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Abstract

The core of this thesis focuses on a number of different aspects of er-
godic stochastic control in connection with backward stochastic differen-
tial equations (BSDEs for short). Chapter 1 serves as an introduction to
the problem formulation in various contexts and states a number of results
we will be using in the sequel. Chapter 2 deals with the so called weak
formulation, where the control is represented as a change of measure. The
optimal value and feedback control are obtained using a relatively recent
object called ergodic BSDEs. In order to achieve this we establish the

existence and uniqueness of solutions to these equations along the way.

Chapter 3 is concerned with non zero-sum games where multiple players
control the drift of a process, and their payoffs depend on its ergodic
behaviour. We establish their connection with systems of Ergodic BSDEs,

and prove the existence of a Nash equilibrium under general conditions.

In Chapter 4 we show a novel duality between the existence of a solution
to an infinite horizon adjoint BSDE and strong dissipativity of the forward
process. Thus the link between ergodicity of the controlled process and
the infinite horizon stochastic maximum principle is established. Finally,
in Chapter 5 we provide conclusions, conjectures and directions for future

research.
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Chapter 1

Introduction

The aim of this chapter is to give a brief introduction to the area of stochastic optimal
control, the theory of backward stochastic differential equations (BSDEs) and to pro-
vide a connection between the two. The first section describes a general formulation
of a stochastic optimisation problem and then moves on to the ergodic cost case. The
second attempts to elucidate the logic behind ergodic BSDEs and to explain why they
prove useful for long run average (another term for ergodic which we will use in the
sequel) optimisation. The last section serves effectively as a collection of abstracts to

the remaining chapters, outlining the main results of each.

1.1 Stochastic optimal control

This section explains the essence of the area of stochastic optimal control, as well as

describing additional challenges that ergodic cost functionals bring.

1.1.1 Classical control

A typical stochastic control problem can be formulated the following way. We are
given a system, parametrised by time, that evolves in some (metric) space. In order to
capture the uncertainty of its evolution, we introduce a probability space (£2, F,P) and
represent the dynamics as a stochastic differential equation on the state, i.e. through
a given mapping ¢t — X;(w). At each point in time the dynamics are influenced
by a control u, taking values in a space, which may encode certain problem specific
constraints. A control should take into account all the information available until
the current time (but no more); in other words, the process {u;}:>0 needs to be
predictable. Controls satisfying these requirements are called admissible. The final

piece that is required is the cost functional, i.e. a criterion which would allow us



to compare the performance of different controls. Typical criteria used in stochastic

optimal control are

J (a0, 1) = E[/OT L(t, X2, ug)dt + g(X;a)] (1.1)

for finite horizon optimisation, and

J(wg,u) = E[/ e_o‘tL(t,Xt“,ut)dt}
0

for the infinite horizon case. The function L is called a running cost function, g is a
terminal reward and a > 0 is a discount factor. The objective is to minimise/maximise
the cost functional over the space of all admissible controls. Below is a famous example

of a control problem that comes from finance.

Example 1.1.1. Merton’s optimal investment-consumption problem Con-
sider a financial market with two assets: a stock and a bond. The dynamics of the

stock price is modelled by the standard geometric Brownian motion, i.e.
dS(t) = S(t)[pdt + odWy,

where p, o are given constants, o # 0 and W is a standard one-dimensional Brownian
motion. We further assume that the bond yields a constant interest rate r which is
reinvested, i.e.

dB(t) = rB(t)dt.

For each time t > 0, we denote the consumption rate by c(t) and proportion of wealth

invested in the stock by w(t). The wealth dynamics are given by
dZ(t) = Z(t)[(r +7(t))(u — r)dt + 7 (t)dWy] — c(t)dt.

Here, the state process is Z = Z™° and the admissible controls are w(t) € [0, 1], c(t) >
0 for each t > 0. We assume it is possible to transfer funds between the stock hold-
ings and the bond holdings instantaneously and without a loss (along with the usual
assumptions of linear pricing and infinite liquidity), so it is not necessary to keep
track of holdings in each asset separately. The final restriction for this problem is
that Z(t) > 0 for allt > 0. In other words, the set of admissible controls A is given
by
A = {(n(-),c(-))|bounded, adapted processes such that Z™° > 0 a.s.}



The objective functional is the expected discounted utility of consumption:

J = ]E[ /0 h e“"tU(c(t)))dt} |

where U : Ry — R is the utility function. For the explicit solution to this problem for

certain classes of utility functions, see Soner [45].

Remark 1.1.1. The main technique used to solve control problems with additive
objective functionals (i.e. of the form (1.1)) is the dynamic programming principle.
To understand what it is, assume we want to find optimal control on the interval
[t,T]. Denote by v(s,z), where s > t, the optimal value on the interval [s,T] where

at time s the controlled process X = x. Then for any stopping time 7 >t
T
o(t, ) = infE[ [ nsx s +g<X§f’”>\ft]
w t
= jnfE[/ L(s, X“"* uy)ds + v(r, X;‘,t,m>‘f’t:|.
w t

Intuitively, the statement above says that if something is optimal at a later time, it
remains optimal now (for details and rigorous proofs the reader is referred to Fleming
and Soner [15]). In the sequel we will mostly be dealing with non-additive functionals,
where this naive approach does not work, but dynamic programming still remains a

tool of crucial importance.

Of primary interest to the current work is the so-called “weak” formulation,
namely the case when the control acts only on the drift and the compensator of
the jump measure. We will see in the sequel that, in this case, it is possible to ex-
press the value function for our control problem through a BSDE. Using the so-called
comparison theorem for BSDEs, the value function for the optimal control can then
be found by minimising/maximising the driver of the BSDE, which plays the role of
the Hamiltonian. For a detailed account of this case the reader is referred to Chapter
21 in Cohen and Elliott, [10]. For general theory see the books of Krylov [30], Yong
and Zhou [47], Fleming and Soner [15] and Pham [37].

1.1.2 Ergodic control

The area of ergodic optimal control is concerned with the problem of minimising a
time averaged penalty (cost) over infinite time horizon. It is applicable in situations
where the controlled system settles to a limiting behaviour relatively quickly and one

is essentially comparing various possible (control dependent) equilibrium behaviours.
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In mathematical terms, given a separable metric space U, the value functional takes

the form .
J(x,u):hmsupT%OT—lE{ / L(Xt“,ut)dt}, (1.2)
0

where the process {X}*}+>0 represents the state process under the controlled forward
dynamics, u is an JF;-predictable U-valued process, and L is a bounded measurable
cost function.

One can see from (1.2) that the ergodic cost functional differs from the standard
“integral” cost in one crucial way: it is unaffected by what happens on any finite time
interval. An immediate consequence of this observation is that a completely new set
of analytical tools is required to study this problem, since one can no longer split
the time horizon into an initial segment and the rest in order to apply the dynamic
programming heuristic.

Nevertheless, dynamic programming is not entirely useless in the case of long run
average cost. The main technique found in the literature for this situation is ergodic
Hamilton—Jacobi-Bellman equations (HJB for short) — an object obtained by sending
the discount rate to zero in the infinite horizon discounted cost control problem (the
so-called vanishing discount approach). It allows one to characterise optimal policies
under certain technical hypotheses. Another approach, which is an area of active
research at the moment, is to represent control as an infinite dimensional convex
program. For an exhaustive survey of theoretical foundations behind these methods,
as well as the numerical schemes they facilitate, see Arapostathis, Borkar and Ghosh
3].

In the present work we focus instead on the probabilistic approach to the problem
of ergodic optimal control, based on theory of ergodic backward stochastic differential
equations. The next section provides a concise exposition of the results required to

understand what these objects are and how it is connected to the original problem.

1.2 Backward Stochastic Differential Equations

1.2.1 Classical BSDEs: a brief introduction

The theory of Backward Stochastic Differential Equations (henceforth BSDEs) has
always been closely related to stochastic optimal control. The simplest (linear) case
was originally studied by Bismut, who introduced it as the equation for the adjoint
process in the stochastic version of Pontryagin maximum principle in 1973 (see [5]).

The notion was generalised by Pardoux and Peng in 1990 (see [34]), who proved that



non-linear BSDEs were well posed. Since then BSDEs have become a tool of crucial
importance in the study of various aspects of decision making under uncertainty. A
comprehensive survey on various applications of this theory, with an emphasis on
mathematical finance, can be found in El Karoui, Peng and Quenez [27].

The general idea behind a BSDE is to specify a process through its dynamics
and its terminal value at a fixed, deterministic time 7" > 0. For ordinary differential
equations, under the usual Lipschitz assumption, there is no fundamental difference
between the initial value problem and the terminal value problem (the equivalence is
established by applying the time reversal ¢ — T —t). The difficulty in the stochastic
world stems from the fact that the terminal value is allowed to be a random variable,
but we look for a solution which is adapted to a given filtration. The following classic
example (see p. 467 in [10]) illuminates this problem and suggests intuition as to

what the correct way of formulating the terminal value problem for SDEs should be.

Example 1.2.1. Let FV be the filtration generated by a Brownian motion W, and
suppose ¢ : R — R is a Borel function. Consider the equation on [0,T] given by

dYy =0, Yr = ¢(Wr).

The only possible solution, namely Yy = ¢(Wr) for allt € [0,T] is clearly not adapted

for general functions ¢.

This suggests that one solution process {Y;}icp,r is not enough. Instead, we remem-
ber that by the martingale representation theorem, if E[|¢(Wr)|] < co there exists a
predictable process {Z; }scpo,r such that

d(Wr) = E[¢(WT)] +(Z o W)r,
and thus we obtain the existence of a pair of processes (Y, Z) satisfying the equation
dYy = ZydWy, Yr = ¢(Wr)

by setting
Yi = E[p(Wr)|F] = E[p(Wr)] +(Z e W).

Conceptually, the Z component corrects the possible “non adaptedness” by allowing
us to control the randomness of the process Y in such a way as to guarantee that it

hits the stochastic terminal value. This leads us to the following definition:



Definition 1.2.1. Let m < co. Consider a function
¢:Qx[0,T] x R™ x R™N 5 R™
such that ¢p(w,t,y,z) is progressively measurable in (w,t) and Borel measurable in

(y,2). For such a function and an Fp-measurable R™-valued random variable &, a

Backward Stochastic Differential Fquation is the equation
dY, = —o(w,t,Y,, Zy)dt + Z,dWy, Yr =¢&. (1.3)
The function ¢ is called the driver of a BSDE. A solution to a BSDE is a pair of

processes (Y, Z) satisfying the above equation, such that'Y is R™-valued, cadlag and
adapted and Z is R™N -valued and predictable.

Given the time horizon T, we denote by S?(0, T') the set of R™-valued progressively

measurable processes Y such that

E[ sup |Y;|*] < o0,
t€[0,T

and by LZ((W)) the set of R™*"_valued predictable processes Z such that

T
E[/ 1Z,[2de] < oo,
0
We are now ready to state a fundamental result about BSDEs (for a proof see, e.g.
Theorem 19.1.7 in Cohen and Elliott [10]):
Theorem 1.2.1. Suppose the following conditions are satisfied:

e The driver satisfies the following integrability condition:
T
E[/ o(w,t,0, O)2dt} < 00
0
o The terminal value is square integrable, i.e. £ € L*(Q0, Fr,P,R™).

o The driver ¢ is Lipschitz in (y, z). In other words there exists a constant K > 0
such that

l¢(w, t.y, 2) = dlw,t,y/, 21 < K(ly — /I + 11z = Z[1”)
holds for all y,yy € R™, 2,2/ € R™N dt x dP — a.e.
Then there exists a unique solution (Y, Z) € 8*(0,T) x LA((W)) to the BSDE (1.3).

Remark 1.2.1. For the sake of parsimony, in the introduction we only deal with
diffusion driven BSDFEs and corresponding control problems. In the sequel, most im-
portantly in Chapter 2, we will state and use certain results about jump processes as
well. For a self contained theoretic account of a general case the interested reader is

referred to Cohen and Elliott, [10].



1.2.2 BSDEs as adjoint equations

As we pointed out earlier, from the probabilistic perspective there exist two main
formulations of control problems. The first one, called “weak”, describes the situation
where only drift of the forward process is controlled, allowing one to treat each control
(using Girsanov’s theorem) as a change of measure. The second one pertains to the
more general scenario where volatility is affected as well. The former will be studied
in great detail in the subsequent sections of the introduction as well as the main text
of the thesis. For the remainder of this section we therefore turn our attention to the
latter by stating a version of the stochastic maximum principle. Let the controlled
dynamics of {X}*}+>0 be governed by the Ito SDE:

ngL = b(t, Xf, Ut)dt —+ O'(t, XZL, ut)th, XSL =g € Rn, (14)

where W denotes a standard Brownian motion under the measure P. We consider

the problem of minimising the functional

T
J(zg,u) = E[/ L(t, X}, ug)dt + g(X7) | (1.5)
0
Definition 1.2.2. The function H : [0,T] x R" x U x R" x R**™ — R defined by
H(t,x,u,y,z) :=b(t,x,u)y + Tr(c'(t, x,u)z) + L(t, z,u), (1.6)

is called “generalised Hamiltonian” and it is assumed that H is differentiable in x.
Furthermore, the BSDE

dy(t) = =V H (t, X" u, y(t), 2(t))dt + z(t)dWy,  y(T) = V,g9(Xr), (1.7)
is called “first order adjoint equation” of the problem (1.5).

The following condition for the necessary stochastic maximum principle can then
be established (see Theorem 3 in [35]):

Theorem 1.2.2. Suppose {u;}i>o is the optimal control process and {X}'}1>¢ are the

corresponding controlled dynamics for the problem (1.5). Then there ezists a solution
(y,z) to the BSDE (1.7).

Remark 1.2.2. Theorem 1.2.2 illustrates the importance of BSDEs, stating that the
existence of solutions to certain equations is necessary for the control to be optimal.

We will return to this in the ergodic framework in Chapter 4.



1.2.3 BSDEs in infinite horizon

So far we have only discussed BSDEs with finite deterministic terminal time. Given
that our ultimate goal is to deal with the ergodic cost functional, some theory in
infinite horizon is clearly required. In this section we make a important step by

considering the following equation:

T T
Y, =Yr +/ [6(s,Ys, Zs) — aYs]ds — / ZsdWs, (1.8)
t t

where @ > 0 and 0 < ¢t < T < 0. This type of BSDE was initially introduced by
Briand and Hu in [6] and then generalised by Royer in [43] and Hu and Tessitore in
[24]. The main result is as follows (see Chapter 2 for the proof of a more general

version):
Theorem 1.2.3. Suppose the following conditions on the driver ¢ hold:

o ¢ is uniformly Lipschitz in z with Lipschitz constant K.

e ¢ is continuous w.r.t y and there exists a continuous and increasing function
YRy — Ry such that

(2,9, 2)] < ¢(lyl) + [¢(t,0,2)]
holds for allt > 0,y e R,z € H.

e ¢ is monotone w.r.t y, that is for allt > 0,y,y € R,z € H
(y—y')(qb(t,y,Z) —Qb(t,y,,Z)) <0 P—a.s.

o There exists a constant M > 0 such that for allt >0, |¢(t,0,0)] < M P — a.s.

Then there exits a solution pair (Y,Z) to the BSDE (1.8) such that {Y;}i>0 is a
continuous adapted process bounded by M /a. Moreover, the solution is unique in this

class.

The reason the equation (1.8) is of interest to us is that it allows us to deal with infinite

horizon optimisation. In order to see how, consider the problem of minimising

J(xg,u) = E{/ e g( X} ug)dt
0

over the space of predictable processes u : {2 x Ry — U, where {X}'};>¢ represents

the forward process associated with control u, with dynamics given by
dX} = (AX} + F(X}) + G(X)R(uy))dt + G(X)dWy, XY = xy. (1.9)

8



In other words the control u affects the drift of X. We define the Hamiltonian as
oz, 2) = iné{g(x, u) + zR(u)}. (1.10)
(<

Then one can find an optimal pair (@, X) by solving the BSDE (1.8) with ¢ as
the driver. The proof is a combination of It6’s formula and a measurable selection
theorem, and we will see a very similar one in the next section. For a detailed account

of the case above see Hu and Tessitore [24].

1.2.4 From BSDEs to Ergodic BSDEs

Over the course of the previous sections we showed that BSDEs provide an extremely
useful and flexible probabilistic approach to dealing with both finite and infinite hori-
zon linear stochastic optimal control problems. Therefore it is reasonable to expect
that there is a BSDE-based framework that would prove natural for understanding
the case of ergodic cost. One such framework that emerged relatively recently is based
on Ergodic BSDEs, an extension of BSDEs which takes the form

T T
K;:YT+/ [¢(X;",Zu)—A]du—/ Z,dW,, (1.11)
t t

where { X[ }+>0 is a forward process starting at x taking values in a separable Hilbert
space H. The constant A € R is a part of the solution. The equations of this type are
fairly recent and were first introduced in 2009 by Furhman, Hu and Tessitore, [16].
Since then they have been also studied in the context of Markov chains by Cohen and
Hu, [12] and in discrete time case by Allan and Cohen, [2].

Remark 1.2.3. It is worth pointing out that an EBSDE s not strictly speaking a
BSDE since there is no terminal value. However, given that a solution is obtained
as a limit of solutions to infinite horizon BSDEs of the form (1.8) as v — 0, the
name is appropriate. Another way of thinking about it is the following: in a standard
forward-backward system one “runs” the forward component up to maturity, and then
solves the backward component in reverse. In the ergodic case one does the same, but,
instead of the value of the forward process at a certain deterministic finite time, one
obtains instead the invariant law by letting the forward process run for long enough.

This information is captured in the additional component X of the solution.

We leave the details of construction of solutions to the equation (1.11) to Chapter 2
(we will deal with a more general version that includes jumps and time inhomogeneity

of the forward dynamics). For now we just state that there indeed exists a solution

9



triple (Y, Z, A) such that {Y;}:>o is polynomially growing in the forward process. In
other words
Vel < el + [ XF(). (1.12)

Using this bound we provide below a heuristic argument that allows one to gain a

better understanding of the term A. To this end consider the finite horizon equation

T
/¢XI Z5"yd —/ ZEEdw,, (1.13)
t

with zero terminal value. We know that under certain conditions on the driver ¢

(most importantly, ¢ is Lipschitz in z), for each T' > 0 there exists a unique solution
(Y, Z) € 8* x L2(W) to (1.13). Then

T T
VI =y = =Yoot [ 100X 20%) - 6(X7. Z)ldu 4 T — [ (257~ Z)aw,
0 t

Given that ¢ is Lipschitz in z, we can change measure to remove the drift. Then,

taking expectations with respect to the new measure Q, we obtain
TA =Yy " =Yy +E?[Yy],

and, taking (1.12) into account and assuming that X* has finite second moment, we

see that .
}/‘O s

T
uniformly on all bounded sets in H. For a rigorous proof of this and some other large

time behaviour results see Hu, Madec and Richou [22].

We are finally ready to return to the original problem of ergodic optimal control.
Consider the framework of the previous section where the control u affects the drift of
the forward process X“. We assume that under some measure P“? ~ PP the dynamics
of the controlled process X" on [0, 7] are given by (1.9). Our goal is to minimise the

functional T
J(wg,u) = limsupy_, T 'E“T [/ L(Xy, ut)dt} :
0

Let (Y, Z, \) be a solution to the EBSDE (1.11) with the driver defined as in (1.10),
such that the bound (1.12) holds. Then

—dY, = [¢(X}', Zy) — Adt — Z,dW,
= [QS(X;‘L, Zt) - )\]dt - thWtu - ZtR(ut)dt,

10



and thus

1 1/t
A= ZET[Ve — Yo +EAT / G(X™. Z)) — ZoR(us) — L(XY, Z)]dt
0

1 T
+ TEU’T / L(X}, Z;)dt.
0

By definition of the Hamiltonian, we deduce that

1 T 1
TIE“’T / L(X}!, Z,)dt > ?E“’T[YO — Y7 + A
0

In the sequel we will show that there exists a constant C' > 0, independent of T'; such
that
E“T(| X7 < C(1+ [|laol*),

where, as always, g = X{'. Then, using the bound (1.12), we immediately see that

1
lim sup ?E“’T[Yg - Yr] =0,

T—o0
implying that .
1
J(zo,u) = limsup —=E*7 / L(X!", Z,)dt > \.
0

T—o0
It is also clear that we have equality if the infimum in the Hamiltonian is attained.
Moreover, even if the infimum in (1.10) is not attained, there exists a control {;}+>o,
such that J(zg,a) = A. For details about this last statement, see Allan and Cohen,

2].

1.3 Structure of the thesis

The aim of this section is to provide a short summary of results contained in each

chapter of the sequel.

1.3.1 EBSDEs with jumps and time dependence

In this chapter we extend the existing theory in two natural ways. The first gener-
alisation is to add jumps to the diffusion setting of Furhman et al. in [14]. In other
words, our aim is to be able to use an EBSDE-based approach for ergodic optimal
control problems in the case where stochastic dynamics are given with reference to a
Lévy process. Optimal control of jump diffusions has been of great interest recently,

primarily due to its possible application to network control problems and hybrid

11



stochastic systems. From the standpoint of finance it allows us to factor shocks into
the model. The second extension is to incorporate time-dependency. This will allow
us to consider dynamics with seasonal components, such as business cycles.

In more technical terms, we look at the framework of real-valued forward-backward
stochastic differential equations with jumps, as introduced by Barles in [4] and later
extended by Royer in [44]. In this setting the filtration is generated by a Wiener
process on a separable Hilbert space H together with a Poisson random measure.

The main result of the chapter is a (constructive) proof of existence of a Markovian

solution to an ergodic BSDE

T T T
Y, = YT+/ [f (X, Zu, Uy) — )\]du—/ ZdW,, —/ / Uy(x)N(ds, dz),
¢ t t  JH\{0}

where the forward dynamics are given by an H-valued process X, governed by the

non-autonomous mild Ito SDE:

Here L is an H-valued square-integrable Lévy martingale, {A(t)};>0 generates an
exponentially bounded evolution family, all coefficients are T-periodic for some T" > 0
and satisfy a number of technical assumptions (see Assumption 2 in Chapter 2). We
note that existence and uniqueness of solutions to equations of this form were studied
by Knéble in [29] and by Peszat and Zabczyk in [36].

We also prove that the Markovian solution we construct is unique (up to a shift)
in the class of polynomially growing functions. We conclude by showing applications
to classical ergodic stochastic control, as well as to a problem related to power plant

evaluation.

1.3.2 Ergodic stochastic differential games

The main goal of this chapter is to prove the existence of an equilibrium in the case
where we have two drift controlling players who are ergodic, i.e. they choose their
strategies in infinite horizon and optimise the long run average. Similarly to Chapter
2, in present work we are concerned with the “weak” game formulation (however, in
this chapter we deal with the noise driven by a finite dimensional diffusion, so there
are no jumps or time inhomogeneity). In other words, given an arbitrary pair of
admissible controls (u,v) (i.e. predictable stochastic processes ({ut}i>0, {vt}1>0)), we

define the Girsanov density
T 1 [T
pr’ = exp (/ R(uy, v)dW, — 5/ HR(ut,vt)Hst>
0 0
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for some function R : U; x Uy — RN satisfying ||R(-,-)|| < C for some C' > 0. This
generates the probability P“*T := pz"P. For each agent (i = 1,2) we define ergodic
payoffs

T
Ji(l'(), u, U) = lim SupT*)OOT_lEu’U’T |:/ Li(Xt7 Uy, Ut)dt:| .
0

The goal is to find a ‘Nash’ equilibrium, that is, an admissible control (u*,v*), such
that

Jl(:co,u*m*) < Jl(xg,u,v*) and JQ(aco,u*,v*) < J2(x0,u*,v)

holds for all admissible (u,v). In a standard fashion (see, e.g. [21]), we impose the
so-called generalised Isaac’s condition on the Hamiltonian, in order to ensure the
attainability of the infimum simultaneously for both players. We then prove that the
existence of a saddle point for the game follows from the existence of a solution to
a system of Ergodic BSDEs with continuous coefficients. Using a modified version
of Picard iteration (not dissimilar in nature to the fixed point construction used by
Hu and Tang in [23]), along with an array of estimates for solutions of EBSDEs,
established in [14] and [11], we prove that such a system does admit a solution. We
then extend these results to the case of finite or countably many players, as well as
two asymmetric agents.

As a bonus we obtain the existence of a solution to a class of one-dimensional
EBSDEs with continuous drivers of linear growth. This is an important class, since
it is known that for drivers with quadratic growth the existence of solutions requires
much heavier assumptions (for details in a PDE framework see Robertson and Xing
[42]).

1.3.3 Classical adjoints for ergodic stochastic control

In this chapter we consider ergodic optimal control of a diffusion process {X}'}+>o,
taking values in R", where both drift and volatility are controlled. In other words,

we are trying to minimise the value functional

J(z,u) = lim supT_mT_lE{/T L(X}, ut)dt} ,
0
where the dynamics of (X}');>o are governed by
dX; = b(t, Xy, uy)dt + o(t, Xy, ug)dWy,  Xo = xq.
We observe that the classical finite horizon Hamiltonian (see, e.g. [35]) defined by
H(t,z,u,y,z) =V (t,x,u)y + Tr(o'(t, x,u)z) + L(t, z,u)

13



is appropriate for this case as well. We show that the corresponding adjoint BSDE
becomes an infinite horizon one, with a ‘discount’ term V,b(t, X}*, u;)Y (). We then
establish the equivalence between the conditions required for the adjoint equation to
admit a unique solution and strong dissipativity of the forward process (X}):>o under
all admissible controls. We show that in our framework the latter implies ergodicity.
In other words, we prove that the ‘strong’ control formulation via adjoints is only

viable for systems that regularise quickly, and in some sense the converse also holds.

14



Chapter 2

Ergodic BSDEs with jumps and
time dependence

2.1 Introduction

In this Chapter we look at ergodic BSDEs in the case where the forward dynamics
are given by the solution to a non-autonomous (time-periodic coefficients) Ornstein—
Uhlenbeck-like SDE with Lévy noise, taking values in a separable Hilbert space. We
establish the existence of a unique bounded solution to an infinite horizon discounted
BSDE. We then use the vanishing discount approach, together with coupling tech-
niques, to obtain a Markovian solution to the EBSDE. We also prove uniqueness
under certain growth conditions. Applications are then given, in particular to risk-
averse ergodic optimal control and power plant evaluation under uncertainty. The
Chapter is organised as follows: in Section 2 we introduce the necessary notation and
discuss the preliminaries; Section 3 is devoted to the results concerning solutions to
the forward SDE; in Section 4 EBSDESs are introduced and main results are proven.
Section 5 contains several examples of the application of EBSDESs to optimal ergodic

control.

2.2 Notation and general assumptions

For the rest of this chapter, let H be a separable real Hilbert space with scalar product
(-,-)g and norm || - ||z. To simplify notation we will denote them respectively (-, )
and || - ||. Since we shall be working with general separable Hilbert spaces, we will
require a number of extensions of classical results. The main purpose of this section
is to state them. We start with a definition of ()-Wiener and Lévy processes on a

general Hilbert space H:
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Definition 2.2.1. A stochastic process L = (L(t),t > 0) taking values in H is called
a Lévy process if L(0) = 0, the process L is stochastically continuous, and it has
stationary, independent increments, in the sense that the law L(L(t) — L(s)) depends

only on the difference t — s. By stochastic continuity we mean that for every ¢ > 0
and t > 0, lims_,, P(|L(s) — L(t)| > €) = 0.

Remark 2.2.1. A useful way of thinking about the Lévy process taking values in
a Hilbert space is through the series expansion, i.e. assuming that {e,},>1 is an

orthonormal basis of H, we have

L(t) =) (L(t),en)en = > Lu(t)en,

n>1 n>1

where L, are real-valued cadlag Lévy processes.

Definition 2.2.2. An H-valued stochastic process {W;,t > 0} is called a Q-Wiener

process if
e Wy =0,
e W has continuous trajectories,
o W has independent increments,

o the law of Wy — Wy is Gaussian with mean zero and covariance (t — s)Q, for all
0 < s <t in the sense that for any h € H and 0 < s < t, the real-valued random

variable (h, Wy —W) i is Gaussian with mean zero and variance (t—s)(Qh, h) .

For a given process {L:}:>0 and a set A € H we denote by N(A) = N(t, A) the
(random) number of ‘jumps of size A" up to time t, that is N(¢,A) = card{s €
[0,t]]AL; € A}. Denoting B(H) the Borel o-algebra, we say that A € B(H) is
bounded below if 0 ¢ A, where A denotes the closure of A. Proof of the following

result can be found, for example, in [1]:

Proposition 2.2.1. If A is bounded below, then N(-,A) = {N(t,A),t > 0} is a
Poisson process with intensity v(A) = E[N(1, A)].

We remark that since we assume H to be separable, it is also Polish, and therefore
the space B = H\{0} endowed with its Borel o-field B is a Blackwell space. We need
this since stochastic integration with respect to Poisson measures is well defined on
Blackwell spaces. Following [41] we adopt the definition of the It6 stochastic integral
with respect to the compensated random measure N(dt,dz) := N(dt,dz) — v(dz)dt

16



as an isometry, which extends the classical isometry on simple predictable processes.

That is if we define the set of progressively measurable processes
t
L3(N) = {77 ® B — measurable processes o : E[/ / Ha(s,x)sz(dx)ds} < oo},
0 JB

then, for every o € L2(N), we have

IEH /Ot/Ba(s,x)N(ds,d:c) 2} :E{/Ot/B||a(s,:c)]|2y(dx)ds}.

As we shall see below, any Lévy process that is also a martingale can be represented as

a sum of a Wiener process and a compensated Poisson process. Therefore, combining
the above with the standard integration theory for Brownian motion, we have a well

defined stochastic integrand.

Remark 2.2.2. It is well known that in finite dimensional spaces any Lévy process
has a cadlag modification. However, in general this property fails in Banach spaces.
But since we work with Lévy martingales, the processes we consider can be assumed

to satisfy this property (see, e.g. [36]).

The following version of the celebrated Lévy—Ito decomposition for an H-valued Lévy

process can be found, for example, in [29]:

Theorem 2.2.1. (Ité6—Lévy Decomposition) If L is an H-valued Lévy process,
there is a drift vector b € H, a QQ-Wiener process W on H and a random measure N,
such that W is independent of Ny(A) for any A that is bounded below, and we have

Ly =bt +W(t) +/ xN(t,dx) +/ xNy(dx).
[lz][>1

[l <1

Remark 2.2.3. For the rest of this chapter we will only be interested in the case of

Lévy martingales, and therefore the decomposition above takes the following form

t
Ly =W(t) —|—/ /xN(dt,dm).
0o JB
where N(dt,dzx) is the compensated Poisson random measure.

Assumption 2.2.1. Since we will mainly be dealing with square-integrable Lévy mar-

tingales we will require the following condition to hold:

/B||:U||21/(d:z:) < 0.
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Given the fact that our Lévy process is square integrable, this assumption says that
there are not too many big jumps. It is not necessary in order to introduce stochastic
integration with respect to Lévy processes in a separable Hilbert space, but it will prove

crucial for the coupling argument in Section 3.5.

Throughout the sequel we will be repeatedly using methods involving measure changes.
To that end, we need a version of the Girsanov theorem. The following is a reformu-
lation of Theorem 15.3.10 in [10]:

Theorem 2.2.2. Suppose we have uniformly bounded functions 5 : Q x [0,T] — H
and v : B x Q x [0,T] — R", such that v(-,w,t) — 1 € L*(v(dz)) for all (w,t) €
Q% [0,T]. We define

dQ -
P 5( o Bw, t)dW, + o /B(’y(x,w,t) - 1)N(dx,dt))T,

where £ denotes the Doléans-Dade exponential. Then A; := z%‘ft 1S a positive square
integrable martingale, and under Q
Wwe.=w — B(w, t)dt,
[07']
is a Wiener process, where the integral is understood as a series (see Remark 2.2.1).

The compensator of N under Q is given by

VO(dx, dt) = y(z,w, t)v(dz)dt.

Remark 2.2.4. In general, the assumption that B is uniformly bounded is stronger
than is necessary. However, it suffices for the purposes of this work, since it allows

us to eliminate bounded drifts by changing measure.

2.3 The forward SDE

In this section we study the properties of the ‘forward’ process, henceforth denoted
{X}i>r, for some 7 > 0. Its role can be understood intuitively as a source of stochas-
ticity in the driver of a BSDE. We first solve the dynamics of X in the forward way,
then plug the obtained values into the BSDE while running it backwards. In our case,
we assume that X is a solution to an Ornstein—Uhlenbeck type equation driven by
Lévy noise on a separable Hilbert space H. We also assume that the coefficients are
time periodic. This constitutes a natural way to extend the present theory and is of

interest in various applications (see Section 2.5).
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2.3.1 Context

We start this section by looking at a family {A;};>0 of linear operators on H with
common domain D(A) dense in H, assuming that A : Rt x D(A) — H generates
an exponentially bounded evolution family according to the following definition (see
[29)):

Definition 2.3.1. An exponential bounded evolution family on H is a two-parameter

family {U(t, s) }+>s of bounded linear operators on H such that
o U(s,s) =1 and U(t,s)U(s,r) =U(t,r) forr < s <t,

e for each x € H, the map (t,s) — U(t, s)x is continuous on {(s,t) : 0 < s <t <

oo}, and
e there exists M > 0 and pn > 0 such that ||U(t, s)]|,, < Me #¢=%) for s < t.

Remark 2.3.1. By ‘generates’ we mean that for 0 < s <t we have

d
EU(t’ s)x =A)U(t,s)z

forall z € H.
Remark 2.3.2. One way of thinking about exponential bounded evolution families is

as a time-dependent infinite dimensional modification of the familiar case where A is

a real d X d matriz, the eigenvalues of which have non-positive real parts. Then U

A

takes the form e, and all conditions are satisfied.

We now consider the H-valued process X given by the following non-autonomous
mild [to SDE

t t
X(t 7 2) = Ult, )z + / U(t, s)Fu(X (s, 7,2))ds + / Ut )G(s)dL(s), (2.1
which is a mild version of the following Cauchy problem,

Conditions for existence and uniqueness of the solution will be formulated in Theorem

2.3.1. For the rest of the chapter we assume the following

Assumption 2.3.1. (i) The family A, generates an exponentially bounded evolu-
tion family. Their adjoints A*(t) also have a common domain, which is dense

m H.
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(it) F : RY x H — H is a uniformly bounded family of measurable maps with

common domain D(F), which is dense in H.

(111) (Q, F,P) is a complete probability space, and the pair (W, N) that comes from
the Ito—Lévy decomposition of L has the predictable representation property b in
the filtration {F;}i>o0-

(iv) {Gi}i>0 is a uniformly bounded family of linear operators in L(H, H) with com-

mon domain D(G) dense in H and with bounded inverses.

(v) The linear operator U(t,-)G(-) is uniformly bounded in the Hilbert-Schmidt
norm || - ||+, defined by

It = [e( [ t T(5,057)du ) :

where Q) is the covariance operator of the Wiener part of L.

(vi) Coefficients A(t), F(t,-) and G(t) are T*- periodic for some T* > 0, that is
At +T*) = A(t), and similarly for F' and G.

Remark 2.3.3. The norm || - ||; defined above allows for the following isometry:

t 2
E(H/ S, )ZHSII?,
0

where W is a Q-Wiener process and Q) is a trace class operator.

For the situation with autonomous coefficients, namely when A; = A, G(t) = G and
F(t,-) = F(-) Vt > 0, the following theorem is a direct corollary of Theorem 9.29 in
[36]:

Theorem 2.3.1. Suppose that A, F', G are time homogenous and assume that
(i) F and G satisfy Assumption 2.5.1,
(ii) F is Lipschitz-continuous.

Then, for all T > 0, and any F,-measurable square integrable random variable X, in

H, the equation

1T~h8ut is, every JFi-local martingale can be represented as a sum of integrals with respect to W
and N with predictable integrands.
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has a unique (up to modification) mild solution (i.e. the integral form) with a cadlag
version. Moreover, VO < 17 < T < oo, there exists C' < oo such that, for all x,y € H,

sup E||X(t,7,2) — X(t, 7, y)|I* < Clla —y*. (2.4)

te([r,T]

Remark 2.3.4. Suppose now that F' is bounded and measurable, and can be approz-
imated as a uniform limit of Lipschitz functions. Then one could adapt the proof
of Theorem 10.14 in [36] to show that there ezists a unique cadlag mild solution to
the equation (2.3). In other words, there exists an adapted H-valued cadlag process
{Xi}i>r, such that the equation

¢ t
X, =4 4 / eCTIAR(X,)ds +/ U"IAGAL(s),

T

is satisfied P — a.s. Moreover, the estimate (2.4) still holds.

Remark 2.3.5. Theorem 2.3.1 can be extended to the non-autonomous case in a
straightforward manner. The linear case has been treated in [29]. For semilinear
equations of the form of (2.1), one can prove existence by the standard fized-point
argument, and uniqueness by Gronwall’s lemma. Since this is not the primary interest

of this work, we omit the proof.

To simplify notation, we write U = U(t, s) and U; = U(t,0). Making sure that the
stochastic convolutions in (2.1) exist in the sense of Bochner integral, the following

result can be found, for example, in [29]:

Theorem 2.3.2. If U is an exponentially bounded family and G satisfies Assump-
tion 2.3.1, then the stochastic convolution Xy = f: U(t,r)G(r)dL(r) exists in the

following sense:

/T U )G L) = / UG W () + / t /B U(t, 1) G ()N (dr, da),

where the summands exist as martingale integrals as discussed above.

Definition 2.3.2. Whenever f: H — R is measurable and bounded, we call

P(s, t)[fl(z) = E[f(X(t,s,2))]

the two-parameter transition semigroup associated with the solution X of (2.1). To
simplify notation, in the sequel we will be particularly interested in the case s = 0,
and we write X7 := X (t,0,2) and P[f](x) = E[f(X])]. However, all our results,
including the coupling estimate, can be easily extended to the more general P(s,t)[f](+)

case.

21



2.3.2 Coupling estimate

The goal of this subsection is to obtain the exponential convergence of laws corre-
sponding to two solutions of (2.1) with different initial conditions. We need this
convergence to be uniform in the class of processes with bounded nonlinear part. In

other words, our aim is to prove the following theorem:

Theorem 2.3.3. Let F': Rt x H — H be any Lipschitz function and {A;}1>0 be fized
and generate an exponentially bounded evolution family. Then there exist constants

C >0 and p > 0 such that, for any bounded continuous function ¢ : H — R,
|P(r, 0)[¢](x) = P(r, [ (y)] < C(1+ [|* + [|y|[*)e Sup lp()l] (2.5)

where our constants C' and p depend only on sup,cy F'(u) and on the constant p of

the evolution family {As}i>o.

This estimate will be crucial in the sequel when we show the existence of a solution
to an EBSDE. In our proof, we follow the derivation of Theorem 2.4 in [14] and
Theorem 2.8 in [40]. We require a number of results from the theory of coupling. A
survey can be found in [32]. The rest of the section is organised as follows: we begin
by stating the necessary facts from the theory of coupling (see [32] or more details).
Having obtained the necessary machinery (most importantly Lemmas 2.3.2 and 2.3.3)

we then prove Theorem 2.3.3.

Definition 2.3.3. Given two probability measures px and py on measurable spaces
Rx and Ry, a coupling is a random wvariable (Zx,Zy) taking values in the prod-
uct space Rx X Ry, whose joint distribution has marginal distributions px and py

respectively.

Definition 2.3.4. Two processes X and Y are said to admit a successful coupling on
(11, T3] when there exists t € [Ty, Ts] such that X; =Y.

Lemma 2.3.1. (Theorem 5.2 in [32]) For any two probability measures (1, pia) on
a measurable space (E,E) there exists a coupling (Z,Z") such that

o ||y — pollry =2P(Z # Z'),

e 7 and Z' are independent conditional on {Z # Z'}, provided that the latter

event has positive probability,
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e P(Z=2"7Z¢cA)= (A p)(A)?

where

I = pzl| v = sup [ (1) = pa (1))
re¢
is the standard total variation norm for measures on (E,E).

Remark 2.3.6. The lemma above shows a slightly different way of thinking about
couplings. Given the marginal laws, we ‘manually’ construct random variables fol-
lowing them. In the process of this construction our goal is to tweak these variables in
such a way as to mazrimise the probability of them meeting. In that case, by a coupling

we mean the pair (X, X') of random variables constructed.

In the sequel we will require the following auxiliary lemma, where (in principle) we

couple the terminal values of solutions to (2.1) by constructing a bridge.

Lemma 2.3.2. Fiz T > 0 and consider X** and X¥* the mild solutions (with
T =KkT) of (2.1) for k > 0 with initial conditions = € Br(0) and y € Bg(0), © # y.

k,x k,y
We denote by pu* and ,uy the respective laws 0ka+1 - and X ()P Set

(k+1)T —t

=X (k+1)T

U/ (z —y)

and observe that the law of Y]€+1 18 u’y“ 3. Then, for every p > 1, there exists C such

that N )
| () atw <c (26)

Proof: Given that XV satisfies (2.2), we immediately notice that

4Y; = (A(®)Y; + F(Y:))dt + G(8)dL(t) — (mwx )+ RV - Ft(Xf))dt-

We now define

* — ; T Y -1
b(s)—((kﬂ)jﬁ( )+ FY;) - Ft(Xt))G (0).

2By p1 A po we denote the greatest minorization of p; and 2, namely the subprobability with
the density g1 A g2 with respect to A = pg + po, where g1 = dpq/d)\ and go = dus/dA.

3
This is simply the consequence of the fact that Y, (k+1)T X(k+1)T
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By assumption, G is an invertible operator and there exists C; > 0 such that

|G lop < C1. Given our assumptions, it is clear that
) MR
I )1 < 265 (17l + 22 )

where M comes from the definition of U. We define

d@ B (k+1)T .
L _5(/kT b (t)th).

Since b(+) is uniformly bounded, by Theorem 2.2.2; the process A, := %‘ g defined
on [kT, (k + 1)T], is a positive square integrable martingale and Q ~ P. Moreover,
under Q, L; = L, — fg b*(s)ds is a Lévy process with the same triplet (in the sense of
Lévy—Khintchine representation) as L under P.

It is clear that Y, ;7 has the law pf under Q and g under P. We notice that

iy pd Flu) < E[AP

and the claim follows using that, for every p > 1, the process ([ 7 pb*(s)dW) is a
true martingale.

O

Remark 2.3.7. Since the coefficients in (2.1) depend on time, the laws of solutions
with the same initial conditions on various time segments of length T are different.
However, since the bound on b*(-) holds uniformly in time, the bound (2.6) does as

well.
The following lemma can be found in [32]:

Lemma 2.3.3. Let iy and po be two equivalent probability measures on some space

E. If there exist constants C' > 0 and p > 1 such that

/ [%(x)]pﬂdm(l’) c

dpio

/E(l/\j—i(x))dug(x) > [1_%1 (Y%)

and hence in the notation of Lemma 2.5.1 we get

then

1 1

- 2= unsrz - 2] ()

24



Proof: (Of Theorem 2.3.3) We concentrate on the case of 7 = 0 for notational
simplicity. As will be clear from the proof, the result can be easily extended to the
general two-parameter semigroup. We fix the initial conditions x,y € H. For any two
processes X¥ and X* with laws corresponding to the solutions of (2.1) with initial
conditions y and z respectively, we denote their respective laws p, and p,. We now

consider the coupled process

X! t<T
Y, =" ’ (2.7)
Xz t>T.

where
T =inf{s: X7 = X!}

is the first meeting time of X* and X¥. We notice that Y and X¥ have the same law.
Now, for any bounded ¢ : H — R,

Piol(x) = Pufol(y)| = [EG(XF) — E(Y)
¢

)
= [E(9(XF) — oY1) < 2sup fo(a) (T > 1) 5D

and by Markov’s inequality, for any p > 0
P(T >t) <E[e"]e "

Therefore, in order to arrive at our result, we will construct X* and X¥, and then

prove that there exist constants C > 0 and p > 0, such that
E[e] < O(1+ all? + [ly]). 2.9)

Remark 2.3.8. One important thing to understand is what we mean by “construct”.
Since we are trying to prove the convergence of laws, we do not have to work with
the original solutions to our forward equation, but can instead patch together the
pieces constructed on various time intervals. On each such interval [kT, (k + 1)T]
we let X? = X(s, k:T,X;:T) with the Lévy process L in (2.1) replaced by L, and
XY = X(s,kT, XIZT) with L replaced by L, where L and L are Lévy processes with
the same law as L. Since the law of the solution does not depend on the choice of the

noise, X* and XY have the same laws on [KT, (k+ 1)T] as the original solutions.

We proceed the following way:
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e (Step 1) We start by showing that we can choose a time step 7' > 0 and a radius

R > 0, such that, if we observe two independent solution processes X* and XV
only at times {nT }nen, there is an exponential bound on the waiting time for
both Xi/:f and X"~ to enter Bg(0). The independence here is understood in the
the sense that we take two independent copies (L and L) of the Lévy process
L, as in Remark 2.3.8.

(Step 2) Once X and X are in Bg(0) for some k > 0, we lift the inde-
pendence assumption and construct two solutions X X kT and XXM to (2.1)
on [kT, (k + 1)T] with initial conditions X 7 and X respectively. We then
infer that, for the constructed solutions, the probability of them meeting on
[kT, (k + 1)T] is bounded from below uniformly in k.

(Step 3) We then iterate these arguments to show that the probability that
the two processes we are constructing have not met decays exponentially in

time.

Step 1: We begin the formal derivation by showing that there exist positive constants
i, ¢ and D such that

E|IX7[* < D(Jlz][*e™" + c).

In order to proceed, we define

and

Vi=U(t,0)x + /t Ult,s)F(X)ds,

Zt—/0 U(t,r)G(r)dW (r),

Q= /0 t /B U (t, )G (1) N (dr, dz).

We notice that

t
MNSHMN+H/Uﬁ%&MS
0

t
smwwm+F/uwmm
0

¢
_ F
< Me "\ z|| + F/ e M=) ds < Me M ||z + —.
0 H

and thus, by using the inequality (a + 0)? < 2(a? + b?),

_ P
IVEl[* < 2(M2e™||2]|* + F)'

26



Using isometries and independence of W and N, we also see that

E||Z: + Qi|> = E{Z: + Qt, Z: + Qi) = E| Z||* + E||Q:|?

=10+ [ [ Wity vas)as

< 4Gl [ [ 101 el
< C+||GllopM?D < C,
for some constant C, where D = [ 5 llz|Pv(dx), M comes from the definition of

U, and || - ||s is defined as in Assumption 2.3.1. We can now use the fact that
(a+0)* < 2(a* +1?) again to get

E[|IX7[* < D(Jl]*e™" + c) (2.10)

for some constants D and c. We remark that all the bounds above hold uniformly in
time, that is, even though we do not have the Markov property, we still obtain that
for any two solutions X* and X¥ of (2.1),

E(|X

I b

ernyi | Fr) ) < De (| XEaIP+ X017 +2De, k>0 (211)

for any fixed 7. We now define, for fixed R > 0
k
= {IX5 17 + IX2AP > Ry, Bi=[)A;.

And by Chebyshev’s inequality and (2.11) we obtain

D€_2 T )
P(Am\fkf)ﬁ—(HX AP X )+2—- (2.12)

We now define the matrix
C— De*Q“T 2Dc
=\ Do 20e |
R R

After multiplying (2.11) and (2.12) by 1p,, taking an expectation and noticing that

1p,,., < 1p, we have

( E(IX7, ||2+||Xk+l)T||)1Bk+1>< C(E(II 21X ||)1Bk)
P(Bj41) B P(By)

the inequality being componentwise. Thus, iterating this procedure we arrive at

E(IXG 1 + 1X007)18 Y oo (2l + Dyl
P(By) - 1 ’
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and premultiplying by the row vector (0,1) on both sides we see that

B(B,) < (0,1)C" ( I+ ) .

The above discussion is true for any choice of T and R, but now we want to obtain

an exponential bound. The set of eigenvalues of C' is {0, 226 + De‘Z"T}, and we
need them both to be smaller than one. Therefore, we choose R = 8D¢ and T such
that 21T < ﬁ, so that % + De—21T < % Given the fact that the corresponding
eigenvectors constitute a basis in R?, the vector (0,1) can be represented in the
eigenvector basis, and therefore there exists a constant C' > 0 such that

P50 < (5) (+ lal?+ IylP)

We now define the first hitting time of Br(0) on our discretised timeline as

T =inf{kT : | X5+ 1X7 sz l* < Rk € N3,

and then i
~ - (1
B(r > KT) < F(B) < C (5 ) (L4 el + Lol (2.13)

Take a constant 3 such that T < In2. Then

S+ 2l =+ llyll®)

E <65T) =Y TP(r = kT) < Y HTP(r 2 kT) <
k=0 k=0 2
and therefore there exists a constant Cy such that, for every v < B,
E(e77) < Co(1+ [l + [lylI*). (2.14)

The first step of the proof is now concluded.
Step 2: We use the notation introduced in the proof of Lemma 2.3.2.

e By Lemma 2.3.1, on the interval [kT", (k + 1)T], there exists a pair of processes

(X=*T y*T) with terminal time laws z* and p1y respectively, such that

S kT ~ L 1
P(X(kﬂ)f = Y(k_H)f) = 5”1“;5 - ﬂyHTV-

o We remember that we are in the case where x,y € Bg(0). Taking p = 3 in

Lemma 2.3.2, and applying Lemma 2.3.3, we know that there exists a constant

C, such that
1
k_ ~k S -
[tz — %l rv > 50"
and therefore )
ox, kT vk
]P)(X(k+1)f’ - Y(k+1)T) = 40"



o We immediately see that the pair of processes defined by
P AT

<X;E,k‘T7 Xty,kT — }/‘tk‘T _ _ U;CT(x _ y)) ) E

te[kT,(k+1)T]

are successfully coupled with probability bounded from below, since

P(X™* = X¥* for some s € [kT, (k + 1)T))

- 1 (2.15)
x,k o k

= ]P(X(k+1) - Y(k—i— 7) 2 40"
Thus the second step is complete.

Step 3: We are now ready to construct the processes X%, XV we used in (2.7) on
individual time intervals of duration 7" and then patch them all together. Assume
that we have constructed X¥ and X* on |0, kT |. We now proceed in the following
way:

o If X/- and Xip are in Bg(0), then on [T, (k + 1)T] we set X¥ = XXZT KT and

~ XY_ KT 5 . : :
X/ =X, 7" where X is the maximal coupling constructed in Step 2.

e If at least one process does not finish in the ball, then on the next timestep
_XT_ _XY_ _ _
we set X7 = X, *" and X} = X, ¥, where {X7}, .7 and {X/'},7 are two
independent solutions to (2.1) with 7 = k7" and initial conditions Xy and X7~

respectively.

We have thus constructed X* and XY on the entire time line. We now proceed to

prove an exponential bound on their first meeting time. For that, we define a family

{21} (rery as follows: 29 = 0 and 2,41 = inf{k > 2, : k € N, X7 X/ € Bp(0)}. By

KT
(2.14) we get
E[e" ] < Co(L+ [lzl* + [ly]1*)

and thus
E[e G |F, 2] < Cu(L+ | X7 2012 + X 1 ]1).

Since e is F, s-measurable and [[X"%]| < R, we get
E[e "] < CPH O3 (L + |l2l® + [lyl),
where C; = 1 + 2R?. We now set

=inf{k: X7 ; = X7 -}

2T
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Since X:k? € Bg(0) for every k > 0, we have, from (2.15)
Pk>k+1k>k) < (1 !
- 4C' )"

AsP(k>k+1)=P(k > k+ 1|k > k)P(k > k) we conclude that

P(k > k) < (1 = %)k

We now choose 0 < a < v such that

1 I-a/y
(1 - E) cohegt < 1,

and then, using Holder’s inequality, we see that

E(eazkf) — E( asz|k Z]E aszl 7k

k>0

< Z k‘ k’ 1— a/y(Eeasz)a/'y

k>0

< Z k > k— 1 a/'y(]Eeasz)a/'y

k>0

(k=1)(1-a/v)
_Z(“—ﬂ (CYCE™M (L + [l + [lyl*)*"

k>0
< Cs(L+[l=]* + llyll*)

for some constant C5. For each p < a we get
E[eT] < B[] < O(1+ [lall® + ly)*)
where C' = Cge”f. O

Lemma 2.3.4. The estimate (2.5) can be extended to the case where F is bounded
and measurable, and there exists a uniformly bounded sequence of Lipschitz (in the

second arqgument) functions {F,}n>1 such that

lim F,(t,x) = F(t,x), Voxe€ H,t>0.

Proof: The proof uses standard Girsanov arguments and is identical to Corollary 2.5
n [14].
m
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Remark 2.3.9. The reason Lemma 2.3.4 is necessary is because in order to construct
a solution to the EBSDE in the sequel, we will first have to change measure. From
Girsanov’s theorem, we know that under the new measure the forward process will
have additional bounded drift. We therefore need to ensure that the estimate (2.5)
still holds.

2.3.3 Recurrence

This section is devoted to proving that under certain assumptions the forward process
(2.1) eventually enters any open ball in H with probability one. We establish this
for the case of time periodic coefficients and Lévy noise with non-trivial diffusion
component. This is a natural extension of existing theory and interesting in its
own right. In the sequel we will need a slightly weaker property, namely the eventual
return to any open ball around zero, in order to prove the uniqueness of the Markovian

solution to an EBSDE. We start by formulating an additional assumption:

Assumption 2.3.2. For notational simplicity suppose that in (2.1) 7 = 0. Then we
assume that the process Z 4(t) defined by

ZA(t) = / UG(s)dL,

spans the entire space H, that is, P(Z4(t) € V) > 0 for all t > 0 and any open
non-empty V € H.

Remark 2.3.10. This assumption may seem overly restrictive, as one can think of
many Lévy processes that do not span the entire space. For example, the case when
one-dimensional components {L,(t)} are supported on the integers. Even in a more
general case, one could think of a Lévy process L(t) supported on a subspace. However,
since we focus our attention on the case where G(s) is invertible for every s > 0, and

L has a non-trivial diffusion component, the assumption is reasonable.

Lemma 2.3.5. If the process Z4(t) satisfies Assumption 2.3.2 for all t > 0, then

process X[ satisfying (2.1) is irreducible. In other words
P(X[ € B(2)) >0
foranyt>0,z€ H, e > 0.

Remark 2.3.11. Here, and in the sequel, we denote by Br(x) the open ball of radius

R around some x € H.
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Proof: We follow the proof of Proposition 3.3 in [40]. We fix T'> 0, y € H, € > 0.
For the rest of the proof we also denote X; = X}’. Then

t+a t+a
Xeww = Ul Xt [ UnuFiXds+ [ U3,GlodL
t t

Let z be any element in the support of the distribution of the random variable U7, , X;.
Then, by definition, the event

B ={|U},,X: — 2| < ¢/3}

is of positive probability. Since ||F||oc = SUPy>q zep F1(7) < 00, using the definition

of U, we have

t+a t+a
[ vnabas| < [ Ul P
t t

t+a
< MHFHOO/ e HtFa=s) g
¢

< ca

bl

for some ¢ > 0. We then write

t+a t+a
Xira—y = (Uf+aXt—z)+/ Up Fo(Xs)ds+ (/ Uf+aG(s)dLS—y+z). (2.16)
¢ ¢

t+a
C= {‘ / Ul oG(s)dLs —y + 2| < 6/3}
t

is of positive probability by Assumption 2.3.2. Since X; and the increments of L on

The event

[t,t + a] are independent, so are the events B and C. Therefore B N C' has positive
probability. Given (2.16), we have shown that

| Xtra —y| <e€/34+ca+e/3

with positive probability on BN C. We now choose a so that ca < ¢/3 and T'—a > 0.
Setting t =T — a, we obtain

P(| Xr—y|<e)>P(BNC) >0,

which is the result.
O
In order to proceed, we need a few results concerning the invariant measure for the

solution to the equation (2.1). We begin by considering the linear problem
dXt = A(t)Xtdt + G(t)st7 XT =,
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which can be reduced to the autonomous case by the standard technique of enlarging
the state space, i.e. by considering the evolution of the vector (X,y) € H x R, given
by
AX, = A(y(t) Xdt + Gly(®)dL,  X(0) =z
{dy<t> — dt y(0) =

Following [29] we define a one-parameter semigroup as
Pou(t,z) :== P(t,t + s)u(t + s, -)(x)

meaning that we apply the two-parameter semigroup to u as a function of x only.
It is clear from the definition that P, is a Markovian semigroup, which gives us the
opportunity to use the powerful existing theory. In order to establish existence and
uniqueness of the invariant measure, we need to define the corresponding “periodic”

L?-space on which the semigroup is a contraction. We denote

L (p) = {f :R x H — R measurable : f(t+71",2) = f(t,z) p—a.e.

wd [ |f<y>|2u<dy><oo}.
[0,7*]xH

for some measure . It is clear that L? is a Hilbert space. The following result was
established in [29].

Proposition 2.3.1. There exists a unique invariant measure for the semigroup P. In
other words for every bounded measurable function u such that u(t +T*, x) = u(t, x)
for each t >0 and x € H we have:

/ Pou(t, z)p(dt, dx) = / u(t, z)p(dt, dx).
0,T*]xH

0,T*]xH

Furthermore, on L?(u) the semigroup P, is a contraction.

We deduce that there also exists a unique invariant measure p corresponding to the

original semilinear problem

This can easily be shown by a change of measure to reduce to the linear case. We
leave details to the reader. We are now ready to prove the main result of this section,
namely the recurrence of the forward process {X;}:;>,. We present two proofs: one is
applicable for the case of dim H < oo, and is elementary, in the sense that it does not
rely on the existence of the invariant measure. The second one deals with the case of

dim H = oo.
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Theorem 2.3.4. For any xo,x € H, s > 0 and for any fired ¢ > 0, we define
=inf{t > s: X! € Be(x9)}. ThenP(r>T) =0 as T — oo.

Proof: (Intuition, dim H < co) From Step 1 of the proof of Theorem 2.3.3 we know
that we can find a radius R > 0, such that the probability that our process returns
to the ball Br(0) is not trivial. We then discretise time with a step 7. We know
that the discretised process will return to Br(0) infinitely often, and by Lemma 2.3.5
the probability of the jump from Bg(0) to any open ball is bounded from below. We
then invoke a Borel-Cantelli type argument to demonstrate the claim.

(Formal proof, dim H < co) We start by introducing a family of events { £, },>1 as
E, = {there exists k = 1...n: Xz € Bc(z9)},
and immediately notice that
P(Ey|En-1) = PUX (0T, (n — )T, X{,_, ) € Be(wo)}),

where E denotes the complement of E and X (¢, s, ) is the value at time ¢ of the

solution to (2.1) starting at time 7 = s with X, = x. Therefore,

B(wo))

DT, X7, ) € Belo)

(n— DT, X2 7)€ Be(z0)).

P(E,|En-1) =P(X(nT, (n — V)T, X 1
>P(X? )7 € Br(0), X ( T,
(n

=P(X(, 17 € Br(0)P(X

n—1)T

7)€
(n —
T,

Since coefficients in (2.1) are T*-periodic and Br(0) is compact (and therefore [0, T%] x
Br(0) is compact), and given the stability of solutions to (2.1) with respect to the
initial value (as stated in (2.4)), there exists 0 > 0 such that

IP’(X(nT, (n—1)T, X";) € Be(xo)

X' € BR(O)) > 6.
Hence
> P(Eu|Eq-1) >0 (X2 € Br(0)).
n>1 n>1
In “Step 17 of the the proof of Theorem 2.3.3 we showed that
E[|X7(]* < L(||]*e™ + ¢),
and therefore by Markov’s inequality we have

L
PXFIE > B) < Zllal e +c).
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It is clear that we can choose R so that
1—IE”(HX]”€”T||2 >R)>1/k
for all £ > 1. Therefore

ZP(EN|E7L—1> > 52 1/n = oo,

n>1 n

and thus by the counterpart of the Borel-Cantelli Lemma (see [7]), we conclude that
P(r < 00) = P(U, E,) = 1,

concluding the proof. O
Proof: (dim H = co) Let the function ¢ : H — R be bounded and continuous. From
Theorem 2.5 we know that for any x,y € H and 0 <t <t we have

[Pt 2) = Pl y)| = [P, Xp") = B[, )

x —o(s—t' 217
< OO+ X + P sup o). 1

Using (2.17) and the fact that there exists a unique invariant measure p for the
semigroup FP;, one can show (see, e.g. [38]) that u is exponentially mixing. In other

words,

PG > p) = [ wltn)a(dr o)

[0,7%]x H
We now set ¢(t, ) = 1,4 for some open set A C H. Then Pi[¢](t, z) = P(XE* € A).
By Theorem 2.3.5 we know that for all 0 < ¢ <'s, x € H we have P(X/* € A) > 0.
Therefore
w([0,T*] x A) = / P(X5 € A)u(dt,dx) =54 > 0

(0,7*]x H

for some constant d4. Setting ¢t = 0 and A = B(xy) we have

liminf P(X] € B(z9)) = p([0,T7] x Be(zg)) =0 >0

t—o00

and thus, by Proposition 3.4.5 in [39], the claim follows.

2.4 Backwards SDEs

We now move from the ‘forward” process X to consider the ‘backwards’ part of our

problem. This section is organised as follows: we start by introducing the class of

35



discounted BSDESs in infinite horizon and proving that they admit a bounded solution.
Then we use the coupling estimate obtained in the previous section to prove existence
of a solution to our EBSDE. The next subsection is devoted to the uniqueness of the
Markovian solution. We conclude by providing an alternative representation for the

solution. Similarly to [44] we impose certain assumptions on the driver of our BSDE.

Definition 2.4.1. Henceforth we assume that the driver of a BSDE with jumps is a
measurable function f : Q x RT x R x H x L2(B,B,v) — R, where v denotes the

compensator of the Poisson random measure.
Assumption 2.4.1. For allT we have the following conditions on our driver f(w,t,y, z,u):
o f is predictable in (w,t).

o f is continuous w.r.t y and there exists an Rt -valued process (¢r)o<t<r Such

that E ( I8 ¢>§ds> < 00 and

1/2
otz < o 1 (Bl + [ i)
o f is “monotonic” w.r.t y, that is dJa € R such that ¥t > 0,Vy,y € R,Vz €
H,Yu € L*(B,B,v)
(v =) (flw,t,y.z,u) = flw,t,y,z,u)) <aly =y P—as.
e fis Lipschitz w.r.t. z and u. In particular IK > 0:Vt € [0,T],Vy € R, Vz, 2 €

H Yu,u' € L*(B,B,v)

1/2
sty 2y0) — Fw, by, 2ad)] < KJz— 2| + K ( [ o) - u'(v)Pv(dv))

In order to have a comparison theorem, we make the following further assumption.

Assumption 2.4.2. There exists —1 < C7; <0 and Cy > 0 such that
Vo€ H, Vze H*, Vuu €L*B,B,v,R)
we have

flw,ty, z,u) = flw, by, z,0) < /(U(’U) — o ()" () (dv),
B
where ¥4 - QO x B — R is measurable (predictable x Borel) in all arguments and
satisfies

Cr(LA [[z]]) < =855 (@) < Co(1 A [[a]])
for allv e B.
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The following existence theorem for finite horizon BSDEs with jumps can be found
in [44]. In that paper the case of finite-dimensional Brownian motion is considered.
The extension to the infinite dimensional case where W is a ()-Wiener processes is

immediate (for details see [10]).

Theorem 2.4.1. Under Assumption 2.4.1, there exists a unique solution (Y, Z,U) €
(82 x L2(W) x L2(v)), for any terminal condition n € L*(Fr), to the equation

Yt—n—l—/ fquu,Zu,U)du—/ ZdW, — //U dsdx)
t

Lemma 2.4.1. For every Y, Z, U, U" under Assumption 2.4.2 there exists a process

!
v = Vel guch that

flw,t, Yy, Z, Uy) — fw, t,Yy, Zy, U)) = / (U(v) = U'(v))y(v)v(dv) (2.18)

B

Proof: We first notice that V¢t > 0,Vw € Q,Vz € H*,Vu,u' € L*(B,B,v,R) there
exist vi"f"“ (v) and v;"f"“ (v), satisfying C1(1 A ||[v]]) < 7iz(v) < Co(1 A ||v]]) for
1 =1...2, such that
flw t,y,z,u) — f(w,t,y,2,u') < /(u(v) — /()75 (0)v(dv)
B

and

Frty gy zu) — flont g, zu) > / (u(v) — w (0))P2F= ()(dv).

B
Then there exists oy = a(t,w,y, z,u,u’) such that

flw,t,y, z,u) — flw, t,y,z,u)
a /B(“(v) — ' (0)) (a7 () + (1= )y (0))v(dv)

and we immediately see that

f(wat>yvzu)_f(Wty7zu fB(u )),Y;Jtzyuu( )I/(d’U)

S (ul (W) () = vé’ty““( ))v(dv)

noticing that if the denominator is zero then a; = 1 satisfies the claim. Now for each

O =

€ [0,1],

s € [0,t] and v € B we can explicitly define

) w }ft Zz,Ut U’ w Yt,Zt,Ut,Ut/ ('U)

7 (v) = alt, W)y 7 () + (1= a(t, )

where a(t,w) = a(t,w, Y, Zy, U, U]), and it is clear that -, satisfies (2.18).
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2.4.1 Infinite horizon BSDEs

In this section we show that there exists a unique bounded solution to the infinite-

horizon BSDE with discounting, that is the equation

T T T
YT:y;_/ (=Y, + f(w,u, Zu,Uu))du+/ ZuquJr/ /Us(a:)N(ds,da:),
t t t JB (2.19)
which will prove crucial to the study of Ergodic BSDEs in the next section. In
order to proceed we will require Tanaka’s formula for general semimartingales. The

following version can be found, for example, in [10]. Here we use the convention that
sign(x) = z/|x| for  # 0 and sign(0) = 0.

Lemma 2.4.2. (Tanaka’s formula) Let X be a semimartingale and a € R. Then
there exists a continuous increasing local time process L® and a pure jump process

L% with L*(0) = 0 (unique P—a.s.), such that X allows the following representation.:
d| X, — a| = sign(X,_ — a)dX, + dL} + AL,

where
ALY =X, —a| — |Xie —a| - sign(X,- — a)AX,

15 a ‘local-time’ jump process.

Remark 2.4.1. If we consider the above process ALX , we notice that

ALY = |X, —a| — | X,— —a| —sign(X,- — a)A(X, — a)
= | Xy —a| —sign(X;~ —a)(X; —a)
— X, — al(1 - sign((X,_ — a)(X, - a)
> 0.

Theorem 2.4.2. Let a« >0 and f: Q2 x RT x H* x R = R be such that
o [ satisfies Assumptions 2.4.1 and 2.4.2
o |f(w,t,0,0)| is uniformly bounded by C € R

Then there exists an adapted solution (Y, Z,U), with Y cadlag and Z € L*(W),
U € L2(N)to the infinite horizon equation (2.19) for all 0 < t < T < oo, satisfying

Y| < C/a, and this solution is unique among bounded adapted solutions.
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Furthermore, if (YT, ZT UT) denotes the (unique) adapted square integrable solu-

tion to
T

VE = [ (-a¥i o 25U du / (Z0)aw, / | V) N(as,da) 220
t t

then limr_,o YT =Y, a.s., uniformly on compact sets in t.

Proof: We start by proving that if a bounded solution exists, it is unique. Suppose
we have two bounded solutions (Y, Z,U) and (Y', Z',U’) to (2.19). We denote 0Y :=
Y -VY' 6Z:=7Z—Z" and 06U = U — U’. We also denote

{f(w,S,Zs,Us)—f(w,s,Zg,Us)5Z if 7 7& Z/,
g 1=
0

1621
otherwise.

Now define M; = fot adW, + fot I vo(x)N(ds, dz), where v = 447" UU" ig defined
as in Lemma 2.4.1. Then we can use Theorem 2.2.2 to show that there exists a

probability measure Q ~ P such that under QQ the process

T
K, = / (s, Za, U) — Fw,u, 72, UL))du

/ 02, dW, +/ /5U N(ds, dx)

is a martingale. We now apply Tanaka’s formula and Remark 2.4.1 to see that for all
s <t <T we have
Eqgle™™|0Y;| — e™*|0Y,]|F] > 0

and hence
10V, < e 9 B [|0Yy| | F] < e et9C,

for C' a bound on |0Y;|. This bound is independent of 7" and collapses as t — oo.
Hence |0Ys| = 0, from which we see Y; = Y! a.s. for every s, and hence Y =Y’ up to
indistinguishability as Y and Y’ are cadlag.

We now show that a bounded solution exists. We first notice that there indeed
exists a unique solution to the 7T-horizon BSDE (2.20). In order to see this, by
a standard comparison argument it suffices to check that our new driver, namely
F(w,t,y,z,u) == —ay+ f(w,t, z,u) satisfies Assumption 2.4.1, provided that f does.
This is clear given that our additional term does not depend on (z,u), is continuous
and monotonic. We denote the solution as (Y7, Z7,UT). We now prove that Y7 is

bounded. Similarly to above, we define

{f(wsZTUT) fw,s,0,UT )ZT istT%O,

A
0 otherwise.

Bs =
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and denote M, = [3 BodW, + [ [, 3s(x)N(ds, dx), where 5 = *0V0 is defined as
in Lemma 2.4.1. Then, as above, there exists a probability measure Q ~ P, under

which the process

[N{t = /T(f(wvua Zua Uu) - f(w,u,0,0))du + /T ZZdWU + /T/ Us(m)N(dS’dx>
t t t B

is a martingale, and therefore applying Tanaka’s formula and It6’s formula to e | Y,”|

we see that .
V7| < e“tE@[/ e~ f(w,,0,0)[du| 7| < C/a (2.21)
t

where C is the bound on |f(w,t,0,0)|. Thus Y7 is uniformly bounded. We now show
that Y7 forms a Cauchy sequence in 7" uniformly on compacts in t. For every 7" > T

we define

12T —27T"||2
0 otherwise,

{f(MS»ZST,UsT)—f(vavZT/1U5T) (ZsT _ Zg“’) if ZZ £ ZZ’,
Ps =
and denote M, = [ B,dW,+ [} [ 7:(x)N(ds, dz), where y = y*Z7 UTUT s defined
as in Lemma 2.4.1. As above, applying Tanaka’s formula and inequality (2.21), we
observe

Y=Y < e TIE YT — VT |F] < 2CeT /a, (2.22)

where Q is defined in a similar way to Q. Hence we see that Y,” is a Cauchy sequence
in T, therefore the limit exists, and we denote it Y;. The bound established in
inequality (2.21) also holds for Y}, and convergence uniformly on any compact interval
is clear from (2.21). We now show that Z! and U/l are Cauchy sequences. We denote
Zy=ZF—Z and U, = UF —U}". Apply Itd’s formula to (YQ){ where V; := Y7 -Y;T".

Then, after standard calculations under Q, we see that, for each t < T,

t t t
72 =i o ([ [ 100Putands) + ([ N1ZIas) + 20me( [ ¥ias)
0 B 0 0

Given (2.22) our claim follows. Therefore the limit as 7" — oo exists for sequences
{ZI'} and {U}'}. Taking Z and U as their respective limits, we have our desired
solution (Y, Z,U).

[l

Assumption 2.4.3. (Markovian structure) In the sequel we will assume that the
driwer f is Markovian, that is
flwt, Z,Uy) = F(Xi(w), Zi, Us)

for some measurable f. For convenience we simply write f for f.
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Corollary 2.4.1. Let (Y*®5 Z%%s U%"5) be the unique bounded solution to the
discounted BSDFE

T
Ve = vems o [ (Ca¥em b XK, ), 207, U2 du
(2.23)

T t T 3
+ / (Z0m5) 1w, + / / U ()N (ds, dz),
t t B

on [s,T] for some s > 0. We define a function v® by v*(s,z) = Y*%*. Then, provided
v® is measurable, Y, = v*(t, X (t,s,x)) is a solution, and by uniqueness we also
get that v®(s,x) is bounded. It is also not hard to see that processes Z and U are

Markovian, in other words the solution triplet (Y;, Zy, Uy) can be represented as

(,UCM (t7 Xt)? fa (ta Xt)7 wa(ta Xt))
for some deterministic v, £, ™. For details on Markovian representations see, e.g.

[10].

In what follows we will repeatedly use changes of measure to eliminate various parts
of the driver in our BSDE. In view of Lemma 2.3.4, in order to use the result of
Theorem 2.3.3, we need to ensure that under the new measure, the nonlinearity of
the drift of the process {X;}:>¢ can be approximated as a uniform limit of Lipschitz

functions. Hence we require the following assumption:

Assumption 2.4.4. With the notation of Corollary 2.4.1, the function 9% : R* X
H — R, defined by

0t ) = f(x,0,4% (@, x)) — f(,0,0)

can be represented pointwise as a limit of a uniformly bounded family of Lipschitz (in

x) functions for all o > 0.

2.4.2 Ergodic BSDEs

Now we use the same technique we employed in Theorem 2.4.2 to obtain a solution

for the Ergodic BSDE

Yt:YT+/T[f(Xff,Zu,Uu)—/\]du—/TZ;deu—/T/ U ()N (ds, dz), (2.24)
t t t B

where 0 <t <T < oo,and f: Hx H* xR — R is a given function, Y is a real-valued

cadlag stochastic process, Z is a predictable process in H*. We change measure in
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such a way to get rid of the drift term, then take expectations, and then send T
to infinity. In our case, the generator depends on w through the forward process

X (t,s,r), and we define measure Q»*T to be such that the process
3 T
K, = / (f(X(u,s,x),Z2%" U*"%) — f(X(u,s,x),0,0))du
t

T T
+/ (Z2) dW, +/ / U2 (x)N(ds,dx)
t t B
is a Q@*T-martingale on [s,T]. Then, under Q®*T, we have

e v*(s,x) = Egear [e‘o‘Tva(T, X(T,s,x)) +/ e f(X(u,s,x),0, O)du]

Js,T]

As |v*(t, X (t,s,2))| < C/afor all 0 <t < T, letting T" — oo we obtain

e”*v%(s,z) = lim Egear [/ e’a“f(X(u,s,x),0,0)du].
s, T]

T—o0

In order to proceed we notice that under the new measure our forward SDE takes the

form

{d X, = A(t)Xydt + FO(t, X,)dt + G(t)dL, (2.25)

X, =1,

where FQ(-,-) is the nonlinearity under measure Q that includes new drift terms.

Lemma 2.4.3. The map FO(t, ) is bounded and can be represented as a pointwise

limit of a uniformly bounded family of Lipschitz functions.

Proof: We know explicitly the structure of F@. Define

{ f(xvga(S’I)zwa(srx))ff(fﬁvwa(S’I)) (é‘()é(s 1‘)) lf £a<5 m) # O

1€ (s,2)11?

S(x) =
ps(®) 0 otherwise.

where Z; = £%(s, X;5) and Ug = (s, X;) as in Corollary 2.4.1. Using Lemma 2.4.1,
define {7,}.>s to be such that

f(X(t,s,2),0,U;) — f(X},0,0) :/BU(U)’yt(X(t,s,a:),v)u(dv) (2.26)

for all t > 0. Then F(t, X(t,s,2)) := FQ(t, X(t,s,7)) — F(X(t,s,2)) can be written

as

F(t,X(t,s,z)) = G(t)p(X(t,s,2)) + /B%(X(t, s, x),r)[G(t)r]v(dr).

The first argument is bounded due to the fact that f is Lipschitz in Z. By arguments

identical to Lemma 3.4 in [14], one can also show that it is a pointwise limit of
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Lipschitz functions. The second term depends on X (t, s, ) only though the process
7. By (2.26) and Assumption 2.4.4, we conclude the result.
O

Lemma 2.4.4. For v® defined as in Corollary 2.4.1, and for an arbitrary xo € H,
there exist bounds C" and C' such that

0% (s, 2) — v*(s,20)| < C"(1 + ||2]|* + [|20]|*) and a|v*(s,z)| < C
uniformly in x, s and a.

Proof: With Q“*7 as above, we denote P*(t, s)[f](x) = E"""[f(X (t,s,z))], where
X(t,s,x) is the mild solution to (2.25). Then we obtain

[0 (s, z) — v*(t, x0)|

< | lim EQI’O"T[/ e f(X (u, S,.I),O,U)du}
15,17

T—o00

— Th_rggO o [A,T] e~ =9 £(X (u, s, 70), 0, O)du} + C"|s — 1
< [T P ) 0.0)1(0) = P 5) 70,00 )

+ C"|s —
< C(1+ [[]|* + fJxol*) + C”|s — 2],
for every 0 <t < s, where C’ and C” are independent of «. For the last step we use

the result of Theorem 2.3.3. The inequality a|v®(s,z)| < C follows from Theorem
2.4.2.

]

Remark 2.4.2. We notice that, due to the periodic structure, v*(t+1", x) = v*(t, ),
and hence, for fited s >0 and xq € H,

[0 (t, ) = v®(s, z0) || < [[v*(t, ) — (¢, o) || + [[0*(t, 20) — v (0, zo) |
<C'(A+]ll*)+  sup [v(u,20) — v (s, 20|
u€[s,s+1*]
< C'(1+|l2|?) + 0T
Given that v* is uniformly Lipschitz in time, we have
[0 (t, ) = v(s,20) | < C'(1 + [|[|*)

for some new constant C'.
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Lemma 2.4.5. There exists a bound C, such that
Vo0 (t, )| < C(1+ [[]?).
holds uniformly in x,t and c.

Proof: The result can be obtained by following exactly the same reasoning as in the
proof of Theorem 4.2 in [17].
O

Theorem 2.4.3. There exists a sequence o, — 0, a bounded deterministic function
v:RY x H— R and a constant A € R, such that

(v (s,x) —v*(s,x0)) = v(s,z) and V" (s,x) = A
foralls >0, x € H.

Proof: Since H is a separable space, there exists a dense subset V C R, x H. On

V' we can use a diagonal procedure to construct a sequence «,, \, 0 such that
(v (s, ) — v*"(s0,20)) = v(s,z) and @V (S0, To) = A

for some function v : V' — R and a real number A\. By Lemmas 2.4.4 and 2.4.5 we
know that the functions v® are locally Lipschitz in both time and space. We can

therefore extend v by continuity to the whole R x H, proving that
v (s, ) — v (s, x0) — v(s,x)
for all x € H and s > 0. We notice that, for t > s,
anv® (t, ) = an (V™" (s0,20)) + an (V" (t, ) — v (s0, 7o)
= @, 0" (S0, o) + (VO (t, ) — v (t, X (¢, s, 70))
+ an/ e " f(X(u,s,20),0,0)du
st
— A -

since

(V" () — v (t, X (L, s,20)) + an/ e " f(X(u,s,20),0,0)du
Jst]
< 0 C"[t = so| + 0 O (1 + [|X (£, 50, 20) [I* + [|l2o]*)
— 0.

We have thereby proven that A is indeed a constant independent of time.

44



Theorem 2.4.4. Let v and X be constructed as above. We also set xo =0 € H and
so = 0 € R for the sake of simplicity. Then, if we define

Y;x = U(t> Xf)»

there exist processes Z* and U such that the quadruple (Y*,Z% U* \) solves the
EBSDE

T
Yfzyjm/ F(X7, 27, UT)— N du— / (ZE) W, / /Ul‘ N(ds, dz) (2.27)
t

for 0 <t <T < oo. Moreover, if there exists any other solution (Y',Z',U’, X') that
satisfies
Y/ < e (14 IXF%), (2.28)

for some constant ¢ that may depend on x, then A = \'.

Proof: We look at the discounted BSDE

T
Vpr =¥t = [ eV = ant(0,0) + (7. 25, UE))du

+/ (72 dW+//UC”’ N(ds, dz).
t

It is clear that the unique bounded solution is Y;** = v*(¢, XF) — v*(0,0). We
remember that [v*(s, X¥) —v*(0,0)| < (1+ || X7[|?). We conclude, by the dominated

convergence theorem, that
T
IE/ V5 =YV 2dt — 0 and  E[Y" — Y202 =0
0

as n — 0o.
We now prove that the sequences Z*® and U®?® are also Cauchy. Denote ¥ =
yoms _ yoma, 7 — Zan® _ ZomT U= U — Jom We then have

YT:K—/tT(—aYu+f(u))du+/ )*dW,, +/ / N(ds, dz),

where f(u) = f(X2, Zon® Utn®) — f(XT, Zo9m® o) By standard arguments, we
know that, for any § > 4K + 1/2 (where K is the Lipschitz constant of f), and

B > max(ay,, ), we have

_ 1 /7 _ _
SRy [ (120 [ 1000 )t
t B

_ 4 T i
SE[HYT\I2+ 25—1/t e? H(stu%zs],
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where

Ofs = (o — Q) Y0,

By Theorem 2.4.3 and using the bound on E[|| X{||?] obtained in Step 1 of Theorem
2.3.3, we know that there exists C' = C(x) such that E[||[Y.**|]*] < C, and thus

. 40T
Bl | i) < S

and hence we immediately see that sequences {Z***},~; and {U***},>; are Cauchy.

Denoting Z% and U” their corresponding limits, we get the first part of the result.
In order to prove uniqueness, suppose there exists another solution (Y’, Z’, U’, \’) with
polynomial growth. Let Y =Y* - Y, Z =2 -2/, U=U"—U"and A = A — \.
Then

Vo= Vit / F(XE, 22,U%) — f(XE, 2., U") — Ndu
J£.T]

—/ ZrdW, — / / N(ds, dr)
7] 7]

By the standard Girsanov’s argument there exists a probability measure Q7 ~ P such

that under Q7 the process

T
K, — / (F(XE, Z2,U%) — f(XE, 2., U"))du
t

+ / 52 dW, + / / N(ds, dr)
t

is a martingale on [0,7]. Then we see that
A =T"'EY [Vy — V).

Given the growth condition (2.28) and the estimate (2.10), by sending 7" — oo we
obtain A = 0 and thus the uniqueness of A is proven.

m
We are now ready to prove the main uniqueness result for Markovian solutions to our
EBSDE, where by “Markovian” we mean that, if Y is a solution, then there exists a
continuous deterministic function v, such that Y; = v(t, X}) for all ¢ > 0. In the proof
we will use the fact that the coefficients in the forward process are time dependant but
T*-periodic for some T > 0. Recalling the construction of the solution in Theorem
2.4.3 we immediately see that it is T™*-periodic in the first argument. Therefore, it is

sensible to establish uniqueness in the class of Markovian solutions for which
v(t,z) =v(t+T"x) Vt>0,2€ H. (2.29)
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Theorem 2.4.5. Let (Y, Z,U,\) and (Y',Z',U",X) be two Markovian solutions to
the EBSDE (2.27). If Y,Y' satisfy the growth condition (2.28), v,v" satisfy (2.29)
and v'(0,0) = v(0,0), then v =" a.e.

Proof: From Theorem (2.4.4) we know that A = ). We now show that in this case
Y =Y. Denoting Y =Y* —Y', Z=2%—2' U =U*—U" and defining Q7 as in
the proof of Theorem 2.27, we immediately have for all t < T

Y, = E¥ [V | F]

for all 7. Given the Markovian representation of our solutions we can rewrite the
above as
o(t, z) = EQ [6(T, XL5)| Fi, (2.30)

where 0(t, z) := v(t, ) — v'(t, ). Now, since (2.30) holds for any 7', we obtain

o(t, x) = E&7 [B(kT", Xir)| F) = EY" [5(0, X L)

Fil,

for all £ such that kT > t. The next ingredient we will require is following estimate

which can be shown with a technique identical to the one used to obtain (2.10):
EC ()X < e+ 2", te[o,T]

where ¢ is independent of 7. We now notice that, for any € > 0, there exists § > 0
such that |0(0,z)| < eif ||z]| <, due to the fact that 0 is locally Lipschitz ©(0,0) = 0.
Set 7 = inf{kT* : | Xgp.|| < ¢,k € N}. We then see that

[6(t,2)| = [E2 [5(0, X{7 0, )| F|
< B [15(0, X591 panrey] + ECT [[5(0, X12)
< e+ Q7 (7 > KT E(EYT Vi ?)
< e+ CQ (7> kT*))2 (BY" [1+ | X12.

— €.

1irokry]

)2

The last step of the derivation above follows from the fact that
Q" (1 > kT*) — 0 as k — 0.

In order to see this, we look at the discretised process { Xy bren. We immediately
see that it is irreducible. We therefore can prove the desired recurrence by following
the proof of Theorem 2.3.4 with time step chosen as the first multiple of T™* larger
than 7.

O
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Remark 2.4.3. We briefly outline the connection between solutions to finite horizon
BSDFEs and their ergodic counterpart. The following discussion is inspired by Theorem
4.1 in [22]. Fiz T > 0 and denote (Y1:®, ZT® UT*) the (unique) solution to the
following BSDE

T T T
th:/ f(Xjf,Z{’“,UuT’x)du—/ (Zg"”)*qu—/ /UST’x(a:)N(ds,dx).
t t t B

Letv(-,-) be the Y -component of the Markovian solution to EBSDE (2.24) with ergodic

component . Then we tmmediately see that
Yy " —0(0,2) = —FEo(T, X&) + T
By polynomial growth we know that
[v(0,2)[| < C"(1+Nlz]|*), (T, XF)II < C'(1+ [ XZ[).
By Theorem 2.3.1 we know that
EJ X3 < C"(1+ ]

for some constant C" > 0 independent of time. Therefore we obtain the following

limiting behaviour:
YE)T,Q:
T
In the context of control (see Section 2.5 for details) (2.31) shows that, as one goes

=\ (2.31)

from finite horizon optimisation to the ergodic one, even though optimal policies do
not have to converge, optimal (average) values do.
2.4.3 Alternative representation for \

In this section we show the representation of A as an integral with respect to a certain
invariant measure. We established in Section 3.3 that there exists a unique invariant

measure j, corresponding to the semilinear problem

In particular, the following holds:

/ Pout, 2)u(dt, dz) = / u(t, 2)p(dt, dz),
0.7 x H 0.7 x H

where P is the corresponding semigroup. We recall that the Markovian solution to
the EBSDE (2.27) constructed in Theorem 2.4.4 is T*-periodic, that is the quadruple
(Y, Z, U, \) has a representation (v, &, 1, A), where v, and ¢ are T*-periodic in time.
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Theorem 2.4.6. The value A in the EBSDE solution (v,&,1, \) satisfies
A= [ g o) . de),
[0,T*]xH

where p s the unique invariant measure.

Proof: The invariance of p implies that for any fixed times 7" and s < 7T, and any

bounded measurable function u such that u(t + T, z) = u(t, z) we have

/ Bu(T, X3%)u(dt, dz) = / u(t, 2)u(dt, dz).
[0,T*]xH

[0,T*]xH

We write
T
v(t, z) = B [v(T,X%’I)ﬂL/ (fXP",&(s, X77), b (s, X77)) — Nds |
t

where the subscript (z,t) indicates that the forward equation was started at time ¢
with the value . Then by the invariance property, integrating both sides with respect

to p, we obtain the result.
[

Remark 2.4.4. The representation above gives us an intuitive idea of how to interpret
A. If one thinks about the driver [ as a cost function of the optimally controlled

dynamical system for the law of X, then X is the cost of one cycle.

2.5 Applications

2.5.1 Classical Ergodic Control

In this section we show how general ergodic control problems can be seen in the
framework of EBSDEs for the case of controlled drift. Denote by L : H x4 — R a

bounded measurable cost function such that
| Lz, u) — L(z',u)| < Cllz = 2,
for some C' > 0. We consider the problem of minimising
J(xg,u) = limsup,_, T E“T [/T L(X;, ut)dt} ,
0

over the space U of controls, a separable metric space in which w;(w) takes values.
We further assume that under P“7 ~ P the dynamics of the controlled process X on

[0, T] are given by

dX, = (A(t) X, + Fi(Xy))dt + G(t) (R(ut)dt + /B’y(u(t), y)l/(dy)) dt + G(t)dLy,
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with Xy = z9. We further assume that |[R(u)|| < C”" and v(u(t),y) is a measurable
function such that there exist a constant 0 < C' < 1 such that for every u € U

—CANEN) <A(u, &) < CANIED

for all £ € B. We define the Hamiltonian

f(z,z,r) = inf {L(x,u) + 2R(u) +/

ueU B

v(u,@r(s)u(df)}, (2.32)

where x € H, z € H and r : B — R. Immediately we notice that f(x,0,0) is
bounded. It is also easy to check that f satisfies Assumptions 2.4.1 and 2.4.2. There-
fore, the EBSDE with driver f(x, z,7) admits a unique (in the class of processes with
polynomial growth) Markovian solution (Y, Z,U, A). If the infimum in (2.32) is at-
tained, then, by a well known result (see [10]), there exists (assuming the continuum
hypothesis) a Borel-measurable function x : H x H* x £*(B,B,v,R) — U such that

flz,z,r) = L(z,k(z, 2,7)) + 2R(Kk(x, 2,7)) + / v(k(z, z,7),§)r(&)v(dE).

B

Theorem 2.5.1. Let the quadruple (Y,Z,U,\) be the unique Markovian solution
satisfying |Y;| < c(1 4 || X¢||?) for all t > 0 and some ¢ > 0. Then the following hold:

(i) For an arbitrary control w € U we have J(xo,u) = X if

f(X4, 24, Uy) = L(Xy, u(t)) + ZiR(u(t)) +/BW(U(t),€)T(€)V(d€) dP x dt —a.e.

(i1) If the infimum is attained in (2.32), then the control u(t) = x(Xy, Zy, Uy) verifies
J(l’o, ﬂ) =\

(i1i) Even if the infimum in (2.32) is not attained, there exists a control {10, such
that J(xo,u) = A.

Proof: Identical to the proofs of Theorem 8 in [12] and Theorem 5.1 in [2]. O

2.5.2 Power plant evaluation

In this section we present a model for power plant evaluation using Ergodic BSDEs.
We show how due to the properties of gas and electricity the problem falls very
naturally into the theoretical framework we have developed. We begin by defining a

mathematical model of a power plant.
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Definition 2.5.1. We denote by { E(t) }+>0 and {G(t) }+>0 the electricity and gas price
processes respectively. We assume that a power plant allows its owner to convert gas
into electricity instantaneously, generating profit if E(t) —cG(t) > 0, where ¢ is some

conversion constant. The quantity X (t) := E(t) — c¢G(t) is called the spark spread.

In existing literature (for an overview see, for example, [8]) the value of a power plant
is approximated as a sum of spread options on spot power with different maturities,
namely european options with payoffs X;j , where {T},7 € J} represent the future

hours of production over the plant’s lifetime. In other words

)

A flaw of this approach is that it relies heavily on the current state of the world,

VF = 3 expl-r(T; - 0)E (041,

jeJ

characterised by the short term dynamics of the electricity and gas prices. However,
it is clear that one might want to evaluate the power plant before investing into its
construction, and by the time the plant begins operation all the short term parameters
will have changed. In the rest of the section we provide an alternative method for
evaluation, assuming only that the price processes follow ergodic behaviour. In terms
of the problem in question, this means that the present state is not important for the
calculation of the long term (ergodic) average.

We develop a slightly simplified model, where we do not give the dynamics of
electricity and gas prices separately, but instead assume that the evolution of the

spark spread X is governed by the following equation:

dX; = 0,(k — Xy)dt + G(t) [dW, — / aN(dt,dv)], X,=u, (2.33)
B

where B = R\{0}, {6;}+>0 is a positive process that describes the rate of mean
reversion, {r;};>0 i a non-negative process of the mean and N is a compensated
Poisson random measure on R, x B with the compensator n(dt, dx) = v(dz)dt. We
also assume that all the processes are periodic in time with period 7" = one year .

The goal is to find the average yearly profit of the plant, namely

1 T
A= lim —E/ (X,)*ds,
t

T—o00 T

where (x)* := max(z,0). It is important to notice that, in reality, the difficulty in

finding A comes from the fact that the vector of parameters (0, x,r) is not known
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exactly. Therefore, we face the risk averse problem of determining the worst-case
average under a range of plausible parameters, namely
1 T
A = inf lim —E“/ (X" *tds,
ueU T—oo ¢
where U denotes a space of possible values for u = (6, k,v), and under P* ~ P the
dynamics of X are given by

dXy = 0i(ky — Xy)dt + R(Xy, u(t))dt + / Y(u(t),y)v(dy)dt

+ G(t)[dW; — / aN(dt, dx)].

These parameters control the rate of mean reversion through R and the rate of spikes
through ~. In order to make the model more realistic, without loss of clarity one can
also consider the problem of minimising a generalised functional
1 T
A= zlLrelnglgIolo T]E“/t L(X,,u(s))ds,

where L(z,u) incorporates a penalty corresponding to the perceived likelihood of the
parameters being realised. Following exactly the same logic as in the derivation of
(2.32), we define the Hamiltonian

F(z,2,7) = inf {L(x,u) + 2R(z, u) +/

ueU B

(. () |,
and proceed to solve the EBSDE with the driver f.

Remark 2.5.1. It is clear that once X\ is known, the risk-averse discounted expected

revenue of the power plant with estimated lifetime of N years can be calculated by

N
v(N) = )\/ e "Wt
0

where r(t) is a (deterministic) discount rate.

Remark 2.5.2. As we mentioned at the beginning of this section, imposing the
Ornstein—Uhlenbeck dynamics on the spark spread is restrictive. Ideally one would
like to model electricity and gas processes separately. If we assume that the marginal
price processes follow sums of OU processes (as in [33], where the authors focus mainly
on the copula-based approach) we end up with a two-dimensional problem, where the
ergodicity required for the existence of a solution to EBSDE is obtained through the
fact that the sum of ergodic processes is itself ergodic. The reason we present a sim-
plified version is that it naturally demonstrates the theoretical framework we developed
throughout this chapter, and gives a clear illustration of how EBSDFEs can be applied

to this class of problems.
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Chapter 3

Nash Equilibria for non Zero-Sum
Ergodic Stochastic Differential
Games

3.1 Introduction

The area of non-zero sum stochastic differential games has been a subject of intensive
research over the past several decades. It deals with the situation where multiple
players are each trying to maximise their payoff, but rewards of all players do not
sum up to any constant. The basic aim is to find a Nash equilibrium point — a set
of strategies for all players, such that none of them would benefit from unilaterally
deviating. The study of the connection between this problem and backward stochastic
differential equations (BSDEs) was pioneered by Hamadéne, Lepeltier and Peng in
[26], building up on their previous work on zero-sum games in [20]. Since then it has
been discussed in multiple contexts, e.g. games of control and stopping by Karatzas
and Li in [13] and risk-sensitive control by El Karoui and Hamadéne in [25]. The
main goal of the chapter is to prove the existence of an equilibrium in the case where
we have two drift controlling players who are ergodic, i.e. they choose their strategies
in infinite horizon and optimise the long run average. In a standard fashion (see,
e.g. [21]), we impose the so-called generalised Isaac’s condition on the Hamiltonian,
in order to ensure the attainability of the infimum simultaneously for both players.
We then prove that the existence of a saddle point for the game follows from the
existence of a solution to a system of Ergodic BSDEs with continuous coefficients.
Using a modified version of Picard iteration (not dissimilar in nature to the fixed
point construction used by Hu and Tang in [23]), along with an array of estimates for
solutions of EBSDES, established in [14] and [11], we prove that such a system does
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admit a solution. We then extend these results to the case of finite or countably many
players. As a byproduct of developing the machinery required to deal with ergodic
games, we obtain the existence of a solution to a class of EBSDEs with continuous
drivers of linear growth. The concluding section is dedicated to asymmetric games,
where one player is purely ergodic, and the other also optimises in infinite horizon,
but values the present more than the future (i.e. uses discounting). We show that
the value of such a game exists, and demonstrate convergence to the ergodic system

as we send the discount rate to zero.

3.2 Setup

We begin by describing the uncontrolled forward process {X;}>o, the drift of which
will be affected by the players in the sequel. Let the dynamics of { X} }+>0 be governed
by the Ito SDE:

dX, = (AX, + F(X,))dt + o(X,)dW,, X, = xq, (3.1)

where W denotes a standard Brownian motion under the measure P. We need a few

preliminary assumptions.
Assumption 3.2.1. Conditions to guarantee existence of a strong solution to (3.1):

o The triple (2, F,P) is a complete probability space, {F;}i>o is an augmented

filtration satisfying the usual conditions, and {W;}>¢ is a Brownian motion.

e The process {W;ti>o has predictable representation property in the filtration
{Fi}e=o-

o The operator A is dissipative and generates a stable semigroup {e'}iso. In

other words, there exist constants y > 0, M > 0 such that
(Az,z) < —plz|* and ||| < Me™**

hold for all x € R™ and all t > 0. Here and for the rest of the chapter || - ||

denotes the Euclidean norm (or Frobenius norm for a matriz).
e The map F is uniformly Lipschitz and bounded.
o There exist constants o and & such that
o < lo@)| + o™ (@)l <&
holds for all x € R, t > 0.
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The following result is a straightforward application of Gronwall’s lemma and the

dissipativity condition:

Theorem 3.2.1. If Assumption 3.2.1 is satisfied, then there exists a unique strong

solution to the equation (3.1). Moreover,
E(|X:]?) < C(1 + Elzo*),
where the constant C' depends on M, u, but is independent of t.

Proof: Fix a constant k > 0. Applying [t6’s formula to e**|| X,||?

and taking expec-

tations, we obtain
t t
eHE|| X, | :E||x0||2+/ kek5||Xs||2ds+E/ 55 G(s)ds,
0 0

where
G(s) = 2(AX, + F(Xy), X,) + |lo( X))
< =20l X|1* + (F(X,), Xo) + lo(X,)].

Taking into account Assumption 3.2.1 and applying Cauchy—Schwarz, we see that for
any € > 0, there exists C, such that

G(s) < —2(p — | X,|* + C,
for 0 < s <t. Then, choosing € < p and k < 2(p — €), we arrive at

CG
M X0 |? < Eljaol? + e,

concluding the proof.
O

Remark 3.2.1. Define the new process X, := || X,||>. As a straightforward application

of Ito’s lemma it follows that
d[X]t = <O'(Xt)Xt, U(Xt)Xt>dt S 62th

Therefore by exactly the same reasoning as in the proof of Theorem 3.2.1, one can
show that
E[[X[I* < O+ Ellaol*), (3.2)

for some constant C independent of time.
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Remark 3.2.2. [f F(-), the nonlinear part of the drift, is a bounded measurable map,
there still exists a solution to (3.1) in the weak sense. In other words, there ezists a

measure P < P and an {Fi }i>0-Brownian motion W such that
t t 3
X, = ey +/ eSAF(XS)ds+/ Ao (X,)dW (s)
0 0

holds, and such solution is unique in law. Moreover, since this solution can be obtained
through a measure change from a strong solution to the equation without drift, {Wt}tzo
has predictable representation property in the filtration {F;}i>o. For details see, e.g.
Chapters 15 and 18 in [10].

Let Uy xU, be a separable metric space of controls in which (u;(w), vi(w)) takes values.
Denote by L; : RN x U; x Uy — R, i = 1,2, bounded measurable cost functions, such
that

|Li(z,u,v) — Li(2',u,v)| < Cllz — 2/,

for some C' > 0. Given an arbitrary pair of admissible controls (u,v) (i.e. predictable

stochastic processes ({ut}i>0, {vt}+>0)), we define the Girsanov density

T 1 T
pr’ = exp (/ R(ug, ve)dW; — 5/ ||R(ut,vt)||2d3>
0 0

for some function R : Uy x Uy — RV, satisfying ||R(-,-)| < C for some C > 0. We
define the probability P“*7 := p"P. For each agent (i = 1,2) we define ergodic
payoffs

T
J(zo,u,v) = limsup,_, T 'E“*7T {/ Li( Xy, ug, vt)dt} (3.3)
0
The goal is to find an admissible control (u*,v*), such that
JH(zo, u*, v*) < JHwo, u,v*) and J*(x0, u*, v*) < J* (30, u*, V)

holds for all admissible (u,v).
In order to use dynamic principles to determine optimal u and v, we define the

Hamiltonian functions {H;}i—1 2, as
Hi(x, z;,u,v) = z;R(u,v) + Li(x,u,v) (3.4)

for (u,v) € Uy x Us. We notice that for a fixed pair of controls (u,v), for each player
(1 = 1,2), the payoff (3.3) is an ergodic average. Consider the following ergodic
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backward stochastic differential equation (EBSDE), in which the Hamiltonian plays

the role of the driver term:
yi— vl / (Hi(X, Z1 s, vs) — Alds — / Zidw,. (3.5)
t t

Suppose there exists a solution triplet (Y?, Z% A\") to (3.5), and there also exists a
constant C'= C(zg) > 0 independent of T, such that E“*T||V;|| < C'forall 0 <t < T.
Then, by changing measure and dividing by 7', we immediately see that

J (zo,u,v) = \".

We refer to (3.5) as the BSDE corresponding to the value function (3.3). In order to

proceed we need the following assumptions:

Assumption 3.2.2. Part (i) below is called the generalised Isaac’s condition. Part

(i) is a technical condition, and the motivation behind it will be discussed later.

(i) There exist measurable maps u},u;, defined on R3N, with values in Uy and Uy

respectively, such that
Hl(x7 21, UT(ZE, 21, 22)7 U;(.I, 21, 22)) S Hl(xa 21, U, U;(ZE, 21, 22))

and

HQ(l’,Zl,UT(x, 21, Zz),U;(l',Zl,ZQ)) S H2(x7 Zl,UT(.T, 21722)7/0)

holds for all (z, z1, 20, u,v) € R3N x Uy X Us.

(ii) The mapping (21, 20) € R*N — (Hy, H})(z, 21, 22) is continuous for any fived x.

One way to think about the condition above is as the natural extension of the standard
assumptions used in the zero-sum framework to the non zero-sum case. Indeed,

consider the case of two players, one maximising and the other minimising a functional

T
J(zo,u,v) = limsupp_, T E“>T {/ L(Xy, uy, vt)dt} ,
0

by choosing controls (u;,v;) € Uy X Uy for ¢ > 0. Define the Hamiltonian as
H(z,z,u,v) = zR(u,v) + L(z,u,v). Then, using a measurable selection argument,

one could show that the standard Isaac’s condition

max min H(x, z,u,v) = min max H(x, z,u,v), Va,zcRY
vEU2 uelq uely vels
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is equivalent to the existence of Borel-measurable functions u* : R?Y — f; and
v* : RV — Uy, such that

H(z,z,u"(z,2),v"(z, 2)) (x, z,u,v"(z,2)) for all u € U,

<H
H(z,z,u*(z,2),v"(z,2)) > H(z,z,u"(x, z),v) for all v € Us.

For details, see [20]. Given this connection, one can see that (i) in the Assumption

3.2.2 is a reasonable generalisation of the Isaac’s condition.

Remark 3.2.3. We notice that, for fixed u,v, the function H; is Lipschitz in z;.
However, Assumption 3.2.2 only gives us the existence of a so called “closed loop”
control, where the optimal processes u*,v* depend on (z1,z29), and only continuity is
guaranteed. Therefore the standard method of proving the existence of a solution to

the corresponding FErgodic BSDE breaks down.

Remark 3.2.4. In the game we consider, both players control the drift. In [21] the
authors considered the case where the resulting R(u,v) can be unbounded, but is of
linear growth with respect to the underlying process {X:}i>0. However, since we are

in the ergodic framework, we restrict our attention to the bounded case.

Remark 3.2.5. One may also notice the similarity between the generalised Isaac’s
condition and the definition of a saddle point. Indeed, one could think of part (i)
of Assumption 3.2.2 as ensuring the existence of Nash equilibrium controls on the

infinitesimal scale.

3.3 Ergodic BSDEs with continuous coefficients and
stochastic games

In this section we prove that, under our assumptions, the game has value, that is
there exists a Nash equilibrium as defined in the preceding section. We begin by
considering two players of ergodic type, then proceed to generalise to the case of

n € NU {+oo} players. Finally, we show a connection with PDEs.

3.3.1 Games with two players of ergodic type

In order to establish the existence of a Nash equilibrium, the following two-step

programme needs to be carried out:

e Assuming there exists a solution to the EBSDE corresponding to control pair

(u*,v*) as defined in Assumption 3.2.2, establish its optimality.
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e Prove the existence of a unique solution to the EBSDE with continuous coeffi-

cients, guaranteeing this assumption holds.

In order to use the results of [14] to establish the existence of a solution to a one-
dimensional ergodic BSDE, the following set of assumptions on the driver needs to

be made:

Assumption 3.3.1. The driver f : RY x RV — R is a measurable map. Moreover,

there exist constants |, k such that

holds for all x,z,z € RV

We begin by stating certain crucial results from the theory of Ergodic BSDEs. The
following theorem establishes existence and uniqueness of solutions. We omit the

proof, as it can be easily constructed using the arguments in [14].

Theorem 3.3.1. Let the driver f satisfy Assumption 3.3.1. Then there exists a
solution (Y, Z, ), where {Y;}i>0 is adapted, {Z;}i>o is predictable, and X € R is a
constant, to the EBSDE

T T
Y, = YT+/ [f(X,, Z,) — Nds —/ Z,dW,,
t t

such that ||Y:|| < C(1+||X¢||?) for some constant C > 0. There also exists a determin-
istic function v : RN — R, such that Y; = v(X;). Moreover, the solution is unique in
the class of Markovian solutions, for which the Y component is of polynomial growth

with respect to X.

We now show that if both players can find a Markovian solution of polynomial growth
to their respective EBSDEs with optimal pair of controls (u*,v*), then by so doing
they find a Nash equilibrium.

Theorem 3.3.2. Assume that there exist two triplets (Y, Z, \), i = 1,2, such that
. . T . . T .
Y=Y} +/ [Hi(X,, 28, u*(ZY, Z22),v*(Z), Z2)) — N'ds —/ ZHW,,  (3.6)
t t

holds for all 0 <t <T < 0, where the pair (u*,v*) is as in Assumption 3.2.2. More-
over, assume there exist two deterministic functions with polynomial growth y;(x),
i = 1,2, such that Y} = y;(X;) holds P-a.s. for all t > 0. Then the control
(u* (X, Z, Z2),v*(Xs, ZL, Z2)) is a Nash equilibrium.
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Proof: We focus on the case i = 1. For t > 0 write v} = u*(Z}, Z?) and v} =
v*(Z},Z?). The control (u*,v*) is clearly admissible. For an arbitrary admissible

control u, the pair (u,v*) generates a measure P%“¥", under which AW = dW —
R(ug,v})dt is a Brownian motion. Then, since (Y, Z' A1) solves the EBSDE,

s Vs

T
T = YT1 — YO1 —I—/ [H; (X, Z;, us,vr) — Z;R(ut,v:) — Ll(XS, us, v:)|ds
0
T T
+/ ZL AW +/ LY X, ug, v})ds.
0 0

Taking expectations with respect to P*“?", and remembering that A\! is a constant, we

arrive at
1

. R
N < SBVE = Y]+ B U L (X, us,v7)ds |
0

since
Hi(Xs7 Zslalﬁ U*) - Zis(utaU:) - Ll(X57u57U:) <0

AN

by the definition of (u*,v*). We recall that Y is of polynomial growth in X, and the
latter has all moments under P**" uniformly in ¢ (for details see, e.g. [14]). Thus,

taking lim sup on both sides, we obtain

T
A < lim sup E“ [/ LY X, us,v¥)ds| = J'(u,v*).
0

T—o0

For u = u* the inequality everywhere becomes equality by the definition of the pair
(u*,v*) in Assumption 3.2.2, finishing the proof.
O

Remark 3.3.1. The result of Theorem 3.3.2 shows that even in the case where ad-
missible controls are allowed to be non-Markov, the values N\, i = 1,2 obtained as
solutions to the system (3.6) are still optimal. In other words, using the generalised
Isaac’s condition, we can show the existence of “closed loop” or “feedback” controls

that are optimal in the larger class of “open loop” or “predictable” controls.

We now proceed to the second step of our programme. We prove that there exists
a solution to the system of ergodic BSDEs (3.6). The following auxiliary result is
a weak version of a comparison theorem for the ergodic values A, which holds in

multiple dimensions.

Lemma 3.3.1. Let f*, i =1,2 be two drivers, such that for any (x,z1, z3)
|f2($, <1 Z2)| < CHZZ“ + C
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for some constants C,C > 0. Suppose that there exist Markov solutions (Y, Z', \Y),
= 1,2 to the corresponding EBSDFEs. Let \ be the ergodic part of the solution
(Y, Z,\) to the EBSDE

Y, = (Cl1Z.]| + C) — Nds — ZiaW,
Then Xt < X fori=1,2.

Proof: Define a measure Q7 as follows:

- (/ Rz,

where f(z) = C||z|| + C. Then under QT the process {X;};>0 is ergodic with some
invariant measure p. Since we only consider Markovian solutions, we know that
Y =0 (Xy), Y; = v(X;) and Z; = £'(X;) (for details on Markov representation, see
e.g. [16]). Then, integrating the difference v’(z) — v(z), we obtain

[ (@) = o@ntaa)

— /RN []EQT(vi(XT) — U(XT)) _|_/(; (fl _ f)(Xt,Ztl,th)dt . T()\i . )\) u(da:)

= [ W@ = vmtan =10 =2+ [ [ = Pl o). @l

from which we immediately see that

Vo= [ (). E6@) - FE @) <o

finishing the proof.

O
There are two apparent ways to attack the problem of proving the existence of a
solution to (3.6):

(i) For any ¢ > 0, equation (3.6) gives us a map Y, — Y/ for i € 1,2. If we
integrate with respect to the ergodic measure 7 for the forward process { X;}+>o,
we have a new map. Now we know that the solution to (3.6) is its fixed point. To
proceed, we would need to prove certain compactness and continuity properties

for this map.

(ii) We could attempt construction of a solution iteratively using a form of Picard

iteration.
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In this work we focus on plan (ii). The main result of this section is as follows:

Theorem 3.3.3. Suppose Assumptions 3.2.1 and 3.2.2 are satisfied. Then there exist
solution triplets (Y, Z',\Y), i = 1,2, where Y is adapted, Z' predictable, and \' a

constant, such that
Vi = Y;+/ [Hi(X,, 28 u*(ZY, Z2),v*(Z), Z2)) — N'ds —/ ZLdW,
t t

holds for all 0 < t < T < 0. Moreover, there exist deterministic functions with
polynomial growth y*(x),y?(x), such that Y} = y'(X;), i = 1,2 holds P - a.s. for all
t>0.

Proof: We begin by setting Z%° = 0 for i = 1,2. On each step, given a set of
Markovian solutions {(Y*"~1 Z&"=1 \")},_, 5 obtained previously, we define the next
iteration as a solution to the EBSDE

T
dY;™ = —[f*"(Xy, Z") — A" dt — / Z AWy, i=1,2 (3.7)
t
where
fi,n(Xs’ Zz,n) — Hi(Xsa Z;',n’ u*(Zsl,nfl’ ZSZ,nfl)ﬂ}*(Zsl,nfl’ ZSZ,nfl)).

This notation makes sense, since {Zi’”_l}izl,g are Markovian. In other words, there
exist deterministic functions {€%"~1},_,, such that Z;"~' = &1(X,). We note
that for all n > 1, the drivers { " };,—; » are uniformly Lipschitz in the z component,

since
£, 2) = f ()] = |[R( o) (e @ )|z = 2 < )z = 2

We therefore know that there exists a solution { (Y™™, Z"" A\>")},_1 5 to (3.7) 1.
It remains to show that there exists a convergent subsequence with limit {(Y*, Z*, \") };=1 .

By Lemma 3.3.1, there exists a constant A > 0, such that

H )\i,n

<A, i=12

holds for all n > 1. We can therefore find a subsequence {ny } xen, such that A\»" — \¢,

i = 1,2 for some {\'};—12. One can also show (see Theorem 8 in [11]), that for

1Tt is important to note that the existence results in [11] and [14] assume that the volatility of
the forward dynamics is constant. However, since in the present chapter we are dealing with finite-
dimensional case, the proof of the ergodicity of the forward process (and thus existence of a solution
to the EBSDE) can be adapted to incorporate state-dependence. For details see Section 4.3.3.
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all n > 1, there exist deterministic functions {v""},—; o, such that Y;"" = v**(X,),
Z7" = Vo™ (X,)o(X;) and
1Y = o™ (X)) < C(L+ (| X%) (3.8)

holds for some constant C' > 0 independent of n (As shown in [11], this constant
depends on sup,cpn F(x) and on the Lipschitz constant of f""(x,z) in the z com-
ponent. The fact that the latter is uniform in n follows from the definition of the

Hamiltonian.). Moreover, we have the following gradient estimate:
Vo™ (@)l < C(1+ [l]*) (3.9)

for i = 1,2,n € N. Since R¥ is separable, there exists a dense countable subset

B C R™. We can therefore extract a further subsequence {ny, }, such that
v () — vl (z), i=1,2

for all z € B, and some v* : B — R. Given (3.9), we know that the sequence {v*"},en
is locally Lipschitz uniformly in n, and thus we can extend {v'},—; > to the whole of
RY by continuity. NB: For the sequel we use n instead of ny, for notational simplicity,
assuming we work with this subsequence.

We now prove that the sequence {Z""},cy is Cauchy. It is known (see, e.g. [14])

that, since Z%™ is Markov, it has the following representation:
Z7" = Vo (X)o(X,), forall t > 0.
Hence, by (3.9), we see that
E||Z," | < CE(L+ || X]?) < C(1+ [lao]?), (3.10)

for some constants C, C' that are uniform in ¢, n. Now, set th =v""(Xy) fori=1,2
and n € N. Denote Y = Yo" — Y™ 7 = 70 — Zbm X\ = \bn — \b™ for § = 1,2.
For all T > 0, applying It6’s lemma to Y2 and taking expectations, we obtain

Yy =E[Y}] - QE{/OTth(t)dt} +5\E[/OTYtdt} +EMT HZtHth}, (3.11)

where f(t) = fo"(Xy, Z5")— fo™(X,, Z%™) in the notation above. Using the definition
of f(t), estimate (3.9) and Theorem 3.2.1, we see that

E[fOI* < B+ [1X]|") < e(1+ [zl
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where ¢ and ¢ are some constants that do not depend on n,m. Thus, applying

Cauchy—Schwartz and the dominated convergence theorem, we conclude that
T — —
E[/ st(t)dt} S0,
0

as n,m — oo. The other terms in (3.11) tend to zero by construction, and thus
{Z"},50 is convergent in £%(W) for all T' > 0, where

T
L3(W) = {predictable processes 0 : E[/ ||0t||2dt] < oo}.
0
In other words, there exist limits Z', Z?2, such that
T . .
E[/ |1Zim — Z;H?dt] S0, i=1,2
0

for all T > 0.
It remains to show the driver term is also convergent in the appropriate topology.
For all T' > 0 we have

T
/
0

T
<E / | foM(Xs, Z27) — (X, Z2" ) |ds (3.12)
0

fi’n(X‘Sv Z;’n) - Hi(XS’ Zév u*(Zsl? Zf), U*(Zslv Zg)) ‘dS

+IE/ | [ X, Z0Y) = Hi( X, ZEu* (ZY, Z2) 0% (22, Z2)) |ds.
0

By definition of the Hamiltonian,

£, 227 = (X, 2| < €22 = 22,

showing the convergence of the first term in (3.12) to zero. We recall that convergence
in L? implies convergence in measure, which in turn implies convergence a.e. for a

subsequence. Therefore there exists a subsequence {ny }ren, such that
Ztw 5 70 Pdt—ae., i=1,2.
Recall that
[iR(X ZEY) = Hi(X, 2L (2601, 2200 o (200, 7))

and, given the continuity assumption on fo"(X,, Zo"=1) in (Z1n=1 Z2"=1) we con-
clude that

X o (] — i s i7u* , 7’U* s & t—a.e.
(X, 7 Hi(X,, Z v (2L, 7?2 ZL7?) P®d
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and convergence of the second term in (3.12) follows by the dominated convergence
theorem. We have shown that

lim fo"(X,, Z0™) = Hy(Xy, Z0u* (22, Z%),0*(Z), Z%))  in L2(RY)

n—0o0

for all T" > 0. This concludes the proof.
O

Remark 3.3.2. We can now see why part (ii) in Assumption 3.2.2 was necessary. In
order to use the BSDE approach, we had to prove that a solution to a certain system
of equations exists. We constructed such solution as a limit, and then had to show
that the driver terms converged as well. Therefore, continuity of the Hamiltonian

(which played the role of the driver) in (z1, z2) was naturally required.

Remark 3.3.3. One interesting question is the connection between solutions to finite
horizon games (i.e. systems of BSDFEs with continuous coefficients) and their ergodic
counterpart. For a detailed account of the one dimensional Lipschitz case, see Hu,
Madec and Richou [22]. In the present context, given that at the optimum the drivers
are only continuous, a measure change technique is not available, so the techniques
used in [22] cannot be easily transferred.

One simple line of attack would be to fix one player’s strateqy at the ergodic opti-
mum and focus on the long-run behaviour of the other player. This reduces the problem
to the known case, but raises more questions than it answers, since the control is no
longer closed loop. Thus, even though convergence of the solution is guaranteed (as
in [22]), the interpretation of this system of equations as a stochastic game is lost.

Considering the system of BSDEs with continuous coefficients directly is a chal-
lenging task. In particular, as there are no uniqueness results in this context, and
measure change techniques are not available, it proves difficult to demonstrate con-
vergence of solutions without significant further exploration of this theory. We leave

these questions for future research.

3.3.2 Quick detour into one dimensional EBSDEs

In this section we leave the world of games and control and apply the machinery
established above to the case of one dimensional ergodic BSDE with a continuous
driver of linear growth (in the z component). We begin by proving an auxiliary

lemma that establishes a useful representation of this class of functions.
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Lemma 3.3.2. Suppose we are given a function f : R — R, that is continuous and
of linear growth, that is, there exists a constant k > 0, such that | f(x)| < k(1 + ||z]])
for allz € RN, Then there exist two uniformly bounded functions ¢(-),(-), such that

f(x) = ¢(x)x + (),
holds for all x € RY.

Proof: We first notice that given that f is of linear growth, there exists a constant
C' > 0 such that ||f(z)| < C||z|| for all z: ||z|| > 1. Define

O() = Lppor e, () = F(0) + Lpuyr /().

]

The claim follows immediately.
O

Remark 3.3.4. Notice that we have no continuity assumption on the individual com-
ponents ¢,1. One can clearly see that this decomposition is inspired by the structure

of the Hamultonian in the games framework.

Taking into account the result of Lemma 3.3.2, we are therefore interested in the
equation
T T
Y, = YT+/ F(X., Z,) — Nds —/ Z,dW,, (3.13)
¢ t
where one can find functions ¢(-),?(-), such that f(z,2) = ¢(x, 2)z + ¥(z, 2), and

there exist constants ¢, C' > 0, such that
lo(z,2)[ <¢, [[¥(z,2)] <C, (3.14)

holds for all z,z € RY. In general, the existence of a solution to (3.14) does not
follow from the standard theorems about EBSDEs, for the driver f(-,-) may not
be Lipschitz. However, the technique developed for the game setup still gives the

following result:

Theorem 3.3.4. Suppose the driver f : RV x RY — R is a measurable map, such

that f(z,-) is continuous for all x € RN and there exist a constant k > 0, such that
|f(z,2)| < (1 +]I2])).

Then there exists a solution (Y, Z,\) to the EBSDE (3.13). Moreover, there ezists
a deterministic locally Lipschitz function v : RN — R, such that Y; = v(X;) for all
t>0.
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Proof: We use the iteration method developed in the previous section in the games
context. Set Z% =0, and let (Y™, Z", \") be a solution to

T T
Ve =y [o 2z (X 2 - s - [ zaw, )
t t

where the process {Z77'},50 is a known Markovian solution we obtained on the
previous iteration. In other words, Z"~! = £"7!(Xj) for some deterministic function
&1 RY — RY. In the notation of Lemma 3.3.2, set

fi(@,2) = o(x, 6" ()2 + ¥(x, 6" (2)).

We notice that there exist constants ¢,C' > 0, such that ||f"(z,0)| < C, and
| f"(z,z) — fM(x,2")]] < ¢||]z — 7|, so by Theorem 3.3.1 there exists a solution
(Y™, Z™ A") to (3.15). There also exist deterministic functions y" : RY — R £ :
RY — RY such that Y = v"(X,), Z" = £"(X,). Moreover, estimates (3.8) and (3.9)
hold uniformly in n. We can therefore use the diagonalisation procedure on some
dense countable subset B C RY, in order to obtain the function v : B — R, and
A € R, such that
v(z) = lim v™(z) forallz € B, and A= lim \"*

k—o0 k—o0

for some subsequence {n}rso. We can then extend v to the entirety of RY by
continuity. We then proceed to show convergence of {Z™ }~q in £2(W) for all T > 0
in exactly the same way as in the proof of Theorem 3.3.3. We finally extract a further

subsequence that converges P ® dt — a.e., and use the fact that

1F™"(Xs, Z8) = F(Xe, ZJ)|
< "X, Z3) = (X, ZE DI+ (1(Xs, 2070 = (X, Z))|
<cl|Zy = 2 + (X 27 = (X Z0)]-
Using the dominated convergence theorem along with the continuity of f, we conclude

the convergence of the driver term.
[

Remark 3.3.5. We notice that the proof above extends naturally to the case of mul-
tiple dimensional EBSDFEs with an appropriate diagonal boundedness structure. In

other words, consider the system
Y, =Y, +/ [f'(Xs, Zs) — MNds —/ Z.dWs, 1=1,...,n,
t t
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where Z denotes the vector of Z-components. Suppose for alli=1,...,n and for all
r € RN, the map z — f(x,2) is continuous, and fi(x,z) is of linear growth in z'.

Then the system admits a solution.

Remark 3.3.6. Similar to the setting of finite horizon BSDFEs with continuous co-
efficients considered by Lepeltier and San Martin (see [31]), we do not obtain any
uniqueness result. Of course one could only hope for the uniqueness of the ergodic
values, since Y + ¢ for any constant ¢ also solves the same equation. The difficulty
i applying the standard technique to establish uniqueness for \’s is that this uses a
change of measure to remove a drift term of the form [f(Xs, Zs) — f(Xs, Z2)]ds. This

is not possible in the present framework due to the fact that f(x,-) is not Lipschitz.

3.3.3 Connection to PDEs

In this section we briefly show the relation between Theorem 3.3.3 and the existence
of a solution to the following system of elliptic ergodic HJB equations:

v (3.16)
U

{ﬁylm + Hi (2, Vy' (2)o(2),
Ly?(x) + Hy(a, Vi (z)o(x),

where
u'(z) = u(Vy' (z)o(2), Vi’ (z)o(z)), v*(z) =v"(Vy'(x)o(z), Vi (z)o(2)),

the functions y'(+), ¢ = 1,2 are as in Theorem 3.3.3, and L is a linear operator defined

as
1
Lo(z) = §TT <U(:U)U*(:L‘)V2v(x)> + (Az + F(z), Vu(z)).
We notice that if we define the transition semigroup {P;};>¢ associated with the
process {X;}i>0 by
P[¢](x) = E[¢(X")],

for all measurable functions ¢ : R — R of polynomial growth, then £ is the generator

of {P,}4>0. Similarly to [14], we adopt the following definition:

Definition 3.3.1. Two pairs {(y*,\')}izc12 (y' : RN — R, X' € R) are called a mild
solution to (3.16), if

(i) The functions {y'(z)}i=12 are in C* and of polynomial growth.

(ii) The gradient functions {Vy'(x)}i=12 are of polynomial growth.
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(iii) For all0 <t <T, for allz € RY, and fori=1,2,

y'(x) = Proily’](x) + / (Pr—s[Hi(w, Vy' (Yo (), u(-), v* ()] (x) = X')ds,

where u*,v* are as above.
We therefore automatically have the following result:

Theorem 3.3.5. Suppose conditions in Theorem 3.5.3 are satisfied. Then {(y*, \") }i=1.2
is a unique mild solution to the system (3.16). Conversely, if {(§', A1) }ic10 is a mild
solution to (3.16), then, setting Y} = §'(Xy), 1 = 1,2, we obtain a solution to the
system of EBSDEFEs (3.6).

3.3.4 Games with n > 2 players

In this section we consider a game between n € N U {oo} ergodic players. As in
the case of two players, we show that the existence of a solution to a certain system
of ergodic BSDEs guarantees the existence of a saddle point (provided a version of
generalised Isaac’s condition is assumed). We then proceed to prove the former. We
show that the scenario of finitely many players is a relatively straightforward extension
of Theorem 3.3.3, but extra care is required for the countable case.

Let u = (uq, ..., u,) be the vector of controls, such that u(w) is a predictable process
with values in a separable metric space U = Uy X - -+ X U,. Denote z = (21,...,2,) €

R™N . We define the Hamiltonian functions {H;}i=1 ., as
Hi(z,z;,u) = z;R(u) + L;(x,u),

where, similar to the two player case, L; : RN x U4 — R, i = 1...n are measurable
cost functions Lipschitz in z, and the function R : i/ — RY corresponds to the control

of the drift by players through the change of measure P*%7 := p7:"IP, where

T 1 T
o ::exp( [ rwoawi— 5 [ HR(ut)nst).
0 0

The payoffs are defined as

T
J (zo,u) = limsup,_, T 'E™T { / Li( Xy, ut)dt] ,
0

for i = 1...n, and the goal is to find admissible vector of controls u*, such that for
alli=1...n,

J (0, u,u_y) > J'(u*),
holds for all admissible controls u_;, where u_; denotes the vector u without its i-th

component. The generalised Isaac’s conditions become
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Assumption 3.3.2. Suppose n < oo.

(i) There exists a measurable map uw* : RN 1/ such that for eachi=1...n
H (z,z) == Hi(z, z;,u*(z,2)) < Hi(z, z;,u;,u”,(z,2))
holds for all (x,z,u;) € ROTUN x ;.
(ii) The mapping z € RN — H*(x,z) is continuous for any fivred x. Here H*

denotes the vector of H}.

As an immediate extension of the two player case we get the following result, the
proof of which is identical to that of Theorem 3.3.2 with certain amount of notational

care:
Theorem 3.3.6. Given Assumption 3.3.2, suppose that there exist n > 2 triplets
(Y, Z8 XY, i =1...n, such that

T T
Yi— i+ / (Hy(X,, 21 u(Zs)) — N]ds — / Zidw,, (3.17)
t t

holds for all 0 <t <T < 0. Moreover, assume there exist n deterministic functions
with polynomial growth y;(z), i = 1...n, such that Y = y;(X;) holds P - a.s. for all
t > 0. Then the control u*(Xs, Zs) is a Nash equilibrium.

For the case of finitely many players, we can show that the system (3.17) admits a solu-
tion using exactly the same Picard iteration as in the proof of Theorem 3.3.3. In other
words, we set Z° = 0, and given a set of Markovian solutions {(Y*"~1, Z/"=1 A},

obtained previously, we define the next iteration as a solution to
QY — _[fin(X,, Z0m) — i dt — / 2w, i=1,....n,
t

where
fi’”(Xs, Zi’”) = H;( X, Zé’”, u*(Z?_l).

The rest of the proof is identical.
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3.3.4.1 Infinite player games

For a countable number of players additional care is needed. First, condition (ii) in
Assumption 3.3.2 needs to be reformulated. This is due to the fact that in infinite
dimensions not all norms are equivalent, and therefore in order to have a notion of
continuity, we need to specify the topology on infinite dimensional vectors z. Let 6

denote the i-th component of the vector 6, and define

0o 1 T .
E?}loc = {predictable processes 0 : ]E{Z @1:/0 161?dt| < oo, for all T}.
i=1
Given the fact that constants in the estimate (3.10) do not depend on time or the

number of iteration, we know that there exists a constant C' > 0 such that

T
]E{/ ||ZZ”||} < CT, forall T >0,
0

2
¢,loc

holds uniformly in 7, n. Hence Z" € L2, . for alln > 0. It is clear that componentwise
convergence of Z" to Z in L%(W) for all T > 0 guarantees convergence of Z" to Z
in ﬁz,zoc' We also notice that, in the proof of Theorem 3.3.3 we use continuity of
the vector of Hamiltonians H* for each component separately. Therefore, the infinite
dimensional analogue of (i) in Assumption 3.3.2 remains exactly the same, while (ii)

becomes

2
e,loc

(ii) The mapping z € L
each 7 € N.

— H}(x,z) is continuous (for P x dt almost all (w,t)) for

Secondly, the construction of a convergent subsequence for the vector of ergodic val-
ues A\¥ needs modification. This is due to the fact that infinite dimensional cubes are
not compact. However, the result of Lemma 3.3.1 clearly holds, ensuring that each
component A\“F lies in a compact (uniformly in k), and thus we can use a diagonalisa-
tion procedure to construct a limit A. Using (ii) instead of (ii), the rest of the proof

remains the same.

Remark 3.3.7. Even though the topology L7, looks artificial, it has an intuitive
interpretation. As pointed out in Remark 3.2.5, the generalised Isaac’s condition is
an equivalent of Nash equilibrium on the infinitesimal scale. Hence the Hamiltonians
{H;}i>1 in some sense represent “local values” for each player. We also note that the
vector {Z;}1>0 can be seen as a vector of strategies, since it determines the values of

optimal controls {u; }i>o.
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Therefore continuity of {H;}i>1 in z € /Lilw means that, when finitely many
“neighbours” (the term can be made rigorous if we put a graph structure on the space
of agents) of player i € NU {oo} perturb their strategies only slightly, the change in
his local value will be insignificant as well, even if distant agents make substantial

changes.

Remark 3.3.8. Further generalisations may include the case of infinite dimensional
forward process, the presence of Lévy noise, as well as the introduction of time period-
icity. Given that the corresponding existence and uniqueness results were established
in [11] (for the case where X takes values in a separable Hilbert spaces), we expect
that all the results of the present work should still hold true.

3.4 Stochastic games with asymmetric agents

In this section we consider a game between two players of different type. The main
goal is to understand whether there is a fundamental difference between an ergodic
player (as defined above), and one who discounts the future as the discount rate

becomes negligible. We define the payoft structure as follows:
T
JY(zo,u,v) = limsupy , T 'E“*T {/ Li(Xq, ut,vt)dt],
0
J? (20, u,v) = =T {/ e Ly(Xy, uy, vt)dt} ,
0

where « is some positive constant. In the sequel we will be calling the player of the
first type ‘ergodic’, and of the second ‘discounting’. We begin by proving an analogue

of Theorem 3.3.2 for this case:

Theorem 3.4.1. Let the Hamiltonians {H;}i—12 be defined as in (3.4) and suppose
Assumption 3.2.2 holds. Suppose further that there exist a triplet (Y, Z, \), and a pair
(Y, Z) such that

{Y; =Y+ [ [H\(X, Zo,u*(Zs, Z), 0" (2, Z,)) — Nds — [} Z,dW, (3.18)

Yt = YT + LT[H2<XS7 ZsaU*(257 ZS),U*(ZS, Zs)) - a}_/s]ds - LT ZSdWS7

holds for all0 <t <T < 0. Moreover, assume there exist two deterministic functions
with polynomial growth y(x),§(x), such that Y; = y(X;) and Y; = §(X;) holds P-a.s.
for allt > 0. Then the control (u* (X, Zy, Z,),v*(Xs, Zs, Zs)) is a Nash equilibrium.
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Proof: We first notice that, since the Hamiltonian structure remains the same, the
proof for the ergodic player is identical to that in Theorem 3.3.2. We therefore focus on
the discounting one. For an arbitrary admissible control v, the pair (u*,v) generates

a measure P*"* under which dW,* " = dW — R(u:, v,)dt is a Brownian motion. Then

d(e_atﬁ) = _e—at ([HQ(Xt, Zt, U;k, U;:k) + ZtR(U:, Ut)]dt + thWtu,v*)’
and thus, integrating and taking expectations with respect to P* . we obtain

— * T — —

}/0 = ]Eu U [/ (HQ(Xt, Zt; u:, Uz() — ZtR(U:, Ut) — LQ(Xt, U:, Ut))dt:|

0
B T
+ e_aT]Eu v |:YT:| + EY Y |:/ LQ(Xt, U:7 'Ut)dt:| .
0
Taking the lim sup on both sides, we obtain
Y, < E% [/ LQ(Xt,U/:,/Ut)dt:| = J*(wo, u*,v),
0

and the equality holds for v = v*.
O

Theorem 3.4.2. The system (3.18) admits a Markovian solution in the sense of
Theorem 3.4.1.

Sketch of the proof: Since the rigorous proof is almost identical to that of Theorem
3.3.3, we only outline the minor differences. Our first aim is to construct a solution
to the system (3.18) using Picard iteration (3.7). Notice that for a fixed a > 0, the
uniform estimates (3.8) and (3.9) hold for the ergodic BSDE as before, while for the
discounted one, (3.8) is replaced by

l*" (@)l < C/a,  [[v*"(z) = v*™(0)]] < C(1+ [|z]|),

where the constant C' > 0 is independent of n and « (for details see Theorem 8 in
[11]). This allows us to follow the rest of the proof of Theorem 3.3.3 with only slight
modifications.

m
We are now interested in what happens when we send the discount rate o to zero.
The idea is to extract a convergent subsequence from a sequence {a, }nen and then

study the limiting object. We begin by showing the following result:
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Theorem 3.4.3. Let y*(z),y%(x) be the Y components of the Markovian solution to
(3.18), and X\* be the ergodic value of the first player. Then there ezists a sequence
an 4 0 and two functions of polynomial growth y(-) and y(-), such that

yor (@) = y(e), A=A (70 (@) = §7(0) = (), g (0) = A,
holds for all x € RY.

Proof: We know that, by construction, the functions y*»(-) and §**(-) are locally

Lipschitz, uniformly in n. Also,
ly* (@) < CQL+|l=l*),  5* (=) = g ()] < C(1+ [|=[|*)

holds for all x € RY. By Lemma 3.3.1 we also know that {\*"}, > lie in a compact.
We can therefore use the diagonalisation procedure to construct the limit on a dense
subset of RY (e.g. QV), and then extend by continuity to the entire space.

[
Using arguments identical to the those in the proof of Theorem 3.3.3, we conclude that
as the discount rate of the second player goes to zero, we can extract a subsequence
such that

Jhon (g, u* ) = A = N, S (w0, v, v") = an i (z0) = N,
and we can find (A, \) by solving the following system:

),0*(Zs, Z5)) — Nds — [[F Z,dW,

Y, =Y + [TH\(X,, Zo,u* (Zs, Zy),
\Z3) v (Zs, Zs)) — Nds — [} Z,dW,.

Y = Yo+ [ [Ho( Xy, Zs,u* (2,

This is in line with our intuition. Indeed, we know that for the case of one player (i.e.
a standard optimal control problem), the EBSDE is obtained a a limit of discounted
infinite horizon BSDEs.

74



Chapter 4

Classical Adjoints for Ergodic
Stochastic Control

In this chapter we consider ergodic optimal control of a diffusion process {X}*}i>o,
taking values in R”, where both drift and volatility are controlled. We establish a
novel strong duality between the existence of a unique solution to the infinite horizon
adjoint BSDE and strong dissipativity of X*. We then proceed to show that the
latter implies irreducibility, the strong Feller property and exponential ergodicity.

We conclude by discussing the connection with ergodic BSDEs.

4.1 Setup

In this section we introduce the preliminary concepts and definitions we will be using
repeatedly in the sequel. We also state the principle problem of interest and discuss

its connections to the existing theory.

4.1.1 The forward dynamics

We begin by introducing the forward process { X} };>0. Let the controlled dynamics
of {X}"}+>0 be governed by the It6 SDE:

dX{ =b(t, X}, u)dt + o(t, X ug)dWy,  Xo = x9 € R", (4.1)
where W denotes a standard Brownian motion under the measure P.

Definition 4.1.1. Let U be a separable metric space. We call a stochastic process

{ut}i>0 admissible if the following conditions are satisfied:

(1) It takes values in U and is predictable in the filtration {F;}i>o-
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(i1) It is Markov, i.e. u; = oy (Xy) for some Borel measurable function oy.
(i1i) There exists a strong, Markovian solution to the equation
dX; = b(t, Xy, ou(Xy))dt + o(t, X¢, ae(Xy))dWs, (4.2)
which is nothing else but equation (4.1).
Remark 4.1.1. This class of controls may seems restrictive, but in fact for any e > 0
one can find a Markov control that is e-optimal. For details see Chapter 5 in [30].

For notational simplicity in the sequel we use b"(t, X;) instead of b(t, Xy, ay(Xy)) and
o¥(t,x) for o(t,z,a(t,x)).

Assumption 4.1.1. Let a stochastic process {u;}1>o satisfy (i) and (ii) in Definition
(4.1.1). In order to ensure (iii), the following conditions need to be satisfied:

e The triple (Q, F,P) is a complete probability space, (Fi)i>o is an augmented

filtration satisfying the usual conditions, and (Wy)i>o is a Brownian motion.

e The coefficients b"(t, x) and o"(t,z) are measurable in t, locally Lipschitz in x,
that s, for every T, N, there exist a constant K depending only on T and N,
such that

6% (t, ) = 0" (t, y)| + 0" (t, x) — o (t, y)| < K|z —y]
holds for all |z|,|y| < N and allt <T.
e The linear growth condition holds. In other words, for allu € U,z € R™, t >0,
(¢, )| + [o"(t, 2)| < K(1+ |z]),
where K is a constant.

e 19 € R" is a constant.
The first part of the following result is standard. The second is an easy application
of Gronwall’s lemma (for details see, e.g. Theorem 6.30 in [28]):

Theorem 4.1.1. If Assumption 4.1.1 is satisfied then, for any fixed control process

{ut}>0, there exists a unique strong solution to the equation (4.1). Moreover,

E( sup |X§L|2> < C(1+Elxol?),

0<t<T

where the constant C' depends only on K and T.
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For the rest of the chapter we also make the following assumptions:
Assumption 4.1.2. The following conditions hold for all admissible controls wu:

(i) Functions b"(t,-), o"(t,-) and L(t,-,us) are twice continuously differentiable for
allt € RT.

(ii) There exist a constant @ > 0, such that
(o) (t,2)lop < T

holds for all x € R™,t > 0.

(iii) There exists a constant C' > 0, such that
16, 0)|| < C

holds for all t > 0.
Remark 4.1.2. Note that Lipschitz continuity of the coefficients is stronger than
what is generally required for the purposes of control. However, in the sequel we will

need certain estimates for the stability of the forward process in its initial value, and

stronger reqularity assumptions will come into play.

The following definition will prove crucial in the sequel, since it is very closely related

to ergodicity of the solution process to (4.1).

Definition 4.1.2. Let the dynamics of {X}'}i>0 be governed by (4.1). We say that
X" has a strongly dissipative drift (or X" is strongly dissipative), if there exists a
constant p > 0 such that

(b (t,z) = 0"(t,u), x —y) < —pllz -y

holds for all t > 0.

4.1.2 The problem

We consider the ergodic control problem, namely that of minimising (over the space

of admissible controls) the functional

T
J(zg,u) = lim supT_moT_lE[/ L(t,Xt“,ut)dt}, (4.3)
0
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where the dynamics of the controlled process { X} };>¢ are given by (4.1), and the co-
efficients b"(-) and o"(-) satisfy Assumptions 4.1.1 and 4.1.2 for all admissible controls

{u¢}i>0. The finite horizon case, namely the problem of minimising

T (0, 1) :EUOTL(t,Xg,ut)ng(X;) , (4.4)

is well understood (see, e.g. the seminal paper by Peng [35]). The adjoint equation
is the BSDE

dY (t) = —V,H <t, XU, Y (1), Z(t))dt + Z()dW,, Y(T) = V.g(Xr), (45)
where H : [0,T] x R® x U x R® x R"*" — R is the Hamiltonian, defined by
H(tv T, u,y, Z) = b/(ta L, u)y + Tr(gl(tv xz, U)Z) + L(ta T, U) (46)

and it is assumed that H is differentiable in x (NB: here and for the rest of the
chapter ' denotes the transpose). The following condition for the necessary stochastic

maximum principle can then be established (see Theorem 3 in [35)):

Theorem 4.1.2. Suppose {u;}i>o is the optimal control process and {X}'}1>o are the
corresponding controlled dynamics for the problem (4.4). Then there ezists a solution
to the BSDE (4.5) on finite horizons.

Remark 4.1.3. We note that, in [35], since no convexity on the Hamiltonian is
assumed, an additional second order adjoint equation appears. However in the present
work we will focus on the first order BSDE.

One can also show the connection between the adjoint process {Y'(¢)};>0 and the

dynamic programming principle. The following result can be found, for example, in
Chapter 6 of [37]:

Lemma 4.1.1. Let {X»"*} denote the solution to (4.1) with the initial condition

X" = x. Define the value function v(-,-) as follows:

T
o(t,2) := inf E{ [ L X s+ g3 |
u t

Then
Y(t) = Vult, Xy),

where Y is the first component of the solution to the adjoint BSDE with optimal

control process {t }reo) and the corresponding controlled forward process {X }i>o.
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Remark 4.1.4. From Lemma 4.1.1, we see that the process Y can be thought of
as the optimal marginal value of a change in X. This will be an intuitive starting
point when developing an infinite horizon analogue for the adjoint BSDE in the next

section.

4.2 Stochastic maximum principle approach to the
problem of ergodic optimal control

The aim of this section is to extend the finite horizon framework to the ergodic case,
showing an analogue of the adjoint equation and establishing existence and uniqueness

of its solutions. For the rest of the chapter, we make the following assumption:

Assumption 4.2.1. The space of controls U is a locally convex real topological vector
space. (For the sake of simplicity we consider U = RF, but the subsequent analysis

does not change provided that the Gateaux derivative is well defined.)

4.2.1 Adjoint BSDE in infinite horizon

In this subsection we explain (in a heuristic way) why the adjoint equation to the
ergodic control problem becomes an infinite horizon BSDE. For the remainder of this
subsection, we denote the optimal control pair as (i, X). We first state (without a

proof) a proposition that can be easily verified:

Proposition 4.2.1. The following statements about infinite horizon optimisation are

equivalent:
e The control process {u;}>o minimises the functional J(xg,-) as defined in (4.3).

o The control process {u}i>o formally minimises the (non averaged) functional
defined by

J(xg,) = E[/OOO L(t, X;, -)dt] (4.7)

in the sense that (since the right hand side in (4.7) may diverge) we have

lim sup [‘[0 tXt’atd}

<1
T—o0 [fO tXt,Ut d}

for all admissible controls w.
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The problem of minimising (4.7) is in some sense simpler than the ergodic one. This is
because, considered formally, optimality in (4.7) implies optimality over every finite
horizon by the dynamic programming principle, whereas the ergodic problem only
considers optimality in the limit (and so the dynamic programming principle is not
necessary for optimality, see Theorem 5.1 in [2] for an example of this phenomenon).

Similarly to Lemma 4.1.1, suppose we can define

v(t,x) == infE[/ L(S,X:’t’w,us>d5:|.
“ t

We can directly employ the dynamic programming principle to see that, for any

T > 0, we have a finite horizon problem of finding
- T
inf J(z,u) = ianE[/ L(t, X}, ut)dtl + (T, X7). (4.8)
u u 0

Then, since {#};>¢ minimises J(z,), it is also optimal for (4.8) for every T' > 0.

Therefore, by Theorem 4.1.2, we infer that the equation

V() = V(T) + / VL H(s, X, (5). Z(s))ds — / " 2w, (49)

should hold for all 0 < t < T < oco. This suggests strongly that (4.9) is a good
candidate for the adjoint equation in an ergodic maximum principle.

Since, unlike in the finite horizon case, there is no terminal condition, we need to
say something about the limiting (as T" — 00) behaviour of the ‘optimal’ solution to
(4.9) (solution with the optimal control pair (#, X)). As pointed out in Remark 4.1.4,
the process Y can be thought of as the marginal value of a change in X. Therefore
the condition Y (T') — 0 as T'— oo (which would be the direct analogue of the finite
horizon case) does not seem to be the right one. In the next section we will discuss

this in more detail.

4.2.2 Stochastic Maximum Principle

In the previous section we have explained why (4.9) is a reasonable candidate for the
adjoint equation associated with the problem of ergodic control. One can therefore
expect that the existence of a solution to (4.9) is necessary for optimality, given
dynamic programming should hold. The goal of this section is to show that, under
certain additional assumptions, it is also sufficient. The main result is the following
theorem (similar in spirit to the result in [19]), which is a version of the stochastic

maximum principle:
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Theorem 4.2.1. Suppose the control process {u;}1>0 is admissible, and denote the
associated forward process {X;}i>0. Suppose that the corresponding infinite horizon
adjoint BSDE (4.9) has solution (Y, Z). Suppose further that, for any admissible

control process {u:}i>0,
1 T. _
limsup —E {YT(X% - XT)} = 0. (4.10)
T—o0

Moreover, assume that the Hamiltonian H as defined in (4.6) is conver ' in (z,u),

differentiable with respect to x,u, and

H(t, X, 1, Y (1), Z(t)) = min H(t, X, u, Y (t), Z(1)). (4.11)

uel
Then the control {u:}+>o is optimal.
Remark 4.2.1. All conditions of this theorem are intuitive apart from (4.10). How-
ever, it also has an economic interpretation. It tells us that if the the optimal marginal
value of a change in X is positive for some large time T, then X% — X, the difference

in the state between an arbitrary controlled process and the optimal one, is on average

sublinear in time.

Proof: In order to prove optimality of %, we need to show that, for all admissible

controls {u;}+>o,
J (o, @) — J(zo,u) < 0.

Since lim sup is subadditive, we have, for any functions g, f : RT — R,

limsup g(7) — limsup f(T") < limsup(g — f)(7T),
T—o0

T—o0 T—o0

and therefore it is enough to show that

1 g .
lim sup —]E{/ (L(t, Xy, u) — L(t, X}, ut))dt} <0. (4.12)
0

T—o00

By definition of the Hamiltonian in (4.6), we can write
L(t, Xy, ) — L(t, X' w) = H(t, Xp, @, Y (), Z() — H(t, X}, Y(8), Z(t))

+ Tr <(0’(t, X/ ) — o' (t, Xy, ut))Z(t)>

+ (b’(t, X uy) — (¢, )_(t,ut))}_/(t).

'Note that convexity is quite restrictive, since it implies that the coefficients b and ¢ are affine
in (z,u). However, this is a standard assumption used in the literature when discussing sufficient
stochastic maximum principles.
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By convexity of H(t,-, -, y,z) for all (t,y,z) € Rt x R x R", we have

H(t,z,a,y,2z) — H(t,z,u,y, 2)

(4.13)
< V.H(t,Z,0,y,2) (T —x)+ V H(t, &, 4,y,2) (0 —u).

Given (4.11), we know that
V H(t, &, 0,y,2) (0 —u) <0,
and thus (4.13) becomes
H(t,Z,u,y,2) — H(t,x,u,y,2) < =V, H(t,Z,u,y,2) (x — T).
We recall that the dynamics of {Y;}s>¢ are given by
dY, = —V,H(t, X,, @, Yy, Z,)dt + Z,dW,.

Therefore, applying Ito’s formula to Y7 (X% — X7) (note that Xy = X¥) and substi-

tuting the result into (4.10), we arrive at
_ 1 T _— " _ 1 [- .
lim sup =& (L(t, Xy, ug) — L(t, X{ ,ut))dt < limsup =E | Y7 (X7 — X7)|,
T—00 0 Tooo 1

concluding the proof.

4.2.3 Illustration in one dimension

In Theorem 4.2.1 we have seen the close relationship between optimality of a control
u and the existence of solutions to the adjoint BSDE (4.9). We now wish to ask, for
a given control, can we see that this BSDE admits a solution? Given we are working
over infinite horizons, this is a somewhat delicate question.

In this subsection we consider the simplest case, where the process {X/ };>0 is
one-dimensional, in order to motivate the subsequent discussion. In order to separate

Y in the driver, we write

f(s,x,ug, 2) : = Hy(s, 2, us,y,2) — (s, x)y
= V. (Tr([o"]'(t,2)2) + L(t, z,u)).

The first thing we notice is that the adjoint BSDE
T T
Y(t) =Y(T) +/ [f (s, X{ us, Z(s)) — by (s, XY (s)]ds — / Z(s)dWs  (4.14)
t t
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looks very similar to a ‘discounted’ one, where the role of the discount factor is played
by the coefficient b, (s, X, us). It is known in the theory of infinite horizon discounted
BSDEs that, in order to guarantee the existence of a solution to (4.14), it is reasonable

to assume (see, e.g. [43]) that there exists a constant k£ > 0, such that
bi(s,z) < —k (4.15)

for all s > 0, z € R". The reason is the following: if we allow the ‘discount’ to be
positive, then there is little hope for a solution in general. To illustrate why, consider

the following equation:
dYy = —rY,dt + Z,dW,.

We immediately see that

Yo =E[e""Yr], for all T > t.

T

Therefore, if Y7 does not vanish, there is no bounded solution, since €™ explodes as

T — oo. The case where b, is nonpositive is still an open question (it is conjectured
that the solution exists if the discount is negative on a set of positive ergodic measure).
The following lemma is trivial, but we state it since its generalisation will play an

important role in the sequel.

Lemma 4.2.1. Let g : R — R be of class C* and let k > 0 be a constant. Then the

following conditions are equivalent:

(i) go(z) < —k for all # € R.
(i1) (9(x) = g))(= —y) < —k(z —y)*.
Proof: (i)—(ii): By the mean value theorem, we have, for some 7 € (z, y),
(9(2) = 9()(@ —y) = gu(2) (2 — y)* < —k(z —y)™.

(i))—(i): Dividing both sides by (z — y)?, we obtain

9(x) — g(y)
T —y

< —k.

Setting x = y + h, and passing to the limit, the result follows.
O
Taking g = b we notice that the condition (ii) is nothing else but the strong
dissipativity (in the sense of Definition 4.1.2) of the drift of the process {X"}i>o. In
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the sequel we will establish (see Theorem 4.3.3) that the latter implies ergodicity.
Therefore Lemma 4.2.1 shows the equivalence between the condition required for
the existence of a solution to the adjoint BSDE (4.14) in infinite horizon for some
control process {u;}+>0, and the one ensuring ergodicity of the forward process. This
conclusion is relatively intuitive: in order for an admissible control process {u; };>o to
be potentially optimal, we should know that the corresponding controlled process is
ergodic! What is surprising is that the converse is also true — given the dissipativity
of the controlled dynamics, one can hope for classical solutions to the infinite horizon
adjoint BSDE.

The question becomes: what happens in the multidimensional setting? Is it pos-
sible to generalise this connection? The rest of the chapter shows that the answer is

yes.

4.2.4 General case

In the general multiple dimensional case, the notion of ‘discounting’ becomes nontriv-
ial. The following definition provides a set of conditions (inspired by [43]) required
to ensure existence and uniqueness of a bounded solution to the multidimensional
infinite horizon adjoint BSDE (4.18):

Definition 4.2.1. We call an admissible control process {u:}+>o “potentially optimal”

if the following conditions are satisfied:

e There exists a constant k > 0, such that
(Vo' (t, )y, y) < —klyl? (4.16)
holds for allt > 0, x,y € R™. Moreover

AT
|z )| —o0 ]|

=k <2k (4.17)

holds for all t > 0.

o The driver V H (t,x,us,y, z) is uniformly Lipschitz in z. Moreover, there exists

a constant C' > 0 such that
[V L(t, 2, u)|| < C

holds for all (t,z,u) € RT x R™.
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Remark 4.2.2. While it is clear that (4.16) is just the multidimensional analogue of
(4.14), condition (4.17) is purely technical and therefore may seem a little artificial.
In order to gain some intuition about what it actually means, consider the standard

case of a one-dimensional wealth process
AV, = rVidt + moVidW, — ¢dt,

where {m:}+>0 Tepresents a fraction of wealth invested in a risky asset with volatility
o, and {c;}1>0 is the consumption process. Then condition (4.17) states that for an

(potentially) optimal policy 7" = 7*(t, x),

lim sup 7*(t, x)o < 2k

ll]|—o00

for some k > 0. This is equivalent to saying that as one becomes more and more rich,

it 1s optimal to risk only sufficiently small fractions of ones’s wealth.

We are now ready to prove the existence and uniqueness of a bounded solution to the
infinite horizon adjoint BSDE

Y(it)=Y(T)+ /T V.H(s, X! us,Y(s), Z(s))ds — /T Z(s)dWs. (4.18)

Theorem 4.2.2. For any “potentially optimal” process {u;}i>o there exists an adapted
solution (Y, Z), with Y cadlag and Z € L*(W) to the infinite horizon equation (4.18)
for all0 <t < T < oo, satisfying ||Y ()| < C" for some C' € R, and this solution is
unique among bounded adapted solutions.

Furthermore, if (YT, ZT) denotes the (unique) adapted square integrable solution

to

T T
y7(t) = / VL H(E X, us, Y (s), 27 (5))ds — / 27 (s)dV,, (4.19)
t t
then limp_o YT (t) = Y (t) a.s., uniformly on compact sets in t.

Proof: We start by proving that if a bounded solution exists, it is unique. Suppose
we have two bounded solutions (Y, Z) and (Y, Z’) to (4.18). We denote §Y :=Y —Y’,
67 := 7 — Z'. Applying Itd’s lemma to ||§Y||?, we obtain

doY (£)]|* = 2(8Y (t), d(0Y (1)) + (162 ()] dt.
We recall that the Hamiltonian is given by
H(t,x,up,y, z) == [b"]'(t, 2, w)y + Tr([o") (¢, 2)2) + L(t, x, uy).
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We define an auxiliary function
f(s,z,us,2) ==V, H(s,x,u,y,z) — V0" (s, x)y
= V.L(s,z,u) + V, Tr (c"(s, z)2)

to represent the “undiscounted” part of the driver term in (4.18). We emphasise that
f does not depend on y. Then, by Girsanov’s theorem, one can show that there exists

a probability measure @Q ~ P such that the process

T T

M, = / 57 (s)dW, + / (F(s, X% g, Z(5)) — F(5, X" g, Z'(5)))ds

t t

is a Q-martingale 2. Thus, for all 0 < s <t < T, we see that
t
EZ16Y (1)]* = [|6Y (s)|1? +]ESQ/ 162 (1)||>dl
t
— 21[-3?/ (V. b"(1, X[1)6Y (1), 6Y (1))dl

where E? denotes the conditional expectation under Q given F,. Given that the

process {u;}i>o is “potentially optimal”, we know that
—2(V,b" (1, X;")0Y (1), 6Y (1)) = 2k || Y ()],

and hence we immediately see that
d
dt

2In general, applying Girsanov’s theorem in the case where M is multidimensional may not be
possible. However, we notice that the driver term f has a very special structure, i.e.

EZ(l0Y (1)[|* > 2kEL||0Y (1),

Fls, X3 us, Z(s)) = f(5, X us, Z/(s)) = Vo Tr (0%(s, X)0Z(5)).

Denote the vector above as a. Then, for any i =1,....n
Oot(s, X)
|a;| = Z[5Z(S)b‘kT~
gk !

Taking into account the fact that o is uniformly Lipschitz on [0,T], there exists a constant ¢ > 0
such that
lall < clloZ(s)lr, (%)

where || - ||r is the Frobenius norm. Set % = E(f[o,_] B:dWy), where the vector § is defined as follows:

V. Tr (o (s,X)52(s))

B 1= { Sz 6Z(s) if0Z(s) #0,

0 otherwise.

Taking into account (%) and the fact that all the norms in finite dimensions are equivalent, we see
that our change of measure is well defined.
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leading to
EZ||8Y (£)]* 2 [|0Y (s)]|?e*),

and hence

16 (s)||> < EQ||6Y (¢)||?e 2% < 2C"e2k(=9), (4.20)

where C' is the bound on ||Y||. The right hand side in (4.20) is independent of T and
collapses as t — oo. Hence |0Y;| = 0, from which we see Y; = Y/ a.s. for every s, and
hence Y = Y’ up to indistinguishability as Y and Y’ are cadlag.

We now show that a bounded solution exists. We first notice that there indeed
exists a unique solution to the T-horizon BSDE (4.19) (see, for example, [43]). In
order to prove that Y7 is bounded, we proceed similarly to above. Applying Ito’s

lemma to ||[YT]|?, we obtain
dYT (O = 2(v" (1), Y™ (1)) + |27 (t)||*dt.

As before, we know that there exists a probability measure Q ~ P such that the

process

M, = /T ZT<s)dWS+/T(f(s,X;‘,us,ZT(s)) =[5, X{us,0))ds

is a martingale. Thus, taking conditional expectations under Q, forall0 < s <t < T,

we see that

d
—IE;Q||YT||2 > 2B(KY 0, YY) + 2kER||5Y |2

> _9RC||Y]T| + 2HEQY;|
as a simple application of Cauchy—Schwarz, where C'is the uniform bound on || f(s, X, us, 0)|| =

|V L(t, X}*, uy)|| from Definition 4.2.1. It is clear that, for any € > 0, there exists a
constant C¢ > 0 such that Cz < ex? + C¢ for all z > 0. Using this fact, we arrive at

d
dt

ce ce
Qv T2 > _ QIvT2 _
BT - 1] 2 20 - a2 - .

By Gronwall’s lemma we see that

ce ce
]EQ YT 2 > 2(k—e)(t—s) YT 2 .
o e -

Choosing € < k, and taking ¢t =T, we conclude that

YT < —ettemor—0 E o &

87



and thus Y7 is uniformly bounded. Denoting 0Y := YT — YT 67 := ZT — Z"' we

proceed exactly as we did to prove uniqueness, to arrive at

2C°¢
e—Qk(t—s)

6] < B2y, 26~ < ,
— €

(4.21)

where Q ~ P is the probability measure such that the process
T
M, = / (5Y (5), 6Z)dIV,
t

+ /t (Y (), (f (5. X2t u, Z7(5)) = [ (s, X2 u, 27 (5)))ds

is a martingale for 0 < ¢ < T <T". From (4.21) we see that ¥,T is a Cauchy sequence
in T'. Therefore the limit exists, and we denote it Y;. The uniform bound also holds
for Y;, and convergence uniformly on compacts is clear from (4.21). In order to see
that Z7 is Cauchy as well, we apply It6’s formula to [|§Y ||, and take expectations
under Q. Then

t t
B2 [ |162()|1ds < 2K [ 8 (5)? + EISY (O] - J5Y O)]
0 0

and, given (4.21), the claim follows. Therefore, the limit as 7" — oo exists for the
sequence {ZI'}. Taking Z as its limit we obtain our desired solution (Y, Z).

O
Having proven the existence of a unique solution to the adjoint BSDE on an infinite
horizon, we aim to establish a relation to ergodicity of {X}};>o under all controls u.

We begin with the following lemma:

Lemma 4.2.2. Suppose for allt € RT, the function b*(t,-) € C*. Then the following

conditions are equivalent:
(i) The function b"(t,-) is strongly dissipative, that is
(b (t,z) = b"(t, ),z —y) < —k[z -yl
holds for allt > 0, x,y € R".
(i) The gradient matriz V b*(t,-) is negative definite, that is
(Vab"(t,2)y,y) < —klyll*

holds for allt > 0, x,y € R".
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Proof: (i) — (ii): Given any a € [0,1], let z(a) := ax + (1 — a)y. Define the
function ¢ : [0,1] — R by

gla) = (b"(t,x(a)) = b"(t,u),  — y) — k(1 — )|z —y|*,

where k is the same as in Assumption 4.2.1. We notice that g(0) = —k||z — y||?, and
g(1) = (b"(t, ) — b"(t,y),x — y). We see also that

gala) = (Vob"(t, 2(a)) (@ — ),z —y) + Kz — y*,

and therefore g,(a) < 0 for all ¢ € [0,1]. Therefore g(1) < g(0), finishing the proof.
(ii) — (i): By assumption, we know that, for all y € R™ and for all € > 0,

<bu<t7 T+ Ey) - bu(tau>7 €y> < _kGZHyHZ'

Dividing both sides by €2, and taking the limit, we arrive at

e—0 €

,y> < —klyl?,

and the result follows, given that the function b is continuously differentiable.

O
We have thus proven that the conditions proposed for the adjoint BSDE to admit
a solution are equivalent to strong dissipativity of the forward process. In the next
section we will show that this in turn implies ergodicity, in the sense that the laws
of two solutions to the equation (4.1) with different initial values get exponentially

close in time. This will allow us to establish the connection to the representation via

ergodic BSDEs.

Remark 4.2.3. One could wish to establish connection between the solvability of the
adjoint BSDE in infinite horizon and weak dissipativity of the forward process. The
reason being that it is the largest class for which we can expect to generally prove

ergodicity. However, even in one dimension, the condition
(Vab"(t, 2)y, ) < —kllyl?

cannot be relaxed without losing the existence of solutions to the adjoint equation
on infinite horizons. By Lemma 4.2.2 under this condition the drift b is strongly

dissipative.
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4.3 Structural properties of the forward process

The main goal of this section is to show that, if Assumptions 4.1.1 and 4.2.1 are
satisfied, then, for each “potentially optimal” {u;};>0, the process X" is strong Feller
and irreducible. We then proceed to prove that the laws of two processes satisfying

(4.1) and started at different points get exponentially close as t — oc.

Remark 4.3.1. In the sequel we omit u from the dynamics of X for notational

simplicity.

We start with an auxiliary lemma that will be crucial in showing the exponential

convergence of laws.

Lemma 4.3.1. Let {X[}i>0 be a solution to (4.1) with X§ = x. Suppose also that
Assumption 4.2.1 is satisfied. Then there exist constants ¢ > 0 and p > 0 such that

B XFI1P < [Jz]?e™ + ¢
for allt > 0.

Proof: Let p > 0. Applying It6’s formula to e*|| X||? and taking expectations, we

obtain .

Eet' || X7|* = [|l=]1* + /t pet || X || *ds + E/ G(s)ds,
0 0
where
G(s) = 2(b(s, X7), X7) + llo (s, XI)|I*
< =2k[[ X717 + (b(s,0)X7) + llo(s, XI)I*.
Taking (4.17) into account and applying Cauchy—Schwarz, we see that for any ¢ > 0,
there exists C¢, such that

G(s) < —2u || X7|* + C°,

where p¢ := k — e —k/2 and 0 < s < t. Then we can pick any ¢ < k — k/2, and
W< 2uc to arrive at
06
MBI X < 2| + —e.
I

Ce

We conclude the proof by setting ¢ = m
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4.3.1 Strong Feller Property

We begin by defining a number of objects we will be repeatedly using in the sequel.
Definition 4.3.1. Here and for the rest of the chapter, we use the standard notation
Pt@b(f) = E[Q/’(th)]

for the transition operator (or the semigroup associated with the process { X} }i>0),

and [|1]lo = supyern [|¥(w)||. We also write
Pi(xz,A) = P[1al(x), A€R"
for the law of the process { X[ }i>o.

We first state the main result of this section, the proof of which will require two

auxiliary lemmas:

Theorem 4.3.1. Suppose Assumptions 4.1.1 holds and the control process u is ‘po-
tentially optimal’. Then for all ¢ € By(R™) and t > 0,

|Pe(x) — Prb(y)| < Cillz =yl (w)llo (4.22)

holds for some constant C}.

Lemma 4.3.2. Let ¢ > 0 and t > 0 be fizred. Then the following conditions are

equivalent:

1. For all v € CZ(R™) and for all x,y € R™ we have

[Pe(x) — Pp(y)] < cllz — yllllv(w)]lo.
2. For all ¢ € By(R™) and for all z,y € R" we have

[Pe(z) = Pp(y)] < cllz — yllllv(w)]lo.

3. Forall z,y € R"
|Pt($a ) - Pt<y7 ')|TV < CHfE - y”
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Proof: See Lemma 9.36 in [39].
O
In addition to the stochastic differential equation (4.1), we now introduce a corre-
sponding velocity process (a directional derivative with respect to the initial value)
t — VR(t),t >0, defined by
V() == (D, X7, h)

for h € R" and t > 0. We notice that this is nothing but a directional derivative of the
stochastic flow x — X7 defined by the SDE (4.1). We note that under our regularity
assumptions on the coefficients b and o this is a meaningful object (see Theorem 9.6

in [39] for details). We now prove a crucial estimate on the norm of V" (t).

Lemma 4.3.3. Suppose the control process u is ‘potentially optimal’. Then, for all

t > 0, there exists a constant c;, such that
E[IIV")I7] < e,
for all h € R".
Proof: By definition, the process X* satisfies the integral version of (4.1), that is
X =z+ /t b(s, X¥)ds + /ta(s,Xf)dWS.
0 0
taking directional derivatives of both sides, we obtain
(D, X7 h) =h+ /t V.b(s, XD, X3, h)yds + /t V.o (s, X)) (D, X7, h)ydWs,

0 0

which can be immediately rewritten as
Vi) = h+ /t V.b(s, X2)\V"(s)ds + /t V.o (s, XHV(s)dW,.
0 0

By Assumption 4.1.1 the function o(¢,-) is locally Lipschitz. Combining this with

condition (4.17) we see that there exists a constant [ > 0 such that
Voo (s, XD)RI* < 1A
Applying 1t6’s lemma to |V"(2)||?, taking expectations and using (4.16), we arrive at

E[[IV*@I] < [Inl* + (1 = k)/o E[[V*(s)]*]ds,

and the conclusion follows by Groénwall’s lemma with ¢, = e(=%)t,

In order to proceed, we need a version of the Bismut—Elworthy formula:
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Lemma 4.3.4. In the notation above, the following holds:

elvexp) [ o1 (s, XEWVH(s)dWs | — t0h, Dy Pab(a)).

(4.23)
where ¢ € CZ(R™).
Proof: See, for example, [46].
O]
Proof: (Theorem 4.3.1). Using formula (4.23), we deduce

00, D, < gllwIRE] [ o~ (s, xR

and, using Lemma 4.3.3, we obtain the following estimate:

=2 t
It Do P < G IR | s
0

and therefore

1D Prp(@)|| < Cilly(w)llo,

where

_ t 1/2
Cy = z(/ csds) )
13 0
Thus

|Pep(z) — Pab(y)] < Cillo = yll[[¢(w)lo

holds for any x,y € R", t > 0 and ¢ € C}(R"). The conclusion follows immediately
by Lemma 4.3.2.

O
Remark 4.3.2. [t is straightforward to see that all the estimates established above

would still hold if we replaced Ppp(x) with P(1,t)[f](x) = E(X;""), where X*7 is
the solution to

AXET = b(t, XSVt + o(t, XF)dW,, X, = x. (4.24)

In this case all time dependent constants Cy will become Cy_.
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4.3.2 Irreducibility

The goal of this section is to prove the irreducibility of the forward process, i.e. that
it at any time it can be in any open ball with positive probability. The main result

is as follows:

Theorem 4.3.2. Let {X[}i>0 be the solution to (4.1), and let B,(x) denote an open
ball of radius r around x € R™. Then

P(X} € B.(2)) >0
foranyt >0, z€eR" r>0.

Proof: We first notice that irreducibility for X is equivalent to irreducibility of the

(strong) solution to
v, = (b(e.¥) + 600 ) e+ 0t Y0W Yo =

where ¢(-,-) is a bounded function. In order to see this, we recall that o~*(¢,x) is
bounded and therefore, for any 7' > 0, we can find a probability measure Q7 ~ P,
such that under Q7, the process dW = dW, + ¢(t)dt defines a Brownian motion
for all £ € [0,7]. Since these measures are equivalent, so are the laws of X* and Y
on [0,T]. For details see Lemma 7.3.2 in [38]. The rest of the proof is inspired by
Lemma 7.3.3 in [38]. We fixt > 0, z, z € R", r > 0. We will now construct a bounded

function ¢, such that the corresponding solution satisfies
P(|Y, — z|| < r) > 0.

By the reasoning above, this is enough to prove the claim. Let ¢; € [0,¢) be a moment

of time to be chosen later. We then define ¢ in the following way:

o O, S € [O,tl),
¢“”‘{aanm s€ [, ),

where

y—b(s,0)—u
o ul| < R,
0, otherwise,

where y, R > 0 are constants to be chosen later. We start by picking any y such that
|ly — al|| < /3. Then, if ||V, || < R, we have

¢ ¢
Y=y +/ [b(s,Y;) — b(s,0)]ds +/ o(s,Ys)dWs =1y +1,

t1 t1

94



and thus
p(m o< ) > P(nnu <RI < 2r/3) > P(nmn < R) —P(HIII > 2r/3),
and it remains to pick ¢; such that

B(IT|| > 2r/3) < 1/4,

and R > 0 such that
P([|[Y;, || < R) > 3/4.

We notice that the estimate in Lemma 4.3.1 is true for the process Y as well. There-
fore, taking into account that the function b(s, -) is Lipschitz, and applying Markov’s

inequality, we have

t—t)K |||zl + ] + vVE- tla—)
2r ’

5((
P(12) > 2r/3) < ~E[1]] <

3
- 2r
and hence the choice of t; is always possible. The choice of R is a direct application
of Lemma 4.3.1.

]

4.3.3 Main result

We are now ready to prove the exponential convergence of laws for two solutions of
the SDE (4.1) with different initial values. This result makes it possible to talk about
Ergodic BSDEs in the present framework, and gives us hope to relate two existing

approaches to Ergodic Optimal Control.

Theorem 4.3.3. Suppose Assumptions 4.1.1 and 4.2.1 hold. Then there exist con-
stants C' > 0 and p > 0 such that, for any bounded continuous function ¢ : R* — R,

|P(r.)[¥](z) = P(r,)[]()] < CO+ ||l + [lyP)e ™l (w)llo,  (4.25)
where P(T,t)[f](x) is defined as in Remark 4.5.2.

Proof: We will not provide a detailed proof, since most of it is would closely follow
the proof of Theorem 2.3.3 in Chapter 2, but we will outline a strategy. The main
idea is to construct a discrete time Markov chain (X, 7, Y,7) with a time step T on
the space R?*", whose transition operator is determined by the law of the processes

{X7}is0 and { X/ }41>0. We then prove the necessary convergence of laws for this chain.
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e (Step 1): The first step is almost identical to the corresponding one in the
proof of Theorem 2.3.3, except for a new proof of Lemma 4.3.1. We start by
showing that we can choose a time step 7' > 0 and a radius R > 0, such that,
if we observe two independent solution processes X* and XY only at times
{nT}nen, there is an exponential bound on the waiting time for both Xgi‘ and
X7 to enter Br(0). The independence here is understood in the the sense that
we take two independent copies (W and W) of the Brownian motion W. We
set

. _ YT VAR v
XkT_XkT’ YkT_XkT’

for k < 7:=inf{n: X’ € Br(0), X’ € Br(0)}.

e (Step 2): We will explain this part in a little more detail, since the method
here is different from that in Chapter 2. Once X~ and X;:T are in Bg(0) for
some k > 0, we lift the independence assumption and construct two solutions
XX and XXM to (4.24) on [kT, (k+1)T) with initial conditions X7 and
X5 respectively. By irreducibility of solutions to (4.24) and compactness of
Bgr(0), for any fixed € > 0, there exists a constant J. > 0 such that

X kT XY_ kT
P(X(kiTO.S)T € B(0), X(kfo.E))T = Be(o)) > .

We proceed as follows: we know (see Theorem 5.2 in [32]) that there exists a
coupling (Z, Z') such that

P(Z # Z') = || Pyooyt Xy 1) — Pyt (X 55 v

where P 1)7(z, ) is the law of the solution to (4.24) with X, 57 = 2, and
Z,7'" are independent conditioned on the event {Z # Z’'}. By Theorem 4.3.1
and Lemma 4.3.2, there exists € > 0 such that, for x,y € B.(0),

N | —

||P(k+1)T( (IkJro.s)T7 )= P(k+1)T(XEJk+0.5)T~’ '>HTV <

and therefore

1
P(Z+£27') > 7
Now we set
x Yy
_ o Z, (X(k+0.5)T’X(k+O.5)T) € B.(0) x B(0),
(b +DT kaﬂ)f, otherwise.
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Define Y(k +1y7 similarly. We then infer that, for the constructed solutions,

P(X(kJrl)T = Y(kﬂ)f) > -,

o | &

which is a bound from below uniformly in .

e (Step 3): We then iterate these arguments to show that the probability that
the two processes we are constructing have not met decays exponentially in

time.

4.4 Connection to Ergodic BSDEs

In this section we explore an alternative way of looking at optimal ergodic control

problems. Recall that we aim to minimise

T
J(zg,u) = lim supT_mTlE[/ L(t,Xﬂ,ut)dt}, (4.26)
0

over the space U of controls, where L is uniformly bounded by some constant C' > 0.
If we assume that we can attack this problem though the adjoint BSDE approach,
by Lemma 4.2.2 the process X' is ergodic under all “potentially optimal” control
processes {u;}. In order to ensure the existence of an ergodic measure, we impose the

following conditions:
Assumption 4.4.1. There exists a positive period T, such that
(1) For all admissible control processes {u;}1>0, Uryrs = Uy.
(i) The coefficients b and o in the dynamics of X are T™*-periodic.
(111) The cost function L is T*-periodic.

We know (see, e.g. [29]), that there exists a unique invariant measure p for the
semigroup associated with the process X*“, such that there exists ergodic average A\,

satisfying

_ 1 T
Xt = limsup ~E / L(t X2, ug)dt — / L(t, 2)udt, dx).
T Jo [0,7*]xR"

T—o00

As a special case of a much more general result (see, e.g. Theorem 2.4.4) one could

also prove the following:
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Theorem 4.4.1. For any fized control process {u;}1>0, there exists a solution triple
(Y, Z% \*) to the equation

T T
Y=Y +/ [L(s, X", u,) — A\*]du — / Z4dW,. (4.27)
t t

There also exists a deterministic function v*(t,x), such that Y;* = v*(t, X}"), v* is

locally Lipschitz in space and globally in time, and
[ (t,2) | < C*(1+ [lz]]*)
for some constant C* > 0.

Remark 4.4.1. Note that in the present context, the driver function L is time de-
pendent. This fact poses no problem to the construction of a solution to (4.27) via
vanishing discount approach, since the existence of a solution to the discounted infinite
horizon BSDE can be established in the most general case (see, e.q. Theorem 2.4.3).
One could also still show that if there is another Markovian solution (0", zZv, 5\“), such

that " is of polynomial growth in x, then \* = \“.

We now demonstrate that for a fixed control process u, A" is the corresponding ergodic
average. In other words,

A=\

In order to see this, denote (Y7 Z*T) to be a unique solution to the T-horizon
BSDE

T T
vl = / L(s, X}, ug)du — / ZeTdw,.
t

t
It is clear that

T
vl =K / L(t, X", uy)dt.
0

Comparing the dynamics of Y* and YT and taking expectations, we immediately
see that
Yl — 00, o) = —Eo™(T, X&) + T

By polynomial growth we know that
(0, mo)[| < C*(1 + llzoll?),  [lv"(T, Xp)|| < C*(1 + [ X7).
Recall (see Theorem 2.3.3) that

E[IX7[* < C*(1+ [|lzo)
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for some constant C* > 0 independent of time. Therefore

Yu,T
J(zp,u) = lim sup ="

T—o00

Then the optimal control process {u;} satisfies
AY = inf "
u

We note that since we control both drift and volatility of the forward process, it can
not be represented as measure change, and therefore we are not able to arrive at the
optimal value by solving just one ergodic BSDE with infimum of some Hamiltonian

in the driver.

4.5 Conclusion

We have established a duality between the conditions implying the ergodicity of the
forward process and the conditions required for the stochastic maximum principle
approach to the problem of optimisation to make sense. The result confirms our
intuition: one would expect that in order to have any hope for solving an ergodic
control problem via probabilistic techniques, the ergodicity of the controlled process
needs to be assumed. The converse is also true, in a sense that if the forward process
is strongly dissipative under some set of controls, then we can deal with the problem
via the adjoint equation technique. We have shown that this is indeed the case. One
direction for future work would be to find a different approach that would allow us

to attack the case of weakly dissipative drifts within the strong formulation.
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Chapter 5

Conclusions

5.1 Future research

In this section we briefly describe two natural extensions of the previous work.

5.1.1 Mean field games

The first one is concerned with stochastic ergodic games with infinitely (countably)
many players. As pointed out in the corresponding section of Chapter 3, the main
difficulty with extending our results directly is the fact that in order to talk about
continuity in infinite dimensions, we need to specify the topology. We recall that the
infinite dimensional vector z represents the set of strategies for all players, and H;
corresponds to the hamiltonian of the i-th agent. We assume that the map

zcL?,. — Hiz,2)

e,loc

is continuous for all ¢ € N. This makes sense since we can show, while constructing
a Markovian solution to the infinite dimensional system of EBSDEs, that z" — z in
L2

- 10c- However, this topology is a little weaker than what is required to deal with

mean field games. To be able to consider objects like lim, o = >7 ||2f]|, which arise
naturally in the mean field structure, we want to be able to show that, for any fixed

(t,z) € Rt x RY, our approximating sequence

z" — 7z weakly in [*.

Mathematically, the difficulty is that in order to attack this problem one would need
to deal with all agents simultaneously, which potentially leads to more complexity

than the cases we have considered.
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5.1.2 Turnpikes and robust Kelly

The second running project deals with the connection between the Kelly betting
criterion, the Turnpike theorems, and the ergodic optimal control. For example, if we
think about the portfolio allocation/consumption problem. We have established that
ergodicity of the forward process under the control {¢;}+>o is necessary for the latter
to be optimal. We therefore need to consume enough to make the wealth process
recurrent. We also cannot consume too much, for otherwise we will collapse to zero
too quickly. Therefore, it is conjectured that the ergodic average of our consumption
should correspond to the optimal growth rate of our wealth.

A connection between ergodic HJB equations and turnpike theorems has been
established by Guasoni, Robertson, Xing and Kardaras in [18]. Their setup has
the restriction that returns may only be related through the behaviour of a one
dimensional state variable, which they assume to be ergodic. We expect that a fully
probabilistic approach will allow for this to be relaxed. We also wish to consider
robust versions of this, where we account for possible misspecifications of the model
over infinite horizon. Further financial applications connected with entropic risk are

considered by Chong, Hu, Liang and Zariphopoulou in [9]

5.2 Final remarks

Three papers have been written using the material in this thesis. All of them deal
with various aspects of ergodic optimal control and associated BSDEs. One extends
the existing theory of ergodic BSDEs to the case of time-periodic structures with
jumps. The second one established the existence of a Nash equilibrium in the context
of ergodic games with multiple players. The third one ties the ergodicity of the
controlled process in the strong formulation with viability of the stochastic maximum
principle. The last two can potentially be extended and improved to incorporate some
interesting cases and show hidden connections between different parts of long term

optimisation.
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