dY}

:E{ X (1—%) dpt} = {/ X (1= %) a’p,} ;
[0,7]

where in the last equality we used that 7 = 1. ]

Applying Lemma 4.3.2 and 4.3.3 to (4.1) and (4.2) and noticing that

E[I{T]:K} ‘STT] = E[I{T]SK} - I{n<1<} |~FTFT] = Pk — Px—
we obtain the following reformulation of the game.

Proposition 4.3.4. Fortc TR(F}), 6 € TR(F?),

N(t,0)=E {/[O’T) fi(1=C)d& + /[O’T) gr(1=8&)dl +hAEr ALy |, 4.9

where (§;) and (£;) are the generating processes for T and o, respectively, and Ay =Er —Er_ =
1 — & denotes the jump of (&) at T, and ALy =1 —Cp_.

With a slight abuse of notation, we will denote the right-hand side of (4.9) by N(&, {).

Remark 4.3.5. In the Definition 4.2.2 of the lower value, the infimum can always be replaced by
infimum over pure stopping times (c.f. Laraki & Solan (2005)). Same holds for the supremum in
the definition of the upper value.
Let us look at the upper value: take arbitrary © € TR(F)), 6 € TR(F?), and define the family
of stopping times
g(y) =inf{r € [0,T]: ; > y}, y€e[0,1),

similarly to the proof of Lemma 4.3.3 and with ({;) the generating process of 6. Then,

1
N@o) = [ NEa0)dy < sup NEa0) < s N(z.0)
0 ye[0,1) ceT(F2)

(recall that T(F?) denotes the set of pure (F?)-stopping times). Since T(F?) C TR(F?), we have

sup N(t,0)= sup N(T,0),
ceTR(F2) ceT(F2)
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4.4 Sion’s theorem and existence of value

and, consequently, the ‘inner’ optimisation can be done over pure stopping times:

inf sup N(t,0)= inf sup N(t1,0).
1cTR(F]) 6eTR(F?) 1cTR(F]) 6eT(F2)

By the same argument one can show that

sup inf N(t,6)= sup inf N(7,0).
ceTR(F2)tcTR(F)) ceTR(F2)1cT(F))

However, in general an analogue result for the ‘outer’ optimisation does not hold, i.e.

sup inf N(t,6)# sup inf N(1,0)
ceTR(F2)tcTR(T)) ceT(F2)tcTR(TF))

as shown by an example in Section 4.7.

4.4 Sion’s theorem and existence of value

The proofs of Theorems 4.2.3 and 4.2.4, i.e. that the game with payoff (4.2) has a value in
randomised strategies, utilise Sion’s min-max theorem (Theorem 3.5.3) originally proved in Sion
(1958). We also refer to Komiya (1988) for a proof that is reviewed in Section 3.6. The idea of
relying on Sion’s theorem comes from Touzi & Vieille (2002) where the authors study zero-sum
Dynkin games with full and symmetric information (see Section 3.5). Here, however, we need
different key technical arguments as explained in e.g. Remark 4.4.17 below.

An important step in applying Sion’s theorem is to find a topology on the set of randomised
stopping times, or, equivalently, on the set of corresponding generating processes so that the

functional N(-,-) satisfies the assumptions. We will use the weak topology (c.f. Section A.3) of
8 :=L*([0,T] x Q,B([0,T]) x F,A x P),

where A denotes the Lebesgue measure on [0, 7.
Given a filtration (G;) C (&), in addition to the class of increasing processes A°(G;) intro-

duced earlier, here we also need
Ao (Gr) :={(ps) € A°(G;) : t — p;(®) is absolutely continuous on [0,7) for all ® € Q}.

We refer to Section A.4.5 for the definition and basic properties of absolutely continuous func-
tions and measures. It is important to notice that (p;) € A¢.(9;) may have a jump at time T
if

t

pr—(0) :=lim | (4ps)(@)ds <1 =pr(w).
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4.4 Sion’s theorem and existence of value

As with A°(G,), in the definition of AS.(G,) we require that the stated properties hold for all
o € Q, which causes no loss of generality if G contains all P-null sets of Q. It is clear that
Age(Sr) C A°(G;) C 8.

For reasons that will become clear later (e.g. see Lemma 4.4.16), we prefer to work with

slightly more general processes than those in A°(G;) and AS.(G;). Let us denote

A(Gy) :={(ps) €8: 3 (ps) € A°(G;) such that p = p for (A x P)-a.e. (1,0) € [0,T] x Q},
Aac(Gr) :={(ps) € 8: I (pr) € A,.(G¢) such that p = p for (A x P)-a.e. (1,0) € [0,T] x Q}.

Definition 4.4.1. We call the process (p;) in the definition of the set A (and A,.) the cadlag (and

absolutely continuous) representative of (p;).

Although not unique, all cadlag representatives are indistinguishable (Definition A.1.7), as
Lemma 4.4.7 below shows. Hence, all cadlag representatives of (p,;) € A define the same positive
Lebesgue-Stieltjes measure ¢ — P;(®) on [0,7] for P-a.e. ® € Q. Then, given any bounded
measurable process (X;) the stochastic process (Lebesgue—Stieltjes integral)

f X, dps, t€10,7],
(0.1]

does not depend on the choice of the cadlag representative (p;) in the sense that it is defined up
to indistinguishability.

The next definition connects the randomised stopping times that we use in the construction
of the game’s payoff (Proposition 4.3.4) with processes from the classes A(J}) and A(F?). Note
that A(G;) C A(F;) whenever (G;) C (), so the definition can be stated for A(JF;) without any

loss of generality.

Definition 4.4.2. For (X;) € L and (¥;),(p:) € A(F:), we define the Lebesgue—Stieltjes integral

processes

t— X, dps, tr—>/ Xy (1—%s)dps and t+— X (1 =5 )dps t€10,7],
[0,1] [0,1] [0,]

by

t— Xsdps, tr X; (1—9%5)dps and 1+ X (1 —%s—)dps t€10,7],
[0,1] [0,1] [0,1]

for any choice of the cadlag representatives (p;) and (), uniquely up to indistinguishability.

With a slight abuse of notation, we define a functional N : A(F}) x A(F?) — R by the right-
hand side of (4.9).

58



4.4 Sion’s theorem and existence of value

Proposition 4.4.3. The lower and the upper value of our game satisfy

V.= sup inf N(§,0), V*= inf sup N(§,0). (4.10)
CeA(F7)EeA(T]) EeA(T]) LeA(T?)

Proof. By Proposition 4.3.4, for t € TR(F]), 6 € TR(F?), the functional N(t,c) equals the sum
of integrals (4.9) involving the generating processes (§;) € A°(F}) and ({;) € A°(F?) of T and
o, respectively. Therefore, taking supremum and infimum over the sets T%(F}) and T%(F7?) in
Definition 4.2.2 of the lower and upper value is equivalent to taking them over the sets A°(J})
and A°(JF?). And the latter is, for the sum of integrals on the right-hand side of (4.9), equivalent
to taking supremum and infimum over the sets A(F}) and A(F?), thanks to Definition 4.4.2. [

Remark 4.4.4. The mapping A(F}) x A(F?) 3 (§,8) — N(&,L) does not satisfy the conditions of
Sion’s theorem. Indeed, taking E' = Iiisr 1y, we have &' — Loy = & for h-a.e. t € 10,T], so
that by dominated convergence (&") also converges to (&;) in 8. Then, fixing {; =1 =1 in A(F?)
we have N(&",() = E[g%] forall n > 1 whereas N(§,C) = E[f%] So the lower semicontinuity of
E — N(§,0) cannot be ensured if, for example, P(f% > gg) > 0.

Due to the issues indicated in the above remark, as in Touzi & Vieille (2002) (Section 3.5),
we “smoothen” the control strategy of one player in order to introduce additional regularity in
the payoff. We will show that this procedure does not change the value of the game (Proposition
4.4.6). We choose to consider an auxiliary game in which the first player can only use controls
from A,(F}). Let us define the associated lower/upper values:

W.= sup inf N, L) and W= inf sup N(§,0). 4.11)
CeA(TP) EEAw(T)) Eehac(T7) LEA(F?)
Here, the first player is chosen arbitrarily and with no loss of generality. In Section 4.5.2, we
explain why we could instead consider a game in which the second player can only use controls
from Ay (7).

Note that we work under the regularity assumption on the payoff processes (A2). Relaxation

of this assumption is conducted in Section 4.5.1.

The main steps in the proof of our main Theorem 4.2.4 are the following:
Theorem 4.4.5. Under Assumptions (Al)-(AS5), the game (4.11) has a value, i.e.
W, =W*:=W.

Moreover, the {-player (maximiser) has an optimal strategy, i.e. there exists ({¥) € A(F?) such
that
W.

inf  N(E,T7)

E.:GAGC (g:tl )
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4.4 Sion’s theorem and existence of value

Proposition 4.4.6. Under Assumptions (Al)-(A5), for any (§;) € A(F?) and (&) € A(F)), there
is a sequence (E') C Aqe(F}) such that

limsupN(E",8) < N(E,L).

n—co

The proofs will be conducted in the following subsections: Section 4.4.1 contains a number
of technical results which we then use to prove Theorem 4.4.5 (in Section 4.4.2) and Proposition
4.4.6 (in Section 4.4.3). With the results from Theorem 4.4.5 and Proposition 4.4.6 in place we
can provide the proof of Theorem 4.2.4.

Proof of Theorem 4.2.4. Recall that A,.(F}) C A(F]). Since the infimum in the defintions of
W, and W* is taken over a smaller set than the infimum in the definitions of V, and V*, we have
V. < W, and V* < W*. However, Proposition 4.4.6 implies that

inf N(,¢) < inf N(§Q)

Eehac(97) EeA(T})

for any ({;) € A(F?), so Vi, > W,. Therefore, V., = W,. Then, thanks to Theorem 4.4.5, we have
a sequence of inequalities which complete the proof

W=W, =V, <V <W*=W.

4.4.1 Technical results

In this section we give a series of results concerning the convergence of integrals when either the

integrand or the integrator converges in a suitable sense. We start with a technical lemma.

Lemma 4.4.7. Let (X;) and (Y;) be cadlag measurable processes such that X; =Y, P-a.s. for all
t € D, where D is a countable and dense subset of [0,T), and Xo— = Yy—, Xr = Yr, P-a.s. Then
(X;) is indistinguishable from (Y;).

Proof. Define
Qy={0eQ: (X;(w)),(¥;(o)) are cadlag and X;(®) =Y;(w) for all t € D}.

We have P(Qp) = 1. Fix @ € Q. Since the set D is dense in [0,7), and the processes (X;) and
(Y;) are cadlag, for any #o € (0,7T), there exists a sequence {7, },cn in D such that

X, (0) = lim X; (), Y, (0) = lim ¥}, (o).

n—roo n—oo
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4.4 Sion’s theorem and existence of value

Further, for any n € N we have X, (o) =Y, (®) by assumption. Therefore, X, (®) =Y, (®). Since

fo and o are arbitrary, we obtain
Ploe Q: X, (0) =Y, (o) forallz € (0,7)} = 1.

This, together with the assumption Xo_ = Yy, X7 = Y7, P-a.s., proves the indistinguishability of
(X;) and (Y;). O

Definition 4.4.8. Given a cadlag measurable process (X;), for each ® € Q we denote
Cx(®):={t€0,T]: X;—(0) =X;(®)}.

Our next result tells us that the convergence (A x IP)-a.e. of processes in A(9;) can be lifted to
[P-a.s. convergence at all points of continuity of the corresponding cadlag representatives (recall
Definition 4.4.1).

Lemma 4.4.9. For a filtration (S;) C (F;), let (p})n>1 C A(G;) and (p;) € A(G;) with p"* — p

(A x P)-a.e. as n — oo. Then for any cadlag representatives (p}') and (p;) we have
IP({O) €Q: lim p(®) = py(o) forall t € cﬁ(m)}) —1. 4.12)

Proof. The (A x IP)-a.e. convergence of (p}) to (p,;) means that the cadlag representatives (p7)
converge to (p;) also (A x P)-a.e. Hence, there is a set D C [0, 7] with A([0, 7]\ D) = 0 such that
P/ — P P-a.s. forr € D. Since A([0,T]\ D) = 0, there is a countable subset Dy C D that is dense
in [0,7]. Define

Qy:={weQ: p/(w) — p;(w) forallr € Dy}.

Then P(Qp) = 1. O

Now, fix ® € Qo and let 1 € C5(®) N (0, T). Take an increasing sequence (t, )x>1 C Do and a
decreasing one (t,%) k>1 C Dy, both converging to t as k — oo. For each k > 1, we have

pr(®) = lim f)t]% () = lim lim p (@) > limsup P} (o), (4.13)
k

k—>o0 k—roon—ro0 n—yoo

where the first equality holds because 1 € C5(®), and in the final inequality we use that p’, (®) >
k

P/ () by monotonicity. By the same argument, we also obtain

pi(w) = lim p,i(w) = lim lim () < liminfp7 (w).

Combining the above, we obtain (4.12) (apart from ¢ € {0,7}) by recalling that ® € Qp and
P(Qo) = 1. The convergence at t = T, irrespective of whether it belongs to Cp(®), is trivial
as pr(w) = pr(w) = 1. If 0 € Cs(w), then Po(w) = Po—(®) = 0. Inequality (4.13) reads 0 =
Po(w) > limsup,, ., Pj(®). Since P§(w) > 0, this proves that Pj(®) — Po(w) = 0.
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4.4 Sion’s theorem and existence of value

Lemma 4.4.10. For a filtration (S;) C (F;), let (p})n>1 C A°(G;) and (p;) € A°(S;) withp" — p
(A X P)-a.e. as n — oo. For any t € [0,T] and any random variable X > 0 with E[X] < oo, we
have

limsup E[XAp}| < E[XAp;].

n—yoo

Proof. Fixt € (0,T). Arguing by contradiction, assume there exists a subsequence n; such that

lim E[XAp;*] > E[XAp,].
k—so0

Therefore, using (A x IP)-a.e. convergence of (p}') to (p;), i.e. that fOT P(limy_epy® =p;)dt =T,
there is a decreasing sequence J,, — 0 such that

. n . n
/}5?0 s = Pr g, l}g{}o Pils, =Pits,,  Pras.

Then, by the dominated convergence theorem,
E[XAp,] = lim E[X(p; 5, —pi-s,,)]

= lim lim E[X(p/* —p/*; )]

m—yoo k—)oo

= lim limsupE[X (pffram —p* Sm)]

M=% ko0
= lim limsup E[X (p}" 5 —p* +pi —p s +Apy*)] > limsup E[XAp;*],
M= p oo " " k—so0
where the last inequality is due to ¢ — p;* being non-decreasing. This contradiction finishes
the proof for t € (0,7). The proof for r € {0,T} is a simplified version of the argument above.
Indeed, for t = T we have

E[XApr] = lim E[X(pr —pr_s,,)]

m—yoo

= lim lim E[X(p7* — P'}k—am)]

m—0 k—so00

= lim limsup E[X (pf¥ — p/¥ s )]

n—»o0 k—>°°

= lim limsupE[X (p7*_ — p7* 5 +Ap7)] > limsup E[XAp7],
" k—so0

m—ro0 k—so0

and for t = 0 we have
E[XApo] = lim E[X(ps, —po-)]

= lim lim E[X (p§* —pg- )]

mM—0 k—so00

= lim limsup E[X (p5* —pg* )]

n—»o0 k—so00

= lim limsup E[X (p3 —po* +Apy*)] > limsup E[XApy'].

M= koo k—yo0
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We need to consider a slightly larger class of processes A°(SG;) D A°(G;) defined by

A°(S)) :=={(ps) : (p;) is (G;)-adapted with ¢ — p;(®) cadlag,
non-decreasing, po—(®) =0 and pr(®) < 1 for all ® € Q}.

Proposition 4.4.11. For a filtration (S,) C (), let (p7)n>1 C A°(S,) and (p;) € A°(S;). Assume
]P({co €Q: lim p!'(0) = pi(0) for all t € Cy(®) U{T}}) = 1.

Then for any (X;) € L, that is also (F;)-adapted and regular, we have

limE[ / X,dpf] :E[ / Xtdpt}. (4.14)
n—ree [0,T] [0,T]

Proof. Let us first assume (with a slight abuse of notation compared to the statement of the
proposition) that (X;) € £, has continuous trajectories but is not necessarily adapted. If we
prove that

lim [ X(0)dp! (o) = / X, (@)dp,(®), for P-ac. € Q, (4.15)
n—ree J10,T] [0,T]

then the result in (4.14) will follow by the dominated convergence theorem. By assumption there
is Qo C Q with P(Qp) = 1 and such that p}(®) — p;(®) at all points of continuity of 7 — p;(®)
and at the terminal time 7 for all ® € Q. Let us also assume that sup;c(y 77 [Xi(@)| < e for
all ® € Qp, which is justified by the assumption (X;) € £;. Since dp}(®) and dp,(®) define
positive measures on [0, 7| for each ® € Q, the convergence of integrals in (4.15) can be deduced
from the weak convergence of finite measures (see Section A.6). Indeed, if ® € Q is such that
pr(®) = 0, the right-hand side of (4.15) is zero and we have

., X@idpt ()| < timsup sup [X(0)]p} (@) =,

n—e te[0,T]

lim sup
n—oo
where we used that sup,c (g 7] |X; (@)| < ee. If, instead, @ € Qq is such that p7 (@) > 0, then for all
sufficiently large n’s, we have p.(®) > 0 and r — p}'(®)/p’}(®) define cumulative distribution
functions converging pointwise to p;(®)/pr(®) at the points of continuity of p;(®). Since ¢ —
X; () is continuous, Theorem A.6.3 justifies

. ") — lim of P (o)

Jim [ X(@)dpf(0) = lim o} () [ Xi(o)d { oy (m)> "
- pr(@)\ .
~pr(@) [ X(w)a ( B ) = [, xlodn(o
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Now we drop the continuity assumption on (X;). We turn our attention to cadlag, (F;)-
adapted and regular (X;) € £;,. By Theorem 2.3.6, there is (X;) € £, with continuous trajectories
such that (X;) is an (F;)-optional projection of (X;) (Definition A.5.3). From the first part of the
proof we know that (4.14) holds for (X;). To show that it holds for (X;) it is sufficient to notice
that (p?') and (p;) are (F;)-adapted processes and apply Theorem 2.3.7 to obtain

[0,T] [0,T] [0,T] [0,T]

]

Remark 4.4.12. Theorems 2.3.6 and 2.3.7, even though they may seem to only have appeared in
the proof of Proposition 4.4.11 for technical reasons, enabled us to generalise one of our main
results — Theorem 4.2.4. Originally, we assumed that the payoff processes (f;) and (g;) are
continuous. The current setting of the chapter assumes no continuity from the beginning — only
regularity (A2). This is only possible because in the proof of Proposition 4.4.11 we are able to

extend the convergence result from continuous processes to regular and adapted ones.

Proposition 4.4.13. For a filtration (G;) C (F;), let (x;) € A°(S;) and (p;) € Aac(S;), and con-
sider (X;) € Ly which is (F;)-adapted and regular. If (p}')n>1 C Aac(Sr) converges (A x P)-a.e.
to (p;) as n — oo, then

R—oo [0,7] [0,7]

Proof. Define absolutely continuous adapted processes
R/ = / (1=xs-)dpy and R, = / (1= %s-)dps,
[0.4] [0.4]
so that (see Propostition A.4.16)

Xt(l —X;_)dp;l = / Xth;l and Xt(l — Xl—)dpt = / Xl‘de" (418)
[0,T] [0,T] [0,T]

(0,7]
With no loss of generality (thanks to the Definition 4.4.2) we can consider the absolutely contin-
uous representatives of (p;) and (p}) from the class A5.(G;) in the definition of all the integrals
above (which we still denote by (p;) and (p}) for simplicity). In light of this observation we
see that (R"),>1 C A°(S;) and (R;) € A°(G;), since 1 —y,_ < 1 for any s € [0,T]. We indend to
apply Proposition 4.4.11 to the integrals with (R}') and (R;) in (4.18). Let us verify the conditions
of Proposition 4.4.11.

Thanks to Lemma 4.4.9 and recalling that p7 = pr = 1, the set

Q={0cq: lim pj'(®) = p;() forall t € [0, T}
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4.4 Sion’s theorem and existence of value

has full measure, i.e. P(Qy) = 1. For any @ € Qp and ¢ € [0,T], integrating by parts as in
Proposition 2.2.1, using the dominated convergence theorem and then again integrating by parts

gives

n—oo

im &7 = Jim (1207 - [, Pz }:U—mM—Ammavma=&.Mﬂ»

Hence (R}) and (R;) satisfy the assumptions of Proposition 4.4.11 and we can conclude that
(4.17) holds. 0

We close this technical section with a similar result to the above but for approximations which
are needed for the proof of Proposition 4.4.6. The next proposition is tailored for our specific
type of regularisation of processes in /A (J}). Notice that the left hand side of (4.21) features y;
while the right hand side has ;.

Proposition 4.4.14. For a filtration (G;) C (F;), let (x¢),(pr) € A°(Gr), (P})n>1 C A°(G;) and
consider (X;) € Ly which is (F;)-adapted and regular. Assume the sequence (pl'),>1 is non-
decreasing and for P-a.e. ® € Q

lim p/'(®) = p;—(®) for all t € [0, T). (4.20)

n—oo

I E/ X(1— _d":E/
ngrolo [[OT) (1 =) pt} {[OT

and for P-a.e. ® € Q

Then
)Xz(l —xt)dpt] (4.21)

I

lim p/_(®) = p;,—(®) forallt €[0,T]. (4.22)

n—oo

Proof. Denote by Qg the set on which the convergence (4.20) holds. The first observation is that
foralloe Qpandz € (0,7T]

lim p;'_(®) = lim limp},(®) = lim lim p};(®) = li?lpu_ (o) =pr— (o), (4.23)
uft

n—o0 n—oo yft uft n—oo

where the order of limits can be swapped by monotonicity of the process and of the sequence
(see Lemma B.2.1). The convergence at r = 0 is obvious as pj_ = po— = 0. This proves (4.22).
Define for s € [0,7),

Ri= [ (—go)det,  R= [ (1-x)ds (4.24)
[0,¢] [0,2]

and extend both processes to ¢ = T in a continuous way by taking R := R} and Ry := Ry _.
Similarly to the proof of Proposition 4.4.13, by construction we have (R"),>; C A°(9;) and
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4.4 Sion’s theorem and existence of value

(R;) € A°(S;), and the idea is to apply Proposition 4.4.11. First we notice that for all ® € Q and
any ¢t € [0,7) we have
AR, (®) = (1 = x:(©))Ap; ()

so that we can write the set of points of continuity of (R;) as (recall Definition 4.4.8)
Cr(®) = Cp(@)U{t € [0,T]: x; () = 1}.

For any # € [0,T) and all ® € Q, integrating R’ (®) by parts (Proposition 2.2.1) and then

taking limits as n — oo, we obtain

Jim R (0) = lim [(1—%,())p7(@) — [ pl(@)d(1—1, () @.25)
= (1= (@)p (@)~ [ pr-(@)d(1-1:(0)

[0,¢]
=R (®) — (1 = x:(®))Ap;(®) = Ri— (),

where the second equality uses dominated convergence and (4.20), and the third equality is inte-
gration by parts. We can therefore conclude that

lim R (®w) = R;(®), forallz € Cg(®)N[0,7T) and all ® € Q.

n—oo

It remains to show the convergence at 7' (which belongs to Cg(®) by our construction of (R;)).
Since the function ¢ — p;(®) is non-decreasing and the sequence (p;(®)), is non-decreasing, the
sequence (R} (®)), is as well non-decreasing (a proof of this fact is contained in Lemma B.2.2).
As in (4.23), we show that lim, .. R} (®) = Ry—(®) for & € . By construction of (R}) and
(R;), this proves convergence of R7. to Ry.

Then, the processes (R}) and (R;) fulfil all the assumptions of Proposition 4.4.11 whose
application allows us to obtain (4.21). O]

From the convergence (4.25), an identical argument as in (4.23) (with (R}'), (R;) in place of
(p!), (ps)) proves convergence of left-limits of processes (R") at any ¢ € [0,T]. The following

corollary formalises this observation. It will be used in Section 4.5.1.

Corollary 4.4.15. Consider the processes (R}') and (R;) defined in (4.24). For P-a.e. ® € Q we
have
lim R! (w) =R,_(®) forallt€0,T].

n—oo
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4.4.2 Verification of the conditions of Sion’s theorem

For the application of Sion’s theorem, we will consider the weak topology on A (F)) and A(F?)
inherited from the space 8. In our arguments, we will often use notions and theorems from
Section A.3. In particular, we will use that for convex sets the weak and strong closedness
are equivalent (Theorem A.3.3), and that any S-converging sequence admits a (A x P)-a.e. -

converging subsequence (Theorem A.3.7).

Lemma 4.4.16. For any filtration (S;) C (J;) satisfying the usual conditions, the set A(G;) is

weakly compact in 8.

Proof. We write A for A(S,) and A° for A°(G,). The set A is a subset of the unit ball in 8. Since
§ is areflexive Banach space (Corollary A.3.9), this ball is weakly compact (Kakutani’s Theorem
A.3.5). Therefore, we only need to show that A is weakly closed (then the weak compactness is
implied by Theorem A.2.3). Since A is convex, it is enough to show that A is strongly closed
(Theorem A.3.3).

Take a sequence (p}),>1 C A that converges strongly in 8 to (p;). We will prove that (p;) € A
by constructing a cadlag non-decreasing adapted process (P, ) such that po— =0, pr =1, and p =
p (A x P)-a.e. With no loss of generality we can pass to the cadlag representatives (p}'),>1 C A°
which also converge to (p;) in 8. Then, there is a subsequence (1 );>1 such that p;* — p,
(A x P)-a.e. (Theorem A.3.7).

Since .

/0 P(lim pj* = py)ds =1, forallt € [0,T],

k—roo

we can find D C [0, 7] with ([0, 7]\ D) = 0 such that P(Q,) = 1 for all t € D, where
0, = {0 Q: Jim p/*(®) = pi(0)}

Then we can take a dense countable subset D C D and define Qg := Nrep€y so that P(Qp) = 1
and
]}im pit(w) = ps(0), for all (#,®) € D x Q.
—>00

Since p" are non-decreasing, so is the mapping D 3 ¢ — p;(®) for all ® € €. Let us extend this
mapping to [0, 7] by defining p;(®) := p;(®) forz € D and

pr(w) := thL ps(®), pPo—(®):=0, pr(w):=1, forallwe Q,
seD:s|t

where the limit exists due to monotonicity. For @ € N := Q\ Q, we set p;(®) =0 fort < T and
pr(m) = 1. Notice that N € G since P(N) = 0 so that p, is §;-measurable for 7 € D. Moreover,
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(p;) is cadlag by construction and P, is measurable with respect to Ngep s> G5 = G = G; for
each t € [0,T] by the right-continuity of the filtration (Assumption (A5)). Hence, (p;) is (G;)-
adapted and (p;) € A°.

It remains to show that p™ — p in S so that p = p (A x P)-a.e. and therefore (p;) € A. It
suffices to show that P — p (A x IP)-a.e. and then conclude by dominated convergence that
p" — P in 8. For each ® € Qg the process ¢ — P(®) has at most countably many jumps (on
any bounded interval) by monotonicity (Proposition A.4.15), i.e. A([0,T]\ Cs(®)) = 0 (recall
Definition 4.4.8). Moreover, arguing as in the proof of Lemma 4.4.9, we conclude

klim P (w) = ps(w), forallt € Cs(w) and all ® € Q.
—>00

Since (AxP)({(t,):t € Cs(w) NB,® € Qo}) =A(B) for any bounded interval B C [0,T], then
P —p in 8. Thus, A is strongly closed in S. 0

Remark 4.4.17. Our space A(S;) is the space of processes that generate randomised stopping
times, and for any (p;) € A(G;) we require that pr(®) = 1 for all ® € Q. In the finite horizon
problem, i.e. T < oo, such specification imposes a constraint that prevents a direct use of the
topology induced by the norm considered in Touzi & Vieille (2002). Indeed, in Touzi & Vieille
(2002) the space 8 is that of (S;)-adapted processes (p;) with

T
IolP =] [ (p0%dr+ (3pr 2] <=, apr i=py —timint
t

The space of generating processes A(G;) is not closed in the topology induced by || - || above: for
example, define a sequence (p}'),>1 C A(G;) by

1 +
p?zn(t—n—) . tel0,T).
n

Then ||p"|| — 0 as n — oo but p =0 ¢ A(S;) since it fails to be equal to one at T (and it is not

possible to select a representative from A(S;) with the equivalence relation induced by || - ||).

Lemma 4.4.18. Given any (£,() € Au(F)) x A(F?), the functionals N(E,-) : A(F?) — R and
N(-,C) : Auc(TF) — R are, respectively, upper semicontinuous and lower semicontinuous in the

strong topology of 8.

Proof. Recall from (4.9) that

N(E, ) =E {/[0 T)ﬁ(l —G-)d& + /[OI)g[(l —&)dG +hAErAlr | (4.26)

’
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Upper semicontinuity of N(§,-). Fix (&) € Au(F}) and consider a sequence ({),>1 C
A(F?) converging to ({;) € A(F?) strongly in 8. We have to show that

limsupN(E,{") < N(E,L).

n—oo

Assume, by contradiction, that limsup,,_,,N(&,{") > N(&,(). There is a subsequence (n)
over which the limit on the left-hand side is attained. Along a further subsequence we have
(P x A)-a.e. convergence of ({) to ({;) (Theorem A.3.7). With an abuse of notation we will
assume that the original sequence posesses those two properties, i.e. the limit lim,_,. N(&,£")
exists and it strictly dominates N (&, {), and there is (P x A)-a.e. convergence of ({') to (,).

Since (&) is absolutely continuous on [0,7),

i 1 [/[O,mﬁ(l - C?)d&'t] - U{O

by the dominated convergence theorem. For the last two terms of N(&,{") in (4.26) we have

L

NS

)

I

g (1-8&)dg/ + hAéTAC’%] =k {/[O,T)

_E { [ a8 G+ - gT>AaTAz;';] ,

ar(1—E )l + hAaTAC';]

where the first equality is by (absolute) continuity of (&) and for the second one we used that
1 —&r_ = AEr. From Lemma 4.4.9 and the boundedness and continuity of (&) we verify the

assumptions of Proposition 4.4.11 (with X; = g;(1 —&,_) therein since (&) is continuous on

[0,71]), s0
fine 0 -6 =5

Recalling that g7 < h, we obtain from Lemma 4.4.10

- g (1 —ét—)dCt}

) )

limsupE[(h — g7)AEr ALY ] < E[(h— gr)AErALr].

n—oo

Combining above convergence results contradicts lim, . N(&,") > N(&, ), hence, proves the
upper semicontinuity.

Lower semicontinuity of N(-,¢). Fix ({;) € A(F?) and consider a sequence (§),>1 C Auc(F})
converging to (&) € Au(F!) strongly in 8. Arguing by contradiction as above, we assume that
there is a subsequence of (&) which we denote the same, such that §" — & (P x A)-a.e. and

Jim N(E".8) < N(E.). @27)
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By Lemma 4.4.9 and the continuity of (&) we have for P-a.e. ® € Q

lim &'(0) =& (w) forallt €[0,T).

n—oo

Then by dominated convergence for the second term of N(&",{) in (4.26) we get

imE| [ a(-ghag| B[ [ a0-g)as]

For the remaining terms of N(&",{), we have

B [ H0- g +hagpaty | <B| [ A0-G a5+ (- fragpaty .
[0,7)
Observe that, by Lemma 4.4.10,

liminfE[(h— fr)AEFALr] > E[(h— fr)A&rALr],

n—soo

because & — fr < 0. Further,

| [ p0-toag| <5 [ n0-tod)

by Proposition 4.4.13. The above results contradict (4.27), therefore, proving the lower semicon-
tinuity. []

We are now ready to prove that the game with continuous randomisation for the first player

(T-player) has a value.

Proof of Theorem 4.4.5. We will show that the conditions of Sion’s theorem hold (recall the
notation in Theorem 3.5.3) with (A,B) = (A(F?),Au(F})) on the space § x 8 equipped with
its weak topology. For the sake of compactness of notation, we will write A for A(J?7) and A,
for Aue(F}). A straightforward proof of the fact that the sets A and A, are convex is contained
in Lemma B.2.3. Compactness of A in the weak topology of & follows from Lemma 4.4.16. It
remains to prove the convexity and semicontinuity properties of the functional N with respect to
the weak topology of 8. This is equivalent to showing (see Theorem A.4.5) that for any a € R,
(&) € Age and (§,) € A the level sets

KE) = {(&) € Auc:NE ) <a}  and  24§)={({) €A:N(E, L) > a}
are convex and closed in A, and A, respectively, with respect to the weak topology of S. For
any A € [0,1] and (§)), (E?) € Aue, (L)), (E?) € A, using the expression in (4.9) it is immediate
(by linearity) that
NOE' +(1-1)8%8) =N (E, )+ (1 -MN(E,D),
NEAL +(1=0)E) =N E L) +(1-2)

=
—~
g
J X
\9)
~—
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4.4 Sion’s theorem and existence of value

This proves the convexity of the level sets. Their closedness in the strong topology of & follows
from Lemma 4.4.18 (an attentive reader may have noticed that only sequential closedness was
proven, but then an application of Lemma A.2.5 proves the topological closedness). The latter
two properties imply, by Theorem A.3.3, that the level sets are closed in the weak topology of S.
Sion’s theorem (Theorem 3.5.3) yields the existence of the value of the game: W, = W*.

The second part of the statement results from using Lemma 3.6.3 which allows to write max

instead of sup in (4.11), i.e.

sup inf N(§,8) =max inf N(§,§)= inf N(§,C),
(eALEA CeA Ec Ay &€ Aac

where ({) € A delivers the maximum. O

4.4.3 Approximation with continuous controls

We now prove Proposition 4.4.6 by constructing a sequence (&), of Lipschitz continuous pro-
cesses with the Lipschitz constant for each process bounded by 7 for all ®. This uniform bound
on the Lipschitz constant is not used below, as we only need that each of the processes (&)
has absolutely continuous trajectories with respect to the Lebesgue measure on [0,7) so that it
belongs to Aq(F}).

Proof of Proposition 4.4.6. Fix ({;) € A(F?). We need to show that for any (&) € A(F}), there
exists a sequence (§),>1 C Aqe(F}) such that

limsupN(£",§) < N(&,5). (4.28)

n—soo

We will explicitly construct absolutely continuous (£]') that approximate (&) in a suitable
sense. As N(&,{) does not depend on the choice of cadlag representatives, by Definition 4.4.2,
without loss of generality we assume that (§,) € A°(F}) and ({;) € A°(F?). Define a function
0f = (nt) N1V 0. Let & := [jg 101 d&; for t € [0,T), and & := 1. We shall show that (§f') are
n-Lipschitz, hence (Lemma A.4.21) absolutely continuous on [0,7'). Note that ¢ = 0 for 7 <0,
and therefore & = [ 719/ d&; for ¢ € [0,T). For arbitrary 11,1, € [0,T) we have

-l =| [ @] < [ jen e
g/ ny(tl—s)—(t2—s)yd§s:/ nlt — bo|dEs = nlt — 1),
[0,T] [0,T]

)

where the first inequality is a generic estimate of the absolute value of an integral, and the second
inequality follows by the definition of ¢".
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4.4 Sion’s theorem and existence of value

We will verify the assumptions of Proposition 4.4.14. Clearly the sequence (&]') is non-
decreasing in n, as the measure d&() is positive for each ® € Q and the sequence ¢" is non-
decreasing. By the construction of (£}') we have £} = 0 — Eo_ as n — co. Moreover, for any
t€(0,T)andn > 1

= P dEs = + 1 —s8)dSs
Jo o=t ak [y nte-s)a

where the first equality uses that ¢ = 0, so that jumps of (&) at time 7 give zero contribution,
and the second one uses the definition of ¢". Letting n — oo, we see that the second term above

vanishes since

og/ n(t—s)dE <& —& | =0
(t_ﬁvt) =%

and therefore obtain &' — &,_ for all ¢ € [0, T). Proposition 4.4.14 implies that

sarlf, 0-5] e,

and lim, . &} = E7_ so that

- g)d@} | (4.29)
lim AZh = A%, (4.30)

since &7 = 1 for all n > 1. The dominated convergence theorem (applied to the second integral
below) and (4.29), (4.30) yield

i NED = lmE| [ f-Loag+ [ s -gas e nsgial
3 (4.31)

_E l /[O’T) F(1=C)dE + /[(m a(1—& )G, + hA&TACT} .

Note that

NEO=B|[ ALt [ a(1-8)dG + iatraly]

:E/ (1=¢) d&t-l-/ g (1—-&-)dG + Z

_ g)ALAL, +hAaTAcT}
telo, T)

(4.32)

>E| /W)fz(l— C)dE; + /[Oj)gt(l—&;)d(;t +hAgTA§T] |

where the last inequality is due to Assumption (A3). Combining this with (4.31) completes the
proof of (4.28). L]
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Remark 4.4.19. Recall the similar approximating construction (3.28) of (Touzi & Vieille, 2002,
Lemma 5.2). The advantage of our construction in the proof of Proposition 4.4.6 is that it allows
to avoid integrating with respect to the payoff processes (f;), (g:). Hence, unlike Touzi & Vieille

(2002), we do not have to impose a semimartingality assumption on the payoff processes.

4.5 Extensions and complimentary results

4.5.1 Relaxation of Assumption (A2)

Assumption (A2), which requires that the payoff processes are regular, can be relaxed to allow
for previsible jumps. In this section, we extend Theorem 4.4.5 and Proposition 4.4.6 to the
case of Assumption (A2’) with the payoff process (g;) having non-negative previsible jumps,
i.e. (§;) from the decomposition in (A2’) being non-decreasing. Arguments when (f;) is non-
increasing (the payoff process (f;) has non-positive previsible jumps) are analogous. However,
in that case, we define the analogue of problem (4.11) where the second player (maximiser) uses
absolutely continuous generating processes ({;) € Auc(F?) and the first player (minimiser) picks
(&) € A(F!). We give more details on this symmetric problem below in this section and in
Section 4.5.2.

Theorem 4.5.1. Under Assumptions (Al), (A2’), (A3)-(AS5) (with (§;) non-decreasing), the game
(4.11) has a value, i.e.

W, =W*:=W.
Moreover, the -player (maximiser) has an optimal strategy, i.e. there exists ((¥) € A(F?) such
that

inf N(EC)=W.

EeAac(F})
Proposition 4.5.2. Under assumptions (Al), (A2’), (A3)-(AS5) (with (g;) non-decreasing), for any
(&) € A(F?) and (&) € A(F)), there is a sequence (&) C Aue(F]) such that
limsupN(€",8) < N(E,L).

n—oo

We remark that, in order to treat the case of Assumption (A2’) with the payoff process ( f,)

non-increasing, we need to define

W,= sup inf N, and W*= inf sup N(EQ), (4.33)
(eAa(FP) ECA(T!) ECA(TF!) (AL (TD)

and to state the following theorem analogous to Theorem 4.5.1.
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4.5 Extensions and complimentary results

Theorem 4.5.3. Under Assumptions (Al), (A2’), (A3)-(AS5) (with ( f,) non-increasing), the game
(4.33) has a value, i.e.

W, =W*":=W.
Moreover, the &-player (minimiser) has an optimal strategy, i.e. there exists (§) € A(F?) such
that

sup N(E",Q)=W.
CeAac(T7)

Similarly, Proposition 4.5.2 has the following counterpart.

Proposition 4.5.4. Under assumptions (Al), (A2’), (A3)-(AS) (with (f;) non-increasing), for any
(&) € A(T)) and (§;) € A(F?), there is a sequence ({') C Aae(F?) such that
iminfN(E, &) > N(E, ©).

n—oo

Proof of Theorem 4.2.3. The proof is identical to the proof Theorem 4.2.4 but with references to
Theorem 4.4.5 and Proposition 4.4.6 replaced by the above results: more precisely, by Theorem
4.5.1 and Proposition 4.5.2 in case when (g;) is non-decreasing, and by Theorem 4.5.3 and

Proposition 4.5.4 in case when ( ﬁ) non-increasing. [

Section 4.5.2 is devoted to proving Theorem 4.5.3 and Proposition 4.5.4. In the rest of this
section we prove Theorem 4.5.1 and Proposition 4.5.2.

By Assumption (A2’), the processes (f;), (¢;) have integrable variation (in the sense of Defi-
nition A.5.5), and, in particular, finite variation (Definition A.5.4). By Corollary A.5.7, we then
have the following decomposition: there exist (F;)-stopping times (nk)k>1 and (N )k>1, non-
negative I nf” ~measurable random variables X; , k > 1, and non-negative St -measurable random

variables ng , k> 1, such that
fi= Z( l)kafI{t>nf}’ 8 = ZXIfI{thf}' (4.34)
k=1

The condition fo = go = 0 implies that n{ Mg >0 forall k> 1. Since ( £), (&) have integrable
variation, the infinite sequences in (4.34) are dominated by integrable random variables X/ and
X8: forany 7 € [0,T]

Al<x’:=Yx/, ad &<x%:=Y X (4.35)
k=1 k=1
To handle convergence of integrals of piecewise-constant processes, we need to extend the

results of Proposition 4.4.11.
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4.5 Extensions and complimentary results

Proposition 4.5.5. For a filtration (S;) C (;), consider (p!),>1 C A°(S;) and (p;) € A°(S;)
with
IP’({(D €Q: limpl () =p,(®), forallt € Cy()U {T}}) —1.

Then for any random variables 6 € (0,T] and (X;) € [0,00) with E[X] < o we have

limsupE[ /{0 T} I{IZG}Xdp?} < E[ /{0 . I{tze}Xdp,]. (4.36)

n—soo

Furthermore, if P({0: 8(®) € Cp(w) or X(®) =0}) =1, then

lim [ /[O’T] I{tZQ}Xdpt} —E [ /[0 . I{tze}Xdp,} . 4.37)

bl

Proof. Let Qg be the set of ® € Q for which p}(®) — p;(®) for all r € Cp(0) U{T}. We have

P(Qp) = 1 by assumption. Fix € Q. Take an arbitrary t € Cp(®) such that t < 8(®) (such

t always exists, since 8(®) > 0 and since ¢ — p,(®) has at most countably many jumps on any

bounded interval by Proposition A.4.15). We have p}'(®) < pg( 0)— (®), therefore by assumption
liminfpg, (@) > p;(®).

n—oo

Since Cp(®) is dense in (0,7'), by arbitrariness of # < 6(®) we have

liminfpg(w)_((o) > Po(e)— (®). (4.38)

n—oo

We rewrite the integral as follows: [j 71 I;;>0)Xdp;’ = X (p7 — py_ ). Therefore,

limsupE [ / 1{t>9}Xdp;“} = limsupE [X (p — pj_)] = limsup E[Xp’}] — liminfE[Xp}._].
n—oo [O,T] - n—o0 n—oo n—oo
The dominated convergence theorem yields lim, .. E[Xp%}| = E[Xpr], while applying Fubini’s
theorem gives

liminfE[Xp}_] > E[liminfXp?_] > E[Xpe_],

n—oo n—oo
where the last inequality is by (4.38). Combining the above completes the proof of (4.36).
Assume now that 8(®) € Cp(®) or X(w) = 0 for P-a.e. ® € Qy. This and the dominated
convergence theorem yield

E[X(pr —po-)] = E[X(pr —pe)] = lim E[X(p7 —pp)] < limsupE[X (p7 —pg_)];

n—o0

where the last inequality follows from the monotonicity of (p?). This estimate and (4.36) prove
(4.37). O
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4.5 Extensions and complimentary results

Remark 4.5.6. The inequality (4.36) in Proposition 4.5.5 can be strict even if p} — p; for all
t € [0,T), because this condition does not imply that p}'_ — p,_. One needs further continuity
assumptions on (p,) to establish equality (4.37).

Proof of Theorem 4.5.1. Compared to the proof of the analogue result under the more stringent
condition (A2) (i.e. Theorem 4.4.5), we only need to establish lower and upper semicontinuity
of the functional N, while all the remaining arguments stay valid.

Indeed, in the proof of Theorem 4.4.5, we verify that the sets A and A, are convex; com-
pactness of A in the weak topology of § is proven in Lemma 4.4.16. In the proof of Theorem
4.4.5, we also show that for any a € R, (§,) € Age and ({,) € A the level sets

K(E) = {(&) € Aac:NEE) <a}  and  2(E)={(L) € A:N(E.L) >a}

are convex in A, and A, respectively. What remains to prove before applying Sion’s theorem is
that these level sets are closed with respect to the weak topology of 8. This, due to the convexity
and Theorem A.3.3, follows from their closedness in the strong topology of 8§, which we establish
below by extending arguments of Lemma 4.4.18.

Upper semicontinuity of N(§,-). Fix (&) € Aq(F}) and consider a sequence ({')n>1 C
A(F?) converging to ({;) € A(F?) strongly in 8. Arguing by contradiction, we assume that
there is a subsequence of ({'),>1, denoted the same with an abuse of notation, that converges
(P x A)-a.e. to (§;) and such that

lim N(E, &) > N(E ).

Without loss of generality, we can further require that ({),>; C A°(F?) and ({;) € A°(F?).
Since (&) is absolutely continuous on [0,7'), we have

limE[ /[(m £ - d&,} _ { / A=Co )d@} (4.39)

n—oo

by the dominated convergence theorem. For the last two terms of N(&, (") (recall (4.9)) we have

o

El

(1 =BG haEr ATy =B [ (1—& )T + (- gr)sralh .

El

By the proof of Lemma 4.4.18, for the regular part (g;) of the process (g;) we have

im | [, @- &g | 5| [, a0 & Ja]. (4.40)

n—soo

For the pure jump part (g;) of the process (g;), we will prove that

)

a(1- az_>dct} . (4.41)
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4.5 Extensions and complimentary results

To this end, let us define
R} = /[0 ](1 —&-)dgy, R :/[O ](1 —&,_)dE,  forte[0,T], (4.42)
7t ’t

with Rjj_ = Ro— = 0; then we are going to apply Proposition 4.5.5 with (R}") and (R;) in place
of (p?) and (p;). In order to do that, we need to check that R"(®) — R;(®) as n — oo for
t € Cr(0) = Ce(w)U{t € [0,T]: & (o) = 1}, for P-a.e. ® € Q. The latter is indeed true. Setting
Qo ={0eQ: lim;.{(0) =§(w) Vr € C¢(w)}, we have P(Qop) = 1 by Lemma 4.4.9. For
any ® € Qo and ¢ € C¢(w), invoking the absolute continuity of (&), we obtain (omitting the
dependence on ®)

lim &7 = lim [(1 - £)¢ + /{M Grde| = (1-8) + /[(m (s =Ry,

n—yoo

where the convergence of the second term is due to the dominated convergence theorem and the
fact that A([0,7]\ C¢(®)) = 0 and {7 = {7 = 1. On the other hand, for ¢ such that & = 1 we
obtain

(0.2] [0.,1]

n—oo n—oo

where we again applied the dominated convergence.
For any k > 1, since ng > 0, Proposition 4.5.5 gives (recall (4.34))

1121133131@[ /[O’T] X,fl{thf}dR?] < IE[ /[O’T] X,fl{,an}dR,}. (4.43)

We first apply the decomposition of (g;) and then the monotone convergence theorem:

IE/ 6, (1 — _danoo/ x¢7 an}:wE{/ X7 an}
[ #0500 | B[ T [ xgtqgart| = T E| [ Xty

Since (g;) € £j, we have the bound (recall (4.35))

o)

) supE[/ X,fl{,>ng}dR?] < Y E[X{] < .
k=1 7 [0.7] — k=1

This allows us to apply reverse Fatou’s lemma (with respect to the counting measure on N)

limsup Z E [/[0 . lel{tzni}dR;l} < ];llimsupE {/{0 . Xf[{lknﬁ}dR?}

n—oeo 1 n—yoo

< S E X8I dR;| = E /
_k;l { o) F =N ’} { 0

a(1- @)dct] ,
1)
(4.44)
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where the last inequality is due to (4.43) and the final equality follows by monotone convergence
and the decomposition of (g;). This completes the proof of (4.41).
Recalling that g7 < h, we obtain from Lemma 4.4.10
limsupE [(h — gr)AErAL}] < E[(h—gr)A&rALr].

n—soo

Combining the latter with (4.39), (4.40), and (4.41) shows that

limsupN(E,C") < N(C,0). (4.45)

n—oo

Hence we have a contradiction with lim,_,. N(&,£") > N(&, ), which proves the upper semi-
continuity.

Lower semicontinuity of N(-,{). The proof follows closely the argument of the proof of
Lemma 4.4.18: we fix ({;) € A(F?), consider a sequence (£7),>1 C Aqc(F]!) converging to
(&) € Auc(F]) strongly in 8, assume that

Jim N(E".0) < N(E.) (446)

and reach a contradiction. We focus on how to handle the convergence for (f;) as all other terms
are handled by the proof of Lemma 4.4.18.

By Lemma 4.4.9 and the continuity of (§;) we have P(lim, .. &' (@) = & () Vi € [0,T)) =
I. Let

R [0t R= [ (0-Godg,

with R = Ro— = 0. Due to the continuity of (&) and (&) for r € [0,T), processes (R}') and
(R;) are continuous on [0,7) with a possible jump at 7. From (4.19) in the proof of Proposition
4.4.13 we conclude that for P-a.e. ® € Q

lim R} (w) = R;(w) forallz € [0,T].

n—oo

Since A fT = 0 (see Assumption (A2")), there is a decomposition such that X,{ 1 =1} = 0 P-a.s.
=

for all k. Recalling that (R;) is continuous on [0,7'), we can apply (4.37) in Proposition 4.5.5:

for any k > 1,

: S n| _ S
r}l_{roloE {/[O.,T] X; I{t>n£}de} =K {/[O,T] X; I{z>n£}dR’} .

Combining the latter with decomposition (4.34) and the dominated convergence theorem (with
the bound X) we obtain

nmEV f,dR?} :IE[/ f,dR,}.
n—eo [0,T] [0,T]
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This, together with an identical result for ( f,) that follows from the proof of Lemma 4.4.18,

shows that
lim E {/ f,dR;’} =FE {/ f,dR,] , (4.47)
nree (0.7] (0.7]

and the rest of the proof of lower semicontinuity from Lemma 4.4.18 applies. ]

Remark 4.5.7. Item (4) in Assumption (A2’) implies in particular that the payoff process (g)
does not have previsible jumps that are P-a.s. negative. This assumption cannot be further re-
laxed as this may cause the proof of the upper semicontinuity in Theorem 4.5.1 to fail. Recall
that the process (g;) corresponds to the payoff of the second player and her strategy ((;) is
not required to be absolutely continuous. For example, fix ty € (0,T) and take g, =1 —1 (1>t}
& = Iy>yy and & = Ij,—ry. Let us consider the sequence Cff = Iipsy 1y which converges to (L)
pointwise and also strongly in §. We have

| el-&)dg =1, foralins but [ g(1-&- )G =0,
[0,T] [0,T]

)

hence (4.41) fails and so does (4.45).

Proof of Proposition 4.5.2. Here, we show how to extend the proof of Proposition 4.4.6 to the
more general setting. Fix ({,) € A°(F?) and (&) € A°(F}). Construct a sequence (£F) C
AC.(F]) as in the proof of Proposition 4.4.6. We need to show that

limsupN(§",C) < N(G, ). (4.48)

n—oo

From the proof of Proposition 4.4.6 we have

nlig;E{/ fi1=¢.) d&,+/ (1 —=&7)dG + hAST AQT}

(4.49)
Fort € [0,T], define
Ri= | (g R=[ (1-L)de,
[0.7] [0.7]
with Rj_ = Ro— = 0. Corollary 4.4.15 implies that for P-a.e. ® € Q
lim R (®w) =R,_(®w) forallt e [0,T]. (4.50)

n—oo
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By the decomposition of ( ﬁ) in (4.34) and the dominated convergence theorem for the infinite

sum (recalling (4.35)) we obtain

]E[/[O’T)f}(l—t;,_)d&f] :;E{(—l)k/[wx,{ . dR"} ZE[ D<x] (RS —Rg{_)}.

We further apply dominated convergence (with respect to the product of the counting measure

on N and the measure [P) to obtain

n—oo

lim E{ [O,T)ﬁ(l - Cz—)dii’} = Z E[(_l)k,}ﬂX{(Rl%_ _sz—)}

i -tas].
T)
(4.51)
where the second equality uses (4.50) and the final one the decomposition of ( ﬁ) Recalling that

)

&' — &,_ as n — oo by construction, dominated convergence yields

i K [/[0 n& _&?)dg} " U{o r

(15 )L, @52
Putting together (4.49), (4.51) and (4.52) shows that

’

i NEO =E| [ 0L+ [ a5+ hakral |

It remains to notice that, by (4.32), the right-hand side is dominated by N (&, {), which completes
the proof of (4.48). O

4.5.2 Regularising the control of the other player

Recall that initially in Section 4.4, we regularised the control (&) of the first player to belong to
Aac(”f}) (see (4.11)). In this subsection, we show that the choice of the player caused no loss of
generality, by adjusting our proofs to the situation when, instead, the control (;) of the second
player belongs to A (F7).

We note that the ideas of the proofs are similar to Section 4.5.1. Again, we will have to verify
semicontinuity of the functional N in order to prove Theorem 4.5.3, and we will approximate a
control by a sequence of Lipschitz-continuous ones to prove Proposition 4.5.4. Some arguments
are the same as in Theorem 4.5.1 and Proposition 4.5.2, up to swapping the roles of (&) and (;).
Note, however, that the decomposition (4.54) below is different from (4.35), and this causes

certain differences in the proofs. In particular, in (4.65) we apply the usual Fatou’s lemma and
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not its reverse counterpart as we did in (4.44). Another example is that the inequality (4.32) is
written for the functional N(&, (), while the symmetric version (4.68) bounds the value of its

approximation N (&, {").

Semicontinuity

Recall Assumption (A2) and its generalisation (A2’) — in particular, the last bullet point of
the latter. In Section 4.5.1, we covered the case when Assumption (A2’) holds with the payoff
process (g;) having only non-negative previsible jumps, i.e. (g;) from the decomposition in
(A2’) being non-decreasing. In the current symmetric set-up, we assume that, instead, ( f,) 1S
non-increasing (the process (f;) has only non-positive previsible jumps).

The processes ( f;), (&;) have the following decomposition (see Section 4.5.1 for the explaina-
tion and related references in the symmetric case): there are (J;)-stopping times (n{ )Jk>1 and

(M§)k>1 and F-measurable, non-negative random variables (X,{ )i>1 and (X?)g>1 such that

[

f 5 k
_ kz Xilisgry &= ;(—1) X{ oty (4.53)
and the infinite sequences in (4.53) are dominated by integrable random variables X/ and X&: for
any t € [0,7]

Al<x/ =Y x/, and |a|<xt:=Y x¢ (4.54)
k=1 k=1
Proof of Theorem 4.5.3. As explained in the proof of Theorem 4.5.1, in order to prove Theorem
4.5.3 we only need to establish lower and upper semicontinuity of the functional N. We do so by
extending arguments of Lemma 4.4.18.

Upper semicontinuity of N (E,-). Fix (&) € A(F}) and consider a sequence ({),>1 C Age(F?)
converging to (§;) € Aac(fﬂz) strongly in 8. Arguing by contradiction, we assume that there is a
subsequence of ({'),>1, denoted the same with an abuse of notation, that converges (PP x A)-a.e.
to (§;) and such that

lim N(E,€) > NEL). 59)

Without loss of generality, we can further require that ({%),>1 C AS.(F?) and ({,) € A2.(F?).
By the dominated convergence,

n—soo

lim]E[ /m) na-g d&,} — { / A= )d&t} (4.56)
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4.5 Extensions and complimentary results

For the last two terms of N(§,") (recall (4.9)) we have, using continuity of ({') on [0,T),

E[/ 8t
[0,7)

I

(1—&)dC + hA&rAC’%] =E { /[0 7]

I

g1~ & )dC + (h —gﬂAéTAc%] .

By Lemma 4.4.9 and the continuity of ({;) we have P(lim,—. (' (®) = {(w) V7 € [0,T)) = 1.
Then, in particular, we can apply Proposition 4.4.11 to the regular part (g,) of the process (g;)
and obtain

lim E [ /W] a(1— @_)dc?] —E [ /[Oﬂ a(1— ‘t:t—)dCt} . (4.57)

n—soo
For the pure jump part (g;) of the process (g;), we will prove that

i | [, e &g | 5| [, e & Jat]. 4.58)

n—soo

Let us define

R = /{Mu —g)dl, R = /Mu —&)dt,  forre[0,7],

with Rl =Ro_ =0.
Due to the continuity of ({') and ({;) for t € [0,T), processes (R}') and (R;) are continuous
on [0,7) with a possible jump at 7. It follows from (4.19) from the proof of Proposition 4.4.13
that for P-a.e. ® € Q
lim R} (®) = R;(w) forallz € [0,T].

n—oo
Since Agr = 0 (see Assumption (A2’)), there is a decomposition such that X,fl me=T} = 0
P-a.s. for all k. Recalling that (R;) is continuous on [0,7), we can apply (4.37) in Proposition
4.5.5: forany k > 1,

: 8 n| _ 8
lim E |: 0.1] Xk I{t2ni}dR[:| =K |: 0.1] Xk I{t2ni}dR[:| .

n—oo

The dominated convergence theorem (with the bound X¢) implies that

n—oo [0,7]
which proves (4.58).

Finally, recalling that g7 < h, we obtain from Lemma 4.4.10

limsupE[(h — g7)AEr ALY ] < E[(h— gr)AErALr].

n—oo
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Combining the latter with (4.56), (4.57) and (4.58) shows that

limsupN(§,5") < N(G, ). (4.59)

n—oo

Hence we have a contradiction with (4.55), which proves the upper semicontinuity.

Lower semicontinuity of N(-,€). Fix (§;) € Au(F?) and consider a sequence (&),>1 C
A(F]) converging to (§,) € A(F]) strongly in 8. Arguing by contradiction as above, we assume
that there is a subsequence of (&) which we denote the same, with an abuse of notation, such
that " — & (P x A)-a.e. and

lim N(E",§) <N(E,5). (4.60)

Since (;) is absolutely continuous on [0, 7)),

i MO,ngt(l - gﬁ)dg} - [/[0 r

)

)8t(1 _Fol)dCl:| (4.61)

by the dominated convergence theorem. For the other two terms of N(&", () we have
K { /[0 - fi(1 =G )dg + hA%’%ACT} =E { /[O . Si(1=8)dg + (h— fT)Aﬁ’%ACT} :

where we used that 1 — {7 = Alz. Let us first focus on the regular part (f;) of the process
(f;). From Lemma 4.4.9 and the boundedness and continuity of ({,) we verify the assumptions
of Proposition 4.4.11, so

ime| [ f0-Godg| =5 [ f0-toa] 462

n—yeo [0,T] [0,T]

We now show how to handle the convergence for ( ﬁ) To be precise, we will prove that
liminfE [ [ - ct_>da?} > E { |- qu@} | (4.63)
n—oo [0,T] [0,7]

Let
R/ = /[O,r](l - Ct—)d‘tot, R, = /[0,t]<1 - Ct—)dgl‘u

with R =R = 0.

In the proof of Theorem 4.5.1, we verify that (R}), (R;) defined as (4.42) satisfy the con-
ditions of Proposition 4.5.5. Note that in the current proof, (R}') and (R;) are the same up to
notation. Applying Proposition 4.5.5 for all k > 1 and using that ka > 0, we obtain

llzrfipE [/[Oﬂ X I{t>n£}th} <E [/[O’T] X I{t>n{}dR,} ,
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and therefore

o /7 n f
hrfll}lilﬂﬁl{/[oﬂ —X; 1 (r>n f}dR } > E{/[()’T] —X; I{t>n }dR,]. (4.64)

We first apply the decomposition of ( ﬁ) and then the monotone convergence theorem:

(o)

_ n f n
{/ f(1=6) dﬁz] {Z/[OT k {t>1‘| }dR} ; [/[OT X {t>n }dR}
Since ( ﬁ) € L, we have the bound (recall (4.54))
Y sup 1,dR] E[x/] <
Lo { o % uznl ] Z

Then we can apply Fatou’s lemma (with respect to the counting measure on N) to obtain

(o)

liminf IE/ x/T AR 1"fIE/ x/1 dR"]
e kzl { or] e } kzl e [ or) k)
- f
> Y E { /[O X[ 1 }th} (4.65)

. [/[O,T]ﬁ(l B Ct)diz] ,

where the last inequality is due to (4.64) and the final equality follows by monotone convergence
and the decomposition of ( f,) This completes the proof of (4.63).
The final step is to recall that fr > h, and thus we obtain from Lemma 4.4.10

liminfE [(h— fr)AEFALr] > E[(h— fr)A&rALr]. (4.66)

n—oo

Combining the above convergence results (4.61), (4.62), (4.63), (4.66) contradicts (4.60), hence,

proves the lower semicontinuity. L

Approximation with continuous controls

Proof of Proposition 4.5.4. Fix (&) € A(J/). We need to show that for any (;) € A(F?), there
exists a sequence ({),>1 C Aqe(F?) such that

liminfN(E,{") > N(E,). (4.67)

n—soo

Without loss of generality we assume that ({;) € A°(F?) and (§;) € A°(F}). Recall the function
¢7 = (nt) A1V 0 from the proof of Proposition 4.4.6. Let (i = [ ¢/ dC; forz € [0,T), and
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4.5 Extensions and complimentary results

. = 1. By the argument identical to the proof of Proposition 4.4.6 (for (]') therein), we see that
({') are absolutely continuous on [0,7), and that { — {,_ forallr € [0,T).
Note that

MEC)=E[ [ A-g k[ a(1-Giag - hatrats]
B[ [ RO-Qaa [ a(-8)ag+ T (- e)agaG +aakral

L/[0.7) t€[0,T)

>E _/[Oj)ft(l— &) d&, +/[07T)g,(1_g,_)dg +hA§TAC’4 |

(4.68)
where the last inequality is due to Assumption (A3). In order to prove (4.67), we will use the
decomposition (A2’) of (f;) and (g;) and show that each of the terms on the right-hand side of
(4.68) converges to a corresponding term of N(, ().

Let us consider the regular parts (f;), (g;) or the processes (f;), (g;). An argument identical to
the one that was used in the proof of Proposition 4.4.6 (for (§") therein) to verify the assumptions
of Proposition 4.4.14 proves that it is applicable in the current case as well. Proposition 4.4.14
implies that

lim E [ / a0 dct} ~ { | a- @)d«;} , (4.69)
n—o0 [07]‘)
and limy, o, {}_ = {7 so that
lim Alr = AGr (4.70)

since (. = 1 for all n > 1. Recalling that {} — {;_ by construction, the dominated convergence
theorem (applied to the first integral below) and (4.69), (4.70) yield

hmEU[O fia=¢ d§,+/ (1—& )dC?+hA&TAC’4

n—yoo

_E[/ fi1-¢) d&t-l-/ (1-&) dz;t-l-hA%TACT]

7

4.71)

Now we turn our attention to the jump parts (f;), () or the processes (f;), (g;). Fort € [0,T],
define

= _sfdgl, t = _sdm
Ri= [ 0 R= [ (0-gag

with Rj_ = Ro— = 0. Corollary 4.4.15 implies that for P-a.e. ® € Q

lim R" (@) =R, (o) forallz e [0,T). (4.72)

n—soo
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By the decomposition of (g,) and the dominated convergence theorem for the infinite sum

(recalling (4.54)) we obtain

o

I

N k n k n n
)gt(1—§, d(;t} ZE[ /[O’T)ngl{oni}dR,} ZIE[ 1)“X¢ (R} —Rnf_)].

We further apply dominated convergence with respect to the product of the counting measure

on N and the measure P to obtain

lim ]E{ /[0 a5 dc,] i 1) lim XF (R} — R, )] 4.73)
Z’ XS (Ry— — Rnk—>] :E{/[Oj)gt(l —&,)dct},

where the second equality uses (4.72) and the final one the decomposition of (g;).
On the other hand, recalling that {! — {;_ by construction, we can apply the dominated

convergence to see that

am E [/[O,T)ﬁ(l - C?)d@} - U{o r

)

)f?(l - cz_)d&t} : (4.74)

Putting together (4.68), (4.71), (4.73) and (4.74) shows that

liminfN(&",¢) >E[ / f(1=C)dE + / l—gt)dCt-i-hA&TACT} =N(&,0),

n—yoo

which completes the proof of (4.67). O]

4.5.3 Value of G-conditioned game

This section is devoted to the proof of Theorem 4.2.5. Let us copy the statement for the ease of

reference.

Theorem. Under Assumptions (Al), (A2°), (A3)-(A5) and for any G C ff(l) NF2, the G-conditioned

game has a value, i.e.

esssup essinf E[P(t,0)|] = essinf esssup E[P(t,0)[S]. 4.75)
ceTR(F2)tcTR(F)) t€TR(F}) 6eTR(F?)

By definition, randomisation devices Z; and Zs associated to a pair (t,6) € TR(F}) x TR(F?)
are independent of F7 and, in particular, of . Denoting by (§;) € A°(F}) and ({;) € A°(F?) the
generating processes for T and o, respectively, the statement of Proposition 4.3.4 (the alternative
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expression for the functional N in terms of players’ controls) can be extended to encompass the

conditional functional (4.5):

E[(t,0)|9] :EM

0,7

UG+ [ a(1-8)dg +hagralrls|.  @76)
) [0,7)

Remark 4.5.8. Similarly to Remark 4.3.5, the “internal” essential infimum/supremum can be

taken over pure stopping times, i.e. the following holds for the conditioned lower and upper

value:
V= esssup essinf E[P(t,0)|G] = esssup essinf E[P(1,0)|S] 4.77)
GETR(F?) teTR(F)) ceTR(F?) e T(T))
and
V := essinf esssup E[P(1,0)|G] = essinf esssupE[P(1,6)|S]. (4.78)
teTR(F}) ceTR(F?) eTR(F}) 6T (F7)

Indeed, take arbitrary © € TR(F)), 6 € TR(F?), and define the family of stopping times

g(y) =inf{r € [0,T]: G, >y},  ye€[0,1).

Then,

E[P(t,0)|5] = /IE[fP(‘c,q(y))’S}dy < esssupE [P(t,q(y))|G] < esssupE[P(1,0)|9],
0 y€[0,1] ceT(37)

where the first inequality holds P-a.s. by definition of essential supremum. Therefore,

esssup E[T(T,G)|9} < ess supE[T(T,G)]S}, P-a.s.
ceTR(F?) ceT(9?)

while the reverse inequality is obvious since T(F?) C TR(F?). This proves (4.77), and the proof
of (4.78) is analogous.

Notice that V >V, P-a.s. We will show that
E[V]=E[V] (4.79)

sothatV =V, P-a.s.
In order to prove (4.79), let us define

M(7) :=esssupE[P(t,0)|G], forte TR(F))
ceT(F7)

and

M(c) = essinf E[P(t,0)|G], foro e TR(F}).
T (T
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4.5 Extensions and complimentary results

These are two standard optimal stopping problems and the theory of Snell envelope applies
(see Section 3.1). We adapt some results from that theory to suit our needs in the game setting.

Recall Definition 3.1.3 of a downwards/upwards directed family of random variables.

Lemma 4.5.9. The family {M (%), T € TR(F)} is downwards directed and the family {M(c), c €
TR(F?)} is upwards directed.

Proof. Let 1) 1) € TR(F!) and let (ﬁt(l)), (@,(2)) € A°(F]) be the corresponding generating
processes. Fix the G-measurable event B = {M(t(!)) < M(7(?)} and define another randomised
stopping time as & = T Ip + 1) (the fact G C F| ensures that £ € TR(F))). The generating
process of % reads & = &t(l) Ip + i,(Z)IBc for r € [0,T]. Using the linear structure of (ét) and
recalling (4.76), for any 6 € T(F?) we have

d

it {/[0 Lo e+ 801 =8 +n8e 1oy

=IpE[P(t1)6)|9] + I E[P(x?,0)|9]
<IgM (")) + I M(t?) = M(zD) AM (72,

BP(0)S] < | [ oo !+l ~2) 4108 T

d

where the inequality is by definition of essential supremum and the final equality by definition

of the event B. Thus, taking essential supremum over 6 € T(F7) we get

M%) < M(V) AM(z?),

hence the family {M(t), T € TR(F!)} is downwards directed. A symmetric argument proves that
the family {M (o), 6 € TR(F?)} is upwards directed. O

By of Lemma 4.5.9 and Lemma 3.1.4, there exist sequences (6,,),>1 C TR(F?) and (t,),>1 C
TR(F!) such that P-a.s.

V= 1limM(t,) and V = lim M(c,), (4.80)

n—soo n—oo

where the convergence is monotone in both cases.

Analogous results hold for the optimisation problems defining M(t) and M(o).

Lemma 4.5.10. The family {E[P(t,0)|S],t € T(F)} is downwards directed for each G €
TR(F?). The family {E[P(t,6)|5], 6 € T(F?7)} is upwards directed for each t € TR(F}).
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Proof. Let 1) 12 € TR(F) and let (E_,t(l)), (ét(z)) € A°(F]) be the corresponding generating
processes. Fix the §-measurable event B = {E [T(r(l),6)|9} <E [TP(’C(Z),G) 5]} and define an-
other (F})-randomised stopping time as £ = W1z + 1@ 5. The generating process of 1 reads
€ = &t(l)lg + E_,,(Z)IBC fort € [0, T]. Using the linear structure of (é,t) and recalling (4.76), for any
6 € T(F?) we have

d

sl {/[0 T) I{ugc}fudﬁgtz) +go(1— ggz))) + hAE-»(TZ)I{G:T}

=IE[P(1'),0)|S] +IxE[P(:?,0)|9]
—E[P(x),0)5] AE[P(z?,5)[9],

E[P(%,0)|G] =IE { /[0 ,,ltuso) Fud&l + g6(1—E5)) + hAE T _py

)

9} (4.81)

hence the family {E[P(t,0)|G],t € TR(F])} is downwards directed. A symmetric argument
proves that the family {E[P(t,06)|S], 6 € T(F7)} is upwards directed. O

Remark 4.5.11. There is no inequality in (4.81), so, considering T = W 1ge + 1Dy, the same
argument shows that the family {E[P(t,6)|S], © € TR(F!)} is upwards directed. One can com-

pare this result to a similar one for usual stopping tmies (Karatzas & Shreve, 1998, Lemma
D.1).

As with (4.80), Lemma 4.5.10 implies that for each T € T%(F]) and o € TR(F?), there are
sequences (67),>1 C T(F?) and (1%),>1 C T(F}) such that

M(t) = lim E[P(t,6})|G] and M(c) = lim E[P(1],0)[9], (4.82)

n—oo Nn—yoo
where the convergence is monotone in both cases. Equipped with these results we can prove the
following lemma which will quickly lead to (4.79). Recall V, and V* from Definition 4.2.2.

Lemma 4.5.12. We have
E[V] =V, and  E[V]=V,. (4.83)
Proof. Fix t € TR(F!). By (4.82) and the monotone convergence theorem

E[M(7)] = lim E[P(t,67)] < sup E[P(r,0)].
n—oo 2
ccT(57)
The opposite inequality follows from the fact that M(t) > E[P(1,6)|G] for any 6 € T(F?) by the
definition of the essential supremum. Therefore, we have

EM(t)]= sup E[P(t,0)]. (4.84)
ceT(F2)
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From (4.80), an analogous argument proves that

E[V]= inf E[M(1)]. (4.85)
TeTR(F))

Combining (4.84) and (4.85) completes the proof that E[V] = V*. The second part of the state-

ment requires symmetric arguments. O]
With Lemma 4.5.12 proved, Theorem 4.2.5 follows almost immediately.

Proof of Theorem 4.2.5. By (4.83) and Theorem 4.2.3, we obtain (4.79), which is equivalent to
the statement of Theorem 4.2.5. O]

4.5.4 Generalised payoff and Nash equilibrium

In the joint paper with my PhD supervisors De Angelis er al. (2021c), we extend the results of

the present chapter to the case of a payoff more general than (4.1). Consider

P(t,6) = filfr<o} + 8olfo<e) + el fro), (4.86)
where T € TR(F)), 6 € TR(F?). Recall that the same payoff (3.25) was studied in Section 3.5,
but the game therein is a full-information one, which in the notation of this chapter corresponds
to the case (F!) = (32) = (7).
The payoff processes (f;), (g;) are assumed to be as above, i.e. to satisfy (A1), (A2’). Further,
the “middle” payoff process (k) in De Angelis et al. (2021c) satisfies the following:

(A3) f,>h > g forallt €[0,T], P-as.,
(A4’) (I) is an (J;)-adapted, measurable process.

Note that we do not assume that (%) is cadlag. The filtrations (F}), (F72) C (J;) are assumed to

be as above, i.e. to satisfy (AS). Let us also define the expected payoff functional

N(1,0) = E[P(1,0)].
Note that the current setting reduces to the setting of Section 4.1 if &, (®) = f;(®) for all
t €[0,T) and all ® € Q. The random variable A7 in this case plays the same role as the random
variable 4 in Section 4.1.
The value in randomised strategies of the asymmetric information game with the payoff
(4.86) is defined as in Definition 4.2.2. The classical definition of a Nash equilibrium 3.2.6
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in the current framework needs to be adjusted as follows: a pair (T.,0,) € TR(F1) x TR(F,) is
said to be a Nash equilibrium, if

N(T+,0) < N(14,0.) < N(T,04),

for all pairs (1,06) € TR(F)) x TR(F,).
The main result of De Angelis ef al. (2021c) extends Theorem 4.2.3.

Theorem 4.5.13 (De Angelis et al. (2021c), Theorem 2.4). Under Assumptions (Al), (A2’),
(A3’), (A4’), (AS), the game with the payoff (4.86) has a value in randomised strategies. More-
over, if f and § in (A2’) are non-increasing and non-decreasing, respectively, there exists a Nash

equilibrium (T, Cy).

To avoid a terminological confusion, we mention that in De Angelis ef al. (2021c) a Nash
equilibrium is called a pair of optimal strategies (c.f. the term used in Theorem 4.4.5 to describe
a strategy of one of the players).

There is also the following extension of Theorem 4.2.5 on the value of the G-conditioned

game.

Theorem 4.5.14 (De Angelis ef al. (2021c), Theorem 2.6). Under the assumptions of Theorem
4.5.13 and for any c-algebra G C 3"6 N 3'%, the G-conditioned game has a value, i.e.

esssup essinf E[i’]s(‘c,c)‘g] = essinf esssup E[{]S(‘C,G)‘S], P-a.s.
ceTR(F2)tcTR(F)) T1€TR(F}) 6eTR(F2)

Moreover, if f and ¢ in (A2’) are non-increasing and non-decreasing, respectively, there exists a

pair (T4, 0,) of optimal strategies in the sense that
E[P(t.,0)|S] <E[P(t.,0.)|S] <E[P(r,0.)[], P-as.
for all pairs (t,6) € TR(F}) x TR(F?).

The proofs of Theorems 4.5.13 and 4.5.14 go through deriving, similarly to Proposition 4.3.4,
an alternative representation for the functional N involving the generating processes (&), (§;) of

the randomised stopping times T,6 (De Angelis er al., 2021c, Proposition 4.4):

N(t,0) :E{/[O

Note that the right-hand side is the same as in (3.26) in Section 3.5, i.e. it does not depend on

. fi(1=C)d& + /[O’T] g(1-8)dl+ Y, MAEAL|. (4.87)

1€[0,T]

)

the information features of the game but only on the form of the payoff. In De Angelis et al.
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(2021c), (4.87) is written with integrals over [0,T'), which is equivalent since & = {7 = 1. The
rest of the argument in De Angelis ef al. (2021c) is similar to the current chapter, and the main
steps of the proof of Theorem 4.5.13 (namely, (De Angelis et al., 2021c, Theorem 5.21) and
(De Angelis et al., 2021c, Proposition 5.22)) are up to notation the same as Theorem 4.5.1 and
Proposition 4.5.2. However, we decided to present the results of the current chapter for the less
general payoff (4.1), because the majority of the work on the extension to the payoff (4.86) was
done by my PhD supervisors.

4.6 Examples

In this section, we illustrate some of the specific games for which our general results apply.
We draw from the existing literature on two-player zero-sum Dynkin games in continuous time
(Chapter 3) and show that a broad class of these fits within our framework. Indeed, when (J/) =
(37) = (F;), the game (4.2) is the classical Dynkin game with full information for both players
(see Sections 3.2, 3.3, 3.5). The case (F!) = (F7) C (F;) corresponds to a game with partial
but symmetric information about the payoff processes (Section 3.4.3, De Angelis et al. (2021b)),
whereas (F)!) # (F7) is the game with asymmetric information. One can have (F)}) = (7;),
i.e. only the second player is uninformed (Section 3.4.1, Griin (2013)), or (F}!) # (J;) and
(%) # (F,), i.e. both players access different information flows and neither of them has full
knowledge of the underlying world (Section 3.4.2, Gensbittel & Griin (2019)).

Remark 4.6.1. Recall that in the classical non-Markovian full information framework of Section
3.2, the value of the game exists in pure strategies. On the other hand, our main Theorem 4.2.4
proves the existence of the value in randomised strategies. However, recall Section 3.1.3 where
we mention that the generating processes of pure stopping times are extreme points of the set
of generating processes (Pennanen & Perkkio, 2018, Lemma 2). In our notation, we see that
the set T(F,) consists of extreme points of the set TR(F,). In the full information framework
() = (F?) = (F,), this fact could be possible to apply to deduce the existence of the value in
pure strategies. However, it is technically more difficult than the similar result for an optimal
stopping problem (Pennanen & Perkkio, 2018, Theorem 1), since, to the best of our knowledge,
there is no min-max analogue of Bauer’s maximum principle. Since our contribution is mainly
to the theory of games with partial/asymmetric information, we leave further details on the full
information case to the future research, and below focus on the examples corresponding to the

papers reviewed in Section 3.4.

92



4.6 Examples

4.6.1 Game with partially observed scenarios

Our first example extends the setting of Section 3.4.1. On a discrete probability space (Q°, F* P¥),
consider two random variables J and J taking values in {1,...,/} and in {1,...,J}, respectively.
Denote their joint distribution by (7; j)i—1,...1,j=1,...7 so that m; ; = P*(J =i,J = j). The indices
(i, ) are used to identify the scenario in which the game is played and are the key ingredient to
model the asymmetric information feature. Consider another probability space (Q7,FP,PP) with
a filtration (F7) satisfying the usual conditions, (57 )-adapted payoff processes (/) and (g),
and Fr-measurable terminal payoffs 4/, with (i, j) taking values in {1,...,I} x {1,...,J}. For
all i, j, we assume that (£/), (g"/), h'/ satisfy conditions (A1)-(A4).

The game is set on the probability space (Q,F,P) := (QF x Q FPV F* PP Q@ P*). The first
player is informed about the outcome of J before the game starts but never directly observes {.
Hence, her actions are adapted to the filtration ! = 7 v 6(J). Conversely, the second player
knows J but not J, so her actions are adapted to the filtration 52 ?p V6(J). Given a choice of

random times T, G for the first and the second player the payoft is

P(1,0) = fi ’81{rgc}m{r<r} + ggs’gl{c«}m{cd} + hj’gl{czr}m{rzr} :

Players assess the game by looking at the expected payoff as in (4.2). The structure of the game
is common knowledge, i.e. both players know all processes (£*/), (g"/) and all random variables
h'J involved; however, they have partial and asymmetric knowledge on the couple (i, j) which is
drawn at the start of the game from the distribution of (J,J).

In the framework of Section 4.1, the above setting corresponds to f; = f,j’g, g = gtj’g, and
h = h’3 with the filtration F; = 37 v 6(J,d). The observation flows for the players are given by
(7)) and (F?), respectively.

We note that the set-up of Section 3.4.1 corresponds to the case J = 1, so the observation flow
of the second player contains no scenario information, i.e. (32) = (7). Moreover, the payoff
processes (f;), (gr) and & in Section 3.4.1 are deterministic functions of a diffusion process (X;)
on R? (Section A.7),i.e. f; = F(t,X;), g = G(t,X;) and h = H(X7).

The particular structure of players’ filtrations (J)) and (F7) allows for the following decom-

position of randomised stopping times, see Lemma B.1.2.

Lemma 4.6.2. Any © € TR(F!) has a representation

1
T= ; I{j:i}’ti, (4.88)
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where T1,...,71 € TR(FP), with generating processes (€)),..., (&) € A°(FF) and a common
randomisation device Z.. An analogous representation holds for ¢ € TR (fﬂz) with ©1,...,05 €

TR(F?), generating processes (C}), ..., (L)) € A°(F?), and a common randomisation device Z.

Corollary 4.6.3. Any (F})-stopping time T has a decomposition (4.88) with Ty, . .., T being (F7)-
stopping times (and analogously for (?f)-stopping times).

Hence, given a realisation of the scenario variable J (resp. J), the first (second) player chooses
a randomised stopping time whose generating process is adapted to the common filtration (7).

The resulting expected payoff can be written as
1 J
N(t,0) = Z Z E| fillis<o)ne<r) + 881110 <enfoy<r) + Ko —rynpe=n)

4.6.2 Game with two partially observed dynamics

Here we show how the setting of Section 3.4.2 also fits in our framework. On a probability
space (Q,JF,P), consider two strong Markov processes (X;) and (¥;) (in Section 3.4.2 these are
time-homogenous continuous-time Markov chains). The first player only observes the process
(X;) while the second player only observes the process (¥;). In the notation of Section 4.1,
we have (F)) = (FX), (32) = (F7) and (F;,) = (FX v IF¥) (recall that (FX) and (F) denote
the filtrations generated by sample paths of (X;) and (Y;), respectively, and augmented with IP-
null sets, see Section 2.3). The payoff processes are deterministic functions of the underlying
dynamics, i.e. f; = F(t,X;,Y;), g = G(t,X;,Y;) and h = H(Xr,Yr), and they satisfy conditions
(A1)-(A4). Given a choice of random times T € T®(F/) and 6 € TR(F?) for the first and the
second player, the payoff of the game reads

P(t,0) = F (1, X, Y1) l{z<o)nfe<1} + G(0, X0, Yo ) {6 <tyn{o<T) + H (X1, Y1) [{6=T}{0=T} -

Players assess the game by looking at the expected payoff as in (4.2).

We recall that the proofs of existence of the value in Sections 3.4.1 and 3.4.2 are based on
variational inequalities. Further, the “scenario” interpretation in Section 3.4.2 is only possible
due to the finiteness of the state spaces of both underlying processes. Therefore, the existence

result cannot be extended to our general non-Markovian framework.
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4.6.3 Game with a single partially observed dynamics

Our next example generalises the set-up of Section 3.4.3. Recall that therein the underlying
dynamics of the game is a diffusion whose drift depends on the realisation of an independent
random variable J € {1,...,I}. Formally, on a probability space (Q,F,P) we have a Wiener
process (W;) on R?, an independent random variable J € {1,...,I} with distribution 7t; = P(J = i),

and a process (X;) on R¢ with the dynamics
1
dX; =Y Iyg_pui(X)dt +6(X)dW,, Xo =x,
i=1

where o, (u;)i=1,.s are given functions (known to both players) that guarantee existence of a
unique strong solution of the SDE (see Section A.7). The payoff processes are deterministic
functions of the underlying process, i.e. f; = F(t,X;), & = G(t,X;) and h = h(Xr), and they are
known to both players. We assume that the payoff processes satisfy conditions (A1)-(A4).

To draw a parallel with the notation from Section 4.1, here we take F, = F}¥ v 6(J) (recall also
Section 2.3). Both players observe the dynamics of (X;), however they have partial/asymmetric
information on the value of J. If neither of the two players knows the true value of J, we have
(F)) = (F2) = (FX) (notice that FX C F,). If, instead, the first player (minimiser) observes the
true value of J, then (F}) = (F;) and (F7) = (FX), so that 7> C F!. Recall that both situations
are considered in Section 3.4.3. However, therein only two scenarios are possible (I = 2), and
the payoff processes are particular time-homogeneous functions of a particular one-dimensional
diffusion.

Using the notation X’ to emphasise the dependence of the underlying dynamics on J, and
given a choice of random times T and & for the first and the second player, the payoff of the game

reads

P(t,0) = F (1, X)) jz<opnfer} + G(6, X)) (6 cninfo<t} + H(XP)(6=T}{r=T}-

Players assess the game by looking at the expected payoff as in (4.2).

Recall that in Section 3.4.3, the value exists in a smaller class of strategies. If neither of
the players is informed, they both use (FX)-stopping times, with no need for additional ran-
domisation. If one of the players is informed, she uses (J;)-randomised stopping times, but
the uninformed player uses (FX)-stopping times. We emphasise that in our general setting the

randomisation is necessary for both players, as shown in Section 4.7.2.
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4.6.4 Game with a random horizon

Here we consider a non-Markovian extension of the framework of Section 3.4.4, where the time
horizon of the game is random and independent of the payoff processes. On a probability space
(Q,F,P) we have a filtration (S;),c[o 7] satisfying the usual conditions and a positive random
variable 6 which is independent of §7 and has a continuous distribution. Let A, := I;;>gy and
take F;, = G, VO(A;, 0 <5 <1).

The players have asymmetric knowledge of the random variable 6. The first player observes
the occurrence of 8, whereas the second player does not. We have () = (7;) and (32) = (S;) €
(F;). Given a choice of random times T € T%(F}) and 6 € T®(F?) for the first and the second
player, the game’s payoff reads

P(1,06) = Igno<oy (A lr<oin(e<t) + 8olio<tinfo<t) T Bl{o_T}n(z=11)

where we assume that (f?), (g7), h° satisfy the conditions (A1)-(A4), and that £ > 0 for all
t€10,7T].

Note that the problem above does not fit directly into the framework of Section 4.1: As-
sumption (A1) is indeed violated, because the processes (I(;<p) ), (I{,Se}g?) are not cadlag.
However, we now show that the game can be equivalently formulated as a game satisfying con-

ditions of our framework. The expected payoff can be rewritten as follows

E
= E[f <ol r<oinizer} + 8ol io<ot io<tin{o<T} + ' lig<o =T}nfo=1}] (4.89)
= B[ Ir<oplreoinizer} + 8ol io<or jo<tinio<T} + h'lis<o (=T} {o=T1) -

where the second equality holds because 8 is continuously distributed and independent of F2, so
P(c =0) = 0 for any 6 € TR(F?). Fix € > 0 and set

ﬁ,‘g = flOI{t<9+€}7 8t = g?1{1<9}7 h:= hOI{T<9}7 t€10,T]. (4.90)

We see that conditions (A1), (A3), (A4) hold for (f;), (g;), h (for conditions (A3), (A4) we
use that 0 > 0). Condition (A2) (regularity of payoffs (f;) and (g;)) is also satisfied, because
(f9), (g2) are regular and © has a continuous distribution, so it is a totally inaccessible stopping
time for the filtration (F;) (recall Example 2.3.5). Therefore, by Theorem 4.2.4, the game with
expected payoff

N%(t,0) = E[P(1,0)| :=E|feliz<o}nie<r} T &ol{o<tinfo<T} + Al{z=T}n{o=T}]
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has a value.
We now show that the game with expected payoff N has the same value as the one with

expected payoff N¥, for any € > 0. First observe that
N* (’C, G) — N’ (‘C, G) =E [f’?l{‘tﬁG}I{9<’C<9+£}I{’C<T}} >0 (4.91)
by the assumption that f° > 0. Hence,

inf  sup N%(t,6)> inf  sup NO(t,0). (4.92)
€TR(F)) 6 TR(F7) t€TR(F}) ccTR(F7)

To derive the opposite inequality for the lower values, fix 6 € TR(F?2). For t € TR(F]), define
R T, 1<86,
T =
T, t©>86.
Then, using that P%(t,6) = P(1,0) on {t < 0} and P¥(T,0) = ggl{(Ke} = P(t,0) on {t > 6},
we have N¢(%,6) = N°(t,0). It then follows that

inf N%(1,0) < inf N(7,0),

teTR(F}) eTR(F})
which implies
sup inf N%(1,6)< sup inf N(1,0). (4.93)
ceTR(F2)tcTR(F}) ceTR(F2)1eTR(F})

Since the value of the game with expected payoff N¢ exists, combining (4.92) and (4.93) we
see that the value of the game with expected payoff N also exists.

Recall that in Section 3.4.4 the setting is Markovian with T = oo, 0 = ¢ "F(X;), g° =
e ""G(X;) (F, G continuous deterministic functions and r > 0), W =0,0is exponentially dis-
tributed, and (X;) is a one-dimensional linear diffusion. Under specific requirements on the
functions F and G, Lempa & Matomiki (2013) find that a Nash equilibrium for the game exists
when the first player uses (J!)-stopping times and the second player uses (F7)-stopping times,
with no need for randomisation. Their methods rely on the theory of one-dimensional linear

diffusions, hence do not admit an extension to a non-Markovian case.

4.7 Necessity of assumptions

In the subsections below we show that: (a) relaxing condition (A4) may lead to a game with-

out a value, (b) in situations where one player has all the informational advantage, the use of
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randomised stopping times may still be beneficial also for the uninformed player, and (c) As-
sumption (A2’) is tight in requiring that either (f;) is non-increasing or (g,) is non-decreasing.

In order to keep the exposition simple we consider the framework of Section 4.6.1 with I = 2,
J = 1, and impose that (F7) be the trivial filtration (hence all payoff processes are deterministic,
since they are (J7)-adapted). Furthermore we restrict to the case in which 1! = f2! = f
and gl'! = g%! = g. Only the terminal payoff depends on the scenario, i.e. A''! # k%! (both
deterministic since (F%.)-measurable). For notational simplicity we set h':= Kb and h? .= p>1,

Note that only the first player (minimiser) observes the true value of J, so she has a strict
informational advantage over the second player (maximiser). The second player will be referred
to as the uninformed player while the first player as the informed player.

We denote by T8 = TR(F?) the set of (F7)-randomised stopping times. The informed player
chooses two randomised stopping times 71,7, (one for each scenario, recall Lemma 4.6.2) with
the generating processes (&), (§2) which, due to the triviality of the filtration (F7), are deter-
ministic functions. Pure (F7)-stopping times are constants in [0, 7]. Similarly, the uninformed

player’s randomised stopping time G has a deterministic function ({;) as the generating process.

4.7.1 Necessity of Assumption (A4)

Let us consider specific payoff functions

and letus alsoset7 =1, =7 = %
Proposition 4.7.1. In the example of this subsection we have

1 1
V* S 5, and V* > 5,
so the game does not have a value.

Proof. First we show that V, < %, i.e. that for any c € TR there exist Ty ,Tr € TR such that
N((t1,72),0) < % Recall that (see Remark 4.3.5)

Vi=sup inf N((11,72),6)=sup inf N((1},72),0),

ccTR1 1,cTR ccTR1,1,€[0,1]

so we can take T1,T, € [0,1] deterministic in the arguments below. Take any ¢ € T and the

corresponding generating process ({;) which is, due to the triviality of the filtration (F7), a
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deterministic function. For t; € [0, 1), T2 = 1 we obtain

1 1
N((t1,72),0) = E[(EGI{0<11} + 1 oo )l g=1y + (50001 +0-I{—1})]{3-2}]
1

1 1 1 1
<_C’C1— + (1 - C’Cl—)) + ZCl— = E - ZCM— + Zz;l—a
where we used Lemma 4.3.2, the fact that ¢ is bounded above by 1, and that J is independent of
o with P(J=1) =P(J =2) = 1. In particular,

1
inf  N((t1,72),0) < lim N((rl,l),g)zz

T1,72€[0,1] u—l-

This proves that V, < %
Now we turn our attention to demonstrating that V* > %, i.e. that for any 71,7, € TR, there
exists 6 € T such that N((11,72),6) > 1. Noting again that

Vi= inf sup N((11,72),6) = inf sup N((t1,%2),0),
11,1 €TR TR 71,1 €TR 6€(0,1]

we can restrict our attention to constant ¢ € [0,1]. Take any T1,T, € T¥ and the corresponding
generating processes (&), (€?) which are also deterministic functions.
Take any d € (0, %) If é%_ > 0, then for any 6 < 1 we have, using Lemma 4.3.2,

1 1
N((t1,72),0) > E[(1-I{z, <o) + Eﬁl{oal})l{azu + 501{3:2}]
1 1
=E[(&s+ 50(1 — &N =1y + 501{922}]

I,y 1 .4 1 | 1 1
=—-C;— O ~0==C5(l—z0)+ =0

and, in particular,

. 1 1 1 1 1
sup N((11,72),06) > lim N((rl,rz),c)zzai_+—z +16>§.

GG[O,” c—1— 2 2

On the other hand, if E_,%_ < 9, taking 6 = 1 yields

1
sup N((t1,72),6) > N((71,72),1) > E[Z-I{lel}l{gzl}] =1 —E_,%_ >1—-0> 3
c€[0,1]

where the equality is due to Lemma 4.3.2. This completes the proof that V* > % L

99



4.7 Necessity of assumptions

Example payoffs
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Figure 4.1: Payoff functions: (f;) in blue, (g;) in orange.

4.7.2 Necessity of randomisation

Here we argue that randomisation is not only sufficient in order to find the value in Dynkin games
with asymmetric information but, in many cases, it is also necessary. In De Angelis ez al. (2021a)
(see Sections 3.4.3 and 4.6.3), there is a rare example of explicit construction of equilibrium
strategies for a zero-sum Dynkin game with asymmetric information in a diffusive set-up. The
peculiarity of the solution in De Angelis ef al. (2021a) lies in the fact that the informed player uses
a randomised stopping time whereas the uninformed player sticks to a pure stopping time. An
interpretation of that result suggests that the informed player uses randomisation to “gradually
reveal information” about the scenario in which the game is being played, in order to induce
the uninformed player to act in a certain desirable way. Since the uninformed player has “no
information to reveal” one may be tempted to draw a general conclusion that she should never
use randomised stopping rules. However, Proposition 4.7.2 below shows that such conclusion
would be wrong in general and even the uninformed player may benefit from randomisation of
stopping times.

We consider specific payoff functions (f;) and (g;) plotted on Figure 4.1. Their analytic
formulae read

fi= (10t+4)1{t€[07%)} +51{t€[%71]}, g = (15— 6)I{te[%7%)} +(9— 15t)1{te[%%)}
with
W=0=g_, W=5=f_.
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Wealsoset T =1, =7 = % As always, we identify randomised strategies with their gener-
ating processes. In particular, we denote by (;) the generating process for ¢ € TX.

By Theorem 4.2.4, the game has a value in randomised strategies, i.e. V* = V.. Restriction of
the uninformed player’s (player 2) strategies to pure stopping times affects only the lower value,
see Remark 4.3.5. The lower value of the game in which player 2 is restricted to using pure

stopping times reads

V.:= sup inf N((1,%),0)= sup inf N((1,72),0),
c€l0,1]t,t,€TR c€[0,1]71,12€[0,1]
where the equality is again due to Remark 4.3.5 (we are using that (F7)-stopping times are
deterministic, because (F7’) is trivial). As the following proposition shows, V, < Vi, so the game
in which the uninformed player does not randomise does not have a value. This confirms that the

randomisation can play a strategic role beyond manipulating/revealing information.

Proposition 4.7.2. In the example of this subsection, we have
Vi > V.

Proof. First, notice that

V. < sup N(¥(0),0),
c€(0,1]

where we take
(1,1), foroce]0,1),

(o) = (11(0),72(0)) =
(1,0), foro=1.

We see that supgc(g 11N ((0),06) = N(2(1),1) Vsupge(o 1) N(2(0),0) = 2.

We will show that the o-player can ensure a strictly larger payoff by using a randomised
strategy. Define {, = al{tz%} +(1-— a)I{,:l}, i.e. the corresponding 6 € TX prescribes to ‘stop
at time % with probability a and at time 1 with probability 1 —a’. The value of the parameter
a € [0, 1] will be determined below. We claim that

inf  N((t1,72),8) =N((1,0),0) AN((1,1),0). (4.94)

T1,72€[0,1]

Assuming that the above is true, we calculate

3 5
N((1,0).0)=2+7a,  N(L1).)=3-a
Picking a = %, the above quantities are equal to %. Hence V, > % > 2. n
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It remains to prove (4.94). Recall that {, = al =y T (1 —a)ly—yy is the generating process
of ¢ and the expected payoff reads

2

N((t1,72),8) = Y E[Ig—iy (fuliri<oinm<iy + &olio<tinio<t) + W liz—o=1}) |-
i=1

It is clear that on the event {J = 1} the infimum is attained for T; = 1, irrespective of the choice
of (§;). On the event {J = 2} the informed player would only stop either at time zero, where
the function (f;) attains the minimum cost fy = 4, or at time ¢ > %, since (&;) only puts mass at
t= % and at r = 1 (the informed player knows her opponent may stop at t = % with probability
a). The latter strategy corresponds to a payoftf 5 — %a and can also be achieved by picking T, = 1.
Then, the informed player needs only to consider the expected payoff associated to the strategies
(t1,72) = (1,0) and (t1,72) = (1, 1), so that (4.94) holds.

4.7.3 Necessity of Assumption (A2’)

Our final counterexample shows that violating Assumption (A2’) by allowing both previsible
upward jumps of (f;) and previsible downward jumps of (g;) may also lead to a game without a
value.

Consider the payoffs
ﬁ:1+2l{[2%}, gt:_l{lz%}7 h1:3, h2:—1,

so that h! = fi— and h? = gl—,and letus alsoset T =1, T =M = % Assumption (A2’) is

violated as (g;) has a previsible downward jump and (f;) has a previsible upward jump at time

-1
t=s5.

Proposition 4.7.3. In the example of this subsection we have
Vi <0, and V*>0,
so the game does not have a value.

Proof. First we show that V,, < 0. For this step, it is sufficient to restrict our attention to pure
stopping times 7,7y € [0, 1] for the informed player (c.f. Remark 4.3.5). Let 6 € 7% with a
(deterministic) generating process ({;) and fix € € (0, %) For 1) = % —¢and 1, = 1 we obtain

N((11,%2),6) = E[l_1}(0- gryy + 1 [iozg}) Hg—ay (0 L1y = 1-Tigo 1)

=208 )5 (1-8),
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where the final equality is due to Lemma 4.3.2. Therefore, using that ({,) is cadlag, we have

1
inf  N((11,72),0) < lim = - ({;
11,12€[0,1] e~02 2
Since the result holds for all 6 € T, we have V, < 0.
Next, we demonstrate that V* > 0. For this step it is again sufficient to consider pure stopping
times & € [0, 1] for the uninformed player (Remark 4.3.5). Let 1,7, € TR and let £!,E? be the

associated (deterministic) generating processes. Consider first the case in which ! +&7 > §
2T T2

for some & € (0,1), and fix € € (0,3). For 6 = } —¢ we have

N((11,72),6) = E[Igoy (1 - Iz, <oy + 0 Ioert) 12y (1 Igy<o1 +0 - Iigeryy)|

1
261 tE ),

where the final equality is due to Lemma 4.3.2. Thus,

sup N((11,12),0) > lim N((‘c],‘cz),c):l(ﬁi_+§é_) >8>0. (4.95)

o€[0,1] o5 2

If, instead, &} +&} < §, so that in particular &1 VEZ < §, then, again applying Lemma
- C2- SR

4.3.2, we obtéin

sup N((t1,72),6) > N((71,72),1)

c€[0,1]
> E[lgony (1L o1y +3- I o 1)) gy (1) (4.96)
1 1 | B
= (ﬁ%_+3(1—§%_)) —5=1-8_=1-8>0
Combining (4.95) and (4.96) we have V* > 0. O
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Chapter 5

Ordering of payoffs

5.1 Setting

In this chapter, we study a Markovian zero-sum game with full information. Our framework is
similar to Section 3.3. Our focus is on the order condition (3.19), which is commonly imposed
in order to prove that the game has a value. Recall that a similar condition appears also in non-
Markovian and nonzero-sum settings (see Sections 3.2.1 and 3.2.2). We unify certain ideas from
the literature in order to relax the order condition. The exact framework we work in is described
below.

Consider a filtration (J)c[o,. that satisfies the usual conditions. Let (X;) be a Markov
process defined on a filtered probability space (Q,F, (F;),Py), with values in a measurable space
(E,B). Here, for x € E, we assume that Xo = x under P,. We will assume for simplicity that
E =R? for some d € N.

We consider an optimal stopping game with the following payoff:

P(t,0) = F(Xo)1<0) + G(Xo){o<ry + H(X2) =0} (5.1

where F,G,H : E — R. As usual, we assume that the T-player is the minimiser in the game and
the o-player is the maximiser.

Refer to Section 3.3 for results in the literature specific to the payoffs of such form (see
in particular Ekstrom & Peskir (2008) and Theorem 3.3.3). Recall that one of the commonly
imposed conditions for existence of the value and Nash equilibrium (Definitions 3.3.1 and 3.3.2)

in the game (5.1) is the order condition

G(x)<H(x)<F(x) Vx€E (5.2)
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(c.f. the order condition in a non-Markovian setting (3.14)). In Section 5.2, we show that the
game (5.1) has the value and Nash equilibrium under a condition weaker than (5.2).

Recall that Touzi & Vieille (2002) (Section 3.5) relax the assumption (5.2) by extending
the set of strategies to randomised stopping times (Section 2.4). In our Markovian set-up, such
extension is not required, and we show the existence of the value and Nash equilibrium in pure
(non-randomised) strategies, i.e. with 1,6 € T(F;) =: T.

We will also consider a special case of the payoff (5.1):
fP’(‘C, G) = F(X‘C)I{'cgc} + G(XG)I{<5<1}~ (5.3)

This is indeed a special case because P(1,06) = P'(t,0) if in (5.1) we have H = F. For the game

(5.3), the order condition (5.2) translates into
G(x) <F(x) Vx€E. (5.4)

The reason behind (5.4) becomes intuitively clear if one considers a situation when it is violated.
Let, at some ¢ > 0, the payoffs be ordered differently: G(X;) > F(X;). If the minimiser decides to
stop the game at time 7, she obtains the smaller payoff F, and if the maximiser stops the game at
time ¢, she obtains the larger payoff G. Thus, both players “like their payoffs” and would prefer
to stop the game immediately. We will show this more rigorously below.

Recall also one of the financial applications of the theory of optimal stopping games — the
game options Kifer (2000). A game option is an option contract which enables both its buyer
and seller to stop it at any time. If the seller is the one to cancel the contract, it is natural that they
will pay to the buyer more than if the buyer exercises the contract (recall e.g. De Angelis et al.
(2021b) in Section 3.4.3 where such “penalty” is a constant €y > 0). Hence, for game options,
the order condition (5.4) is not restrictive.

In Section 5.3, we show that the order condition (5.4) is, in fact, not necessary for the exis-
tence of the value and Nash equilibrium in the game (5.3).

We conclude this section by formally listing our assumptions on the underlying Markov pro-
cess (X;) and on the payoff functions F,G,H in (5.1).

(A1) (X;)is a cadlag quasi left-continuous strong Markov process,
(A2) F,G,H :E — R are continuous and bounded functions,
(A3) the following condition at infinity holds:

lim (G AH)(X,) = lim (FV H)(X,), Pr-as. Vx € E.

f—o0
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5.2 Existence of value and Nash equilibrium

For the game (5.3) without the “middle” payoff H, the assumption (A3) reads

(A3’)
lim G(X;) = tle F(X;), Pr-as. Vx € E.

t—roo

5.2 Existence of value and Nash equilibrium

‘We will use the notation
Ni(t,0) = E,[P(t,0)],

where E, is the expectation with respect to the measure Py, and T,6 € 7.
The following lemma allows us to bound the lower and upper value of the game by the value

of the payoff functions.

Lemma 5.2.1. For every x € E we have
G(x) NH(x) < Vi(x) SV (x) < F(x) VH(x). (5.5)

Proof. Letus substitute T =0 and 6 = 0 in the expressions for the upper/lower value in Definition
3.3.1. More precisely, observe that
V*(x) < supN;(0,0)
ceT

= sup Ex[F (Xo)Ij0<o} + H (Xo)I{5—0}] (5.6)
ceT

= F(x)VH(x).

On the other hand,

V.(x) > inf Ny(t,0)
teT

= ing Ex [G(Xo)Iie=0y +H (Xo)I1e—oy ] 5.7
TE

= G(x) NH(x).
Recall that V, (x) < V*(x) by definition (Remark 3.2.5). Thus, (5.6) and (5.7) imply (5.5). O

Define the set
A={x€E:G(x)>H(x)>F(x)}. (5.8)

The following corollary of Lemma 5.2.1 enables us to determine the value on A.
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5.2 Existence of value and Nash equilibrium

Corollary 5.2.2. For every x € A, we have
Vi(x) =V*(x) = H(x). (5.9

Consider an auxiliary game with the payoff

P(1,6) = F(Xe)Ijr<0) + G(Xo)lj5ery + H (Xc)[r—g) (5.10)

whereﬁ:FVH, G= G/\H,ﬁ = H. Denote

Ny(t,0) = E,[P(t,0)],
and let V, and V* be the lower and upper value of the game (5.10).

Remark 5.2.3. For x € A, we have F(x) = G(x) = H(x) = V,(x) = V*(x), where the first two
equalities are by definition ofﬁ, G and the last two are due fo Corollary 5.2.2.

The auxiliary game (5.10) is linked to the original game (5.1) as follows.
Theorem 5.2.4. Suppose that H(x) always lies between G(x) and F(x), i.e.
G(x)\NF(x) <H(x) <G(x)VF(x) Vx€E. (5.11)
Suppose there exists a Nash equilibrium (T*,G6*) of the game with the payoff (5.10) such that
T <Ma, 6° <M, P-as., (5.12)

where s = inf{z : X; € A} for the set A C E defined in (5.8). Then, there exists the value function
V of the game with the payoff (5.1), and V = V, where V is the value of the game with the payoff
(5.10). Further, the couple (T*,6*) is a Nash equilibrium in the game (5.1).

Proof. Fix x € E. For arbitrary ¢ € 7, define 6 := 6 A1jy4. For the future use, observe that

Iz @ <o} = I M <a

I cqliocey = Iig e lis <y (5.13)
I iyl =0y = I <nayl (@ =s}
and that
Iis<ng) = lis<nays Iina<o} = Inu=6y- (5.14)
We have

No(T",0) = B [F (X )7 <) + G(Xo) (g} + H (X )7 — )|
= Ex [l any (F (X )z <o) + G(Xo) gy + H (X )z o))
ey (F i)y <o) + GXo)foany +H (Xny)Iin, =) |
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5.2 Existence of value and Nash equilibrium

Observe that, by (5.11), on the event {T* < Ma} we have F(Xz) > H(Xz ), and, since T < M4,
[P-a.s. by assumption, on the event {G < T*} we have G(Xs) < H(X;). Therefore,

Ex [l cnyy (F (X2 )7 <o) + G(Xo)[[ozry + H (X )7} )]
= Ei[Iizcn gy (FVH) (X )7 <oy + (GAH) (Xo)[[gzvy + H (X )7y )]
= Ei[li7 any (FV H) (X )7 <) + (GAH) (Xs) 155 +H (X ) 7 —41) ]

where in the last inequality we used (5.13). On the event {G > M4}, again using (5.11), we have
F(Xs) < H(Xs), and on the event {G < M4}, we have G(X5) < H(Xs). Thus,

Ex Iz, (F X Iy <oy + G(Xo) [g<n,y +H(Xn ) Imy=o}) ]
< Ex [I{%*zm} (H(XnA)I{TlA <o} T (GAH)(Xs){6n,y +H(Xn, )I{T]A:c})}
=[E, [I{'f*:nA} ((G /\H) (X6)1{6<11A} + H(XnA )I{nA=6})} ’

where in the last inequality we used (5.14). Combining the above, we see that

Ne(T*,6) < No(T*,6). (5.15)

For the upper value V* of the initial game (5.1), we then have

V*(x) < supNe(T*,6) < supNe(T*,6) < supNe(T*,6) = V(x), (5.16)
ceT ceT ceT

where the third inequality is due to the supremum on the right-hand side of it being taken over a
larger set, and the final equality is the general relation between a Nash equilibrium and the value
(Remark 3.2.7).

We now provide a symmetric argument for the lower value of the game (5.1). For arbitrary
t € 7, let us define T := T Any. We have

NX(T, 6*) =E, [1{8*<T]A} (F(X’f*)[{’f* <o} + G(XG)I{G<?E*} + H(X;E*)I{"E*:G})
(5 —na} (F(Xe)lranyy + G(Xn )y <x + H (X z=n,y) |-

On the event {G* < M4} we have G(X5) < H(X5-), and on the event {T < 6*} we have F(X;) >
H(Xz). Therefore,

B [Iigeany ) (F (Xt) iz + G(Xa ) 5+ < + H(Xe) 15 ]
=B [Iige an,y (FV H) (X)ze0y + (GAH) (Xa ) (5 <xy + H (Xo) 5+ |
=B [Iig ) (FVH) (X)) + (GAH) (Xa )52y + H (X)) =5+ ) |-
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5.2 Existence of value and Nash equilibrium

On the event {T > N4}, we have G(Xz) > H(Xx), and on the event {T < M4}, we have F(X;) >
H(Xz). Thus,

Ex [l —ny} (F (X)) (rany) + G(Xny) I, <z + H(Xn, ) [z, )]
> E, [I{a*zm} ((F VH)(Xo)lron,y +HXny ) <o) + H(XT]A>I{T:T1A})}
= B [I{ge—n,} (F VH)(Xe)[r<n,y +H (X, ) (p=n,) )]

Combining the above, we see that
Ne(1,6%) > Ny(%,6%), (5.17)
which, for the lower value V, of the initial game (5.1), implies

V. (x) > inf Ny(t,G6%) > inf Ni(%,6%) > V(). (5.18)
teT 1eT

From (5.16) and (5.18), we obtain
Vi(x) =V*(x)=V(x) Vx€eE, (5.19)

1.e. the initial game has a value V = V.
For the second claim of the theorem, using the inequalities (5.15), (5.17), and the fact that
(T*,6%) is a Nash equilibrium of the auxiliary game (5.10), we obtain, for arbitrary t,6 € T,

Ny (T5,0) < Ni(T,6) < Ny (T%,67) < Ny(1,6%) < Ni(1,6%). (5.20)

Recall that 6* Amy = 6%, P-a.s. by assumption. Using this and (5.15) we obtain

N ,5Y) < Nu(7,5%).
The opposite inequality follows from the fact that T Ans = T* and (5.17). Using (5.20), we

conclude that the couple (T*,6*) is a Nash equilibrium in the game (5.1).
[]

Remark 5.2.5. In the proof of Theorem 5.2.4, we do not use the Markov property of the process
(X;). An analogous result could be established in a non-Markovian framework of e.g. Section
3.2.1 or Chapter 4. For further details, see Section 5.4.

The following theorem gives the sufficient conditions for existence of the value and the Nash

equilibrium of the game (5.1).
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5.2 Existence of value and Nash equilibrium

Theorem 5.2.6. Let the assumptions (Al), (A2), (A3) hold. Suppose further that
G(x)ANF(x) <H(x)<G(x)VF(x) VxeE. (5.21)

Then, there exists the value function 'V of the optimal stopping game with the payoff (5.1). More-
over, the Nash equilibrium holds with

v =inf{r: X, € DiUA}; 6" =inf{r: X; € D UA}, (5.22)

where Dy ={x€E:V(x)=F(x)}, Da={x€E:V(x)=Gx)}, A={x€E:G(x) > H(x) >
F(x)}.

Remark 5.2.7. Under condition (5.21) we have
E=AU{x€E:G(x) <H(x)<F(x)}.

In other words, the state space E is partitioned into the region A (where the lower and upper
value are known to coincide, see Corollary 5.2.2) and the region in which the “classical” order
condition G < H < F holds (and where, under additional conditions, the value exists due to
Theorem 3.3.3).

Proof of Theorem 5.2.6. For the auxiliary game (5.10), we have G(x) < H(x) < F(x) Vx € E due
to (5.21), i.e. the order condition (5.2) holds. Let us show that the other conditions of Theorem
3.3.3 are satisfied for the game (5.10). Indeed, the strong Markov process (X;) is cadlag and
quasi left-continuous by (A1); the functions F,G,H € Lf as in (3.6) since they are bounded, and
they are continuous by (A2); (3.20) holds due to (A3). Applying Theorem 3.3.3, we see that the
game (5.10) has the value V and a Nash equilibrium (t*,6*) such that

T =inf{r: X, € D1}; 6* =inf{r: X, € D}, (5.23)

where D; = {x cE:V(x)=G(x)} and D, = {x € E : V(x) = F(x)}.
By Remark 5.2.3, we have
ACD;, i=1,2, (5.24)

and thus T° < Ma, 6* <Ma. In other words, the condition (5.12) is satisfied, and we can apply
Theorem 5.2.4 to deduce that the initial game (5.1) has the value V = XN/, and the couple (T*,6%)
is a Nash equilibrium in game (5.1). It remains to note that, by definitions of functions F,G and
of the set A, we have

D;=D;UA, i=1,2.

Thus, T = 7%, 6* = 6*, and the couple (T*,6*) is a Nash equilibrium in the game (5.1). O]
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5.3 Thecase H =F

Remark 5.2.8. The condition (5.21) is only a condition on H, unlike the classical order condition
(5.2) which bounds all the three payoff functions.

Example 5.2.9. If the condition (5.21) is violated, the value of the game (5.1) may not exist.

Suppose, for instance, that

supH (x) < inf (G(x) AF(x)).
xek x€E

In this situation, H is the smallest payoff, so the minimiser “would like to stop together with the

maximiser”. Hence, for the lower value of the game (5.1), we have

V. = sup inf Ny(1,06) < supN,(0,0) = supH (Xs) < supH(x),
ceT1eT ocT ocT xeE

and for the upper value we have

V* = inf sup N,(T,0) > inf supNy(T,0) > supH (x).
t€ToeT t€T o#T xeE

Therefore, V* >V, and there is no value.

5.3 Thecase H=F

Consider now a game with H = F, i.e. with the payoff (5.3). With a slight abuse of notation of
Section 5.2, we denote
Ny(t,0) =E,[P'(1,0)].

Further, the lower and upper value of the game (5.3) are denoted as V. and V*. We emphasise
that this is only for notational convenience, and V, and V* are not necessarily equal to the lower
and upper value of the general game considered in Section 5.2.

Similarly to Section 5.2, the order condition (5.4) can be relaxed (in fact, removed). The

following lemma is a direct corollary of Lemma 5.2.1.

Lemma 5.3.1. For the game (5.3), for every x € E we have
F(x) AG(x) < Va(x) < V' (x) < F (). (5.25)
The set A from (5.8) reads
A={x€E:G(x)>F(x)}.
Corollary 5.3.2. For the game (5.3), for every x € A, we have

Vi(x) =V*(x) = F(x). (5.26)
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5.3 Thecase H =F

Remark 5.3.3. Consider the game (5.3) in case when A = E, i.e. G(x) > F(x) Vx € E. In line
with Laraki & Solan (2005), such game stops at time 0, and tv° = 6* = 0 form a Nash equilibrium.
Indeed, for arbitrary x € E, T,6 € T, we have

Nx(0,6) = F(x) = N(0,0) < Ny(t,0), (5.27)
so the couple (0,0) satisfies the Definition 3.3.2 of a Nash equilibrium.

The following theorem for the game (5.3) holds true. Note that there are no additional re-

quirements on the relations between F and G.

Theorem 5.3.4. Under assumptions (Al), (A2), (A3’), there exists the value function V of the
optimal stopping game with the payoff (5.3), and the Nash equilibrium holds

T =inf{t: X, € DyUA}; " =inf{z : X, € D, UA}, (5.28)
where Dy ={x € E:V(x)=F(x)}, Dy ={x€E:V(x)=G(x)},A={x€E:G(x) > F(x)}.

Since V(x) = F(x) Vx € A (Corollary 5.3.2), we have A C D;. Hence, the stopping time T* in
(5.28) has a shorter representation T = inf{z : X; € D }.

Remark 5.3.5. In the game with the payoff (5.3), the “middle” payoff H equals the payoff F of
the t-player: that is, on the event {t = G}, the payoff is F(Xz). Consider a similar game, but
with the opposite behaviour on the event {T = G}, i.e. with the payoff

P(t,06) = F(Xe)[{reo} + G(Xo){5<n).- (5.29)

Such game fits the framework of (5.1) with H = G, and therefore a result symmetric to Lemma
5.3.1 holds:
G(x) <V, (x) <V*(x) < F(x) VG(x), (5.30)

where V. and V* are the lower and the upper value of the game (5.29). In particular, similarly
to Corollary 5.3.2, for the game (5.29) we have V,(x) = V*(x) = G(x) Vx € A.

In the case H = G, the following theorem holds true.

Theorem 5.3.6. Under assumptions (Al), (A2), (A3’), there exists the value function V of the
optimal stopping game with the payoff (5.29), and the Nash equilibrium holds with (t*,G*) as in
Theorem 5.3.4.
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5.4 Possible non-Markovian extension

Theorems 5.3.4 and 5.3.6 are a special case of the Theorem 5.2.6. Indeed, (A3’) is a special
case of (A3), and the condition (5.21) is automatically satisfied if H = F (as in the payoff (5.3))
or if H = G (as in the payoff (5.29)). We also remark the similarity between Theorem 5.3.6 and

the following fact from the literature.

Theorem 5.3.7. (Stettner, 1982b, Theorem 3) The game (5.29) has the same value and Nash
equilibrium as the auxiliary game with the function F'\V G instead of F in (5.29).

However, in Theorem 5.3.7, the assumptions on the process (X;) ensuring the existence of

the value in the auxiliary game are different from ours.

Remark 5.3.8. So far in this section, we worked under assumption that there is no “middle”
payoff H, and in the infinite-horizon case. It is possible to consider a similar framework but
with finite horizon T, and with the “middle” payoff reducing to the terminal-time payoff — a
Markovian analogue of the payoff studied in Chapter 4. That is, consider

P(t,06) = F(Xo)[r<ojnieer} + G(Xo)serinfoctt + HXT)iioryn{o<T}-

The order condition (5.21) in this case is no longer automatically satisfied, and we would need

its weaker analogue
G(Xr) NF(Xr) <H(Xr) < G(Xr)VF(Xr), P-as.

in order to claim, as in Theorem 5.3.4, that the value and the Nash equilibrium exist.

5.4 Possible non-Markovian extension

In Remark 5.2.5, we mentioned that the proof of Theorem 5.2.4 does not use the Markovian
properties of the game. In fact, the main reason for assuming Markovianity was to fit the auxiliary
game (5.10) into the framework of Theorem 3.3.3 and use the latter to prove Theorem 5.2.6.

Instead, one could consider the non-Markovian payoff

(‘]VD(T; ) = <o) T 8clio<t) + il {r=c},

as in (3.13) in Section 3.2.1. Using the non-Markovian Definition 3.2.4 of the lower and upper
value V, and V* of the game with the payoff P, we can establish a non-Markovian counterpart of
Lemma 5.2.1:

Elgo Aho] < V. <V* <E[foV ho). (5.31)
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5.4 Possible non-Markovian extension

The proof of this chain of inequalities is analogous to the proof of Lemma 5.2.1 and goes through
substituting T = 0 and ¢ = 0 in Definition 3.2.4. Note that (5.31) only addresses the behaviour
of the payoff processes at time 0, while Lemma 5.2.1 holds on the whole state space E. Let us
introduce a counterpart of the set A (5.8), i.e. the set on which the payoff processes are in the
“wrong” order:

A={te[0,0]: 8 >h > fi}.

In order to study the game on the (random) set A, one may need to extend the ideas related to Snell
envelopes in optimal stopping theory (see Section 3.1.1) to the game framework and introduce
lower/upper value processes of the game, similarly to Section 3.2.1 (see in particular (3.15) and

references thereafter). However, we leave the details of this extension to future research.
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Chapter 6

Conclusions

In the main chapter of the thesis (Chapter 4), we study Dynkin games with asymmetric infor-
mation. In Theorem 4.2.3, we prove that the value of games exists under general assumptions
on payoff processes, and without specific assumptions on the information structure. This result
generalises previous results from the literature on Dynkin games with asymmetric information
(see Section 4.6). In Section 4.5.4, we explain that in fact the value exists for a more general
payoff, and under a further condition on the jumps of the payoff processes the Nash equilibrium
also exists.

Our methodology enables us to work in a general non-Markovian framework, but this gen-
erality also limits us to the existence results. A possible next step is to introduce Markovian
assumptions in the framework in order to provide more explicit results. Indeed, recall Theorem
3.3.3 that characterises the Nash equilibrium of a classical full-information Markovian Dynkin
games as a couple of stopping times that are hitting times. In that setting, it is optimal for the
minimiser (resp. the maximiser) to stop as soon as the underlying process enters the set D (resp.
D»). However, in the setting of Chapter 4, the stopping decisions of the players are randomised.
If the Nash equilibrium (t,,0,) exists for the asymmetric information game of Chapter 4, the
natural question is the behaviour of the corresponding generating processes (§*,C*). It is of in-
terest to try and deduce a similarly explicit “rule”, to specify when it is optimal for the minimiser
(resp. the maximiser) to increase the value of her strategy &* (resp. £*).

Another possible direction of future research is developing financial applications of our
model. In Chapter 1 we briefly introduced convertible bonds, which are real-world instruments
that can be viewed as a Dynkin game (with specific payoff processes) between a firm issuing
the bond and a bondholder. The payoff (4.1) studied in Chapter 4 can be reduced to the payoff

of a convertible bond, if the minimiser is interpreted as the firm, the maximiser is interpreted as
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the bondholder, the time horizon T is the time of maturity of the bond, the payoff process (f;)
is a constant, and the payoff process (g;) and the terminal payoff /4 are functions of the value of
the firm’s stock (S;). Indeed, the process (f;) is the payoff delivered by the minimiser (i.e. the
firm) to the maximiser (i.e. the bondholder) on the event {t < c}N{t < T} (i.e. if the bond
is called before the maturity 7). Similarly, the process (g;) is the payoff delivered by the firm
to the bondholder if the bond is converted before the maturity 7. Finally, the terminal payoff &
(i.e. the payoft at the maturity 7" of the bond) is delivered by the firm to the bondholder if none
of the players have stopped before the time 7 (i.e. if neither the conversion nor the call have
happened before T), and thus the bondholder chooses between receiving a pre-specified price
or a function of the value of the firm’s stock S7. With such an interpretation, the framework of
Chapter 4 can be used to study a convertible bond traded in a situation of asymmetry of informa-
tion between the firm and the bondholder. A natural example would be the bondholder not being
able to accurately estimate the value of the firm’s stock.

In Chapter 5, we study a different Dynkin game — the Markovian game with full information.
We focus on the order condition on the payoff processes, and, drawing on the existing literature,
provide a way to relax this condition. Possible future steps in studying this problem include the
extension to non-Markovian set-up (see Section 5.4). Another direction is to apply the ideas from
Chapter 5 to relax the order conditions (A3)-(A4) in the non-Markovian asymmetric information

framework of Chapter 4.
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Appendix A

Auxiliary facts

A.1 Probability and stochastic processes

In this section, we follow Rogers & Williams (2000) and Blumental & Getoor (1968) to give
some important definitions used in the thesis and discuss relations between them. Recall that

T € (0,00] denotes the time horizon.

Definition A.1.1. A family of sigma-algebras (?,),E[oﬂ is called a filtration on the probability
space (Q,F,P), if for every t1,t2 € [0,T] such that t; < tp, we have F;, C F;, C F.

Definition A.1.2. Given a filtration (3),c(o,r], @ random variable m : Q> [0,T] is called an
(F;)-stopping time, if the event {m <t} belongs to the sigma-algebra F; for allt € [0,T].

Definition A.1.3. An (F;)-stopping time 1 is called previsible (or sometimes predictable or an-
nounceable), if there exists a sequence of (F;)-stopping times {N,}neN that announces 1, i.e.
such that M, <M on the event {n > 0}, and n, — 1.

Definition A.1.4. An (F;)-stopping time M is called accessible, if there exists a sequence of
previsible (F;)-stopping times {M, }nen such that P({exists n € N such thatm =mn,}) = 1.

Every previsible stopping time is accessible — to see that one needs to take 1, = n for all n

in the above definition.

Definition A.1.5. An (J;)-stopping time M is called totally inaccessible, if for every previsible
stopping time ), there holds P({n =} N{x < «}) = 0.

Every stopping time can be decomposed into an accessible and a totally inaccessible “parts”,

as the following lemma formalises.
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A.1 Probability and stochastic processes

Lemma A.1.6. (Rogers & Williams, 2000, Lemma VI.13.4) For any finite stopping time 1\, there
exist an accessible stopping time M1, a totally inaccessible stopping time 1>, and two disjoint
events A1,As such that Ay UA> = Q, for which the following holds:

N =MNila +MN2/p.

Properties of random variables usually do not hold for all ® € Q, but rather with probability
one. For example, when we say that two random variables are equal, we almost always mean
that they are equal P-a.s. (and usually we do specify this to avoid confusion). For stochastic

processes, there is a similar notion of being “morally equal” — indistinguishability.

Definition A.1.7. Two stochastic processes (X;)c(o,r] and (Y;),c[0,7) are called indistinguishable,
if
PH{o e Q: X (0) =Y, (o) forallt € [0,T]}) = 1.

A similar definition can be given to address the issue of ordering of stochastic processes.

Definition A.1.8. Let (X,l),e[oﬂ, (Xt2>te[0,T] be measurable processes. We say that the process
(X,') dominates the process (X?), if

P{ocQ: X/ (0) > X?(0) forallt € [0,T]}) = 1.
Let us also define some fundamental types of stochastic processes.
Definition A.1.9. For a filtration (J7),c0,1), @ process (X;)c(o,r] is called an (F;)-martingale, if
(1) (X;) is (F;)-adapted,
(2) E[|X;|] < oo for everyt € [0,T],
(3) foreveryt|,ty € [0,T] such that t; <t we have E[X,,|F;, ] = X;,, P-a.s.

A process (X;)e[o,r] is called an (F;)-supermartingale (resp. (J;)-submartingale), if it satisfies
(1) and (2) above, and in (3), the equality = is replaced by the inequality < (resp. >).

Definition A.1.10. Let (E, B) be a measurable space, (Q,F,P;) a probability space for all x € E,
and (F)e(0,r] a filtration of sub-sigma-algebras of F. A stochastic process (X;);c(0,1) with values
in E is called Markov (with respect to the filtration (3;)), if

(1) (X;) is (F7)-adapted,

(2) the map x — Py(X; € B) is in B for everyt € [0,T] and B € B,
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A.2 General topology

(3) Py(Xi+s € B|F;) =Px,(X; €B) forallxc E,BE B, 0<t<s<T.

A Markov process (X;) is called strong Markov, if for every (F;)-stopping time M and every
bounded measurable function F : E — R, the following holds:

(4) Xy is Fy-measurable,
(5) Ex(F(Xiqn)|Tn) = Ex, (F(X;)) forallx € E, t € [0,T],
where [, is the expectation with respect to the measure IP,.

Remark A.1.11. In the literature, definitions related to continuous-time Markov processes often
differ from Definition A.1.10. For example, it is possible to define a Markov process without
introducing the measures Py, by stating that “given the present, the past and the future are
independent” (for the rigorous definition, see (Blumental & Getoor, 1968, Definition 1.1.1)).
Another example is adding a “cemetery state” to the space E and postulating that the process
(X;) never leaves this state (for details, see (Blumental & Getoor, 1968, Definition 1.3.1)). There
are also concept related to time-homogeneity of Markov processes, of translation operators and
infinitesimal generators corresponding to a Markov process. Since our main results in Chapter 4
do not rely on Markovianity and do not benefit from this theory, we omit further details and refer
to (Dynkin, 1965, Chapters II-11I).

A.2 General topology

The fact that a continuous function on a compact set attains its maximum and minimum (some-
times referred as extreme value theorem) holds true for functions on a general topological space.
We provide the background necessary to prove the extreme value theorem. The definitions of
topological space, topology, open sets and neighbourhoods, convergence, continuity are omitted;
we refer to (Armstrong, 1983, Chapters 1-3).

A (topologically) closed set is defined as a complement of an open set. To define topological

compactness, we need a concept of cover.

Definition A.2.1. Let B be a set in a topological space, and O a collection of open sets. We say
that O is a cover of B, if B = UjcoA.

Definition A.2.2. A set B in a topological space is called compact, if every open cover of B has

a finite subcover.

There is the following general relation between topological closedness and compactness.
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Theorem A.2.3. (Armstrong, 1983, Theorem 3.5) A closed subset of a compact set is compact.
We now can formally state the extreme value theorem.

Theorem A.2.4 (Extreme value theorem). (Armstrong, 1983, Theorem 3.10) A continuous real-

valued function defined on a compact space is bounded and attains its bounds.

An alternative way of introducing closedness and compactness is via converging sequences.
A set is called sequentially closed, if every converging sequence of its elements converges to an
element of this set. A set is called sequentially compact, if every sequence of its elements has a
converging subsequence.

In the proof of Theorem 4.4.5, we claim that closedness of certain sets follows from Lemma
4.4.18. In fact, in Lemma 4.4.18 only sequential closedness of these sets is proven. But, as the

following theorem explains, these concepts are equivalent in metric spaces.

Theorem A.2.5. (Willard, 1970, Theorem 10.4) In a metric space M, sequential closedness is

equivalent to topological closedness.

Proof. First, take a closed set C C M, and take a sequence {x,} in C such that x, — x € M. We
need to show that x € C. Assume otherwise, i.e. x € M\ C. Then, since the set M \ C is open,
there exists a neighbourhood O of x such that O C M\ C. But, by the definition of convergence,
AN :¥n > N x, € O C M\ C, which contradicts the fact that x,, € C. This contradiction proves
that the set C is sequentially closed.

For the other direction, take a sequentially closed set C. Consider its closure C (the smallest
closed set containing C). Take an arbitrary x € C. Consider the open balls B(x, %) for n € N. We
claim that the sets B(x, %) NC are non-empty. Indeed, assume otherwise: that there exists n such
that B(x, %) NC = 0. But, by the definition of closure, the set M\ C is the largest open set that
does not intersect with C. Then, B(x, %) C M\ C, which contradicts the fact that x € C.

Let us for each n select an arbitrary point x,, € B(x, %) N C. By construction, x, — x, and, by
sequential closedness of C, it implies x € C. Since this was proven for arbitrary x € C, we see

that C = C, hence C is closed. O

Note that, in general, closedness and sequential closedness are not equivalent. However, we
can see from the proof of Theorem A.2.5 that a closed set is always sequentially closed (indeed,
we did not use the metric to conduct the proof in this direction). Spaces in which the opposite
implication holds true (i.e. any sequentially closed set is closed) are called sequential spaces.

Thus, Theorem A.2.5 proves that metric spaces are sequential.
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In the proof we have used another property — metric spaces are first-countable, that is, each
point x € M has a countable neighbourhood basis: there exists a sequence of neighbourhoods of
x such that any neighbourhood of x contains an element of this sequence. From the proof we see
that, in a metric space, the balls B(x, %) form a countable neighbourhood basis of a point x. One

can use a similar argument to show that any first-countable space is sequential.

We conclude with some definitions that will help us to avoid confusion in Section A.3.1.

Definition A.2.6. Let O, O, be two topologies on a general topological space S. We say that
01 is coarser (or weaker) than Oy, if 1 C Oa,.

Definition A.2.7. A set A C S is said to be dense in S, if for any point x € S and for any neigh-
bourhood O of x, ONA # 0.

A.3 Properties of Banach spaces

The content of this section is used in Section 4.4; in particular, many facts we outline below are

necessary to prove Lemma 4.4.16.

A.3.1 Weak topologies

Let E be a Banach space with a norm || - ||. Denote by E* the dual space of E, that is, the space
of all continuous linear functionals on E. For F € E*, the dual norm is defined by
|Flles = sup  F(x).
XEE:||x||<1
The space E* with this norm is Banach.

The topology on E generated by the norm || - || is often referred as strong topology. There is
another topology on E defined as follows.

Definition A.3.1. The topology on E is called the weak topology G(E,E*), if it is the coarsest
topology on E such that all the maps {F : E — R}pcg+ are continuous in this topology.

The weak topology exists and is unique for any Banach space E by (Brezis, 2010, Lemma
3.1). In fact, for any collection of maps from a set to a general topological space, the coarsest
topology such that these maps are continuous exists and is unique (recall e.g. Section 3.1.3 and
the weak topology on the set A° defined via the functional N”). However, in Chapter 4, we use

specifically the weak topology 6(E, E*), and therefore we focus on this topology in the sequel.
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Remark A.3.2. By definition of the space E*, all its elements are continuous in the strong topol-
0gy, and therefore the weak topology is weaker than the strong topology. In other words, sets
that are open in the weak topology 6(E,E*) are always open in the strong topology. It implies,
for example, that if (x,) in E converges to x in the strong topology, then (x,) converges to x in

the weak topology (Brezis, 2010, Proposition 3.5.ii).

For brevity, we often say “weakly open/closed/compact” instead of “open/closed/compact in
the weak topology”, and use the terms “strongly open/closed/compact” in a similar way.

In general, strongly open/closed sets are not necessarily weakly open/closed (Brezis, 2010,
Section 3.2, Remark 2). For convex sets, however, there is the equivalence.

Theorem A.3.3. (Brezis, 2010, Theorem 3.7) Let C be a convex subset of E. Then C is weakly
closed if and only if it is strongly closed.

Finally, we say a few words about reflexive spaces. Note that, given x € E, the mapping
Jx : F — F(x) is a continuous (with respect to the norm || - ||g+) linear functional on E*, i.e. an
element of (E*)*.

Definition A.3.4. Let Jy be as above. The mapping J : E — (E*)* defined as J(x) = J, is called
a canonical injection. If, additionally, J(E) = (E*)*, the space E is called reflexive.

We will use the following property of reflexive spaces.

Theorem A.3.5 (Kakutani). (Brezis, 2010, Theorem 3.17) Let E be a Banach space. Then E is
reflexive if and only if the unit ball

Bp={xcE:|}x|| <1}

is weakly compact.

A.3.2 LP-spaces

Let (S,X,u) be a measure space. For p € [1,), by L?(S,Z,u) (or simply L” when no ambiguity

arises) we denote the space

{F:S—HRsuchthat |F||er == (/\F]pd,u)p <<>o}.
s

Note that the functions that coincide uy-a.e. are indistinguishable in this space: indeed, the || - || -
norm of their difference is zero by definition. Therefore, elements of an LP-space are actually
equivalence classes of functions. In this sense, one can speak of a function-representative of an

element of LP-space.
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Theorem A.3.6. (Brezis, 2010, Theorems 4.7-4.8) LP with the norm || - ||1» is a Banach space.

By LP-convergence we mean convergence in the || - ||z»-norm. More precisely, for (F,),F €
L?, we say that F,, — F in L? if ||F,, — F||p»r — 0 as n — oo.

Sometimes, it is more convenient to deal with u-a.e. convergence than with the L”-convergence.

Theorem A.3.7. (Brezis, 2010, Theorem 4.9.a) Let (F,),F € L? be such that F,, — F in LP. Then,

there exist a subsequence (Fy, ) such that F,, — F u-a.e. on S.

Finally, let us draw a link between this section and Section A.3.1. A corollary of so-called
Riesz representation theorem (Brezis, 2010, Theorem 4.11) is that the dual of an L? space can be
identified with L” for a certain p’.

+ 1 = 1. Then the space (LP)* is

Theorem A.3.8. Let p € (1,), and let p’ be such that % 5

isometric to LV .
In particular, the dual of L? space is (isometric to) itself.

Corollary A.3.9. L? is a reflexive space.

A.4 Functional analysis and measure theory

A.4.1 Functions on a linear topological space

In this section, we give definitions from Sion (1958) necessary to understand conditions of Sion’s
theorem (Theorem 3.5.3), which is a very important tool we use to obtain results of Chapter 4.

An overview of its proof is carried out in Section 3.6.

Definition A.4.1. A linear space S (in this thesis, over R) is called a linear topological space,
if it is endowed with a topology such that the vector addition and the scalar multiplication are

continuous functions (in the product topologies on S X S and R x S).

For example, every Banach space with the strong topology is a topological vector space, and
therefore (see Remark A.3.2) every Banach space with the weak topology is.

Let A be a subset of a linear topological space S.

Definition A.4.2. A function F : A — R is called quasi-concave, if {x €A : F(x) > a} is a convex
set for any a € R. A function F : A — R is called quasi-convex, if {x € A: F(x) < a} is a convex
set for any a € R.
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Definition A.4.3. A function F : A — R is called upper semicontinuous, if for any sequence
(xn) C A converging to x € A there holds

limsup F(x,) < F(x).

n—oo

A function F : A — R is called lower semicontinuous, if the function —F is upper semicontinuous.

Remark A.4.4. Definition A.4.2 can be given for any linear space S. Definition A.4.3, on the
other hand, can be given for any topological space S. Thus, the concept of linear topological
space allows to study functions that are quasi-convex/quasi-concave and upper/lower semicon-

tinuous — in particular, to state Sion’s theorem (Theorem 3.5.3).
There is an equivalent definition of upper and lower semicontinuity involving the level sets.

Theorem A.4.5. (Bourbaki, 1998, Propositions 1V.6.2.1 and 1V.6.2.3) A function F : A — R is
upper semicontinuous if and only if the sets {x € A : F(x) > a} are closed for any a € R. A
function F : A — R is lower semicontinuous if and only if the sets {x € A : F(x) < a} are closed
forany a e R.

Finally, we state an extension of the extreme value theorem (Theorem A.2.4).

Theorem A.4.6. (Bourbaki, 1998, Theorem IV.6.2.3) An upper semicontinuous (lower semicon-
tinuous) real-valued function defined on a compact space is bounded from above (from below)

and attains its supremum (infimum).

A.4.2 Convergence theorems

For convergence of integrals, we often use Lebesgue’s dominated convergence theorem. We refer

to it as “dominated convergence theorem”, or we say “by dominated convergence”.

Theorem A.4.7 (Dominated convergence). Let (Fy,)qen be a sequence of real-valued measur-
able functions on a measure space (S,L,u). Suppose that the sequence converges u-a.e. to a
measurable function F, and is dominated by some integrable function G, i.e. for all n € N and
u-almost all x € §

[Fa(x)| < Gx),

where

/Gd,u < oo,
S

lim Fnd,u:/Fd,u.
S S

Then F is integrable and

n—oo
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Sometimes, we use the following theorem instead.

Theorem A.4.8 (Monotone convergence). Let (Fy),ecn be a non-decreasing sequence of real-
valued integrable functions on a measure space (S,X,u). Suppose that the sequence converges
u-a.e. to a measurable function F. Then F is integrable and

lim F ndu = / Fdu.

n—soo

Another imporant fact about convergence of integrals is Fatou’s lemma.

Lemma A.4.9 (Fatou’s lemma). Let (F,),en be a sequence of real-valued non-negative inte-
grable functions on a measure space (S,X,u). Define for all x € S
F(x) := liminf F,(x).
n—oo
Then F is integrable and
/de <liminf [ F,du.

n—oo JS§

The following corollary is a version of Fatou’s lemma and is often called the same.

Corollary A.4.10. Let (F,),cn be a sequence of real-valued integrable functions on a measure
space (S,Z,u), and let G be an integrable function on the same space such that F, > G u-a.e. for
alln € N. Then F defined in Fatou’s lemma is integrable and

/Fd,u <liminf [ F,du.

n—oo JS§

Proof. Follows immedeately by applying Fatou’s lemma to non-negative functions £}, := F, — G
andto F :=F —G. ]

Corollary A.4.11 (Reverse Fatou’s lemma). Let (Fy),cn be a sequence of real-valued integrable
functions on a measure space (S,X,u), and let G be an integrable function on the same space
such that F, < G p-a.e. for all n € N. Define for all x € S
F(x) :=limsup F,(x).
n—yoo
Then F is integrable and
lim sup Fd,u< /Fd,u

n—oo
Proof. Follows by applying Fatou’s lemma to non-negative functions ¥, := G — F,, and to F :=
F — G, and upon noticing that

liminf [ —F, = —limsup [ £,.

n—oo JS§ n—oo JS§
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Finally, we state an important theorem concerning integrals of functions of two variables.

Theorem A.4.12 (Fubini—Tonelli theorem). Let F be a real-valued measurable function on a
measure space (S1 X S», L1 X Lo, u1 X p). Then,

Jo (L reonant ameo= [ ([ 1P )ano)= [ e,

If, additionally, any of the above integrals is finite, then the same equality holds for integrals of
F (without the absolute value).

The theorem often goes by a shorter name of Fubini’s theorem.

A.4.3 Functions of finite variation

In the sequel, we focus on real-valued functions on a real interval [f],7,], rather than on an arbi-
trary measure space. Most of the presentation is due to Revuz & Yor (1999).
Let F : [t1,12] — R be a right-continuous function. For s € [f1,%;] and a subdivision E of the

interval [t,s] into t) = up <u; <...<u,=s,let

Definition A.4.13. We say that the function F has finite variation, if for every s € [t],12] we have

S(s) = supS=(s) < oo,

The finite function S is sometimes called the total variation of F on [t1,s].

Proposition A.4.14. (Revuz & Yor, 1999, Proposition 0.4.2) Any function of finite variation is

the difference of two non-negative non-decreasing finite functions.

The converse is also true, since, if we are given two non-negative non-decreasing finite func-
tions, the total variation of their difference is bounded by the sum of total variations of the two
functions, and is therefore finite. Hence, Proposition A.4.14 can be used as an equivalent defini-
tion of a function of finite variation.

Let F : [t,t;] — R be a finite non-decreasing right-continuous function. Recall that we asso-

ciate to it the (positive) Lebesgue—Stieltjes measure u* by putting

uf (u,v]) =F(v) —F(u) forti Su<v<t
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and extending u” to the whole c-algebra B([t1,1,]) by Caratheodory’s extension theorem (Athreya
& Lahiri, 2006, Theorem 1.3.3). To a right-continuous function of finite variation F : [t1,#,] — R,
we associate the (signed) Lebesgue—Stieltjes measure in the same way. This correspondence is
one-to-one (Revuz & Yor, 1999, Theorem 0.4.3).

Finally, we state a property of the set of discontinuities (jumps) of a function of finite varia-

tion.

Proposition A.4.15. (Rudin, 1976, Theorem 4.30) Let F : [t1,t;] — R be a monotone function.

Then the set of its discontinuities is at most countable.

Note that Proposition A.4.15 implies, in particular, that the set of jumps of a monotone func-
tion has Lebesgue measure zero. Same holds true for a function of finite variation due to Propo-
sition A.4.14.

A.4.4 Measure induced by Lebesgue-Stieltjes integral

Let F : [t1,12] — R be a finite non-decreasing function, and let H : [t,7] — R be a bounded
function. Define, for s € [r1,15],

G(s) = /[t | H@ar)

Then, G inherits the properties of F: G is finite, and, since ,uF is a positive measure, G is non-
decreasing. It is also right-continuous. Indeed, consider the decomposition F (1) = F¢(t) +
Yueln 5] AF (), where F¢ is the continuous part of F. Then,
G(s)= [ H@)dF(r)+ Y. H(u)AF(u),
[115] u€lty,s|

where the first term is continuous, and the second term is right-continuous. We additionally see
that the set of discontinuities of G is contained in the set of discontinuities of F'.

Since G is non-decreasing and right-continuous, there exists the Lebesgue—Stieltjes measure

uC. By its definition, for any u,v € [t;,1,] we have
., HOF () = G0 =Gl =4 (1)
u,v
The Lebesgue—Stieltjes integral with respect to G is then linked to the Lebesgue—Stieltjes integral
with respect to F' as follows.

Proposition A.4.16. (Obtoj, 2017, Proposition 6.1.8) For F and G as above and for any bounded
function X : [t1,tz] — R, we have

X(1)dG(t) = X(t)H(t)dF(t).

[11 ,l‘2] [ll :t2]
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A.4.5 Absolute continuity

In this section, we follow Athreya & Lahiri (2006) to introduce absolute continuity of functions

and measures.

Definition A.4.17. A function F : [t1,t;] — R is called absolutely continuous, if

V£>035>0:V{ui,vi}§i1:t1 <uy<viK<m<m<...<uy<wvw<hn
with Z(vi—u,-) < 8 we have Z]F(u,-)—F(vi)] <E.
i i

The definition can be straightforwardly extended to functions on an open or a semi-open interval.
There is an important equivalent definition of absolute continuity.

Theorem A.4.18. (Athreya & Lahiri, 2006, Theorem 4.4.1) A function F : [t;,t2] — R is abso-
lutely continuous, if and only if there exists a Borel measurable function o : [t1,t,] — R, called
the density of F, such that

F(s)=F(t)+ out)dA(t)

[Z] ,S}

for every s € [t1,12], where A is the Lebesgue measure on [t1,1,).

Definition A.4.19. A measure y on the interval [t|, 1] equipped with the Borel G-algebra B(]t,1,))
is called absolutely continuous, if it is absolutely continuous with respect to the Lebesgue mea-
sure A, ie.

VA € B([t1,12]) such that M(A) = 0 we have u(A) = 0.

Theorem A.4.20. (Athreya & Lahiri, 2006, Theorem 4.4.3) The absolute continuity of a non-
decreasing function F is equivalent to the absolute continuity of the associated Lebesgue—Stieltjes

measure u* .

Lemma A.4.21. Let F : [t;,t;] — R be a Lipschitz continuous function. Then F is absolutely

continuous.

Proof. Let L be the Lipschitz constant of F. For arbitrary € > 0, take 8 = £. Then, for any
{u;,vi}¥ | from Definition A.4.17, we have

Y F(ui) = F(vi)| <Y Llui—vi| < LS =e.

Thus, F is absolutely continuous. ]
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A.5 Projections and processes of finite variation

In this section, we follow (Dellacherie & Meyer, 1982, Section V1.2) to introduce optional and
previsible processes and projections, and provide a decomposition for a piecewise-constant pro-

cess of finite variation.

A.5.1 Optional and previsible processes and projections

Definition A.5.1. Given a filtration (F),c(o,1), the sigma-algebra on [0,T] x Q generated by
cadlag (F;)-adapted processes is called the optional sigma-algebra. The sigma-algebra on
(0,T] x Q generated by left-continuous (F;_)-adapted processes, where F;_ := Us;F, is called
the previsible sigma-algebra. A process (Xl)te[O,T] is called JF;-optional (F;-previsible), if the
mapping (t,®) — X;(®) is measurable with respect to the optional (previsible) sigma-algebra.

It is immediate from the definition above that cadlag J;-adapted processes are JF;-optional. It

is used in Chapter 4, where effectively all the processes we study are cadlag and adapted.

Theorem A.5.2. (Dellacherie & Meyer, 1982, Thm VI.43) Let (X;) be a bounded (or unbounded
but positive) measurable process. Then, there exist a unique optional process (Y;) and a unique

previsible process (Z;) such that

E[XnIn<eo}|In] = Ynlin<oo) P-a.s. for all stopping times ;
E[XnIn<ot|In-] = ZnIy<ooy P-a.s. for all previsible stopping times M.

Definition A.5.3. Processes (Y;) and (Z;) from Theorem A.5.2 are called, respectively, F;-optional
and F;-previsible projection of (X;).

A.5.2 Decomposition of a piecewise-constant process

In the literature (e.g. (Rogers & Williams, 2000, Definition IV.7.2)), a stochastic process of finite
variation is often defined as a stochastic process (¥;) whose trajectories ¢ — Y (¢, ®) are functions
of finite variation (in the sense of Definition A.4.13) for all ® € Q. Further, it is a standard
convention to only consider (F;)-adapted and right-continuous finite variation processes. We
will use the following definition from (Dellacherie & Meyer, 1982, p.115), which is equivalent
due to Proposition A.4.14.

Definition A.5.4. We say that a process (Y;) is of finite variation, if it is a difference of two

(F1)-adapted, non-decreasing, finite, right-continuous processes.
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Definition A.5.5. We say that a non-decreasing process (Yt)ze[o,T} is integrable, if EY7 < oo
We say that a process (Y;) is of integrable variation, if it is a difference of two (F;)-adapted,

integrable, non-decreasing, finite, right-continuous processes.

Clearly, processes of integrable variation are a subclass of processes of finite variation.

Theorem A.5.6. (Dellacherie & Meyer, 1982, Theorem VI.52 and Remark VI.53.a) Let (Y;) be
a finite (3;)-adapted non-decreasing process with Yo— = 0. Then, there exist a continuous non-
decreasing process (Y), (F;)-stopping times (M )k>1, and non-negative Iy, -measurable random
variables Xi, k > 1, such that

Y=Y+ Y Xl
k=1
We apply this result in a specific set-up as follows.

Corollary A.5.7. Let (Y;) be a bounded (F;)-adapted piecewise-constant process of finite varia-
tion with Yy = 0. Then, there exist (F;)-stopping times (N )k>1, and non-negative Iy, -measurable
random variables Xy, k > 1, such that

Y=Y (=) Xy (A1)
k=1

The alternating terms in (A.1) come from interweaving sequences for the two non-decreasing
processes (¥;7) and (¥,”) from the decomposition ¥; = ¥,© —Y,~ (Definition A.5.4). This is for
notational convenience and resulting in no mathematical complications as the infinite sum is

absolutely convergent.

A.6 Weak convergence of non-decreasing functions

The convergence (4.15) from the proof of Proposition 4.4.11 is similar to weak convergence of
random variables and of the corresponding cumulative distribution functions (CDFs) (Billings-
ley, 1995, Theorem 25.8), the biggest difference being that the integrators p"(®), p(®) in (4.15)
may not be CDFs.

Instead of normalisation (4.16) that enabled us to prove (4.15), we could refer to the extended
notion of weak convergence of Shiryaev (1996). Indeed, one can define the weak convergence
for arbitrary bounded right-continuous non-decreasing functions (not necessarily CDFs), and for

arbitrary finite measures (not necessarily probability measures).
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Definition A.6.1. A sequence of bounded right-continuous non-decreasing functions F" : R — R
converges weakly fo a function F : R +— R (denoted F" 5 F), if, for any continuous and bounded
function H : R — R,

/H(t)dF”(t)—)/H(t)dF(t).
R R

Similarly, a sequence of finite measures " on R converges weakly to a measure u on R (denoted
W' ), if, for any continuous and bounded function H : R — R,

/ H()d' (1) — / H()du(t).
R R

Note that, by definition of Lebesgue—Stieltjes measure, the convergence F" - F is equivalent
t F"l w F .
ou" — u" of the corresponding measures.

For convergence of functions, another (equivalent, as we will see shortly) definition is often

more convenient.

Definition A.6.2. A sequence of bounded right-continuous non-decreasing functions F" : R — R
converges in general fo a function F : R +— R (denoted F" = F), if, for any point t of continuity
of F,

F"(t) = F(1).

A sequence of finite measures (' on R converges in general to a measure pon R (denoted u"* = u),
if, for any set A with u(dA) = 0 (where dA denotes the boundary of A),

H(A) = (A).

Note that, unlike with Definition A.6.1, the equivalence between convergence in general of
functions and of corresponding Lebesgue—Stieltjes measures is not immediate. But the equiva-

lence does hold by the following theorem.

Theorem A.6.3. (Shiryaev, 1996, Theorem Ill.1.2 and Remark II1.1.2) Let F",F : R — R be
bounded right-continuous non-decreasing functions. If ut" (R) — uf (R), then following condi-
tions are equivalent:

a) F'"=F
b) " =l
c) uf" = pF

d) F' 5 F
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Remark A.6.4. In Propositions 4.4.11, we assume that (omitting the dependence on the fixed
o € Qo P(Q) = 1) pi — pr, ie. that " ([0,T]) = p*" (R) — uP(R). We also assume that
p" = p. Therefore, we could use Theorem A.6.3 to see that p" ~ p, and then the convergence

(4.15) for continuous (X;) follows from Definition A.6.1 of weak convergence.

A.7 Stochastic differential equations

In this section, we follow (Karatzas & Shreve, 1991, Chapter 5) to outline certain aspects of
theory of stochastic differential equations and their solutions. The theory relies on a process
known as Wiener process (or Brownian motion). We refer to (Karatzas & Shreve, 1991, Chapter
2) (particularly (Karatzas & Shreve, 1991, Definitions 2.1.1 and 2.5.1)) for the properties and the
construction of a Wiener process.

Fix d,r > 1. Consider Borel-measurable functions b;(,x), 6;;(¢,x) from [0,%) x R? to
R, where 1 <i<d, 1 < j<r. Define the (d x 1) drift vector b(t,x) = {bi(t,x)}1<i<q and
the (d x r) dispersion matrix 6(t,x) = {0;;(t,x) }1<i<a,1<j<r Fix a filtered probability space
(Q,5,(F1)ic(0,00),P), where the filtration (J) satisfies the usual conditions. Let (W;) be an r-

dimensional (F;)-Wiener process. Consider the stochastic differential equation (SDE)

Definition A.7.1. Let (X;);c(0,-) be a continuous RY-valued (F)-adapted stochastic process. We
say that the process (X;) is a strong solution to the SDE (A.2) relative to (W;) with the initial
condition xo € RY, if

1 1
X, = Xo+ / b(s,X,)ds + / o (s, X,)dW, (A3)
0 0
forallt € 0,00) P-a.s., Xo = xo, P-a.s., and
t
/O bi(s, X,)| + 62 (5, X,)ds < o0 (A4)
forallt €0,00), 1 <i<d, 1<j<r P-as.

Definition A.7.2. Let the coefficients b, G be fixed. Assume that, for any filtered probability
space (Q,5,(F;),P), any r-dimensional (F,)-Wiener process, any xo € R, and any two strong
solutions (X;), (X;) of the SDE (A.2), (X;) and (X,) are indistinguishable. Then we say that
strong uniqueness holds for the pair (b,G).

The following condition guarantees existence of a strong solution and strong uniqueness.
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A.7 Stochastic differential equations

Theorem A.7.3. (Karatzas & Shreve, 1991, Theorems 5.2.5 and 5.2.9) Let (Q, F, (5;),IP) be a fil-
tered probability space with (3;) satisfying the usual conditions, and let (W;) be an r-dimensional
(F;)-Wiener process. Let xg € RY. Suppose that the coefficients b, G satisfy the (global) Lipschitz
and linear growth conditions

|1b(2,2) = b(1,y)[| +||o(t,x) = o(1,y)[| < Kllx=yl],
160,202 +[lo(,0)|> < K*(1+ I ?),

for some K > 0 and every t € [0,), x,y € RY. Then, there exists a continuous (F,)-adapted
process (X;) which is a strong solution to the SDE (A.2) with the initial condition xy. Moreover,

the strong uniqueness holds for the pair (b, o).

We note that existence and strong uniqueness hold, in particular, in case when the coefficients
b, ¢ are bounded and Lipschitz-continuous, as in e.g. Section 3.4.1.

The notion of strong solution of an SDE assumes that we fix a filtered probability space
(Q,F,(F;),P) and a Wiener process (W;). We now introduce a different notion that requires to

fix neither.

Definition A.7.4. A weak solution of the SDE (A.2) is a triple ((X;), W;), (Q,F,(F;),P)) such
that

* (Q,9,(5:),P) is a filtered probability space, and (F;) satisfies the usual conditions,

s (X;) is a continuous (F;)-adapted R?-valued process, (W,) an r-dimensional (F;)-Wiener

process,
* (A.3), (A.4) are satisfied.

Clearly, if a strong solution exists, then a weak solution exists with the same process (X;).
A weak solution also exists under weaker regularity conditions on the coefficients b, ¢; we omit
further details and refer to (Karatzas & Shreve, 1991, Proposition 5.3.6, Theorem 5.4.22).
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Appendix B

Auxiliary proofs

B.1 Decomposition of a randomised stopping time

In this section, we study a decomposition of a randomised stopping time with respect to a filtra-
tion enlarged by a sigma-algebra generated by a random variable. A similar decomposition is
provided in (Esmaeeli & Imkeller, 2018, Proposition 3.3) for pure stopping times.

On a discrete probability space (Q°,F*,[P¥), consider a random variable J taking values in
{1,...,I}. Consider another probability space (Q7,F?,PP) with a filtration (F7) satisfying the
usual conditions. On the probability space (Q,F,P) := (QF x Q5,FP v F PP ® P*), consider
another filtration 7 := F7 v 6(J).

We start with a decomposition for generating processes: it turns out that elements of Ao(fﬂj )

(recall (2.4)) can be decomposed into a sum of elements of AO(?f ).

Lemma B.1.1. Any (&) € A°(F}) has a representation

] .
& =Y Iy_p&, (B.1)
i=1

for everyt € [0,T], where (§]),...,(El) € A°(F7).

Proof. Forie {l,...,1},let®; € Q° be such that J(®;) = i. For ®” € QP,t € [0,T], let us define
E(0P) := & ((w”,®;)). Then, for every ®” € Q7, @ € Q%, ¢ € [0,T], (B.1) holds. Further, for
every i € {1,...,1}, the process (&) is cadlag, non-decreasing with & (@”) =0, & (@) = 1
for all @’ € QP, since these properties hold for the process (& (-, ®;)),e[o,7]- Finally, for every
t €[0,T], the random variable &, (-, @;) is F”-measurable. Thus, (§!) € A°(F7) for every i, which
finishes the proof. ]
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Now we show that (F7)-randomised stopping times can be decomposed into a sum of (F7)-

randomised stopping times.

Lemma B.1.2. Any t € TR(F) has a representation
1
t=) Iy (B.2)
i=1

where T1,...,71 € TR(FP), with generating processes (€)),..., (&) € A°(FF) and a common
randomisation device Z.

Proof. Let (§;) € A°(F7) be the generating process and Z the randomisation device of 1. For
i€{l,....1}, let (&) € A°(F7) be as in Lemma B.1.1. Define 1; = inf{t € [0,T] : & > Z}. By
Lemma B.1.1, 7; € TR(F7). Further, for every @’ € Q7, ®° € Q, t € [0, T], setting iy to be such
that J(®*) = iy, we have

I .
Y Iger)=iyTi(07) = T, (0”) = inf{z € [0,T] : £ (0”) > Z} = 1(0”, "),
i=1

which proves (B.2). O]

B.2 Various technical lemmata

Lemma B.2.1. Let (p"),>1 be a sequence of non-decreasing functions [0,T] — [0, 1] that is non-
decreasing in n. Assume that for some t € R the limit lim,,_,.lim,, p" (1) exists. Then the limit
lim, 4 lim,, oo p" (1) exists, and

lim lim p” () = lim lim p™ ().
Jim limp (u) im lim p (1)

Proof. For any n > 1, we have
lim p" () = supp” (u), (B.3)

uft u<t

since p" is a non-decreasing function. Similarly,

lim sup p”(u) = supsupp”(u),

n=ree <y n>1 u<t

since the sequence (sup,,., p")n>1 is non-decreasing, which follows from the fact that (p” (u)),>1

is non-decreasing for any u < t. Thus,

lim limp" (u) = supsup p”(u). (B.4)

n—reo yft n>1 u<t
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B.2 Various technical lemmata

Further, observe that for any n > 1 the mapping ¢ — sup,, p"(u) is non-decreasing, since the
mapping ¢ — p"(u) is non-decreasing for any u < ¢. This and (B.3) allow us to deduce

lim lim p"(u) = supsupp” (u). (B.5)

uft n—ree u<t n>1

On the other hand, by definition of supremum, for any n > 1, u < ¢, we have

p"(u) < supsupp”(u).

n>1 u<t

Taking double supremum on the left-hand side, we obtain

supsupp”(u) < supsupp”(u).

u<t n>1 n>1 u<t

Note that the reverse inequality holds true by a symmetric argument, and therefore

supsupp”(u) = supsupp”(u),

u<t n>1 n>1 u<t

which, combined with (B.4), (B.5), finishes the proof. O

Lemma B.2.2. Lety : [0,T] — [0, 1] be a right-continuous non-decreasing function, and (p"),>1
be a sequence of non-decreasing right-continuous functions [0,T| — [0, 1] that is non-decreasing
in n. Assume p"(0—) =y (0—) = 0 and define

R(1) :/M(l —x(s=))dp"(s), n > 1. (B.6)

Then the sequence (R"),>1 is non-decreasing in n.

Proof. Fix t € [0,T]. Integrating by parts (Proposition 2.2.1) and using that p"(0—) = 0, we
obtain

R'(t) = (1 =x(1))p"(r) — o p"(s)d (1 —x(s))-

Observe that the mapping # — (1 —y(¢)) defines a negative measure, and recall that 1 —y(¢) > 0.
Since for any n > 1, s € [0,¢] we have p"*!(s) > p"(s) by assumption, it follows that

(1=x(@)p" (1) = (1 =x(1)p" (1),

and

/[O,t] p"(s)d(1 —x(s)) Z/ 0" ()d(1 —7(s)).

[0.4]
Thus, R**!(¢) > R"(¢), which finishes the proof. O
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B.2 Various technical lemmata

Lemma B.2.3. Let (F,) be a filtration satisfying the usual conditions. For any filtration (G;) C
(F), the sets A(S;) and Aqc(SG:) defined in Section 4.4 are convex in 8.

Proof. Let us denote A(9;) = A for brevity. Take p,y € A with cadlag representatives p,%, and
leto,Be[0,1]:a+pP=1. For0<r<s<T we have

ap; + B < apy+ Pis,
0<ap +Pt <a+P=1, (B.7)
oapr +pRr =a+p=1.

Moreover, the process ap + By is cadlag, because the processes p, ¥ are.

Let p, ¥ be some (not necessarily cadlag) representatives of p,y. Observe that the §-norm of
the difference ap + By — (op + PBX) equals zero, because the S-norms of the differences p — p
and ¥ — % both equal zero by definition of a representative of an element of 8. Thus, the process
op + B is a cadlag representative of ap + . Then, by (B.7), we have ap + By € A, which
proves the convexity of A.

The proof of convexity of the set A,.(G;) is analogous, the only difference is that it addi-
tionally uses the fact that for absolutely continuous p,% their convex combination o + By is

absolutely continuous. L
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