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Résumé

Cette these est une contribution a la théorie des jeux a champ moyen de type linéaire-quadratique
(LQ) en abordant deux généralisations distinctes : la prise en compte de la sensibilité au risque dans

les systemes comportant un agent majeur, et les dynamiques en dimension infinie.

Le premier essai de cette these est consacré aux jeux LQ a champ moyen ou les agents (majeur
et mineurs) sont sensibles (averses) au risque. A cette fin, nous commengons par développer une
approche variationnelle pour traiter les problemes de contrdle optimal sensibles au risque, c’est-a-
dire impliquant un seul agent ayant une fonction colit de type exponentielle d’une intégrale, dans un
cadre linéaire-quadratique-gaussien (LQG). Cette approche apporte de nouvelles perspectives sur
ce type de problemes. Notre analyse conduit a la dérivation d’une condition nécessaire et suffisante
d’optimalité, de nature non linéaire, exprimée en termes de processus martingales. Sous certaines
conditions, nous obtenons une mesure neutre au risque équivalente, sous laquelle la commande
optimale admet une forme linéaire de I’état. Nous montrons ensuite que la commande ainsi obtenue
reste optimale sous la mesure d’origine. A partir de ce développement, nous proposons un cadre
variationnel pour les jeux a champ moyen LQG sensibles au risque en général, et étendons cette
théorie en y intégrant un agent majeur. Nous caractérisons les stratégies de meilleure réponse en
boucle fermée de type markovien dans le cas limite ol le nombre d’agents tend vers 1’infini. Nous
établissons que I’ensemble des stratégies obtenues constitue un équilibre de Nash dans le cas limite,

et un €-équilibre de Nash dans le cas a N joueurs.

Le deuxieme essai de cette these présente une étude approfondie des jeux a champ moyen de
type LQ dans les espaces de Hilbert, généralisant la théorie classique aux scénarios ou les dy-
namiques des agents sont décrites par des équations stochastiques en dimension infinie. Dans ce
cadre, les processus d’état et de contrdle de chacun des agents prennent leurs valeurs dans des es-

paces de Hilbert séparables. Les agents sont couplés a travers la moyenne des états de la population,



qui intervient dans leur dynamique et dans leur fonction de cofit. Plus précisément, la dynamique
de chaque agent comprend un bruit en dimension infinie, représenté par un processus de Wiener,
ainsi qu’un opérateur non borné. Le coefficient de diffusion est stochastique, dépendant de 1’état,
du contrdle et de la moyenne des états. Nous étudions d’abord le caractere bien posé d’un sys-
teme d’équations d’évolution stochastiques semi-linéaires en dimension infinie couplant plusieurs
agents, posant ainsi les bases des jeux a champ moyen dans les espaces de Hilbert. Nous nous
spécialisons ensuite dans le cas linéaire-quadratique et étudions le comportement asymptotique
lorsque le nombre d’agents tend vers I’infini. Nous développons une version en dimension infinie
du principe d’équivalence de certitude de Nash, et caractérisons un équilibre de Nash unique pour
le jeu limite. Enfin, nous étudions la connexion entre le jeu a N joueurs et le jeu limite, en mon-
trant que la moyenne empirique des états converge vers le champ moyen, et que les stratégies de
meilleure réponse limites forment un €-équilibre de Nash pour le jeu a N joueurs dans les espaces
de Hilbert.

Dans le troisicme essai de cette these, nous étudions les jeux a champ moyen en espace de
Hilbert en présence d’un bruit commun. Le bruit commun modélise une incertitude partagée entre
tous les agents ; il induit une corrélation, rend le champ moyen stochastique, et revét une impor-
tance particuliere car les sources d’incertitude partagées sont fréquentes dans les systemes réels.
Dans ce contexte, le terme de décalage dans les stratégies de meilleure réponse ainsi que le champ
moyen sont décrits par des équations stochastiques en dimension infinie (tous deux étant détermin-
istes en I’absence de bruit commun). Par conséquent, les conditions de cohérence du champ moyen
prennent la forme d’un systeme d’équations différentielles stochastiques avant-arriere. Nous étab-
lissons I’existence et I’unicité des solutions a ce systeme, et démontrons la propriété de €-équilibre
de Nash. Enfin, nous abordons le cas ol le modele inclut des coefficients aléatoires a valeurs

opératorielles.

Keywords

Jeux a champ moyen, systemes linéaire-quadratique, analyse variationnelle, agent majeur, agent
mineur, sensibilité au risque, colit exponentiel, équations stochastiques dans les espaces de Hilbert,

jeux a champ moyen en dimension infinie, , processus de Wiener, bruit commun.

v









Abstract

This thesis develops the theory of linear-quadratic mean field games, focusing on two dis-
tinct generalizations: risk-sensitive major-minor systems and infinite-dimensional frameworks. In
the first part of the thesis, we study linear-quadratic risk-sensitive mean field games with a major
agent. To this purpose, we first develop a variational approach to address risk-sensitive optimal con-
trol problems with an exponential-of-integral cost functional in a general linear-quadratic-Gaussian
(LQG) single-agent setup, offering new insights into such problems. Our analysis leads to the
derivation of a nonlinear necessary and sufficient condition of optimality, expressed in terms of
martingale processes. Subject to specific conditions, we find an equivalent risk-neutral measure,
under which a linear state feedback form can be obtained for the optimal control. It is then shown
that the obtained feedback control is consistent with the imposed condition and remains optimal un-
der the original measure. Building upon this development, we (i) propose a variational framework
for general LQG risk-sensitive mean-field games (MFGs) and (ii) advance the LQG risk-sensitive
MFG theory by incorporating a major agent in the framework. We derive the Markovian closed-
loop best-response strategies of agents in the limiting case where the number of agents goes to
infinity. We establish that the set of obtained best-response strategies yields a Nash equilibrium in

the limiting case and an €-Nash equilibrium in the finite-player case.

We then present a comprehensive study of linear-quadratic (LQ) MFGs in Hilbert spaces, gen-
eralizing the classic LQ MFG theory to scenarios involving N agents with dynamics governed by
infinite-dimensional stochastic equations. In this framework, both state and control processes of
each agent take values in separable Hilbert spaces. All agents are coupled through the average state
of the population which appears in their linear dynamics and quadratic cost functional. Specifi-
cally, the dynamics of each agent incorporates an infinite-dimensional noise, namely a Q-Wiener

process, and an unbounded operator. The diffusion coefficient of each agent is stochastic involving
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the state, control, and average state processes. We first study the well-posedness of a system of N
coupled semilinear infinite-dimensional stochastic evolution equations establishing the foundation
of MFGs in Hilbert spaces. We then specialize to N-player LQ games described above and study
the asymptotic behaviour as the number of agents, N, approaches infinity. We develop an infinite-
dimensional variant of the Nash Certainty Equivalence principle and characterize a unique Nash
equilibrium for the limiting MFG. Finally, we study the connections between the N-player game
and the limiting MFG, demonstrating that the empirical average state converges to the mean field
and that the resulting limiting best-response strategies form an £-Nash equilibrium for the N-player
game in Hilbert spaces.

In the final part of this thesis, we address MFGs in Hilbert spaces with common noise. Com-
mon noise models randomness shared by all agents; it introduces correlation, makes the mean field
stochastic, and is important because shared sources of uncertainty are common in real-world sce-
narios. In this setting, the offset term in best-response strategies and the mean field are governed
by infinite-dimensional stochastic equations (both of which are deterministic in the absence of
common noise). Consequently, the mean field consistency equations take the form of a system of
forward-backward stochastic equations. We establish the solvability of this system and demonstrate
the e-Nash property. Finally, we discuss the case where the model incorporates operator-valued

random coefficients.

Keywords

Mean field games, linear-quadratic systems, variational analysis, major agent, minor agent, risk
sensitivity, exponential cost functional, stochastic equations in Hilbert spaces, infinite-dimensional
mean field games, infinite-dimensional analysis, Q-Wiener processes, common noise in Hilbert

spaces.
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Introduction

Mean field game (MFG) theory concerns the study and analysis of dynamic games involving a
large number of indistinguishable agents who are asymptotically negligible. In such games, each
agent is weakly coupled with other agents through the empirical distribution of their states or con-
trol inputs. The mathematical limit of this distribution, as the number of agents approaches infinity,
is referred to as the mean field distribution. In these games, the behavior of agents in large popula-
tions, along with the resulting equilibrium, may be approximated by the solution of corresponding
limiting games (see, e.g., (Huang et al., 2006, 2007; Lasry and Lions, 2007; Carmona et al., 2018a;
Bensoussan et al., 2013; Cardaliaguet et al., 2019)).

MFGs find relevance in various domains, and particularly within financial markets, they emerge
as natural modeling choices for addressing a wide array of issues. Notably, applications have been
proposed in systemic risk ((Carmona et al., 2015; Garnier et al., 2013; Bo and Capponi, 2015;
Ren and Firoozi, 2024; Chang et al., 2025)), price impact and optimal execution ((Casgrain and
Jaimungal, 2020; Firoozi and Caines, 2017; Cardaliaguet and Lehalle, 2018; Carmona and Lacker,
2015; Huang et al., 2019)), cryptocurrencies ((Li et al., 2023b)), portfolio trading ((Lehalle and
Mouzouni, 2019)), equillibrium pricing ((Shrivats et al., 2022; Gomes and Satde, 2021; Fujii and
Takahashi, 2022)), and market design ((Shrivats et al., 2021)).

Among the various types of MFGs, linear-quadratic mean field games stand out for their analyt-
ical tractability and widespread applicability. In linear-quadratic mean field games, the dynamics
of each agent are governed by linear stochastic differential equations, while their cost functionals
are quadratic in the state and control variables. This structure allows for explicit solutions in many
cases, leveraging tools such as Riccati equations, fixed-point analysis, and stochastic calculus.

The classic linear-quadratic MFGs have been extensively studied in the literature (Bensoussan

et al., 2016; Huang et al., 2007; Huang, 2010; Firoozi et al., 2020; Liu et al., 2025; Firoozi and



Caines, 2020; Firoozi, 2022; Huang, 2021; Toumi et al., 2024; Li et al., 2023a). The classic linear-
quadratic mean field games primarily focus on risk-neutral structures for the cases where a major
agent is present and are formulated in finite-dimensional settings, typically within R”. Therefore,
this thesis will consider more advanced linear-quadratic mean field games, aiming to generalize and
enrich the existing framework by incorporating risk-sensitive major-minor and infinite-dimensional
settings.

In Chapter 1, we consider the case where the cost functional of each agent is exponential-
quadratic, representing risk-sensitivity. This consideration is especially pertinent in many economic
and financial contexts as risk sensitivity, and its disparity among players, needs to be accounted for
when characterizing equilibrium strategies. This is also the case in the area of mean-field games,
where recent developments were proposed to address risk-sensitive MFGs (Tembine et al. (2013);
Saldi et al. (2018, 2022); Moon and Basar (2016, 2019)). In addition, we allow the model to have
a major agent. Unlike minor agents, whose impact decreases as the number of agents increases,
the impact of a major agent is not negligible and does not collapse when the size of the population
tends to infinity (Huang (2010); Firoozi et al. (2020); Carmona and Zhu (2016)). More specifically,
the contributions of this chapter, which is also forthcoming as a published article!, are summarized

as below:

* We develop a variational approach to solve risk-sensitive optimal control problems. This ap-
proach offers new perspectives on the inherent nature of risk-sensitive problems, distinct from
existing methodologies. Specifically: (1) it demonstrates how the nonlinearity of exponential
risk-sensitive cost functionals can be translated into a necessary and sufficient condition for
optimality involving a quotient of martingale processes; (ii) by establishing an equivalent
risk-neutral measure in terms of the state and control processes, it explains the connection
between the model and its counterpart under the risk-neutral measure. This technique en-
ables the derivation of explicit solutions, even in the presence of the nonlinear term within
the necessary and sufficient condition of optimality that involves the state and control pro-
cesses; (iii) it allows a deeper understanding of risk-sensitivity’s implications by effectively

tracing the impact of risk-sensitivity on the propagation of policy perturbations throughout

Liu, Hanchao, Dena Firoozi, and Michele Breton. LQG Risk-Sensitive Single-Agent and Major-Minor Mean
Field Game Systems: A Variational Framework. SIAM Journal on Control and Optimization, vol. 63, no. 4, pp.
2251-2281, 2025.



the system; and (iv) it extends the applicability of variational analysis to the context of risk-
sensitive problems with exponential cost functionals and facilitates the characterization of

optimal strategies for complex or nonclassical setups.

* We advance the theory of LQG risk-sensitive MFGs by incorporating a non-negligible major
agent, whose impact on the system remains significant even as the number of minor agents
goes to infinity. To the best of our knowledge, the literature has not yet explored such MFGs.
In particular, our work stands apart from Chen, Yan et al. (2023), where a risk-sensitive
MFG involving a group of asymptotically negligible major agents is considered and the av-
erage state of this group appears in the model. Unlike that scenario, our model features the

significant influence of the major agent in the limiting model.

* Building upon the the aforementioned developments, we propose a variational framework
for general LQG risk-sensitive MFGs with a major agent. Through this framework, we gain
valuable insights into the interplay among risk sensitivity, the major agent and minor agents
within the context of LQG MFGs. Specifically, it illustrates: (i) the impact of the major
agent’s risk sensitivity on the propagation of its policy perturbations throughout the system
(i.e. on individual minor agents), and hence the formation of the aggregate effect of minor
agents (i.e. the mean field) and the equilibrium, and (ii) the impact of a representative minor
agent’s risk sensitivity on the propagation of its policy perturbations across the system (i.e.
on other minor agents and the major agent) and hence the formation of the the mean field
and the equilibrium. More precisely, using this variational approach, we derive the Nash
equilibrium under the limiting game setup. Then, we establish that the equilibrium strategies
for the limiting game case lead to an €-Nash equilibrium for the finite-population game. Our
proof of the €-Nash property differs from existing ones in the literature on MFGs with a
major agent (Huang (2010); Carmona and Zhu (2016)) and on risk-sensitive MFGs (Moon
and Basar (2019, 2016)), leveraging the specific conditions of the model under investigation.
We further investigate and provide insights into the impact of agents’ risk sensitivity on the

equilibrium by conducting a comparative analysis with the risk-neutral case.

Furthermore, MFGs are originally developed in finite-dimensional spaces. However, there are

scenarios where Euclidean spaces do not adequately capture the essence of problems such as those
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involving non-Markovian systems. Beyond practical motivations, investigating MFGs in infinite-
dimensional spaces offers an interesting mathematical perspective due to the distinctive treatment
required compared to Euclidean spaces. In such spaces, the evolution of a stochastic process is
governed by an infinite-dimensional stochastic equation (see e.g. Da Prato and Zabczyk (2014);
Gawarecki and Mandrekar (2010)). These equations, also termed stochastic partial differential
equations (SPDEs), form a powerful mathematical framework for modeling dynamical systems
with infinite-dimensional states and noises. Therefore, the goal of Chapter 2 is to present a com-
prehensive study of linear-quadratic MFGs in Hilbert spaces, where the state equation of each agent
is modeled by an infinite-dimensional stochastic equation. More specifically, the contributions of

this chapter, which is also forthcoming as a published article?, are summarized as below:

* We study a general N-player LQ game. In particular, the state equation of each agent is
influenced by the average state in the drift coefficient and incorporates Hilbert space-valued
Q-Wiener processes and an unbounded system operator. Additionally, the volatility of each
agent involves the state, control, and average state processes, resulting in stochastic volatility

and multiplicative noise.

* To ensure the well-posedness of the Hilbert space-valued N-player game described above,
we establish regularity results for a system of N coupled semilinear stochastic evolution
equations in Hilbert spaces. The dynamics of the N-player game studied falls as a special

case within this system.

* We study the limiting problem where the number of agents goes to infinity. Establishing a
Nash equilibrium for this model involves identifying a unique fixed point within an appropri-
ate function space. To achieve this, we develop an infinite-dimensional variant of the Nash
Certainty Equivalence. The model studied in Federico et al. (2024b) can be viewed as a spe-
cial case of the limiting MFG model addressed here (see Section 2.4.2). However, due to the
different methodologies used, our required conditions and results regarding the existence and

uniqueness of a fixed point differ from those established in Federico et al. (2024b).

?Liu, Hanchao, and Dena Firoozi. Hilbert Space-Valued LQ Mean Field Games: An Infinite-Dimensional Analy-
sis, (to appear) SIAM Journal on Control and Optimization, 2025.
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* We study the connections between the N-player game and the limiting mean field game,
demonstrating that the Nash equilibrium strategies obtained in the limiting case form an &-
Nash equilibrium for the N-player game in Hilbert spaces. This property is established by
showing that the mean field approximates the empirical average state within € = O(VLN) when

agents follow these strategies.

In Chapter 3, we incorporate a common infinite-dimensional noise to the framework developed
in Chapter 2. In many practical scenarios, agents in MFGs are not only influenced by their own in-
dividual uncertainties but also by a shared source of randomness, referred to as common noise. This
type of noise arises when external factors affect all agents simultaneously, creating dependencies
between their actions and dynamics. Common noise can represent various real-world phenomena,
such as systemic risks, environmental shocks, or economic fluctuations, where the environment
introduces a collective uncertainty that agents must account for. The presence of common noise
introduces additional technical challenges in addressing MFGs. Specifically, the mean field system
is formulated as a system of forward-backward stochastic differential equations (SDEs), while in
cases without common noise, it is described using forward-backward ordinary differential equa-

tions (ODEs). The contributions of this chapter are summarized as below:

* We study a general N-player linear-quadratic (LQ) game with common noise. The state dy-
namics of each agent are influenced by the average state through the drift term and are driven
by both idiosyncratic and common noises, modeled as Q-Wiener processes with different co-
variance operators. The volatility of each agent is stochastic involving the state and average

state processes.

* To ensure the well-posedness of the Hilbert space-valued N-player game with common noise,
we first establish regularity results for a system of N coupled semilinear stochastic evolution

equations impacted by both idiosyncratic and common noises in Hilbert spaces.

* We then study the limiting problem as the number of agents tends to infinity. In this case, the
mean field consistency equations are formulated as a system of forward-backward stochastic
evolution equations in Hilbert spaces. Furthermore, the £-Nash property is established for

the obtained limiting best-response strategies.

5



* Finally, we study the scenario where the model operators are themselves operator-valued
stochastic processes adapted to the filtration generated by the common noise. We show that,
under appropriate assumptions, the structure and solvability of the mean field game remain

analogous to the case with non-random operators.



Chapter 1

LQG Risk-Sensitive Single-Agent and
Major-Minor Mean-Field Game Systems

Abstract

We develop a variational approach to address risk-sensitive optimal control problems with an
exponential-of-integral cost functional in a general linear-quadratic-Gaussian (LQG) single-agent
setup, offering new insights into such problems. Our analysis leads to the derivation of a nonlin-
ear necessary and sufficient condition of optimality, expressed in terms of martingale processes.
Subject to specific conditions, we find an equivalent risk-neutral measure, under which a linear
state feedback form can be obtained for the optimal control. It is then shown that the obtained
feedback control is consistent with the imposed condition and remains optimal under the original
measure. Building upon this development, we (1) propose a variational framework for general LQG
risk-sensitive mean-field games (MFGs) and (ii) advance the LQG risk-sensitive MFG theory by
incorporating a major agent in the framework. The major agent interacts with a large number of
minor agents, and unlike the minor agents, its influence on the system remains significant even
with an increasing number of minor agents. We derive the Markovian closed-loop best-response
strategies of agents in the limiting case where the number of agents goes to infinity. We establish
that the set of obtained best-response strategies yields a Nash equilibrium in the limiting case and

an €-Nash equilibrium in the finite-player case.



1.1 Introduction

Risk-sensitive optimal control serves as the foundation for the development of risk-sensitive
mean field games. The concept of risk-sensitive optimal control was introduced in Jacobson (1973)
within a linear-quadratic-Gaussian (LQG) framework. In these problems, the agent’s utility is
described by an exponential function of the total cost it incurs over time. Since their inception,
risk-sensitive control problems have captured considerable interest in the literature. Notably, the
theory has been extended to encompass nonlinear risk-sensitive problems (Kumar and Van Schup-
pen (1981) and Nagai (1996)) and imperfect information (Pan and Basar (1996)), leading to a
broader understanding of these systems. Furthermore, different methodologies have been devel-
oped, each offering unique insights to address such problems (see, for example, Duncan (2013)
and Lim and Zhou (2005)). Basar (2021) provides an extensive overview of the literature on this
topic.

The study of risk-sensitive models is crucial as risk-neutral models often fall short in capturing
all the behaviors observed in reality. This consideration is especially pertinent in many economic
and financial contexts as risk sensitivity, and its disparity among players, needs to be accounted
for when characterizing equilibrium strategies. In economics and finance, it is well recognized that
attitude toward risk, or risk sensitivity, plays an important role in the determination of agents’ op-
timal decisions or strategies (Bielecki et al. (2000); Bielecki and Pliska (2003); Fleming and Sheu
(2000)). This is also the case in the area of mean-field games, where recent developments were
proposed to address risk-sensitive MFGs (Tembine et al. (2013); Saldi et al. (2018, 2022); Moon
and Basar (2016, 2019)).

Another notable advancement of MFG theory involves the integration of the so-called major agents
within the established framework. Unlike minor agents, whose impact decreases as the number of
agents increases, the impact of a major agent is not negligible and does not collapse when the size
of the population tends to infinity (Huang (2010); Firoozi et al. (2020); Carmona and Zhu (2016)).
Various interpretations of such systems have been proposed. In the area of investment finance, for
instance, one can consider that institutional and private investors’ decisions do not have a commen-
surable impact on the market.

In this chapter, we develop a variational approach to address risk-sensitive optimal control prob-

8



lems with an exponential-of-integral cost functional in a general LQG single-agent setup, drawing
inspiration from Firoozi et al. (2020). Our analysis leads to the derivation of a nonlinear neces-
sary and sufficient condition of optimality, expressed in terms of martingale processes. Subject to
specific conditions we find an equivalent risk-neutral measure, under which a linear state feedback
form can be obtained for the optimal control. It is then shown that the obtained feedback control is

consistent with the imposed condition and remains optimal under the original measure!.

This chapter is organized as follows. Section 1.2 reviews the relevant literature. Section 1.3 out-
lines the variational approach developed to solve LQG risk-sensitive single-agent optimal control
problems, which will be used to characterize the best response of MFG agents in the subsequent
section. Section 1.4 employs the developed variational analysis to the LQG risk-sensitive MFGs
with major and minor agents, in order to obtain the Markovian closed-loop Nash equilibrium of
limiting game MFGs, and it shows that this Nash equilibrium provides an approximate equilibrium

for the finite-population game. Section 1.5 provides a brief conclusion.

1.2 Literature Review

1.2.1 Risk-Sensitive Single-Agent and Mean-Field Game Systems

Risk-sensitive optimal control problems were introduced in Jacobson (1973) in a finite horizon
LQG setting, where the agent’s utility is an exponential function of its total cost over time. The
author derived the explicit optimal control and the associated Riccati equations for such systems by
either finding the limit of the optimal control of their corresponding discrete systems or by solving
the generalized Hamilton—Jacobi—Bellman (HJB) equations. Later, Pan and Basar (1996) studied
linear singularly perturbed systems with long-term time-average exponential quadratic costs under
perfect and noisy state measurements. They obtained a time-scale decomposition, which breaks
down the full-order problem into two appropriate slow and fast subproblems, and investigated the

performance of the combined optimal controllers. A generalization to the case where costs are

!"This chapter is a published article: Liu, Hanchao, Dena Firoozi, and Michéle Breton. LQG Risk-Sensitive Single-
Agent and Major-Minor Mean Field Game Systems: A Variational Framework. SIAM Journal on Control and Opti-
mization, vol. 63, no. 4, pp. 2251-2281, 2025



not quadratic functions was proposed in Kumar and Van Schuppen (1981) and Nagai (1996), and
infinite horizon risk-sensitive optimal control problems in discrete-time were addressed in Whittle
(1981). More recently, an alternative approach using the first principles was suggested in Duncan
(2013), providing additional insights into the solution of such systems. This approach was then used
in Duncan (2015) to characterize the Nash equilibrium of a two-player noncooperative stochastic
differential game. A novel maximum principle for risk-sensitive control was established in Lim and
Zhou (2005), where the authors used a logarithmic transformation and the relationship between the
adjoint variables and the value function to address the case where the diffusion term depends on
the control action.

Mean-field games have recently been extended to a risk-sensitive context. A general setup
for risk-sensitive MFGs was proposed in Tembine et al. (2013). The authors demonstrated that,
when utilizing an exponential integral cost functional, the mean-field value aligns with a value
function that satisfies an HJB equation, accompanied by an additional quadratic term. Later, Moon
and Basar (2016) studied a MFG involving heterogeneous agents with linear dynamics and an
exponential quadratic integral cost. By employing the Nash certainty equivalence (NCE) method
(see Huang et al. (2006)) via fixed-point analysis, the authors showed that the approximated mass
behavior is in fact the best estimate of the actual mass behavior. Recently, Moon and Basar (2019)
developed a stochastic maximum principle for risk-sensitive MFGs over a finite horizon. Similar
results were obtained for the discrete-time setup with perfect and partial observations by Saldi et al.
(2018) and Saldi et al. (2022), respectively. A risk-sensitive MFG involving two large-population
groups of agents with different impacts on the system is studied in Chen, Yan et al. (2023), where
the average state of each group appears in the model.

Other research avenues that are closely related to risk-sensitive MFGs include robust MFGs
(see e.g. Huang and Huang (2017); Huang and Jaimungal (2017)), where model ambiguity is in-
corporated into the optimization problem, and quantalized MFGs (Tchuendom et al. (2019, 2025)),

which focus on targeting a specific quantile of the population distribution.

1.2.2 MFGs with Major and Minor Agents

An advancement of the MFG theory incorporates the interaction between major and minor

agents, and studies (approximate) Nash equilibria between them. To address major-minor MFGs,
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various approaches have been proposed, including NCE (Huang (2010), Nourian and Caines (2013)),
probabilistic approaches involving the solution of forward-backward stochastic differential equa-
tions (FBSDE) (Carmona and Zhu (2016), Carmona and Wang (2017)), asymptotic solvability
(Huang and Yang (2019)), master equations (Lasry and Lions (2018), Cardaliaguet et al. (2019)),
and convex analysis (Firoozi et al. (2020)), the last of which being developed under the LQG setup.
These approaches have been shown to yield equivalent Markovian closed-loop solutions (Huang
(2021), Firoozi (2022)) in the limit. Another line of research characterizes a Stackelberg equilib-
rium between the major agent and the minor agents; see e.g. Bensoussan et al. (2017); Moon and
Basar (2018).

In the next section, we develop a variational analysis for LQG risk-sensitive optimal control
problems. This analysis will serve as the foundation for addressing major-minor MFG systems,

which will be discussed in detail in the subsequent section.

1.3 Variational Approach to LQG Risk-Sensitive Optimal
Control Problems

We begin by examining (single-agent) risk-sensitive optimal control problems under a general
linear-quadratic-Gaussian framework. This approach will allow us to streamline the notation and
enhance the clarity of the subsequent expositions. Building on the variational analysis method pro-
posed in Firoozi et al. (2020), we extend the methodology by using a change of measure technique
to derive the optimal control actions for LQG risk-sensitive problems with exponential cost func-
tionals. These results will then be used in the subsequent section to determine the best-response
strategies of both the major agent and a representative minor agent. We consider a general LQG

risk-sensitive model with dynamics given by
dx,: (A.xl+Bl/l[+b(t))dt+6(t)dW[, (11)

where x; € R" and i, € R™ are respectively the state and control vectors at r and w; € R” is a standard
r-dimensional Wiener process defined on a given filtered probability space (Q,.7,{%# }ex,P),
¥ =10,T] with T > 0 fixed. Moreover, we define A and B to be constant matrices with compatible

dimensions, and b(r) and o(¢) to be deterministic continuous functions on %.
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The risk-sensitive cost functional J(u) to be minimized is given by
J(u) = E[exp (§Ar(u))], (1.2)
where

Ar(u) ;:%/OT <(st,xs>+2(Sus,xs)—|—<Rus,us>—2<n,xs)—2<§,us>>ds—|—% (0xr.xr). (13)

All the parameters (Q,S,R,1,(, Q) in the above cost functional are vectors or matrices of an
appropriate dimension. The positive scalar constant § represents the degree of risk sensitivity, with
0 < 0 < e modeling a risk-averse behavior. It is worth noting that the risk-neutral cost functional
E [Ar(u)] can be seen as the limit of the risk-sensitive cost functionals %logE lexp (6Ar(u))] or
$E [exp (6Ar(u)) — 1] when 8§ — 0. Both of these risk-sensitive cost functionals yield the same
optimal control action as the cost functional (1.2)-(1.3), due to the strictly increasing property of
the logarithm and linear functions, respectively. For notational convenience, our analysis will focus
on the cost functional (1.2)-(1.3).

We make the following assumption regarding parameters of the cost functional.
A13.1. R>0,0 >0, and Q— SR™'ST > 0.

The filtration % = (% );ex, With % := 6(x;;0 < s <), which is the c-algebra generated by
the process x;, constitutes the information set of the agent. Subsequently, the admissible set %
of control actions is the Hilbert space consisting of all .7 -adapted R™-valued processes such that

E [ I g szt} < oo, where ||.|| is the corresponding Euclidean norm.
Proposition 1. Suppose Al.3.1 holds. Then the cost functional (1.2)-(1.3) is strictly convex.

Proof. By applying the standard method of completing the square to Ar(u), given by (1.3), we

obtain
1T ~ -1 -1 -1
Ar(u) ::5/0 <<st,xs>—l—<R(us—R STxg),us — R Ssz>—2<C,us—R STxS>
1/~
_2<n,xs>+2<C7R—1Ssz)>>ds+§<QXT,XT>. (1.4)
Let # and u be two different elements in % such that
T 2
JEU (Al dt} > 0. (1.5)
0

12



Then we have
T
EU Hﬁt—ﬁ,—RlST(is—@)szt] > 0. (1.6)
0
To verify the validity of the above statement, we proceed by proof by contraposition. Suppose

(1.6) does not hold, i.e, E [fOT ||ﬁ, — iy — RIST(%; —xy) szt] =0, or equivalently #; — R™'STx; =

-~

i, — R71STX;, P x u-almost everywhere, where u stands for the Lebesgue measure. In this case,

from (1.1), X; — X; satisfies
d(% —%) = [(A+BR™'ST)(% —x,))dt, (1.7)
with Xy —xo = 0. Thus, X; = x;, I x p-almost everywhere, which leads to
(N N 5 T )
E [/ | — i — RIST(E %) dt] _E U ARl dt] 0. (1.8)
0 0
Thus, (1.6) holds for any u € % and u € % satisfying (1.5). We then define the following sets
T
Evi={we: [ (RIE+ IR+ [P + 3] <.
r.o_ - 2
By {w co: [ RS -5 > 0},
0
E:=E NE,.

Since P(E;) = 1 and P(E,) > 0, it follows that P(E) > 0. Hence, Vo € E, we have i, — R 1STx;, #
i; — R~1ST%, on a set within the Borel c-algebra %8(T) that has a positive Lebesgue measure.

Subsequently, given that R > 0, we can easily show that Vo € E
/OTA (R(i; —R™'ST%),i, —R™'ST% ) + (1 — A) (R(ih —R™'ST%,), 14 — R'STx, ) dt (1.9)
/T<R<A<ﬁz —IST2>+(1—l)(ﬁz—R*ST%)M@—R*ST%)+<1—A)(@—R—ISTJE)}dt
_/ R(Al + (1= )i —R'ST(AX + (1 — A)%))), Adt; + (1 — A) il —R~IST(A%, + (1 —k))?t)>dt.

Moreover, Al.3.1 guarantees that all other terms in (1.4) are convex (not necessarily strictly con-

vex). Hence, Vo € E, we can conclude that
AAT(U)+ (1 —A)Ar(u) > Ar(Au+ (1 —2A)n). (1.10)

Furthermore, the exponential function is both strictly increasing and strictly convex. By leveraging

this property in conjunction with (1.10), V@ € E, we obtain
Aexp (OAr(u))+ (1 —A)exp(6Ar(u)) > expdAr(Au+ (1 —A)u). (1.11)
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Therefore, we have
E[(Aexp(8Ar(u))+ (1 —A)exp(SAr(u)))lg] > ElexpdAr(Au+ (1 —A)u)lg], (1.12)

where [ denotes an indicator function defined on E. Moreover, it is evident that, due to the

convexity of A7, we have Yo € E€
Aexp (SAT (@) + (1 —A)exp (6A7 (7)) > expSAr(Au+ (1 —A)n). (1.13)
Hence, we obtain
E [(A exp (A7 (i1)) + (1 — A)exp (8A7(i)))Ige] > Elexp SAr(Aid—+ (1— M)i)lge].  (1.14)

Finally, the strict convexity of the cost functional given by (1.2)-(1.3) is established by adding
together (1.12) and (1.14). ]

The following theorem provides the Gateaux derivative of the cost functional for the system

described by (1.1)-(1.3), which will later be used to derive the corresponding optimality condition.

Theorem 2. The Gdteaux derivative of the cost functional (1.2)-(1.3) in an arbitrary direction

W € U is given by

J(u+ew)—J(u)

(2J(u), w) =lim (1.15)
e—0 E
r T
=0K / o’ [BTe_A "M+ My s (Rug+STx, —
0
t
+ BT / AT (O + Sug — n)ds)] dt] :
0
where
My () = [2A70)| 7] (1.16)
R T
My, (u)=E [e‘”\T(”) ("' Ox, +/ AT (Oxg 4 Sug —n)ds) ‘%] . (1.17)
0
Proof. First, the strong solution x; to the SDE (1.1) under the control action u; is given by
t t
x = eVxg +/ =) (Bu, +b(s))ds—|—/ A6 (5)dws. (1.18)
0 0
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Subsequently, the solution x; under the perturbed control action uf := u; + €@ is given by
t t t
x& = e xg +/ =9 (Bu —|—b(s))ds+/ A6 (5)dwg + 8/ AU Bayds. (1.19)
0 0 0

From (1.18)-(1.19), we have
t
xf = x +8/ A=) Bods. (1.20)
0

By a direct computation, we obtain
R R R T T T
<Qx§,x§>—<QxT,xT> = 28<QxT,/OeA(TS)B(Dsds>—|—82<Q/OeA(TS)Ba)sds,/oeA(TS)Ba)sds>

T T - . rT T
e / (57 (TS)QxT,a)s>ds+82<Q / AT By ds, / eA(TS)Ba)sds>.
0 0 0
(1.21)

Finally, from (1.3) and (1.18)-(1.21), we can compute the difference

Ar(u+£0) — Ag(u) = € [/OT { (/OseA(s—t)Ba)tdt)T (Oxs + Sug— 1) ds + ((Ra)s,us) (1.22)

T s T
/ ( / eA<s—r>Bw,dt>
0 0

N . rT T
y (Q/O eA(s—l)Ba),dl—f—Sa)s> +(Rws,ws)}ds+<Q/0 eA(T_s)Bwst,/O eA(T—S)Bwst>],

2

F(Sey,xy) — (£, @) + <BTeAT(T_s)QxT, a)s> >ds} te

which equivalently may be expressed as
Ar(u+e0) — Ar(u) = €1y + €21y, (1.23)

where the random variables 11, 1, do not depend on € and are P-almost surely finite. Therefore, we

have

(1.24)

AT ( oOAT (u+e@)—8AT(u) _ 1)
€

=lmE
e—0

By assuming the interchangeability of the limit and the expectation?, and applying L’ Hopital’s rule

as in
oOAT (u+e®)=8AT(u) _ 1 eSeu+de’n
lim = lim I o1y, (1.25)

e—0 € e—0

2See Remark 3.

15



we obtain

T s
(DJ(u), ©) =8E[e> 1)) = SR W) / [{ / @ BT D (O + Sug —m)dt— (1.26)
0

0
+ @] (BTeAT(T—s)QxT + Rug + STx, — C) }ds] .
After changing the order of the double integral using Fubini’s theorem, (1.26) is equivalent to

(2J(u),0) =8E / ] A BTeATT DQxr +Rus + ST, — € (1.27)

T
+BT / AT (O + Sus — n)ds] dt]
t

T
=8E / mT[BT AT () (AT 1) Qe +/ 670 (Qxg + Sug — 1)ds)
0

t
+eAT(u) (Ru, +8Tx, — C) _BTeAT(M)/ eAT(s—l)(st + Sug; — n)ds] dl‘] .
0

Finally, using the smoothing property of conditional expectations, (1.27) can be written as in (1.15),

where M ;(u) and M, ,(u) are defined by (1.16) and (1.17). O

Since J(u) is strictly convex, u is the unique minimizer of the risk-sensitive cost functional if
(2J(u),w) =0 for all @ € % (see Ciarlet (2013)). We observe that (1.15) takes the form of an

inner product. Note that the control action u; satisfying

M O
e — _R! STXI_C+BT( —ATtM Zo / AT(—1) Qx;+Su —n)ds )], (1.28)
14(

ensures that (2J(u°), w) = 0, P-a.s., where the martingale M, ,(u°) characterized by (1.16) is
almost surely positive. Therefore, J(u) is Gateaux differentiable at u° and since (2J(u°), @) =0 for
all @ € %, u° is the unique minimizer of J(u). In other words, (1.28) represents the necessary and
sufficient condition of optimality for the risk-sensitive optimal control problem described by (1.1)-
(1.3). However, the current characterization of u° is not practical for implementation purposes.

M (u°)

Due to the presence of the term M, () obtaining a state feedback form directly from (1.28) is

challenging. To address this issue, we employ a change of probability measure by applying the

Girsanov theorem under certain conditions, as stated in the following lemma.
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Before presenting the lemma, we introduce some notations. We denote by . the set of all n x n
symmetric matrices and by C(%,.%") the set all continuous .#” valued functions on T. Similarly,

we denote by C (¥,R") the set all continuous R” valued functions.

Lemma 3. Consider the control action given by
w*(t) = —R ' [STx, — & + BT (IL(t)x +5(t))] (1.29)
where I1 € C (%,.") and s € C (%,R") satisfy the ODEs

T1(¢) +T1()A + ATII(¢) — (I1(1)B+ S)R™ 1 (BTII(r) + ST) (1.30)
+Q+8M(1)o(t)oT(1)(1) =0, TI(T) =0,
$(t)+ [AT —TI(t)BR'BT — SR™'BT + 8I1(t)o (t)o T (t)] 5(t) (1.31)

+1I(1)(b(t) +BR ')+ SR ' —n =0, s(T)=0.
Moreover, let Cy. be defined by

Cy :%/OT (2(s(t),b(t)) — (R (BTs(t) = §),BTs(t) — &) +u(I(t)o (1)o7 (1)) dt  (1.32)
§ (T . s 8
+< /0 07 (1)s(0) | e + 5 (TL(0)x0, %) + 8 {5(0), ).

Then, the random variable exp(SAr(u*) — C}), where Ar(u*) is given by (1.3) under the control
(1.29), is a Radon-Nikodym derivative

-~

dIP) * *
il = exp (6Ar(u*) —C*(T)), (1.33)

defining a probability measure P equivalent to P. Further, the Radon-Nikodym derivative can be

represented by

dP & (T T
Jp = CXP (—?/0 1%l dt+5/0 %dw,), (1.34)

Y = o T(I1(t)x; +5(2)). (1.35)

Proof. We first define the following quadratic functional of the state process

g (TL(t)x7, ;) + 8 (s(2),x;) (1.36)
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with deterministic coefficients I1(z) and s(¢), drawing inspiration from Duncan (2013). We then

apply Itd’s lemma to (1.36) and integrate both sides from O to 7 to get

g (INT)xr,x7) + 8 (s(T),xr) — g (I1(0)x0,x0) — 6 (s(0),x0)
2/ (T1(1)xr,2 ) 4 (TL()A + ATII(7) )y, 2 ) + 2 (BTII(1)x7, )

2 (TI(0)xy, b(£)) + 2 (5(8),x,)) + 2 (s(t), Ax; + Buy + b(t))
—l—tr(H(t)G(t)G(t)T)>dt+g /0 26 ()T (Tt + 5(6))dwr. (137)

Next, we add A (u) to both sides of (1.37), yielding

SAT(u) — g (T1(0)x0,x0) — & (s(0),x0) = g/OT ((Qx,,x,> +2(Suy,x;) + (Rugy ) — 2(n), x;)
~2(8) Y+ (0% X1 )~ S (IUT)ar cep) — 8 {5(T).7) + /0 (1))
+ (TI(£)A +ATTL(£) ) xg, ) +2 (BTTI(t)x7, 1) +2 (T1(£)x;, b(2)) + 2 ($(t), x;)

s (T
+2(s(t),Ax; +Bu, + b(1)) + tr(H(l‘)G(l‘)G(I)T)) dt + 5 / 20 ()T (I1(t)x; +5(2))dw,.  (1.38)
0
Subsequently, we substitute (1.29) in (1.38) and reorganize the terms to represent SAr (u) as

1
Pr, (1.39)

A7 (1) / %] dt+6/ Wdw,+Ci+ 5

where ¥ and C7 are, respectively, given by (1.35) and (1.32), and ®7 is a random variable defined

by

P = 6/ (t) +Q+ATII(r) +TI(r)A — (II(2)B+ S)R™ 1 (BTII(r) 4 ST) (1.40)
+ 5H(t)6(t)GT(t)H(t))xt,x,> + <s'(t) 4 (AT —TI(1)BR'BT — SR™'BT + T1(t) (1)o7 (1))s ()
FTI(r) (b(t) +BR'C) + SR — n,xt>dt n <QxT,xT> — 8 (TU(T )xr,x7) — 28 (s(T),x7) .

From (1.39), we observe that exp(0A7 (1) — C7) follows the structure of a Radon-Nikodym deriva-

tive if &7 = 0, P — a.s. The above condition is fulfilled if I1(¢) and s(z), respectively, satisfy (1.30)

and (1.31), and if (1.29) holds. Note that, after applying (1.29), the dynamics (1.1) under the P

measure become

dx, = ( (1)x; +b(t )) dt + o ()dw,, (1.41)
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where A(t) := A —BR™1(ST+BTII(t)) + 80(t)oT (t)I1(¢) and b(¢) := —BR ™1 (BTs(t) — {) + b(t) +
00(t)oT(t)s(t). The strong solution of the linear SDE (1.41) is given by

t R t
x =Y (Ox0+Y:(r) [ YZ$)b()ds+Y4(t) | Y=1(s)o(s)dws, (1.42)
where Y 7(¢) and Y=!(z) are, respectively, the solutions of the following matrix-valued ODEs
A

T.(t) =AY (0)dt, Y;

A A(O):I7

i
T =Y A@dr, Y '0)=1, (1.43)

and satisfy TX(I)T; (t) =1 (Yong and Zhou (1999)). Then, one can verify that the affine structure

¥ = oT(I1(¢)x; + s(t)) ensures that the expression

52 T 5 T
xp(8A7 (") —Cf) = exp(— /0 IplPdr + 8 /0 Wdw,),

represents a Radon-Nikodym derivative (see (Karatzas and Shreve, 1991, Corollary 5.14, page

199)). Hence, exp(6Ar(u) — C;), defines the probability measure P equivalent to PP. O
From Lemma 3, under the control action u*, the process M,(u*) = %38:% , where M l,t(u*) and

M, (u*) are, respectively, given by (1.16) and (1.17),is a I?P—martingale represented by

~

N N T
M,(u*)=E |:€ATTQXT + / AT (O + Sut — n)ds(i%} , (1.44)
0
which is obtained through the corresponding change of measure.

Proposition 4. Let u;, I1(t) and s(t) be as defined in Lemma 3, then

~

~ t
(1)x; + s(t) = e A" M, (u*) —/ AT (Oxg+ Suf —m)ds, P—a.s. (1.45)
0

Proof. By inspection, (1.45) holds at the terminal time 7. More specifically, substituting A7[T(u*)
from (1.44) in the right-hand side of (1.45) results in

~

R R T
Oxr = e_ATTMT(u*) —/ eAT(S_T)(QxS +Su; —n)ds, P—a.s., (1.46)
0

whichis P—a.s. equal to IT(7T")x; 4+ s(T) according to (1.30) and (1.31). Hence, in order to establish
the validity of (1.45) for all ¢ € T, it suffices to demonstrate that the infinitesimal variations of both

sides of the equation are P-almost surely equal.
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By the martingale representation theorem, M, () may be expressed as
Mo + / s)dws, —a.s. (1.47)

We apply It6’s lemma to both sides of (1.45) and substitute (1.1), (1.29), (1.47) as required. For the

resulting drift and diffusion coefficients to be equal on both sides, the equations

(n(r> O+ ATII(E) + TI(1)A — (T1()B+ S)R™(BTTI(r) + ST) + 5H(t)6(t)GT(t)H(t)>x; + (s(r)
(1.48)

+ (AT —TI()BR™'BT — SR™'BT + 811(¢t) o (t)5T (¢))s(¢) + T1(t)(b(t) + BR ') + SR~ — n) =0,

and

(t)o(t) =e 2"Z(1), P—a.s. (1.49)

must hold for all ¢+ € €. It is evident that (1.48) holds if (1.30) and (1.31) hold. It remains to
demonstrate that (1.49) holds subsequently for all # € X.
To determine Z(¢), we substitute (1.29) and (1.42) in (1.44) and equate the stochastic compo-

nents of the resulting equation with those of (1.47). This leads to

/z

ATTQY / YA (s)dws—i—/OTeATs / YA dw,ds‘/t],

(1.50)
where Q(t) = Q —SR™!(ST+ BTII(1)). Further, let £(r) = A" Q(1)Y;(1), £2(1) = Y (1) (1),
and rewrite E [D3|.%] in (1.50) as

~ ~ T s T - s
E[D;|#]=E /0 21(3)/0 22(’)dwrds‘%] :/o Li(s)E [/o Lo(r)dwy %} ds
t R s T ~ s
— /0 2 (s)E [ /O & (r)di, 54‘,] ds+ /, 21 ()E { /O £, (r)dim, 3@1 ds
t s T t
_ /0 1(s) [ /0 sz(r)dwr] ds+ /t 1(s) [ /0 Sz(r)dv?r] ds
t 1 1 T
:/0 /r SI(S)dSSZ(”)d‘jV\r‘f’/O/I S](S)dSSg(l’)d\jv\r (change order of integration)
¢ T
_ / / 1 (s)ds Lo (r)dw,, (1.51)
0 Jr
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where the fourth equality holds due to the measurability and martingale property of [y £,(r)dw,,

s € T. Moreover, due to the martingale property, we can rewrite E [Dy|.%] in (1.50) as

E[D||#)=E [eATTQYX(T) /O ' Y (s)0(s)dw,

,%} =ATOY(T) /O t£z(s)dws. (1.52)

Since the martingale representation theorem ensures the uniqueness of the expression Z(¢), from

(1.50)-(1.52), we conclude that

T .
Z(1) = / €4(dry(t) + A TOYH(T) (1), W eT. (1.53)
t
We proceed by using the representation e A" Z(¢) = Z(¢)o (1), where
~ T ~ ~
Z(t):= e_ATt(/ £1(s)dsY/§] (1) —|—eATTQTX(T)Y; (1))=M(t), P—a.s. (1.54)
t

for all 1 € T. We will now demonstrate that Z(r) = I1(¢), which verifies equation (1.49). Since
Z(T) = Q =TI(T), it is enough to show that Z(¢) and T1() satisfy the same ODE. From (1.54), we

have

Z(t) = —ATZ(t) + e A" (—El(I)Yil(t) - /t Tsl(s)dsgl(r)z(t) - eATTQ\TX(T)Y;(t)X(t))
(1.55)
= —ATZ(1) = Q1) — Z(NA(1)
= —ATZ(t) = Q+ SR~ (ST+BTII(1)) — Z(t)(A — BR~' (ST + BTII(t)) — 8(1) 6T (1)T1(7))
= —ATZ(1)—Z(t)A— O+ (Z(t1)B+S)R™'(BTII(t) + ST) — 8Z(t) 5 (t) o7 (t)TI(r),

which is a linear ODE of the Sylvester type with I1(z) fixed as the solution of (1.30). This ODE

admits a unique solution that coincides with I(¢) (see, e.g., Behr et al. (2019).). ]

The following theorem demonstrates that the control action u* given by (1.29)-(1.31) is indeed

the optimal control action for the LQG risk-sensitive system under [P.

Theorem 5. Suppose al.3.1 holds. Then u* given by (1.29)-(1.31) is the unique optimal control
action for the LQG risk-sensitive optimal control problem described by (1.1)-(1.3).

Proof. We first show that the control action u* given by (1.29)-(1.31) satisfies the necessary and

sufficient optimality condition given by (1.28). We have
u' = —RV[STx; — &+ BT (I1(t)x; + s(¢))] (1.56)
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=-—R! |:ST)C, —{+BT ( 7ATIM / AT st + Su; — n)ds)} (by Proposition 4)

M ) ~
= —R! {STx,—C—FBT( —ATt 2[ ! /eATS ) (Oxs+ Su; —n)ds )} , P—a.s.,

where the last equality is a direct result of Lemma 3. Finally, due to the equivalence of P and P, we

have

M. ¥ !
u;k _ _R—l STXt _ C+BT <e—ATtM _/ eAT(S—l)(st _l_SM;‘ _ n)ds) , P—a.s. (157)
M]J(l/l*) 0

Hence, u* is an optimal control action for the system described by (1.1)-(1.3). The uniqueness
of u* as the optimal control action is established due to the strict convexity of the cost functional

(1.2)-(1.3), as demonstrated in Proposition 1. ]

Remark 1. (Risk-Neutral Probability Measure) The probability measure P may be termed risk-
neutral because, under this measure, the necessary and sufficient optimality condition for risk-

sensitive LQG optimal control problems described by (1.1)-(1.3) is expressed as
u'=—R"! [STxt—C+BT< ~ATM, (u* /eA” D(Qxs+ Sut —n)ds )] (1.58)

with 1\71, given by (1.44), which is similar to the optimality condition of risk-neutral LQG optimal
control problems as detailed in (Firoozi et al., 2020, eq (24)). More specifically, under this measure,
the optimality condition of the risk-sensitive optimal control problems described by (1.1)-(1.3) has

the same structure as that of risk-neutral optimal control problems described by

dx; = (Ax; + Bu; + b(t))dt + odwy, (1.59)

J(u) =E[Ar(u)], (1.60)
where Ar(u) is given by (1.3).

The results obtained in this section can be readily extended to the case where the system matrix
is time varying. The following remark provides a summary of this extension, which will be used in

Section 1.4.
Remark 2. (Time-varying system matrix A(t)) Consider the system described by the dynamics
dx; = (A(t)x; + Bu; +b(t))dt + o (t)dwy, (1.61)
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where A(t) is a continuous function on X, and the cost functional is given by (1.2)-(1.3). With some

slight modifications, the Gdteaux derivative of the cost functional is given by

(2J(u), w) = 6E /OT OT[BT(Y ' () ™Mo, (u) + M, () (Rug +STx, — & (1.62)

+BT(r )7

(02 5))7 (0, + 10~ n)ds)]dt] ,

where Y (t) and X' (t) are defined in the same way as in (1.43). The martingale term My ,(u) is
given by (1.16) and My ;(u) by

My, (u) =E [e%(") (CA(T))TOx; + /O T(TA (5))T(Qxy 4 Sug — n)ds) ]%} . (1.63)

Subsequently, the necessary and sufficient optimality condition for the control action u; is given by

T M27t (uo)

up =—R"! [Ssz —C+BT ((YAl(t)) My, ()

t
-0 )7 [ ()@ 505 - s ) ]
(1.64)
By applying adapted versions of lemma 3, proposition 4, and theorem 5, it can be shown that the

optimal control action is given by (1.29)-(1.31), where A is replaced with A(t) in (1.30)-(1.31).

Remark 3 (Technical Comparison with Existing Methodologies). The work Lim and Zhou (2005)
develops a risk-sensitive maximum principle requiring that the running and terminal cost func-
tionals in the exponent be uniformly bounded and Lipschitz continuous (see (Lim and Zhou, 2005,
Assumption B2).). This condition is not automatically met for LQG risk-sensitive models with
quadratic terminal and running costs in the exponent, unless the state and control spaces are re-
stricted to compact sets. In Duncan (2013), a combination of completing the square and a Radon-
Nikodym derivative is used to determine an optimal control for an LQG risk-sensitive problem. To
verify the optimality of a candidate control, a perturbation process (see (Duncan, 2013, eq. (14)))
is introduced over a specific subset of the time interval. This perturbation of the control action is
a bounded process, although the admissible control set includes L* processes. The work Jacobson
(1973) uses dynamic programming to obtain solutions to continuous-time risk-sensitive optimal
control problems, where no verification theorem is presented. Similarly, Fleming and Soner (2006)
employs a dynamic programming approach to address such risk-sensitive problems. However, the

verification theorem in this work assumes that both the state and control spaces are bounded (See
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(Fleming and Soner, 2006, Thm. 8.2 & eq. (3.12))). The works Moon et al. (2018), Basar and
Olsder (1998), and Moon and Basar (2019), which respectively study risk-sensitive two-player
games and mean-field games, employ methodologies and impose conditions similar to those in Lim
and Zhou (2005). They require uniform boundedness and Lipschitz continuity for terminal and
running costs in the exponent. Furthermore, they state that restricting state and control spaces to
sufficiently large compact subsets of Euclidean spaces is necessary for applying the methodology
to LOG counterpart models (see (Moon et al., 2018, Sec. VII, footnote 8), (Basar and Olsder,
1998, Chap. 6), (Moon and Basar, 2019, Example 1).). Our variational approach takes advantage
of the fact that the Gdteaux derivative may be computed explicitly for LOG risk-sensitive models.
Given that the cost functional is strictly convex, this allows us to obtain the necessary and sufficient
condition of optimality by setting the Gdteaux derivative to zero. However, the interchangeability
of the limit and expectation is required to enable the calculation of the Gateaux derivative (see
(1.25)-(1.26) in the proof of Theorem 2). Although boundedness of state and control processes,
as assumed in the literature, provides a sufficient condition for this interchangeability, it is not a

necessary condition.

The variational analysis developed above will be employed in the next section to obtain the

best-response strategies of major and minor agents in MFG systems.

1.4 Risk-Sensitive Major-Minor LQG Mean-Field Game

Systems

1.4.1 Finite-Population Game

We consider a system that contains one major agent, who has a significant impact on other
agents, and N minor agents, who individually have an asymptotically negligible impact on the
system. Minor agents form K subpopulations, such that the agents in each subpopulation share
the same model parameters. We define the index set .7 = {i: 6; = 0%} ke # :={1,... K},

where 8%) denotes the model parameters of subpopulation k that will be introduced throughout

this section. Moreover, we denote the empirical distribution of the parameters (8(1), ..., 8()) by
W) = (EI(N)....NI({N)), where n,EN) = % and |.%| is the counting measure of ..
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The dynamics of the major agent and of a representative minor agent indexed by 7 in subpopu-

lation k are, respectively, given by

dx® = (Agx® + Fox™ + Boul + by (¢))dt + 0 (£)dw? (1.65)
dii = (Agx + Fx™ + G + Badd + by(1))dt + o (t)dwi (1.66)

where i € A ={1,...,N}, k€ #, and t € 7. The state and the control action are denoted,
respectively, by x' € R" and u! € R™,i € A5 ={0,1,...,N}. Moreover, the processes {w’ € R" i €
A0}, are (N + 1) standard r-dimensional Wiener processes defined on the filtered probability space
(Q, Z, {ﬁ[(N) }ie y,P), where %(N) := o (xh,wl,i € Ap,s <t). Finally, the volatility processes
oy(t),0(t) € R™" and the offset processes by(t),b;(t) € R" are deterministic functions of time,
while all other parameters (Ao, Fo, Bo), (A, Fi, Bi) are constants of an appropriate dimension.

(N)

The empirical average state x; * of minor agents is defined by
™ ._ 1y
X, == X 1.67
Mi=5 L4 (167)
eV
where the same weight is assigned to each minor agent’s state, implying that minor agents have a

i+1

uniform impact on the system. Denoting =% := (u!,...,u") and u= == (u0,... /=1, it ... uN)

9

the major agent’s cost functional is given by

~ T
5§ u) :E[exp (% (00— )0 o)+ 2 [ ({00~ o) 20 - 0l

+2<Sou?,x?—q>t(N)>+<R0u?,u?>>dt)}, (1.68)

where dD,(N) = Hox,(N) + Mo and all parameters (Qo, 0o, So, Ho, Ho, Ro, TNo) are of an appropriate

dimension.
Al4.1. Ry >0, Oy >0, Qo — SRy 'ST > 0, and & € [0, ).

For the representative minor agent i in subpopulation k, the cost functional is given by

i O /= i i & [T i i
I u) =B {exp({<Qk(xT—‘P(TN)>,xT—‘P(TN)>+5" | (@i =) -

+2<Sku;',x§_\p(TN)>+<Rku;,u§>)dt>] (1.69)

(N)

where ¥, := Hx? + I-AIkxI(N)

+ 1 and all parameters (Qk, Ok, Sk, Hi, Hy, Ry, M) are of an appro-

priate dimension.

25



AL42. R, >0, 0 >0, O — SiR; ST > 0, and § € [0,00), Vk € ¥,

Under Assumptions 1.4.1-1.4.2, (1.68) and (1.69) are strictly convex.

From (1.65)-(1.69), the dynamics and cost functionals of both the major agent and the represen-
tative minor agent-i are influenced by the empirical average state x,(N). Moreover, the representative
minor agent’s model is also influenced by the major agent’s state x.

For both the major agent and the representative minor agent-i, an admissible set %8 of control
actions consists of all R"-valued q%(N)—adapted processes u!, i € g, such that E [ fOT Hu§ H2 dt} < oo,

In general, solving the N-player differential game described in this section becomes challeng-
ing, even for moderate values of N. The interactions between agents lead to a high-dimensional
optimization problem, where each agent needs to observe the states of all other interacting agents.
To address the dimensionality and the information restriction, we investigate the limiting problem
as the number of agents N tends to infinity. In this limiting model, the average behavior of the
agents, known as the mean field, can be mathematically characterized, simplifying the problem.
Specifically, in the limiting case, the major agent interacts with the mean field, while a representa-
tive minor agent interacts with both the major agent and the mean field. In the next sections, we

derive a Markovian closed-loop Nash equilibrium for the limiting game and show that it yields an

&-Nash equilibrium for the original finite-player model.

1.4.2 Limiting Game

In order to derive the limiting model, we begin by imposing the following assumption.
A1.4.3. There exists a vector of probabilities T such that limy_,e ™) =g,

Mean Field: We first characterize the average state of minor agents in the limiting case. The

average state of subpopulation k& is defined by

A D (1.70)
€9
Let (xM)T = [(xW) T (xM2))7 . (x(Ne))T]. If it exists, the pointwise in time limit (in quadratic

mean) of xt(N) is called the state mean field of the system and denoted by %7 = [(x1)T,..., (¥)T].

Equivalently, in the limiting case, the representation ¥ = E[x*|.#?] may be used, where x** denotes
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the state of a representative agent in subpopulation k£ (Nourian and Caines (2013); Carmona and
Wang (2017)).

In a similar manner, we define the vector (u¥))T = [(u™ )T (V)T (uN))T], the point-
wise in time limit (in quadratic mean) of which, if it exists, is called the control mean field of
the system and denoted by a7 = [(#')T,...,(#%)T]. We can obtain the SDE satisfied by the state
mean field ¥ of subpopulation k by taking the average of the solution x! to (1.66) for all agents in

subpopulation k (i.e., Vi € .#), and then taking its L? limit as Ny — oo. This SDE is given by
it = [(Akek FED) % + Gl + By ik +bk(t)] dr, (1.71)

where F' = n® Fy == [m Fy,..., mgFy], and e = [0, .- 0, Iny Onscns -+, O}, Where the nx n
identity matrix I, appears in the kth block, and the n x n zero matrix appears in all other blocks. The
dynamics of the mean-field vector (%;)T := [(x1)T,..., (¥X)T], referred to as the mean-field equation,

are then given by

d% = (A% +GxX) + B, +m(r)) dt, (1.72)
where
Are; +F G, B 0 by (1)
A= , G=|:|, B= ,omi) =] . (1.73)
Axex + Ff Gk 0 Bk bk (1)

Major Agent: In the limiting case, the dynamics of the major agent are given by
dx? = [Agx? + FF % + Bou? + by (t)]dt + 0o (1)dw? (1.74)

where Ff .= n @ K = [mFy,...,ngFo| and the empirical state average is replaced by the state
mean field. Following Huang (2010), in order to make the major agent’s model Markovian, we

form the extended state (X°)T := [(x¥)T, (%)T] satisfying

dx? = (KOX,O +Boul + By ity +M’o(z)) dt +XodW?, (1.75)
where
N Ay FF B N 0
Ao=|"000 Bo=| " |, Bo=| .|,
G A 0 B
- bo(t op O w?
Mo(t) = o(®) C To=| 0 ], owe=| . (1.76)
m(r) 0 0 0
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The cost functional Jg'(-) of the major agent under this framework is given by

T
I3 ) =E exp<%<GoXP,X,°>+% /O (QoXy, X{) +2 (Sou, X{)

+ (Roud,udy —2(X?, 7o) — 2 (u, ) dt) (1.77)

Go = [In, ~H{]" Qo[ln,~HE), Qo= [Ln,~H{]" Qo [ln,~HF), So= [Ln, ~HE" So,
o = [In, —Hy]" QoMo, 7o =S{no, Hi = [miHo,...,xHo). (1.78)
Minor Agent: The limiting dynamics of the representative minor agent i in subpopulation k are
given by
dxl = [Apxt + FF % 4 Gix¥ + Biul + by (1) ]dt + o dw, (1.79)

where F" := n® FF = [m Fy, ..., ixFi]. As for the major agent, we form the representative minor
agent’s extended state (X/)T := [(x))T, (x?)T,(%)T] in order to make the model Markovian. The

extended dynamics are given by
dX! = (AeX] + By +Bou® + Bit, + M (1)) dt + SidW, (1.80)

where (1.75) and (1.79) are used, and

Py I o O I T B B
0 Ay | 0| By | Bo
- b (t o O . wi
M(t) = f( ) o= " Cowi=| . (1.81)
M()(l‘) 0 X VVZO

The cost functional for minor agent i, expressed in terms of its extended state, can be reformulated

as
7)) =E [exp (% (GiX/! X!) + % /OT (QuX!,X0) +2 (Spul, X!
+<Rku§,u§>—2<X;,ﬁk>—2<u§,ﬁk>dz>], (1.82)
where
G = (Lo, —Hy, —HT)T Ok [Ln, —Hy, —HF], Qi = Ly, —Hy, —HF)T Qu[L,, —Hy, —H],
Sk = [Ln, —Hy, —HF) Sk, T = (Lo, —Hi, HF) Ok, i = Sfmy,  HY = [ﬂlﬁkw--yﬂKﬁk] :

(1.83)
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Finally, for the limiting system, we define (i) the major agent’s information set .#9 := (.#?0),c 7
as the filtration generated by (w"),c7, and (ii) a generic minor agent i’s information set .7’ :=

(9‘["%e 7 as the filtration generated by (W§, W? )ie T

Nash Equilibria

The limiting system described in Section 1.4.2 is a stochastic differential game involving the
major agent, the mean field, and the representative minor agent. Our goal is to find the Markovian
closed-loop Nash equilibria for this game. We define the admissible set of Markovian closed-loop

strategies according to the following assumption.

A1.4.4. (Admissible Controls) (i) For the major agent, the set of admissible control inputs % °
is defined to be the collection of Markovian linear closed-loop control laws u® := ( ?),69 such
that E| fOT u?Tu? dt] < . More specifically, u? = 6)(t) + €} (t)x? + €3(t)%, for some deterministic
functions £3(t),0}(t), and 03(t). (ii) For each minor agent ii € N, the set of admissible control
inputs %' is defined to be the collection of Markovian linear closed-loop control laws u' = (u!),c 7
such that E[ OT uiTug dt] < o. More specifically, ui = (2(t) + 03 (£)xi + 62 (t)x¥ + Ei’n(t))ft for some

deterministic functions (9(t), 0, (t), 63 (t) and Kz’ﬁ(t).

From (1.75)—(1.78) and (1.80)—(1.83), the major agent’s problem involves iz, whereas the rep-
resentative minor agent’s problem involves u° and . Therefore, solving these individual limiting
problems requires a fixed-point condition in terms of i. To obtain the Nash equilibria, we employ

a fixed-point approach, outlined as follows:

(1) Fix i as an .%# 0—adapted process and solve the differential game given by (1.75)—(1.78) and
(1.80)—(1.83) to obtain the best-response strategies u” and i/, respectively, for the major agent

and a representative minor agent i.

(i) Impose the consistency condition u,(N) = %Zie yul — i, as N — oo, To derive the best-

response strategies in (i) we use the variational analysis presented in Section 1.3. The fol-

lowing theorem summarizes our results.
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Theorem 6. [Nash Equilibrium] Suppose Assumptions 1.4.1-1.4.4 hold. The set of control laws

{u®* u* i€ N}, where u®* and u'* are respectively given by
W = —Ry ' [STXO — g + B (TTo(1)X0 + s0(t) )] (1.84)
W = —RV[STX — g+ BT (T (0) X, + s1.(1))] (1.85)
forms a unique Markovian closed-loop Nash equilibrium for the limiting system (1.75)-(1.78) and

(1.80)-(1.83) subject to the following consistency equations

(

—TTy = oA+ AJ Ty — (TToBo +So)Ry ' (BITo + S§) + Qo + SoIoZoZf Iy,  Io(T) = Gy
—TT; = T Ay + AJTT — (TLBy + SR, (BITL, +S]) + Qi + SILE I,  I(T) = Gy

A= [Ak—BkREI(SII,n + Bk 11) | e+ F _BkRIZI(SIIﬁl + BT 13),

G = Gr— BiR, ' (S] 5, + BT 12),

(1.86)
( —$0 = [(Ag — BoR, 'SH)T — TIoBoR, "B Jso + ITo (Mo + BoR, '710) +SoR; 7
—To + SoIToZoX]s0, so(T)=0
—$k = [(Ag — ByR'S])T — TLBiR, "B sk + I (M + BiR, 'iig) + kR, i (1.87)
— M+ ST E s, si(T) =0
| = + BiR, i — ByR, "Bl 511
where, for I and Sy, we use the representation
I g I Sk, 11 Sk11
= |Tor e Mgos|> Sk= [Sear|s k= [sk21 (1.88)
I3 Ilg3p Tlias Sk 31 k.31

with Ty 11,1 20 € RV, T 33 € RYEKS, 11, Spor € R, Spsp € R s 11,5101 € RY,

Sk31 € R and



o=1|_ _|:M&= | , Mo = , My = |
G A 0 Ay— B()Ra (SS "‘BEHO) m My — B()Ra IB%SO
(1.90)
In addition, the mean field X, satisfies
d% = (A% +Gx) +m) dt. (1.91)
Proof. Under Assumption 1.4.4, the mean field of control actions iz; may be expressed as
i = Z(1)X° 4 ¢(1). (1.92)

where the matrix E(¢) and the vector ¢() are deterministic functions of appropriate dimensions.We
begin by examining the major agent’s system (1.75)—(1.78). Using the representation (1.92), the

major agent’s extended dynamics may be rewritten as
dx® = ((2{0 +BoZ) X0+ Bou? + My +§0g(t)) dt + SodWy. (1.93)

Subsequently, the optimal control problem faced by the major agent reduces to a single-agent opti-
mization problem. We use the methodology presented in Section 1.3 to solve this resulting optimal
control problem for the major agent’s extended problem. According to Theorem 2, the major
agent’s best-response strategy is given by

TMSJ(”O’*)

0,% -1
u = —Ry A
M?J(MO,*)

S§X — o+ B ((Y§01+§03(t))

t
— (5 5 )T /O (Y3, 45,2 () T(QoX; +Sou™ — ﬁo)dS)] (1.94)

where Y+

-1 : ; 0 (,,0,%
i, +§05(t) and YXU+§0E(I) are defined as in (1.43), and the martingale terms My, (u™")

and Mgt(uo’*) are defined as in (1.16) and (1.17), respectively. From Lemma 3, Theorem 4, and

Corollary 5, we can show that (1.94) admits a unique feedback representation
™ = Ry [STXY — iig -+ B (To (1) X2 + 50(1)) ] (1.95)
where ITy(7) and so(¢) satisfy
(Ho(l) +Qo + (Ao + BoE (1)) TTIo(r) + Io(r) (Ao + BoZ(t)) — (o (t)Bo + So) Ry ' (Bi o (t) +SJ)
o+ T (1 Z0ZFTo (1) ) X0+ (30(0) + (Ao + BoZ(1))T — Tho(r)BoRy ' B —SoR; ' B]

+ 8oTTo (£) 20X )so(t) + o (1) BoRy 7o -+ o (1) (Mo (t) + Bog (t)) + SoRy 7o — 7’10) =0. (1.96)
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This linear-state feedback form is obtained through a change of measure to I@O, defined by % =
2
exp(—%‘) I'4 H%Oszt + 80 Jy (¥)TdWL), where 1P = 8oX§ (TTo(1) X + s0(z)). Under the equivalent

measure @0, the process
MY, (%)
) _ 0 O,*
W‘M’ (u™") (1.97)
M t

is a martingale, and we have

A~ l _
(Y§01+§03 (t))TMtO(uO’*) o (YiolJrgoE(t))T /0 (Tgo—O—goE (s))T(QOXsO +SOM?’* - no)ds = HO <t>Xt0 +50 (t)a
(1.98)

~1 . . , .
where 15 +I§OE(Z) and YXOH%E (t) are defined as in (1.43). By applying Ito’s lemma to both sides
of the above equation and equating the resulting SDEs, we obtain (1.96). However, we cannot
proceed any further at this point since = and ¢ are not yet characterized. We hence turn to the
problem of a representative minor agent. Using the mean-field representation (1.92) and the major

agent’s best-response strategy (1.95), the extended dynamics of minor agent i are given by

dX! = (Ap(0)X] + By + My (t))dt + ZidW, (1.99)
where
A= | M G £ (1.100)
0 Ao+BoE—BoR, ' (So—BJIy(r))
M(r) = bel?) . (1.101)

Mo(t) —B()REIBSS()(O +§0g(l‘)

From Theorem 2, the best-response of minor agent i having a cost functional (1.82) is given by

W =—RV|STXF— i1, + BT (Y‘l(t))TM—é”<ui7*) — ()T t(T\ ()T (QiX! + Sul™* — iy )ds
t k k<t k k A Mi.[(ui’*) A 0 Ay kAg kUg Nk 5

(1.102)
where Y () satisfies (1.43), and the martingale terms M; ,(u"*) and M5 ,(u"*) are defined as in
(1.16) and (1.17), respectively. Similarly, according to Lemma 3, Theorem 4, and Corollary 5,
(1.102) admits the unique feedback form

" = =R (ST — i+ BT (ML) X" +54(0)) ] (1.103)
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where

(L) + Qi+ Ax (1) Tk (1) + The(0)Ai(r) — (T (1) B + SRy (B TLe(0) +S])
+ 5knk(t)zkz,1nk(t))x; + <s'k(t) + (AT = TI(1)ByR "B — SiR "BI + 8T, (1) Z] )i (1)
T () BiRy i+ (1) (1) + SkRy Lty — ﬁk) —0. (1.104)

The state feedback form (1.103) is obtained through a change of measure to P , defined by ‘% =
exp(—%"2 I Hyf”zdt + & Jo (¥)Taw/), with ff = §E] (T (£)X; + s(r)), such that the process
%:M}(uiv*) (1.105)
1t
is a @i—martingale. To continue our analysis, we then characterize i by applying the consistency
condition (ii). To this end, we represent I1; and Sy in (1.103) as in (1.88). From (1.103) and (1.88),

the average control action of a minor agent in subpopulation k is given by

x[(Nk)

N, _ _
! k)I—Rkl<[SZ,11+BTHk,11 St TB k12 Spy +BTis| |+ _”k+B/IS’<v”>'

Xt
(1.106)
In the limit, as Ny — oo, u,(Nk) converges in quadratic mean to (see e.g. Caines and Kizilkale (2017))
i
L_if = _Rk_l ( [Sl-lc-,ll —|—BTHk711 SZ,ZI —I-BTHk’lz 81731 —i—BTHk,B x? — N "‘B/l-sk,ll) .
Xt

(1.107)

We observe that the expression in (1.107) has the same structure as (1.92). Hence, by comparing
these two equations, we specify = and ¢ in terms of II; and s, k € K. We then substitute the
obtained expressions for & and ¢ in (1.72), (1.96), and (1.104) to obtain (1.91), (1.86) and (1.87).

[

Remark 4. (Comparison of equilibria in the risk-sensitive and risk-neutral cases) In risk-neutral
MFGs with a major agent, neither the volatility of the major agent nor that of the minor agents
explicitly affects the Nash equilibrium. This is not the case for the corresponding risk-sensitive

MFGs, where we observe the following:
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* The mean field is influenced by the volatility of the major agent and the volatility of all K

types of minor agents.
* The equilibrium control action of the major agent explicitly depends on its own volatility.

* The equilibrium control action of a representative minor agent explicitly depends on its own

volatility as well as on the volatility of the major agent.

* The equilibrium control actions of the major agent and of a representative minor agent are

impacted by the volatility of the K types of minor agents through the mean-field equation.

Furthermore, in the risk-neutral case, only the first block rows of 11y and s; impact the equilibrium
control, as shown in Firoozi et al. (2020). However, in the risk-sensitive case, all the blocks of T1;

and s have an impact on the equilibrium control actions.

Numerical Solution of Consistency Equations

In this section, we discuss the solvability of the set of mean field consistency equations given
by (1.86)-(1.87). We note that (1.86) represents a set of coupled Riccati equations, which may be
solved independently from (1.87). It is challenging to analytically show the existence and unique-
ness of a solution to (1.86). However, given a solution to (1.86), (1.87) may be viewed as a system
of coupled first order linear ODEs, for which a unique analytical solution is guaranteed.

Here, we use a numerical scheme to solve the set of consistency equations, (1.86)-(1.87), for
a specific system instance. To this end, we adapt the iterative method used in Huang (2010).
In particular, in our case A and G are time-dependent functions defined on .7. Our algorithm
initializes with arbitrary trajectories for A and G and iterates until the corresponding trajectories
of two consecutive iterations converge, where the error in iteration j relative to iteration j—1 is

defined by

o)

errorU):‘A(f)—A(f—l)‘ +)G<f>—(;(f—1> L oj=1.2,... (1.108)

with ||, denoting the supremum norm and the superscript (-) indicating the iteration number.
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We illustrate a particular case of the system described by equations (1.65)-(1.69) where the

dynamics and cost functionals are given by

dx? = (—2.550 2.5 4 u0)dr +0.5dw?,

dxl = (=5x +2.50™) +2.5:0 + )t +0.5dw,

IN W0 w0 =E [exp (/T (10 <x,° —x,(N)>2 + (u?)2> dt)} ,
IV ) =] {exp ( /O ; (7 (x;' —0.5xM 0.5x9)2 + (u;')z) dt)} .

Fig. 1.1 and Fig. 1.2 illustrate, respectively, the trajectories of AU) and GU) over iterations j =
1,2,...,7. The trajectories show convergence after just a few iterations. Specifically, the iterative
error is reduced to 0.7 x 10~ '* after ten iterations, starting from the initial trajectories A(°) (1) =
GO (t) =0,Vt € 7. Moreover, for the completeness of numerical solutions, Fig. 1.3 depicts the

associated trajectories for /), obtained using a similar iterative method.

28182 --O- =
-

28176

285 25 4 0.86
o 02 04 06 08 1 o 02 04 06 08 1
Time ¢ Time ¢ Time ¢

Figure 1.1: Trajectories of AW Figure 1.2: Trajectories of G\ Figure 1.3: Trajectories of /)
forj=1,...,7. forj=1,...,7. forj=1,...,7.

1.4.3 &-Nash Property

In this section, we show that the control laws defined in the previous section yield an e-Nash
equilibrium for the finite-population game described in Section 1.4.1 under certain conditions. Due
to the fact that linear-quadratic (LQ) exponential cost functional do not admit the boundedness or
Liptschitz continuous properties, a proof of the £-Nash property without imposing further condi-
tions on the system is still an open question. To the best of our knowledge, the only way to establish

the €-Nash property is to find a relationship between linear-quadratic risk-sensitive and risk-neutral
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cost functionals (see also Moon and Basar (2019)). To be more precise, we first represent the

risk-sensitive cost functional as

J(u)=E [exp (g(xT,vT) +/0Tf(x,,u,,vt)dtﬂ (1.109)

0
f(xt,u;,vt) = E (<Q(.X't —vt),x, — Vt) +2<Sut,xt — V[> + <Ru,,ut>) (1110)
g(xr,vr) :§<Q(XT—VT),XT—VT>, (1.111)

where v; is a square integrable process and we drop the index i for notational brevity. We also
assume that R > 0, Q >0, and Q — SR~IST > 0. The desired relationship can be built if the

following inequalities hold

[ (1) — T (u2)]

<E

T T
exple(ehvh)+ [ 0l ot ) —exp(e(h o} + | f<x?,u?,v%>dr>\]

T
< CE | |g(ohvh) —sedv) + | el nd o)) = 6o )

], (1.112)

where C is a constant that does not depend on a particular sample path of the stochastic processes
involved. However, without any further assumptions, we cannot claim (1.112) since the exponential
function and quadratic functions are not globally Lipschitz continuous or bounded. A compromise
to address this issue is to confine the control and state vectors within a sufficiently large (unattain-
able) compact set in Euclidean space without affecting the optimization outcome. This restriction
is customary in the context of LQG risk-sensitive problems and appears in one way or another in
different methodologies. For more details on this restriction, we refer the reader to Moon et al.
(2018); Moon and Basar (2019), Chapter 6 of Bagar and Olsder (1998), and Lim and Zhou (2005),

among others.

From (1.112), the proof of the e-Nash property for LQG risk-sensitive MFGs may be reduced
to establishing the same property for LQG risk-neutral MFGs. We refer to Huang et al. (2006) for

a related proof for LQG risk-neutral MFGs. In this chapter, we leverage the imposed restriction to
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present an alternative proof. It is easy to see that, under this restriction, we further have

T
e oot [ ko)~ 63|
T
< CE |k~ 3, + v~ + <||x:—x%ul+uus—ufuﬁuv:—vfuodr], (L1
where ||.|; is the L! vector norm defined as ||x||, = . | x|, with x = [x; x5 ... x,]T. The proof of

the e-Nash property can then be established by using the basic approximation of linear SDEs.

Theorem 7. Suppose that Assumptions 1.4.1—1.4.4 hold, and that the control and state vectors are

restricted within sufficiently large compact sets. Further, suppose that there exists a sequence of

real numbers {ty,N € {1,2,...}} such that ©y — 0 and % —my| = o(n), for all k € . The

set of control laws {u®*,u"*,i € N} where u®* and u™* are respectively given by (1.84)—(1.90),
forms an €-Nash equilibrium for the finite-population system described by (1.65)—(1.69). That is,
for any alternative control action u' € %8,i € N, there is a sequence of nonnegative numbers

{en,N € {1,2,...}} converging to zero, such that

J

1

(ui,*’u—i,*) SJi(N)(ui,u_i7*)+8N’ = % (1114)

where &y = o(—=) +o(w).

o

Proof. Without loss of generality, to streamline the notation and facilitate the understanding of
the approach, we provide a proof for a simplified scenario, where processes are scalar and where
Hy= 0 =1 and H, = f—ik = O, = 1Vk € #. The proof may be readily extended to the general
system considered in Section 1.4.1. Additionally, we use the notation A < B to indicate that A < CB
for some constant C.
We establish the €-Nash property for the major agent and for a representative minor agent.

(I) e-Nash property for the major agent: Under the assumption that all minor agents follow the
Nash equilibrium strategies {u"*,i € .#"} given in Theorem 6 and that the major agent adopts an
arbitrary strategy u”, we introduce the following finite-population and limiting game systems for

the major agent. These systems share the same initial conditions.
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* limiting game System: The major agent’s state and the mean field are represented, respec-
tively, by x? and (%)T := [(£1)7,...,(xX)T]. The dynamics are given by
(

dx¥ = [Agx? + Fx + Boulldt + op(t) dw?

d)d‘: [(Ak—Rk_l(Bk)z(Hk,ll(l‘)—f—Sk?]]))ff—R]:I(Bk)z(nh]g)(l)—}-811-7]3))@ (1115)

+Gx? + FFx, + my (1)) dt, ke X,

\

where the coefficients Gy and 7y, are given, respectively, by (1.86) and (1.87). This system
contains K 4 1 equations. We represent it in expanded form to facilitate the analysis. For this

case, the major agent’s cost functional is given by

T
J5°(u0,u*0’*) —F {exp </ fo(x?,u?,m?t +n0)dt+g0(x(%,7wa —1—1’]0)>}
0
1 1
fo(xta”t» V) = §Q0<xt - Vz)2 + Sous (X —vi) + ER()ut2
% (xr,vr) = Qo(xr —vr)?. (1.116)

e Finite-Population System: This system consists of one major agent and N minor agents.

(V)

We represent the major agent’s state by x?’ and the vector of average states by (x[N ])T =

[(xNNT (M2 (x(¥))T] (as defined in (1.70)). Furthermore, we introduce the vector

(xM)T = [)E,l (V) ,)E,z’(N), e ,)?,K ’(N)], which is calculated using the mean-field equation

[N]

(1.72), where the vector of average states x; ° is used. These processes satisfy

process

(V) (N)

dx?’ = [on?’ + F0”<N)x,[N} + Boul)dt + o (t)dw?

dx™ = [(Ax— R (B (M1 (1) + S )™ — Ry (B2 (M (1) + S;I,lg)fr(m

(N) ) [N]

+Gi ™ + BV i (0)dt + - Yie g on(t)anl, ke

diy ™ = [(A— R (B (Mt (1) + Sea))i ™ — R (B2 (M3 () + 8] 15)5 )

(V) (N)

+FFx ) i (t))dt, ke,

—|—ka?7
(1.117)

where the dynamics of x™) are obtained using (1.66), and the Nash equilibrium strategies

(N) 0,(N) (N)

L _(N) . . ; _
using x;7, x, ", and %, instead of, respectively, x/, x, and ;.
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The major agent’s cost functional is then given by

T
IV ) = {GXP ( /0 PO 10 g N oyae 4+ g™ g )Ny 710))]

(1.118)
From (1.113), we have
’JéN)(u07u—0,*) I, u )
g/OTE[x?—x?"’v)]+‘mzt—n<N>x,[N]Hdr+E‘nxT—n<N>x[}V]‘+E’x0T—x(}’(N)‘. (1.119)
Moreover, we can write
’nx,—nW)xt[N])g’nxt X ‘+‘7rx —ﬂ(N)x,[N]‘SHX,—x,[N]HI—FCTN (1.120)

forallz € [0,T], where Ty := sup;;,<g ‘EIEN) — nk‘ is a sequence converging to zero. Using (1.120),

(1.119) may be written as

‘J(N) uO u—O,*) —JSO(L{O,M—O’*)

N/ x, —xt xt[N]H1+’L'N} dt+EH)ET—x[;V]H1+E‘x(}—x(}’(m)+’L’N
< /0 E0(r)dr + EY(T), (1121)
where
E0() = E[x0 —x0W : —x,(N)HIJrJE x,(N)—x,[N]HIJrrN (1.122)

and £J(0) = ty. We aim to find an upper bound for £9(¢). From the second and third equations in

(1.117), we have

- N}H v (V)
1
/ P L RO R ]
+ZE‘Fk”x§N)— el ds+Z—E Z/ck Jawi|.  (1.123)
k=1 lGﬁk
Since the coefficients are bounded, we have
ZE‘Ak— - (Hkn()—I—Sle))(Xf’(N)—xt(N"))‘§IE ft(N)—xz[N]Hl- (1.124)
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Moreover, following the same approach as in (1.120), we obtain
ZIE’Fk M _ ’<EH —xt[N]H]HN. (1.125)

Therefore, we have

xt —xt H <C/

<C/ EV(s) ds—f—z

xs _xs

’ +7 }dH_ZNk egk/otck(s)dwf;
l;}/ o(s (1.126)

X0 —x?’(N) ‘ —)Et(N) o ve obtain
the inequality
t
&0 SO+ [ Eh)ds (1.127)
0

where

—‘L'N-i-z

(1.128)

Z / Gk dW
€9

Note that ¥ ;c s, Jo Ok(s)dw' ~ A (0,Ny. 5 67 (s)ds) and hence |Y;c s, Jo Ok(s)dwi| follows a folded

normal distribution. We then have

1 1
or(s)dw'| < — < —, (1.129)
Ny lggk/ * N ™~ /N
where the second inequality holds due to the boundedness of \lﬁ so that
K]?,(I)SJ’L'N—FL, Vie . (1.130)
VN
We use Gronwall’s inequality to write (1.127) as
t
EV(t) < CKY (1) +Ce™ / e 1 (s)ds. (1.131)
0

The above expression indicates that {£(¢),N = 1,2,...} forms a sequence converging to 0 as

N — oo, Therefore, from (1.121), we have

T @000y < 12 (0, u0%) + e, (1.132)
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where gy = 0(\#) +o(ty). Note that (1.132) holds for both the optimal strategy u®* and an

arbitrary strategy u° for the major agent. Furthermore, we have

JéN)(MO’*,u_O’*) < oo MO"*,M_O’*)—FSN

< I (W, u=0%) 4 2¢y, (1.133)

where the second inequality holds since u%* represents the Nash equilibrium strategy for the lim-
iting game system, and the third inequality follows from (1.121). This concludes the proof of the
&-Nash property for the major agent.

(I1) e-Nash property for the representative minor agent i: Assuming that the major agent and
all minor agents, except minor agent i in subpopulation 1, follow the Nash equilibrium strategies
L% ul* ) u b it Wit * Y as outlined in Theorem 6, while minor agent i adopts an
arbitrary strategy u’, we introduce the following finite-population and limiting game systems for

minor agent i. These systems share the same initial conditions.

* limiting game System: The minor agent’s state, the major agent’s state and the mean field are
represented, respectively, by x/, x¥ and (%,)7 := [(])T,...,(ZX)T]. The dynamics are given
by

)
dx! = [Ax 4+ FF% + G0 + Byulldt + o (t)dw!

dx) = [(Ao— Ry ' B§(To,11 (£) +So,11))x) — Ry ' B (o 12(¢) + S 1) %
FFJ%, 4 bo+ BoRy 'iig — Ry (Bo)2soldt + oo (t)dw?  (1.134)

dxf = [(Ax = Ry (B> (Mg 11 (1) + Sen )8 — R (B)* (M 13(8) + S 13)%

\ —l—ékx?—l—Fkﬂft —l—ﬁlk(l‘)]dl‘,

where the coefficients Gy and 7y are, respectively, given by (1.86) and (1.87). The cost
functional of minor agent i belonging to subpopulation 1 is given by
J7 (! ,u*) = Efexp( /O S (xt ) M)t + g (5, R+ x7 +11))]
Qi 1 i 2 ifoi 1 i\2
f(xta”zavt)ZEQl(xt_Vt) +Slut(xt_vt)+§Rl(”t>
&' vr) = 01 (xf —vr)?, (1.135)
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e Finite-Population System: This system consists of one major agent and N minor agents.

i,(N)

We represent the state of minor agent i belonging to subpopulation 1 by x;
0,(N)

agent’s state by x;

, the major
, the average state of subpopulation 1 by x™1)and the average state
of subpopulation k # 1 by xVi) (as defined in (1.70)). Furthermore, we introduce the vector

process ,-y% ], which is calculated using the mean-field equation

(1.72), using the vector of average states (xV1)T = [(xM)T (xMN)T . (xN&))T]. These

processes satisfy

(dxi’(N) = [Alxt( )+F”(N o )+Glx,( >+Bluf]—|—61(t)dw§
dxy™ = [(Ao— Ry B3 (To,11(1) +So.11) )3 ™ — Ry 'B3 (Mo, 12(t) +S7 1)
+EFM N 4 g (1))t + oo (£)dw?
dq™ = [(A R B (M1 () +S10))x ™ — Ry B 13(0) + ST )8
161 FFY N iy (1))t + - Yie s 01 (0)dwi + ¢ di
d™ = (A= Ry (B2 (Wi () + Sen)a™ — R (Br)2 (T 13 (¢) + S}LB)XI(N)
+Gu Y+ N b ()lde + T ou(0)dn, k1

dit™ = [(Ax— R (B (Mt (6) + S )T ™ — R (B2 (M3 (1) + ST )

+GpW )+F,jfx,( ) (1)) dt,

(1.136)
where the average state x,(N‘) of subpopulation 1 involves the term
i i By ;. .
e M= —]vl(u;’ —u;), (1.137)

where u"* represents the Nash equilibrium strategy of agent i, as given by (1.103) for k =
1. The inclusion of this term accounts for the arbitrary strategy adopted by minor agent
i. Notably, this term becomes zero when the agent chooses to follow the Nash equilibrium

strategy. The cost functional of minor agent i is given by

o T .
J; (u’,u‘”*)zE[exp(/O f’(x;’(N),u;,ﬂ( )x [ ]—i—x, )—f—m)dt

;,(N)

+ g (™) g (O Hm))] (1.138)
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Following a similar approach as for the major agent’s problem, we obtain

<[

N (™) — I (', u™)

1

X _x;',(N)‘ n

o =) s

+ T |x —xiT’(N)‘ +E ‘JDET — n(N)x[;V]‘ +E ’x(% —x%(N)‘
T . .
< [ ghwar+ g, (1.139)
where
EL(1) :=F x;'—x;?(N>‘+E x?—x?’(N)‘JrE x,—xt(N)”l+E x,(N)—xlN}HIHN. (1.140)
Again, as in the case of the major agent, we have
. . t .
EL(1) < CKly (1) +Ce” /O e~ Co i (5)ds, (1.141)
where
. K 1 ! . ik i
Ky (1) :TN"‘ZﬁE Y / or(s)dwi| +E e/ " (1.142)
=1k |icz /0
Note that, according to our assumptions,
B e < 2 (1.143)
e —. .
t ~ N

Thus, ki (t) — 0 as N — oo, ¥t € [0,T]. Then, following similar steps as in the major agent’s

problem, we can show that Ji(N)(ui’*, u ) < Jl-(N) (uf,u="*) + ey, where ey = o(ﬁ) +o(ty). O

1.5 Conclusions

In this chapter, we began by developing a variational analysis framework for solving risk-
sensitive optimal control problems. Subsequently, we extended our investigation to risk-sensitive
MFGs that involve both a major agent and a substantial number of minor agents. In particular, we
derive an €-Nash equilibrium for LQG models, incorporating risk sensitivity through exponential-
of-integral-cost formulations. The variational analysis developed in this work is applied to obtain
the equilibrium strategies. Our study emphasizes the significance of incorporating risk sensitivity,
particularly in economic and financial models. The obtained results contribute to a deeper under-

standing of the implications of risk-sensitive decision-making.
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Chapter 2

Hilbert Space-Valued LQ Mean Field

Games

Abstract

This chapter presents a comprehensive study of linear-quadratic (LQ) mean field games (MFGs)
in Hilbert spaces, generalizing the classic LQ MFG theory to scenarios involving N agents with dy-
namics governed by infinite-dimensional stochastic equations. In this framework, both state and
control processes of each agent take values in separable Hilbert spaces. All agents are coupled
through the average state of the population which appears in their linear dynamics and quadratic
cost functional. Specifically, the dynamics of each agent incorporates an infinite-dimensional noise,
namely a Q-Wiener process, and an unbounded operator. The diffusion coefficient of each agent
is stochastic involving the state, control, and average state processes. We first study the well-
posedness of a system of N coupled semilinear infinite-dimensional stochastic evolution equations
establishing the foundation of MFGs in Hilbert spaces. We then specialize to N-player LQ games
described above and study the asymptotic behaviour as the number of agents, N, approaches in-
finity. We develop an infinite-dimensional variant of the Nash Certainty Equivalence principle and
characterize a unique Nash equilibrium for the limiting MFG. Finally, we study the connections
between the N-player game and the limiting MFG, demonstrating that the empirical average state
converges to the mean field and that the resulting limiting best-response strategies form an £-Nash

equilibrium for the N-player game in Hilbert spaces.



2.1 Introduction

MEFGs are originally developed in R” spaces, which are considered as finite-dimensional. How-
ever, there are scenarios where Euclidean spaces do not adequately capture the essence of a problem
such as non-Markovian systems. A clear and intuitive example is systems involving time delays.
For instance, consider the interbank market model initially introduced in Carmona et al. (2015),
where the logarithmic monetary reserve (state) of each bank is driven by its rate of borrowing or
lending (control action). An extension of this model, studied in Fouque and Zhang (2018), in-
corporates a scenario where each bank must make a repayment after a specific period, drawing
inspirations from Carmona et al. (2018b). This modification introduces delayed control actions
into the state dynamics. Consequently, the state process is lifted to an infinite-dimensional function
space (for Markovian lifting of stochastic delay equations see e.g. Da Prato and Zabczyk (2014)).
However, due to a gap in the literature on infinite-dimensional MFGs, Fouque and Zhang (2018)

merely assumes the existence of the mean field limit.

Beyond practical motivations, investigating MFGs in infinite-dimensional spaces offers an in-
teresting mathematical perspective due to the distinctive treatment required compared to Euclidean
spaces. In such spaces, the evolution of a stochastic process is governed by an infinite-dimensional
stochastic equation (see e.g. Da Prato and Zabczyk (2014); Gawarecki and Mandrekar (2010)).
These equations, also termed stochastic partial differential equations (SPDEs), form a powerful
mathematical framework for modeling dynamical systems with infinite-dimensional states and
noises. In other words, these equations describe the evolution of random processes in infinite-
dimensional Hilbert spaces. The extension to infinite dimensions becomes essential when dealing
with phenomena that exhibit spatial or temporal complexities at various scales, such as fluid dy-

namics and quantum field theory.

Single-agent optimal control problems in Hilbert spaces have been well-studied in the past
(see, e.g., Ichikawa (1979); Hu and Tang (2022); Tessitore (1992); Nurbekyan (2012); Gomes
and Nurbekyan (2015) for the LQ setting.). Recent works Dunyak and Caines (2022, 2024) de-
velop a framework in which optimal control problems over large-size networks are approximated
by infinite-dimensional stochastic equations driven by Q-noise processes in L?[0,1]. Moreover,

McKean-Vlasov control problems in Hilbert spaces have recently been studied in Cosso et al.
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(2023). To the best of our knowledge, there are only a few works related to mean field games
in Hilbert spaces. Besides Fouque and Zhang (2018) (where the noise processes are real Brownian
motions), the contemporaneous work Federico et al. (2024b) studies a limiting mean field game
system involving a constant volatility and a cylindrical Wiener process in Hilbert spaces, where the

existence and uniqueness of the solution on both small and arbitrary time intervals are discussed.

The goal of this Chapter is to present a comprehensive study of LQ MFGs in Hilbert spaces,
where the state equation of each agent is modeled by an infinite-dimensional stochastic equation
(for classic LQ MFGs with R"-valued state and control processes extensively studied in the litera-
ture we refer to Bensoussan et al. (2016); Huang et al. (2007); Huang (2010); Firoozi et al. (2020);
Liu et al. (2025); Firoozi and Caines (2020); Firoozi (2022); Huang (2021); Toumi et al. (2024); Li
et al. (2023a); Firoozi and Jaimungal (2022); Firoozi et al. (2022).). Specifically, we consider an
N-player game where the dynamics of agents are modeled by coupled linear stochastic evolution
equations in a Hilbert space, with coupling occurring through the empirical average of the states.
Each agent aims to minimize a quadratic cost functional, which is also affected by the empirical

average of states!.

The organization of this chapter is as follows. Section 2.2 introduces the notations and some
preliminaries in infinite-dimensional stochastic calculus to ensure the chapter is self-contained and
accessible. Section 2.3 presents the regularity results for coupled stochastic evolution equations
in Hilbert spaces. Section 2.4 addresses MFGs in Hilbert spaces including optimal control in the
limiting case, the fixed-point argument, and Nash equilibria. The €-Nash property is addressed in
Section 2.4.3. Finally, Section 2.5 examines a toy model inspired by the model presented in Fouque

and Zhang (2018) and discusses potential extensions.

!This chapter is forthcoming as a published article: Liu, Hanchao, and Dena Firoozi. Hilbert Space-Valued LQ
Mean Field Games: An Infinite-Dimensional Analysis, (to appear) SIAM Journal on Control and Optimization, 2025,
arXiv:2403.01012.
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2.2 Preliminaries in Infinite-Dimensional Stochastic Calculus

2.2.1 Notations and Basic Definitions

In this section, we introduces the notations and some preliminaries in infinite-dimensional
stochastic calculus for both Chapter 2 and Chapter 3. We denote by (H,(-)y) and (V,(-),) two
separable Hilbert spaces (we drop the letter subscripts in the notation when they are clear from
the context). By convention, we use |-|. to denote the norm in usual normed spaces and ||-||.
to denote the operator norm in operator spaces. Moreover, we denote the space of all bounded
linear operators from V to H by .Z(V,H), which is a Banach space equipped with the norm
ITl| (v 1) = SuP|y|,—1 |Tx[ - Let {e;};cry denote an orthonormal basis of V, where N denotes the set
of natural numbers. The space of Hilbert—Schmidt operators from V to H, denoted .2>(V,H), is de-
fined as % (V,H) := {T € L(V,H): Yien |Teily < oo}, where |Te;|; = /(Tei, Te;) . Note that
2 (V,H) is a separable Hilbert space equipped with the inner product (T,S), := Y ;cn (Tei, Sei) g
forall T,S € % (V,H).. This inner product does not depend on the choice of the basis. Moreover,
an operator T € .Z(V,H) is called trace class if T admits the representation Tx = Y ;cn b; (@i, x)y,
where {a;};cn and {b; };cn are two sequences in V and H, respectively, such that Y ;o |aily |0y <
0. We denote the set of trace class operators from V to H by ., (V, H), which is a separable Banach

space equipped with the norm ||-|| &,y 5 defined as

1Tl v,y == inf{ Z \aily |bily  {aitien € Vi {bi}tieny € Hand Tx = Z bi(ai,x)y ,Vx € V} .
ieN ieN

Moreover, £ (V) denotes the space of operators acting on H, which may be equivalently ex-

pressed as £ (V,V). For an operator Q € .Z;(V), the trace of Q is defined as
w(Q) = ) (Qeisei).
i€N
The series converges absolutely, i.e., Y;cn|(Qei,e;)| < . Furthermore, it can be shown that
|tr(Q)[ < [|Q| 4 (v)- For more details on Hilbert-Schmidt and trace class operators, we refer the
reader to Peszat and Zabczyk (2007), Da Prato and Zabczyk (2014) and Fabbri et al. (2017).

We use T* to denote an adjoint operator which is the unique operator that satisfies (Tx,y) =

(x,T*y) for a linear operator T and all vectors x and y in the appropriate spaces.
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Let (8, A, i) be a measure space and (£, |-| ,-) be a Banach space. We denote by LP(8; Z7),1 <
p < oo, the corresponding Bochner spaces, which generalize the classic L”(8;R) spaces. For de-
tails on Bochner spaces, we refer to Hytonen et al. (2016). We fix the time interval T = [0, 7]
with T > 0. We denote C(%; H) as the set of all continuous mappings & : ¥ — H, a Banach space
equipped with the supremum norm, and C(%;.Z(H)) as the set of all strongly continuous map-

pings f: T — Z(H).

Definition 1 (Q-Wiener Process Da Prato and Zabczyk (2014)). Let (Q,S ) P) be a fixed complete
probability space. Additionally, Q € £1(V) and is a positive operator, i.e. Q is self-adjoint and
(Qx,x) > 0,Yx € V. Then, a V-valued stochastic process W ={W (t) : t € ¥} is called a Q-Wiener

process if
(i) W(0)=0,P—a.s.,
(ii) W has continuous trajectories,
(iii) W has independent increments,

(iv) Vs,t € T such that 0 < s < t, the increment W (t) — W (s) is normally distributed. More specif-
ically, W(t) —W(s) ~ A(0,(t —s)0).

A V-valued Q-Wiener process W may be constructed as
W)= Y\ ABi0)e;, 1€, @.1)
JjEN
where {[3 j}j cn 18 a sequence of mutually independent real-valued Brownian motions defined on
a given filtered probability space. Moreover, {e j}j cn 18 @ complete orthonormal basis of V' and
{Ai};cn 1s a sequence of positive numbers that diagonalize the operator Q. Moreover, {A;};cy is
a sequence of positive numbers, and {e J}j cn 18 @ complete orthonormal basis of V' that, together,
diagonalize the operator Q. In other words, for each j € N, 4; is an eigenvalue of Q corresponding
to the eigenvector e; such that
Qej = Aje;.

Note that in this case, we have tr(Q) = [|Ql| & (v) since Q is a positive operator. Moreover, the

series in (2.1) converges in L? (Q,C (T, V)) (Gawarecki and Mandrekar, 2010).
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Consider the probability space (Q,F,.#,P) where the filtration % = {.%; : t € T} satisfies the
usual condition. Similarly to the literature (see e.g. Da Prato and Zabczyk (2014); Gawarecki and
Mandrekar (2010); Fabbri et al. (2017)), we assume that W, defined in (2.1), is a Q-Wiener process
with respect to .7, i.e. W(r) is .%#;-measurable, and W (t +h) — W (¢) is independent of .%;, Vh > 0,
Vt,t+heX.

We denote by Vp = Q%V the separable Hilbert space endowed with the inner product

1
(u,v)VQ = Z = <u,ej>v <v, ej>v, u,v € Vp. (2.2)
JjeN
Note that
L(V,H) C L(V,H) 2.3)

1T o1y < (@ T vy, VT € L(V,H)

Below, we introduce certain spaces of stochastic processes defined on a filtered probability space

(Q,5,9 ={%, :t € T} ,P) with values in a Banach space (2, || 5).

. //[é (T; Z") denotes the Banach space of all 2" -valued and ¢-progressively measurable pro-

cesses x(7) satisfying

1

T 2
M//é(g;%) = (E/O |x(t)|?%dt> < oo, (2.4)

. %@;(‘Z ; Z7) denotes the Banach space of all 2 -valued and ¢¥-progressively measurable pro-

cesses x(t) satisfying

1

2
Moz = (spBROR ) <o 2.5
- te

Obviously, #7(T; 27) C Mg (T; Z). We omit the filtration subscript for the two spaces when
no possible confusion arises. Furthermore, %(Z") denotes the Borel sigma-algebra on the space

Z.
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2.2.2 Controlled Infinite-Dimensional Linear SDEs

We denote by H, U, and V three real separable Hilbert spaces. We then introduce a controlled

infinite-dimensional stochastic differential equation (SDE) as
dx(t) = (Ax(t) +Bu(t) +m(t))dt + (Dx(t) + Eu(t) + v(t))dW (),
x(0) = ¢, (2.6)

where & € L>(Q;H). Moreover, x(t) € H denotes the state and u(t) € U the control action at
time t. The control process u = {u(t) : t € T} is assumed to be in .#?(T;U). The Q-Wiener
process W is defined on a filtered probability space (Q, §AF e IP’) and takes values in V. The
unbounded linear operator A, with domain Z(A), is an infinitesimal generator of a Cp-semigroup

S(t) € £(H),t € T. Moreover, there exists a constant M such that
ISl ¢y < Mr, VteT. (2.7)

where M7 1= M4e®T, with My > 1 and @ > 0 Goldstein (2017). The choices of M4 and o are
independent of 7. Furthermore, B € £ (U,H), D € Z(H,4(V,H)), E € X (U, % (V,H)), the
process m € C(T;H), and the process v € L”(T;.Z(V,H)). We focus on the mild solution of (2.6).

Definition 2 (Mild Solution of an Infinite-Dimensional SDE Da Prato and Zabczyk (2014)). A mild

solution of (2.6) is a process x € #’*(T;H) such that ¥Vt € T, we have
x(t) = S()& + /O 'S(— ) (Bu(r) + m(r))dr+ /O 'S(t— r)(Dx(r) + Eur) +v()dW (1),
P—a.s. (2.8)

For the results on the existence and uniqueness of a mild solution to (2.6), we refer to (Fabbri

et al., 2017, Section 1.4).

Remark S. ((Da Prato and Zabczyk, 2014, Chapter 6)) Since the diffusion term in (2.6) takes the

form of multiplicative noise, the mild solution can be equivalently expressed as
t t >
x(t) = S()E+ /0 S(t — 1) (Bu(r) +m(r))dr+ /O Y. S(t—r)(Djx(r) + Eju(r) +v(r))dB;(r), (2.9)
j=1
where the bounded linear operators D; € Z(H) and E; € Z(U,H) are defined as

Djx::\/;j(Dx)ej, Eju::\/;j(Eu)ej, xeH, uel. (2.10)
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Moreover; the operators D € .,?(H Z(V,H)) and E € (U, Z(V,H)) may be expressed as

(DX)V—Z <ve]>Dx i\/_vej>Eu vev. (2.11)

j=l1

Remark 6. In general, stochastic integrals with respect to a Q-Wiener process are constructed for
suitable processes which take values in 5 (Vgp,H), see e.g. Da Prato and Zabczyk (2014) and
Gawarecki and Mandrekar (2010). However, in this chapter, as well as in many works concerning
infinite-dimensional control problems, the integrand processes can only be £ (V,H )-valued. We
refer to Curtain and Falb (1970) and Ichikawa (1982) for the construction of stochastic integrals
for suitable £ (V,H)-valued processes. Such constructions are special cases of those presented in

Da Prato and Zabczyk (2014) and Gawarecki and Mandrekar (2010).

2.3 Coupled Controlled Stochastic Evolution Equations in
Hilbert Space

In classical mean field games, the dynamics of the relevant N-player game is modeled as a sys-
tem of finite-dimensional SDEs, the regularities of which are well-studied in the literature. How-
ever, in this chapter, the dynamics of the N-player game will be modeled as N coupled infinite-
dimensional stochastic equations. To be more specific, the state of each agent satisfies an infinite-
dimensional stochastic equation which is involved with the states of all agents. The well-posedness
of such a system has not been rigorously established in the literature. Thus, we aim to address it in
this section. For this purpose, we first discuss the existence of a sequence of independent Q-Wiener
processes. Next, we prove the existence and uniqueness of the solution to a system of N coupled
infinite-dimensional stochastic equations.

More precisely, in the classic setup of MFGs, the individual idiosyncratic noises form a se-
quence of independent real-valued Brownian motions. In the current context, however, we require
a sequence of independent Q-Wiener processes. The following proposition examines the existence

of such a sequence.

Proposition 8. Ler (Q,5,P) be a probability space and Q be a positive trace class operator on
the separable Hilbert space V. Then, there exists a sequence of independent V-valued Q-Wiener

processes {W;},. defined on the given probability space.
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Proof. LetW, { B j} be the processes defined in (2.1), and the corresponding natural filtrations
be defined as FV = {FV :1 € T} and FP = {FF :1 € T}, where FV = 6(W(s),0 < s <1),

t =0(Bj(s),0<s<t,j€N)=0(Ujeno(Bj(s),0 <s <t)). Subsequently, the augmented
filtrations .Z% = {ZY 11 € T} and FP = {jﬁ .t € T} consist of #) = o(FV U.A) and
7 F_ (9’,13 U.4). It is evident that .#) = %ﬁ . By applying the enumeration of N x N to

the sequence of mutually independent Brownian motions { B j} we can obtain infinitely many

jeN’
distinct sequences of Brownian motions {/3; Yien = {B}.BL, ... J’:, ... }, each sequence indexed by
i. The real-valued Brownian motions 3 ]’ are mutually independent for all indices i, j € N. Now we

construct a sequence of Q-Wiener processes {W;};., where W;(¢) is defined by

Z\/ﬁs tlej, tex. (2.12)

jeN

For our purpose, it is enough to show that the augmented filtrations {.% ﬁi}ieN are independent.
Recall that FF' = {L%ﬁl :t € T}, where %ﬁl = 0(Ujen G(B;(S),O <s<t)) and {ﬁ}}j,ieN are
independent Brownian motions. Then the independence of {ﬁtﬁ l}ieN,‘v’t € T, follows from the
standard results in measure theory (see for instance (Cohn, 2013, Proposition 10.1.7)), and hence

{j’tﬁ i},-eN,Vt € ¥ are also independent. O

It is straightforward to verify that the sequence of processes {W;};.y., constructed in Proposition
8, are (mutually independent) Q-Wiener processes with respect to .% . This measurability arises be-
cause each W, is constructed using a subsequence of real-valued Brownian motions generating the
original Q-Wiener process W given by (2.1). Usually, this “universal" filtration .%# is larger than

necessary. Below, we construct a reduced filtration.

Reduced Filtration 7V = { "t € T\: Consider a set ¥ = {1,2,...,N} and let {W;}, ,

be N independent Q-Wiener processes constructed in Proposition 8. A reduced filtration 7 (V]

may
be constructed under which these processes are independent Q-Wiener processes. Note that the
processes {W;},. 4 are constructed as described in (2.12) using N sequences of mutually indepen-
dent Brownian motions {3 ]l} jenie.v- These N sequences may be combined to form a new sequence

of mutually independent Brownian motions. We then construct a new Q-Wiener process WY using

this resulting sequence as in (2.1) and define .# FW as the normal filtration that makes W~ a Q-
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Wiener process. Clearly, this filtration only makes the processes {W;},c 4 independent Q-Wiener
processes and can be smaller than F.

We are now ready to introduce a system of coupled infinite-dimensional stochastic equations
defined on (Q,§,.# M, P) describing the temporal evolution of the vector process x = {x(t) =
(x1(t),x2(t),...,xn(t)),t € T}. Note that x is an HV-valued stochastic process, where H" denotes
the N-product space of H, equipped with the product norm |x(¢)|yv = (Zie % |x,(t)|i,> *. Sub-
sequently, .#?(%;HV) and 7#?(T;HV) are defined as the spaces of all H"-valued progressively
measurable processes X, respectively, satisfying [X| 2.y < o0 and [X[ (v < e

The differential form of a system of coupled infinite-dimensional stochastic equations can be

represented by
dxi(t) = (Axi(t) + Fi(t,x(t),u;(t)))dt + B;(t,x(t), u;i(t) ) dWi(t), (2.13)

with x;(0) = &;, and where, as defined in (2.6), A is a Cy-semigroup generator. Moreover, the
control action u;,i € .4/, is a U-valued progressively measurable process, and the initial condition
&i,ie A, is H-valued and CQ%N} -measurable. Moreover, {W;} ic.y 18 a set of mutually independent
O-Wiener processes, each constructed as in Proposition 8 and applied to the filtration .# NI, Fur-
thermore, the family of maps F; : T x HY x U — H and B; : T x HY x U — 4 (Vg,H),Yi € N,
are defined for all i € .1".

A2.3.1. Foreachi € N, the initial condition &; belongs to L2 (Q;H) and is Q%N} -measurable.
We focus on the solution of (2.13) in a mild sense, which is defined below.

Definition 3. (Mild Solution of Coupled Infinite-Dimensional SDEs) A process x € *(T,HV),
where x = {x(t) = (x1(t),x2(¢),...,xn(t)), t € T}, is said to be a mild solution of (2.13) if, for each

i € N, the process x; is defined P-almost surely by the integral equation
t t
xit) = ()& + / S(t — PF(rx(r), ui(r))dr + / S(t — 1) Bi(rx(r),ui(P))dWi(r), Vi € T, (2.14)
0 0
where S(t) is the Co-semigroup generated by A.

We make the following assumptions on the system of coupled stochastic evolution systems

described by (2.13) for every i € 4.
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A23.2. u; € M*(T;0).
A2.3.3. The mapping F;: T x HN xU — H is B (%) @ B(HY) @ B(U)/ PB(H)-measurable.

A2.3.4. The mapping B; : T x HN x U — 4 (Vg,H) is () @ B(HN) 2 B(U) | B(L(Vo, H))-

measurable, where the Hilbert space Vg is as defined in Section 2.2.

A2.3.5. There exists a constant C such that, for everyt € T, u € U and x,y € HY, we have

|E(t7x’u> _E(t7y7u)|H+ ||B,~(t,x,u) _Bi(tay7u)”$2 S C|x_y|HNa

B0, 0) Bt x, )|y, < C (1 el + [uf? ).

The following theorem establishes the existence and uniqueness of a mild solution to the cou-
pled stochastic evolution equations given by (2.13). This result extends Theorem 7.2 in Da Prato
and Zabczyk (2014), which addresses the existence and uniqueness of a mild solution for a single

stochastic evolution equation without coupling.

Theorem 9. (Existence and Uniqueness of a Mild Solution) Under A2.3.2-A2.3.5, the set of cou-
pled stochastic evolution equations given by (2.13) admits a unique mild solution in the space

AT HN).

Proof. The existence and uniqueness of a mild solution can be established through the classic fixed-
point argument for a mapping from J#%(%; HV) to s#%(T; HY). To this end, for any given element

x € H*(T;HV), the operator I"is defined component-wise as
FX(I‘) = <F1X<t)7 FZX(I>7 sy FNXO)) ’

where each component I';x(¢) is represented by the integral equation

[ix(t) =S(1)&+ /OIS(I —r)Fi(r,x(r),u;(r))dr+ /OtS(t —r)Bi(r,x(r),u;j(r))dWi(r).  (2.15)

We show that I indeed maps .#%(T; H") into itself. The measurability of (2.15) as an H-valued
process is established using the standard argument found in Da Prato and Zabczyk (2014) and
Gawarecki and Mandrekar (2010), based on our assumptions. This is because F; and B; are pro-

gressively measurable processes, valued in H and .2>(Vp, H ), respectively. We use the inequality
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la+b+c|* < 3|al?+3|b|* +3|c|?, foreach i € .4 and t € T, to get

E|Cix(r)|7; <3E[S()&[7; +3E

’/OtS(t — 1) Ei(r,x(r),u;(r))dr

2
\
2

] . (2.16)

H

+3E /OtS(t — r)Bi(r,x(r),u;(r))dWi(r)

For the Bochner integral in (2.16), we have

2

E /O St = PE(rx(r), us(r))dr

<TE [ /O ISt —r)E-(r,X(r),ui(r))]%Idr}

H

< 78| 11501 By [0 ) ]
< TM3C’E [/Ot <|(x(r)\%ﬂv - |u,'(r)|%] + 1) dr] . (2.17)

where the first inequality results from the Cauchy—Schwarz inequality.

For the stochastic integral in (2.16), we have

2
E

/0 St — B X(r), () )AWi(r)

< CE| [ I antr)l ]

H

<CCE {/Ot <|X(r)|i,N + \u,(r)]zU + 1) dr] , (2.18)

where the first inequality is obtained by the standard approximation technique for stochastic con-
volutions (see e.g. (Da Prato and Zabczyk, 2014, Theorem 4.36) and (Gawarecki and Mandrekar,
2010, Corollary 3.2)) in the current context for every t € T and i € ./,

Note that the constant C only depends on T" and Mt (defined in (2.7)). Substituting (2.17) and
(2.18) in (2.16), we obtain

E[Tx(1)|7; < 3E[S(t)&l;; +3(C*C + TMECHE [ /0 t (yx(r) v+ () [5 + 1) dr]

, T
<3E|S(1)& 3 +3(C*C + TMACYE [/0 (\x(r)ﬁ,,v + ()5 + 1) dr] Ve,

(2.19)
Hence,
2 2 2 2~ 22 T 2
Y E[Cix(r)[} <3M3 Y E|&[ +3(C°C +TM3CY) ¥ E V (lwi(r) 13 ) dr]
ieN ieN ieN 0
, T
+3N(C*C +TM3C*)E { / (yx(r)ﬁ,w 1) dr] , Vteg. (2.20)
0
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From (2.20), we have

1

2

2

|FX|J52(T;HN) = (Sup Z E|F1X(t)|H> < oo,
1€¥ e

Thus, the transformation I is well-defined and maps J#%(T;H") into itself. The remaining part
of the proof is to show that the mapping I" is a contraction, that is, for any two elements x,y €

%(T,HN), it holds that

|Fy—FX|jf2(rz’HN) < |y_X|jf2(T;HN) .

Using the inequlity |a + b|> < 2|a|> +2|b|?, for each i € .4 and ¢ € T, we can write
2
H]

/OZS(f —r)(Bi(r,x(r), ui(r)) = Bi(r,y(r), ui(r)))dWi(r)

I ()~ Ty <28 || [/ S0 ) (Eus(r)au0) = Ry 0)anr)

2
+2E

H

] .21

For the first term on the RHS of (2.21), V¢ € ¥, we obtain

2

E /OtS(t —r) (Fi(r,x(r),ui(r)) — F(r,y(r),ui(r))) dr

) < C’M3TE [/OT Ix(t) — y(£) 2 dt]

< C*MFT?supE [x(t) — (1) |
te¥

<COMT x—y[poiepmy-  (222)

|

Similarly, for the second term on the RHS of (2.21) we have

B || [ 50= N i ()() — Bilry (7). (r))awi(r)

<CE [/OT 1Bi(r,x(r),ui(r)) — Bi(r, ¥ (r), ui(r) | %, dr}

< M%C/CZT(sugE Ix(t) —y (1) ]i,;v)
te

<MFCCTIx =y gy, V€T, (2.23)

Based on (2.21) to (2.23), we obtain

Y ELiy(r) — Tix(n)[} < 2NMRCT(C +T) [x—yPyrigmy. VI ET,
eV
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and subsequently
Ty~ Tx o) < 2NMFCPT(C 4 T) [x— o) (2.24)

By employing the same argument as in Theorem 7.2 of Da Prato and Zabczyk (2014), if T is
sufficiently small, then the mapping I" is a contraction. We apply this reasoning on the intervals

[O, ﬂ, [f,Zﬂ R [(n — 1)?, T} , where T satisfies (2.24) and nT =T. ]

Remark 7. An alternative approach to prove Theorem 9 could involve formulating the set of N
stochastic evolution equations as a single HN -valued equation. This requires defining appropriate
operators between the associated spaces and verifying that a valid HN -valued Wiener process
can be constructed using {W;};c_y. Such a reformulation also involves technical considerations.
Following this, the existence and uniqueness of the solution may be established by adapting existing

results related to single stochastic evolution equations.

2.4 Hilbert Space-Valued LQ Mean Field Games

2.4.1 N-Player Game

We consider a differential game in Hilbert spaces defined on (Q,S ,F v ],IP), where .Z M is
constructed in Section 2.3. This game involves N asymptotically negligible (minor) agents, whose
dynamics are governed by a system of coupled stochastic evolution equations, each given by the
linear form of (2.13). More precisely, the dynamics of a representative agent indexed by i, i € ./,

are given by

dx;(t) = (Axi(t) + Bui(t) + Fix™) (1))dt + (Dx;i(t) + Eui (1) + Fox™ (1) + 6)dWi(1),  (2.25)
x(0) =&,

where the agents are coupled through the term xV)(¢) := ~(Xicyxi(t)), which represents the
average state of the N agents. We assume that all agents are homogeneous and share the same
operators. Specifically, F; € Z(H), F, € Z(H; £ (V;H)) and 6 € £ (V;H) and all other operators
are as defined in (2.6). In addition to A2.3.1, we impose the following assumption for the initial

conditions.
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A2.4.1. The initial conditions {&}ic v are i.i.d. with B[&;] = &.

A2.4.2. (Filtration & Admissible Control) The filtration available to agent i, i € N, is .F V],
Subsequently, the set of admissible control actions for agent i, denoted by U N s defined as the

collection of F (V] -adapted control laws u' that belong to .#*(%;U).

Clearly, the system described by (2.25) satisfies the assumptions A2.3.2-A2.3.5 and its well-
posedness is ensured by Theorem 9.

Moreover, agent i, i € .4, aims to minimize the cost functional

J}N](ui,u_i) = E/T <‘Mé (xi(t) —I?lx(N)(t)> ‘2 + ]ui(t)|2) dt+E ’G% (xi(T) —I/T\zx(N)(T)> ‘2,

" (2.26)
where M and G are positive operators on H, and 2 , hed (H). We note that a positive operator can
be added to the quadratic term associated with the control process in the cost functional. However,
this operator must satisfy specific conditions to ensure that its inverse is also a well-defined positive
operator. To avoid further complexity in the notation, we use the identity operator in this work.

In general, solving the N-player differential game described in this section becomes challeng-
ing, even for moderate values of N and for finite-dimensional cases. The interactions between
agents lead to a large-scale optimization problem, where each agent needs to observe the states of
all other interacting agents. To address the dimensionality and the information restriction, follow-
ing the classical MFG methodology, we investigate the limiting problem as the number of agents N
tends to infinity. In this limiting model, the average behavior of the agents, known as the mean field,
can be mathematically characterized, simplifying the problem. Specifically, in the limiting case, a
generic agent interacts with the mean field, rather than a large number of agents. Furthermore, the
mean field happens to coincide with the mean state of the agent. In the subsequent sections, we de-
velop the Nash Certainty Equivalence principle and characterize a Nash equilibrium for the limiting
game in Hilbert spaces. We then demonstrate that this equilibrium yields an &-Nash equilibrium

for the original N-player game.

2.4.2 Limiting Game

In this section we present the limiting game which reflects the scenario where, in system (2.25)-

(2.26), the number of agents N tends to infinity. In this case, the optimization problem faced by a
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representative agent i is described as follows. Specifically, the dynamics of a representative agent,

indexed by i, is given by
dxi(t) = (Ax,-(t) +Bu,-(t) + Flf(l‘))dt + (Dxi(t) +Eu,~(t) + sz(t) + G)dVV,‘(I), (2.27)
Xi(O) = 5i7

and the cost functional to be minimized by agent i by

Jo(u) =E /0 ' (‘Mi <x,~(t) —ﬁlx(;)) ‘2 + |u,~(t)|2> di +E ‘G% (xi(T) —ﬁzx(T)) s

where %(¢) represents the coupling term in the limit and is termed the mean field. In this context,
on the one hand, a Nash equilibrium for the system consists of the best response strategies of
the agents to the mean field X(¢). On the other hand, in the equilibrium where all agents follow
Nash strategies, together they replicate the mean field, i.e. 3 Yic s xi(t) 3% %(r). We impose the

following assumption for the limiting problem.

A2.4.3. (Filtration & Admissible Control) The filtration F'* of agent i satisfies the usual condi-
tions and ensures that W; is a Q-Wiener process and that the initial condition &; is 9é’°°-measurable.
Subsequently, the set of admissible control actions for agent i, denoted by %, is defined as the col-

lection of F"*-adapted control laws u' that belong to M*(T;U).

We first, in Section 2.4.2, treat the interaction term as an input g € C(T;H) and solve the

resulting optimal control problem for a representative agent given by the dynamics
dx;(t) = (Axi(t) + Bu;(t) + F1g(t))dt + (Dx;(t) + Eu;(t) + Fog(t) + 0)dWi(1), (2.29)
xi(o) = éiv
and the cost functional
T 1 ~ 2 2 1 ~ 2
J) =E /0 (‘MZ <x,-(t) —Flg(t)>‘ 4 |wi ()] )dt +E’G2 <xl-(T) —Fzg(T)>‘ . (230)
Then, in Section 2.4.2, we address the consistency condition described by
E[x; ()] =g(t), Vie AN, 1T, (2.31)

where x; represents the optimal state of agent i corresponding to the control problem described by

(2.29)-(2.30). Finally, in Section 2.4.3, we show that & ¥ ¢ x?(r) 255 E[x?(1)].
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Due to the symmetry among all agents, we drop the index i in Section 2.4.2 and Section 2.4.2,
where we discuss the optimal control problem of individual agents and the relevant fixed-point
problem. However, in Section 2.4.2, where Nash equilibrium is discussed, we use the index i to
effectively distinguish between agents by their independent trajectories and respective filtrations.
Before addressing the limiting problem in these sections, we will introduce, in the next section,

some mappings and their Riesz representations that are essential for the discussions.

Mappings Associated with Riesz Representations

In this section, we introduce multiple mappings and their associated Riesz representations that
will be used throughout the remainder of the chapter. These mappings are the same as those defined
in Ichikawa (1979). However, since the solution of the limiting problem heavily relies on these
mappings, we include more details here. We note that in the special case where the state and
control processes do not appear in the diffusion coefficient of each agent, these mappings are not

required for the analysis.

Recall that Q is a positive trace class operator on the Hilbert space V. For any # € Z(H),
it can be easily verified that the following expressions are bounded bilinear functionals on their

corresponding product spaces:

tr((Eu)*#Z(Dx)Q), Vx€H,ueU,
tr((Dx)*%(Dy)Q), Vx,y € H,

tr((Eu)*Z(Ev)Q), Yu,veU.

Moreover, for any & € £ (H;V ), the expressions below are bounded linear functionals on H and

U, respectively:

tr(Z (Dx)Q), VYx€H,
tr(Z (Eu)Q), Yuel.

Definition 4. (Riesz Mappings) Using the Riesz representation theorem the mappings A : £ (H) —
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ZLHU),ANy: L H)— L (H)and Ay : £ (H) — Z(U) are defined such that

tr((Eu)*Z(Dx)Q) = (A (Z)x,u), VxeH,YueU, A(Z)e X H;U),
tr((Dx)"%(Dy)Q) = (Aa(#)x,y), Vx,y €H, M(Z) € Z(H),
tr((Eu)*Z%(Ev)

Q

)= (A3(Z)u,v), Vu,veU, A (Z) e Z(U).
Similarly, the mappings Uy : £ (H;V) — H and Ty : £(H;V) — U are defined such that

tr(ﬁZ(Dx) Q) = <1—‘1(93),x>, VxeH, F](g) €EH,
(P (Eu) Q) = (T2(P),u), VuecU, To(P)eU.

In the following proposition, we establish the linearity and boundness of the introduced Riesz

mappings.

Theorem 10. The mappings Ay, k = 1,2,3, and I'y,k = 1,2, are linear and bounded. Specifically,

we have

I'e2(ZH);H) and ||I'1|| <Ry with Ry =tr(Q)|D|, (2.32)
Ibe Z(ZH),U) and |Iz]|<R, with R,=tr(Q)|E]|, (2.33)
A e X(ZXH);Z(H;U)) and ||A]| <R3 with R3=tr(Q)|D||E|, (2.34)
MeZ(ZH),ZH)) and ||A|| <Rgy with R4:tr(Q)||DHZ, (2.35)
A€ L(L(H)ZLWU)) and ||As|| <Rs with Rs=tr(Q)|E|. (2.36)

Moreover, for any positive operator Z € £ (H) we have
[(1+A3(%)) ™" (B*% +A1(%))|| < Rs|| %], with Re = |[B||+Rs. (2.37)

Proof. We present the demonstration only for the Riesz mapping A and the demonstrations for
other Riesz mappings follow by a similar argument. To verify the linear property, consider #, %, €

Z(H) and a,b € R. For all x € H and u € U, it is straightforward to check that
tr((Eu)*(aZ) +b%,)(Dx)Q) = atr((Eu)*(%1)(Dx)Q) + bt ((Eu)*(%,)(Dx)Q).  (2.38)
Thus, for all x € H and u € U, we have
(A1(aZ) +bTo)x,u) = ((ahi (%)) + bA(%2))x,u), (2.39)
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from which we conclude that A| (aZ| +b%>) = aA (%) +bA|(%>). Next, by simple calculations,
forallx € H,forallu € U, and Z € £ (H), we have

[te((Ew)" 2 (Dx)Q)| < [|(Eu)* Z(Dx)|| (v 1) 1 Qll vy < R3 |1 221] [l [l - (2.40)
Thus, by the Riesz representation theorem, we have

IAL(Z)]| = sup  |tr((Eu)*Z(Dx)Q)| < R3||Z||, (2.41)

[l =1, |l =1

which implies that |[|A;|| < Rs. For the second part, we can easily verify that if & is a posi-
tive operator on H, then A3(%) is also a positive operator on U. Consequently, it follows that

|(1+A3(2)) "1 (1)|| < 1,V € T. Thus, we have

H(H—Aﬂ%”))‘l (B*Z+M(%))|| < ||B* %+ A\(Z)|| < Re || 2| - (2.42)

]

Optimal Control of Individual Agents

In this section, we address the optimal control problem for a representative agent described by
(2.29)-(2.30). Infinite-dimensional LQ optimal control problems have been studied in works such
as Ichikawa (1979); Tessitore (1992); Hu and Tang (2022). We address our specific problem by
presenting the results in a compact and self-contained manner, relying on the existing literature.

Due to the symmetry among all agents, we drop the index i.

Theorem 11 (Optimal Control Law). Consider the mappings A,k =1,2,3, and Uy,k = 1,2, given
in Definition 4, and suppose A2.4.1 holds. Then, the optimal control law u° for the Hilbert-space
valued system described by (2.29)-(2.30) is given by

u’(t) = —K (T —1t) [L(T —t)x(t) + To(p* ()IN(T — 1)) + B*q(T —1)] (2.43)
where
K(1) =1+A3(T1(t)), L(t) =BTI(t) +A((TI(r)), p(t) = Frg(t) + 0, (2.44)

with T1 € Cs(%; .2 (H)), such that I1(t) is a positive operator ¥t € %, and q € C(T;H), each sat-

isfying, respectively, the operator differential Riccati equation and the linear evolution equation,
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given by

% (T1(1)x,x) = 2 (T1()x, Ax) — (L*(£)K " (1) L(£)x,) + (Ao (T1(1) )x,x) + (Mx, x),
0)=G, x€2(A), (2.45)
q(t) = (A" = L* ()K" (1)B*) q(1) + T (p"(T — )[1(1)) — L* (1)K~ (1) T2 (p" (T — 0)T1(1))
+(N(t)F —MF)g(T —1), q(0) = —GFyg(T). (2.46)

Proof. Similar to finite-dimensional LQ control problems, the optimal control law involves a Ric-
cati equation but in the operator form, and an offset equation which is an H-valued deterministic
evolution equation.

Consider the operator differential Riccati equation given by (2.45). We refer to Hu and Tang
(2022) for the existence and uniqueness of the solution I1(z) to (2.45), as our problem falls within
the framework studied in Hu and Tang (2022). Specifically, from (2.9), the mild solution of (2.29)
is in the same form as that of (Hu and Tang, 2022, eq. (2.1)). Note that the deterministic terms
in the model (2.29)-(2.30), i.e. Fig(r), F2g(t) + o, F1g(t) and Fag(T), do not affect the Riccati
equation (2.45). Moreover, it can be easily verified that D; and E; introduced in Remark 5 satisfy
the conditions specified by (Hu and Tang, 2022, eq. (2.3)) and (Hu and Tang, 2022, eq. (2.5)),
respectively.The solution I1(¢) is a positive operator on H for each 7 € T, and is strongly continuous
on T. Moreover, it is uniformly bounded over the interval T, such that ||[T1(7)[| &) < C forallz € .
For the case where E = 0 in (2.29), we refer to works such as Ichikawa (1979), Tessitore (1992)
and Da Prato (1984).

Next, consider the (deterministic) linear evolution equation given by (2.46).

Given that I1(z) and F>g(t) + o are bounded on the interval ¥, the terms I'j ((Fog(T —1) +
0)*II(¢)) and I'2((F2g(T —t) + o)*I1(r)) are also bounded over T. Consequently, the existence
and uniqueness of a mild solution to (2.46) follow from the established results for linear evolution
equations Diagana (2018). Specifically, this solution lies within the space C(T;H).

Now, we begin to solve the corresponding control problem, described by (2.29)—(2.30). The

mild solution of (2.6) is expressed as

X(t) = S()E + /O 'St — r)(Bu(r) + Fig(r))dr+ /O St — ) (Dx(r) + Eu(r) + Fog(r) + )dW ().
(2.47)
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We introduce a standard approximating sequence given by

dx,(t) = (Ax,(t) + J,(Bu(t) + F1g(t)))dt + Ju(Dxn(t) + Eu(t) + Fog(t) + 0 )dW (t),

x,(0) = J,.&, (2.48)

where J, = nR(n,A), with R(n,A) = (A —nI)~! being the resolvent operator of A, is the Yosida
approximation of A. For more details on Yosida approximation we refer to Da Prato and Zabczyk
(2014); Fabbri et al. (2017).

Then, the following two standard results hold for (2.47) and (2.48) (see e.g. Ichikawa (1982,

1979)). Firstly, the approximating SDE (2.48) admits a strong solution, represented as

xn () =€+ /Ot (Axn(r) +Jn(Bu(r) + Fi1g(r)))dr+ /OtJn(Dxn(r) +Eu(r)+ Fog(r)+o)dW(r).
(2.49)
This means that for each n, there exists an adapted process x,, that satisfies the integral form of the
approximating SDE almost surely for all 7 in the interval ¥. Secondly, the sequence of solutions
{Xn tnen converges to the mild solution x of the original SDE in the mean square sense uniformly

over the interval ¥, i.e.

lim sup E|x,(t) —x(¢)]* =0. (2.50)

= 0<<T

The rest of the proof follows the standard methodology as in Ichikawa (1979), summarized in

the following two steps:

(i) Apply It6’s lemma ((Ichikawa, 1979, Theorem 2.1)) to ((II(T — #)x,(),xn(t)) + 2{(q(T —
t),xn(t))), integrate from O to 7', and substitute the corresponding terms using (2.45)-(2.46),

(2.49) and Definition 4. Then take the expectation of both sides of the resulting equation.

(i1) Take the limit as n — oo of both sides of the expression derived in step (i) and use the conver-

gence property (2.50).

Note that, compared to finite-dimensional LQ control problems (see e.g. (Yong and Zhou, 1999,
Section 6.6)), we must additionally implement step (ii). This is necessary because, in general, It’s

lemma applies only to the strong solutions of infinite-dimensional stochastic equations.
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Finally, by some standard algebraic manipulations, we obtain

/OT K3 - utr)

J(u) = E(TU(T)E,E) + 2B (q(T), &) + 2 GPog(T), Fag(T) ) + E

+K T —)L(T —1)x(t) + K~ (T —1) (B*q(T — 1) + Ta((Fag(t) + 0)'TI(T —1))) ] ‘26”]
o e

_ )K—%a — 1) (B*q(T —1) + Ta((Fag(t) + o) TI(T —z>))‘2] dt.

((Fag(0) + ) TU(T — 1) (Fag(r) + 0)Q) + (MFig(0), Fig(t) ) +2 (a(T ~ 1), Figl1)

Note that the above equation holds for any initial condition & in L?(Q; H). Therefore, the optimal
control law is given by (2.43)-(2.44). ]
Fixed-Point Problem

In this section, we address the fixed-point problem described in Section 2.4.2. From (2.29) and

under the optimal control given by (2.43), the optimal state satisfies

(1) = S()E — /0 'St — ) (BK V(T — LT — 1a®(r) + BK (T — PB*q(T — 1) + y(r)) dr

—I—/OtS(t—r)((D—EK_I(T—r)L(T—r)) °(r)—EK YT —r)B*q(T —r) + ¢(r)) dW (r),
(2.51)

where
w(t) =BK (T —1)[1((Fag(t) + o) TI(T — 1)) — Fig(t),
o(t)= —EK™! (T —)I2((Fog(t) + o) TI(T —1t)) + F>g(t) + ©. (2.52)

By taking the expectation of both sides in (2.51), we obtain the linear evolution equation

E@x°(t)] = S()€ — /Z S(t—r)(BKN(T —r)L(T —r)E[x°(r)| + BK (T —1)B*q(T —t) + y(r))dr.

" (2.53)
which admits a unique mild solution in C(T; H) for any input g € C(T; H), using the same argument
as that used for (2.46). Therefore, (2.53) defines the mapping

Y:g€eC(T;H) — E[x°(.)] € C(T:H). (2.54)
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We show that the mapping Y admits a unique fixed point. For this purpose, we first establish bounds
on ¢ for relevant operators and processes that appear in the mapping Y characterized by (2.53). We
start with the operator II(¢) which satisfies (2.45). The following lemma establishes a uniform

bound for I1(z) across ¥.

Proposition 12 (Bound of IT). Let IT € Cs(T; £ (H)) be the unique solution of the operator differ-

ential Riccati equation (2.45), then we have

()| oy <C1, VEEST, (2.55)

C1 1= 2MFexp(8T M7 |D||* w(Q)) (IGl| + T [ M]]). (2.56)

Proof. For the purpose of illustration, without loss of generality, we introduce a simpler model for
which the optimal control law involves the same operator Riccati differential equation as (2.45).

For this specialized model, the dynamics are given by

dy(t) = (Ay(t) + Bu(t))dt + (Dy(t) + Eu(t))dW (¢),

y(0)=06¢€ 2(A), (2.57)
and the cost functional by
‘2

E/ (‘sz + |u(t)] )dt+JE(Giy(T)

where all the operators are as defined in (2.29)-(2.30). The strong solution of the corresponding

approximating sequence is given by
t t
walt) = 6+ /0 (Aya(r) + Ju(Bu(r)) ) dr + /0 Jo(Dy(r) + Eu(r))dW (r).

Applying 1t6’s lemma to (I1(t — r)y,(r),yn(r)), fort € T, integrating with respect to r from 0 to
t, taking the expectation of both sides of the resulting equation and then taking the limit as n — oo,

we obtain for any admissible control u

(T1(1)0, 6) :IE/Ot (‘M%y(r) ’
SEK(Wme

(r)] )dr+]E’G2y ‘ —E/! )+ K~ 1L(T y(r)|2dr

:

+ |u(r)\2) dr+E |GAy(1)

67



Setting u(t) = 0, Vt € T, we have

2

1 2 1
M2yo(r)| dr +E ‘G2y0(t) : (2.58)

(T1(£)9, 0) gE/Ot

where yo(¢) is the mild solution to (2.57) under u(z) = 0, satisfying

Yo(t) = S(1)0 + /0 'St — )Dyo(r)dW (1),

By performing similar computations as in (2.18), we have

2
E|yo(r)|* < 2M3 |6)> +2E

t t
| ste=nDyoriaw ()| <2143 6 +8M3E [ |Dyo(r) s dr
t
<207 |6+ 883 |DI*w(Q)E [ Iyolr) P
0
Then, applying Gronwall’s inequality, for every t € T, we have
2 2102 2 2
E lyo(r) > < 2M7 6] exp (16703 |D|*x(Q) ). (2.59)
Finally, from (2.58) and (2.59), for every x € H, we obtain
2 | 2 )
dr+E|Ghy(n)| <l6f’ci. Ve,

1
M2yy(r)

(T1(1)6, ) SE/Ot

where C is given by (2.56). Then, the conclusion follows from the spectral property of self-adjoint

operators and the fact that Z(A) is dense in H. ]

Furthermore, the Riesz mappings A;,k = 1,2,3, and I';,k = 1,2, given in Definition 4 and
associated with I1(¢), appear in (2.53). We can easily apply the results of Theorem 10 and Propo-
sition 12 to establish the bounds for these operators. This in turn facilitates the determination of
bounds for the operators K~!(¢) and K~ (¢)L(t), both of which are present in (2.53) and defined in
(2.44). For instance, for every t € ¥, we have ||A; (IL(¢))|| < C|R3, where R3 is given by (2.34), and

hence
K~ )L@)|| < [|KH O] IL@)] < L) < CiRs, (2.60)

where Rg is given by (2.37).
Now, we establish that the variations of the solution ¢ € C(¥;H) to the the linear evolution

equation given by (2.46) are bounded with respect to the variations in the input g € C(T; H).
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Lemma 13 (Bounded Variations of ¢(¢) wrt Variations of Input g(¢)). Consider the processes I1 €
Cs(T; 4 (H)) and q € C(T;H), respectively, satisfying (2.45) and (2.46). Moreover, let g1,82 €
C(%;H) be two processes on . Then, we have

91 — @l < |81 = 82leqwny Mr (TCr+ || G| || B2 )T, (2.61)
Cy == Ci (R ||Fa|| + C1RsR: | B2 || + | Fil]) + 1M || B (2.62)
C3 :=CiRg||B|, (2.63)

where qy and qy are the corresponding solutions of (2.46) to the inputs g = g € C(T;H) and
g =g» € C(T;H), respectively.

Proof. The mild solutions ¢g;,i = 1,2, of (2.46) subject to the inputs g = g;,i = 1,2, are given by
gi (1) == S*(1)GFagi(T) + /Ot S (t =) (=L (nK " (r)B*qi(r) = MEigi(T —r) + mi(r))dr

where

Ni(r) = T1((Fagi(T = 1)+ 0) TN(1)) = L* (1)K~ ()T2((Fagi(T — 1)+ 6) TN(1)) +T1(r) Figi(T —1).

We can show that, V¢ € T,

(1) = ma(0)] <IT1((Fa(g1(T — 1) — g2(T — 1)) TL(2)) | + [TT(1) Fi (g1(T — 1) — 82T —1))]
L OK O IT2(Fa(1(T —1) —g2(T —1))) ' T1(1r))]

<Ci(Ri[|B2|| + CiReRa || 2| + || F1 []) |81 — 82lc(zom) - (2.64)

Thus, Vt € T, we have,

00~ (0] <[ OGF( (T) ~ (T 4| [ 57D 0K 0B @107) - a0

+ ‘/0 S*(t—r)(n1(r) —ma2(r))dr

+ ‘/0 S*(t—r)Mﬁ(gl(T—r) — & (T —r))dr

~ t
<M (TCo+ G || le1 = 2leqem +MrCa [ lar () = aalr) (2.65)

where C, and Cj are, respectively, given by (2.62) and (2.63). Finally, by applying Gronwall’s
inequality to (2.65), we obtain (2.61). L]
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So far, we have demonstrated that all the operators and deterministic processes appearing in
the mapping Y, characterized by (2.53)-(2.54), are bounded. We may now establish the condition

under which this mapping admits a unique fixed point.

Theorem 14 (Contraction Condition). The mapping Y : g € C(T;H) — E[x°(.)] € C(T;H), de-

scribed by (2.53), admits a unique fixed point if
Cae™rlBICIRs 1 (2.66)
where
Cy:=TMy (MT |1B|? (TCz +1|G]| HEH) MTSs L C1Ry ||B| || 2| + HFIH) . (2.67)

Proof. Subject to the inputs g1, g2 € C(¥;H), the optimal control characterized in (2.43) is given
by

() = =K~ T = 0)[L(T = 0)x>' (1) + B*qi(T — 1) + T2 (Fagi(t) + o) TT — 1)),
Subsequently, the expectation of the resulting optimal state E[x*(¢)], i = 1,2, satisfies

B 0] = 500§ — [ 56— n(BK (T LT = [¢4(7)]

+BK (T —r)B*q¢i(T —r) + wi(r))dr, (2.68)

where

vi(t) = BK (T —)[2((Fagi(t) + 6) " TI(T — 1)) — Fig;(¢) (2.69)

From (2.69), Vt € T, we have

Wi (1) = ya(0)| < |[B]|[|[K~H(T =) T2(Fa(g1 (1) — g2(0)) TU(T — 1)) + | Fill g1 (1) — 82(1)]

< (CiR2||B|| [|E2]| + [ F1]) g1 (2) — ga(2)]. (2.70)

Hence,

st )= va)ar| < MR BRI+ 1RD [ Tva ) — ver)lar

< TMp(CiRy ||B|| |2 + [1F111) [81 — g2le(emy - (2.71)
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By applying the result of Lemma 13, V¢ € ¥, we obtain

2
< TMr|B|"|a1 — @2lc(zmy

[ $t=nBK 1T 08" (@1() ~ aa(r)dr

< TM}(|B|*(TC, + |G |2

DM g1~ &l 272)
Moreover, Vt € T, we have

/Ot S(t —r)BK (T — r)L(T —r) (E[xo’l (r)] — Ef[xo’z(r)]) dr

< My ||B||CiRe /0 BB ()] - ER2()| dr, 2.73)
From (2.71)-(2.73), Vt € T, we obtain
B[ (0)] —ER*(0)]] < Calgr — 2l +Mr 1Bl CiRs /Ot L ()] —E[?(r)] | dr.
Finally, we apply Gronwall’s inequality to the above inequality to get
B> ()] = B ()| ogn < Cye™MrIEICEs o) — g0 2.74)
from which the fixed-point condition (2.66) follows. ]

We now discuss the feasibility of the contraction condition (2.67). For this purpose, we do
not impose additional assumptions on the operators involved in (2.29) and (2.30), and nor on the

Co-semigroup S(z),t € T.

Proposition 15 (Contraction Condition Feasibility). There exists T > 0 such that the contraction

condition (2.66) holds.

Proof. From (2.7), the Cyp-semigroup S(t) € £ (H),t € T, is uniformly bounded by a constant
My = Mue®T. This constant depends only on 7, given fixed values of M4 and ¢. Hence, we can
treat My, along with C;,i = 1,2,3, as real-valued functions of 7. It is evident that My | M4 as
T | 0. In addition, we can easily verify that, as T | 0, each C;,i = 1,2, 3, monotonically decreases
to a positive constant and that Cy4 | 0. Hence, C4eM7lIBICiRs | 0 as T | 0. Then from the continuity
of the real valued function C4e”MrlIBICiRs with respect to T, we conclude that there exists T > 0

such that the contraction condition (2.67) holds. L]
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Remark 8 (Contraction Condition Feasibility for Fixed T'). Proposition 15 states that for a suffi-
ciently small T the contraction condition (2.66) holds. This result is consistent with the findings
in the finite-dimensional case (see e.g. Bensoussan et al. (2016); Huang et al. (2007)). Moreover,
for any fixed T > 0 the condition (2.66) may be satisfied if, for example, Fy, F3, fl and 1?2 are

sufficiently small.

Nash Equilibrium

The following theorem concludes this section.

Theorem 16 (Nash Equilibrium). Consider the Hilbert space-valued limiting system, described
by (2.27)-(2.28) for i € N, and the relevant Riesz mappings A,k = 1,2,3, I'y,k = 1,2, given in
Definition 4. Suppose A2.4.1-A2.4.3, and condition (2.66) hold. Then, the set of control laws

{u7 }ien, where uf is given by

i (t) = —K (T —1t) [L(T —t)x;(t) + Ta(Fox(t) + o) TI(T — 1)) + B*q(T —1)] (2.75)

1

K(t) =T+ A3(I1(¢)), L(t)=BTI(t)+ A (I1(2)), (2.76)

forms a unique Nash equilibrium for the limiting system where the mean field X(t) € H, the operator
I1(r) € Z(H) and the offset term q(t) € H, are characterized by the unique fixed point of the

Jfollowing set of consistency equations

(1) =S(t)€ - /0[ S(t—r) <BK—1 (T —r) (L(T —r)x(r)+B*q(T —r)

+ T ((FPx(r)+ o) TI(T — r))) — Fp?(r)) dr, (2.77)
% (I1(t)x,x) = 2 (T1(t)x,Ax) — <L*K_1L(t)x,x> + (Ax(TI(2) )x,x) + (Mx,x) (2.78)
4(t) = (A* —=L* (1)K ' (1)B*) q(t) + Tt (BX(T —t) + ) TI(1))

— L ()K" ()T (BRE(T — 1) + 0)'TI(t)) + (H(t)Fl _Mﬁl) #T —1), (2.79)

with T1(0) = G, x € 2(A), and q(0) = —GF>x(T).

Proof. According to the demonstrations in Section 2.4.2, if the contraction condition (2.66) holds,

then there exist I1 € C;(T,.4(H)),q € C(%;H) and x € C(T;H),

72



which are the unique solution to the set of consistency equations give by (2.77)-(2.79). In
addition, the set of feedback control laws {u; };cn, where uf is given by (2.75)-(2.76), forms a

unique Nash equilibrium for the limiting system described by (2.27)-(2.28), i.e.
J7(ui ul ;) = inf J7(uju’;), VieN. (2.80)

—i —i
Wi €U

This is because, in the limit when the number of agents N goes to infinity, the agents get decoupled
from each other and hence the high-dimensional optimization problem faced by agent i, i € N, turns
into a single-agent optimal control problem for which there is a unique solution. Hence, agent i
cannot improve its cost by deviating from the optimal strategy (2.75)-(2.76) and the set of these
strategies yields a Nash equilibrium for the limiting system. In other words, the Nash equilibrium
property, as defined in (2.80), holds trivially for the set of strategies {u; };c because the limiting
cost functional of agent i, given by (2.28), is independent of the strategies of other agents.

Subsequently, the equilibrium state of agent i is given by

x; (1) =8()& — /OZS(I —r) (BK_l(T —r)L(T —r)x} (r) + Bt(r) — Fix(r)) dr
v /0 "S- 1) [(D—EK’I(T LT — )5 (r) — Ex(r) + Bi(r) + o} Awi(r), (2.81)
where 7(t) = K~(T —1) [B*q(T —t) + T2 ((F2x(t) + 6)*TI(T —t))]. Moreover, we have E [ (¢)] =
x(t),Yie NVt € T, where X(t) is given by (2.77). We note that (2.77) represents the mild solution
to the mean field equation
di(t) = |A%(t) — BK~N(T —r) (L(T — PE(r) + B*q(T — 1)+ T2 (Fax(r) + 0) TI(T — r)))

—|—F1)Z(r)} dr.
(2.82)

O

2.4.3 ¢-Nash Property

In this section, we establish the €-Nash property of the set of strategies given by (2.75)-(2.76)
for the N-player game described by (2.25)-(2.26). Due to the symmetric properties (exchangeabil-

ity) of agents, we study the case where agent i = 1 deviates from this set of strategies. Specifically,
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[N],0

we suppose that any agent i, i € 4" and i # 1, employs the feedback strategy u; =" given by

WMo () = K NT = 1) [L(T = 1) s () + T (Fox(t) + 0) TH(T — 1)) + B q(T —1)|,  (2.83)

1

att € T and agent i = 1 is allowed to choose an arbitrary control process “[1 ] e W], Here, for
clarity we use the superscript [N] to denote the processes associated with the N-player game. In
this context, the dynamics of agent i = 1 and agent i, i € .4#" and i # 1, in the N-player game are,

respectively, given by

+ S(t—r)(Dx[lN](r)—FEu[N}( )+ Bx™ (7)) + 6)dWi (), (2.84)

xm(r) =S(t)&+ A S(t—r) Bul[N]’o(r)—Fle(N)(r)) dr

+ [ 8= O™ )+ EuM (1) + Bx®™ (1) + 6)dWi(r), (2.85)
0

where xM(¢) := Il\,Zie % xl[N] (t) is the average state of N agents. We note that for any control
process u[lN] e W the coupled system described by (2.84)-(2.85) satisfies A2.3.2-A2.3.5. Thus,
the well-posedness of the system is ensured. Moreover, the sequence of N-player games described
by (2.84) and (2.85), as N ranges over N, is associated with the sequence of control processes

{ u[lN] } ven employed by agent i = 1. The cost functional of agent i = 1 in the N-player game is

given by
JM @ IE/ (‘M2 — Fa )(z))’2+’u[l’”(t)’2> dz+E‘G% <x[1N}(T)—ﬁzx(N)(T)>‘2.
(2.86)
[N],0 [N],0

At the equilibrium, where agent i = 1 employs the strategy u; ", we denote its state by x;
and the corresponding average state of N agents by x(N)e,

The €-Nash property indicates that

TV @iV Ny < e N Ny gy (2.87)

{uleam}

where the sequence { &y }yen converges to zero. To establish this property, we start by identifying

relevant bounds for the systems described by (2.84)-(2.85) for a fixed number of agents N and a
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given deviating control u[lN} e N for agent i = 1. These bounds are detailed in Lemma 17, The-
orem 18, and Proposition 19, where, by an abuse of notation, the constant C (u[lN]) 2 may vary from
one instance to another. We obtain universal bounds for this system in the proof of Theorem 20.
Furthermore, we obtain the relevant bounds associated with the equilibrium , denoted by C°, which

do not depend on N.

Lemma 17. Consider the N coupled systems described by (2.84)-(2.85). Then, the property

Z‘ N (¢ ‘ <cMn, (2.88)

ie N

holds uniformly for all t € . Here, the constant C(u; IV }) depends on the model parameters and

M

Proof. From (2.85), for agent i, i € .4 and i # 1, by a simple computation, we have

2 t
| <cE {|éi|2+/0 (Bu£N1’°<r>+F1x< A [P+ £ () 4 Fax®) ()

C(/OZE

)

]dr+ 1) (2.89)

IN

M) dr+/ E[x™ dr+1)

[N] [N
x; 0 (r) dr—|— / [ X5
Wl ELE b

From (2.84), for agent i = 1 we have

PN N
E‘x[l}(t)‘ gc(/E‘ d +N/ y ’xg] ]dr+1> (2.90)
jewN
From (2.89) and (2.90), we obtain
(N N (|
E|Y ‘xi (r)‘ <c(n+ | 2 (r)‘ dr | 2.91)
eV i€ /V

Applying Gronwall’s inequality to the above equation results in (2.88). [l

Note that Lemma 17 is closely related to a part of Theorem 9 (see (2.20)), and it also demon-

strates that the solution of the system (2.84)-(2.85) belongs to .77’ 2(‘3 HN ) . A similar argument is

(V]

2For the sake of notational simplicity, uy is omitted from C (u[lN}) in the proofs of Lemma 17, Theorem 18, and
Proposition 19.
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presented in (Da Prato and Zabczyk, 2014, Theorem 9.1). As direct consequences of Lemma 17,
we have

2
Ep 0| <cal). El0] <cw”), wes 29

It is straightforward to verify that, at the equilibrium, we have
2 2
E ‘x(N)’O(t)’ <c°, E ‘x[INLO(t)‘ <C°, Viex, (2.93)
The next theorem demonstrates the convergence of the average state x(V) (t) to the mean field x(z).

Theorem 18 (Average State Error Bound). Suppose the state of any agent i, i € A and i # 1,

[N],o

satisfies (2.85), where the agent employs the strategy u; ' given by (2.83). For any control process

u[lN] e W that agent i = 1 chooses, we have

_ 2 C(uy )
supE |(¢) — xW™) (¢ < “1 .
upe [5(1) (1), <=

(2.94)
Proof. From theorem 16, recall that 7(t) =K~ (T —¢)[B*q(T —t)+ T2 ((Fx(t)+0)*TI(T —1))], and

= /Ot S(t—r)(BK YT — r)L(T — r)&(r) + Bt(r) — F1(r))dr. (2.95)
Moreover, from (2.85) and (2.84) subject to any control process u[lN] e %M we have

/ S(t = NBKN(T = LT — ™ (7) + Br(r) — Fix®™ () dr

4
ZlH =
[1]

} N/ )+ KT = LT =) (r) + B(r) ),
(2.96)

where the stochastic convolution processes Z;(¢) and E;(¢), i € .4 and i # 1, are, respectively,

given by

[I]

/ S(t — (0N () + EdM (7) + Fx™) (r) + 6)aw (1),

[x]

i) = /0 S(t—r) [(D EK~ (T—r)L(T—r))xl[N](r)—Er(r)+F2x<N>(r)+o}dW,~(r). (2.97)

Now, define y(r) := %(t) —x™)(r). Then, we have

¥t /St—r )(BK (T — )L(T—r)—Fl)y(r)dr—%{Z/’VE,-(I)}
/ S(t — B () + KT — HLT — N (7) + Br(r))dr (2.98)
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Furthermore, from the above equation we obtain

t 1 2
EVOF <[ bOF+ [ Bl ar+ 1 [B] T 20
0 N eV
"B, -1 V] 2
+ / E|uf () + K17 =T =)+ B2 ar| ). @99)
0
Moreover, since (), i € .4, are driven by independent Q-Wiener processes, we have
2
E|Y @) =E| Y |E,~(z)|2] : (2.100)
eV icN

More specifically, in the above equation, we use the property that E (Z;(t),Z;(t)) gy =0fori#j
and for all i,j € .4, and for every t € . A straightforward method to verify this property is to
demonstrate that it holds for stochastic integrals of elementary processes. This can be achieved
by applying the same techniques used to prove the Itd isometry (see, e.g., (Da Prato and Zabczyk,
2014, Proposition 4.20) and (Gawarecki and Mandrekar, 2010, Proposition 2.1)).

From (2.97) and using the standard approximation technique for stochastic convolutions, and

given that all operators are uniformly bounded on ¥, Vi € .4 and i # 1, and V¢ € ¥, we obtain

E[E(r) < c/tlE H(D—EK’IL(T ~ M) — Er(r) + Ba®™ () + Gszr

i
<c/

Similarly, for E;(z),Vr € T, we have

(r) +E( r‘+1)dr. (2.101)

t 2 2
E|El(t)|2§C/ (E‘x[lN](r) +E‘x(N)(r) +1)dr. (2.102)
0
Subsequently, we obtain
EY |Z)P <c(/ Y e dr+N/IE‘ )gczv. (2.103)
ieN ieN

Moreover, for the last term on the RHS of (2.99), we have

/ IE‘ P+ KT = LT =™ (1) + Br()| dr < C/OI(JE ’x[lN](r) “Ldr<c. 2108

From (2.99) and (2.103)-(2.104), we conclude that

1
BB < Cly+ 1) +C [ EbPdr (2.105)
Then, by Gronwall’s inequality, the property (2.94) follows. [l

77



Proposition 19 (Error Bounds for Agent i = 1). Let x| (t) and x[lN] (1), respectively, denote the state

of agent i =1 in the limiting game and the N-player game satisfying (2.27) and (2.84). Moreover,
let J*(uS) and J v ](u?,u‘il), respectively, denote the cost functional of agent i = 1 in the limiting

game and the N-player game given by (2.28) and (2.86).

(i) If agent i = 1 employs the control law u3 given by (2.75), we have

o) — N ] < €
SUPE [ (1) ] (z)‘H_ =, (2.106)
w0/ o C°
’h (ul)—Jl[N](uEN] : [fv] ) S—\/]_V. (2.107)
(ii) If agent i = 1 employs any control process u[lN} e %W we have
(V]
NP Cl)
SUPE [ (1) x| (t)(H_ 1 (2.108)
o NN N ey | i)
) =Ml < T (2.109)

Proof. From (2.27), (2.77) and (2.84), for the case where agent i = 1 employs the control law u]
given by (2.75)-(2.76), by direct computation, we have

x5 (t) —xMhe( / S(t — r)BK V(T — r)L(T — ) (x5 (r) — M () )
+ /O S~ A (20) <M () dr + /O St nF (x(r) = ™2(r) ) awa ()
+ /0 "S(t— F) (D — EK~\(T = P)L(T — 1)) (3(+) — MO )awy(r).  (2.110)
Moreover, for the case where agent i = 1 employs an arbitrary control law u; € %N, we have
x () —xM(@) = /0 "S- ()?(r) —x<N>(r)) dr+ /0 'St — PD(x (1) — M )aw (r)
+ /OtS(z —P)F (x(r) —x(N)(r)> AWy (7). 2.111)

The rest of the proof for (2.106) and (2.108) follows the method used in Theorem 18 by taking
square norms, expectation, applying Gronwall’s inequality (see (2.99)), and leveraging the results
of Theorem 18.

For the property (2.107), a simple computation shows that
) = w0 w0 <n it b, 2.112)
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M2 (35 0) ~ ()| — a0~ B2 o[ |

T
A:E/
0

+B|6H () - Br(r)| - |64 (r) - B

‘ 2

, (2.113)

dt,

T
Q:E/
0

where 7(t) = K~ (T —1) [B*q(T —t) + T2 ((F%(t) + 6 )*TI(T —1))]. Fort € [0,T), we have

-1 N B o 2_ -1 . - [N],0 2
KN (T =) L(T = 1)x3() + 2(t)| ‘K (T —)L(T —1)x! (t)+r(t)‘

I~ Fasto]| = 0 - A=)

< ||m3 [ (50) = Fre(e) — 42 0) = Bx®2(0)) | H2

~

+2|M3 (35 0) — Fie(o) | M | 650) = Fi(e) - 67 (0) = <))

2 — 2
gzpwaxﬂg—xW@@»]+2Mﬁrﬂﬂg—xwwan‘

1

+QPWﬂﬁO)=ﬁﬂﬂﬂ(ZMﬁQﬂQ—wwwﬁnr+2hﬁﬁﬂﬂ0—xwmﬁnr>z.(ZHQ

We apply the same method to the terminal condition in /;. Then, by using the Cauchy—Schwarz

inequality, Theorem 18, and Proposition 19, we obtain I} < \/Lﬁ We employ the same method as

above for I, to obtain I, < £

VN
For the property (2.109), we have

T
SE/
0

iR ‘ G (1)~ Bas(1) | — |G (1) — (1))

o 2
T ™My — M @l Ny

M (1)~ Fis(o) | — M)~ Fix® )| a

2

(2.115)

Then, we repeat the same method as for the property (2.107) to obtain the property (2.109). [

Remark 9. We note that {C (u[lN])} yen IS a sequence of real numbers, although C (u[lN]) does

not explicitly depend on N. Therefore, the convergence properties given by (2.94), (2.108), and

(2.109) hold as N — oo, provided the sequence is bounded. For instance, this condition is met if

Epg

2
u[lN} (t)‘ a’t] is uniformly bounded across all N € N, or if the system is at equilibrium.

Now, we establish the e-Nash property.
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Theorem 20. (e-Nash Equilibrium) Suppose that A2.4.1 and condition (2.66) hold. Then, the set

of control laws {ul[N]’o} icv» where ul[-N]O(t) is given by

(1) = —K T =) [T =05 () + To ((B(0) + 0) TUT 1)) + B q(T 1))

with xlm (t) satisfying

ANy =s(1)&+ /0 S ) (B ) + Fx™) (7)) dr

—i—/OtS(t—r)(D N + Bl (7)) + Fx ™) (r) + 0)awi(r),

forms an €-Nash equilibrium for the N-player system described by (2.25)—(2.26). That is,

I Moy < ine M@ ) e, (2.116)

R
where ey = O(—~) is a sequence of nonnegative numbers {€y NeN converging to zero.
VN 1 &

Proof. It is evident that the e-Nash property (2.116) can be equivalently expressed as

T @M WMoy < IMEM WMoy ey, 2.117)

where o7V .= {u[lN} ey ;Jl[ }(u[l Dl [N] ) < J[N}( IV ]’O,u[ivl]’o)} is a non-empty set. We then
note that, by (2.93), the equilibrium cost J; [ ](u[ e ,u[_ Je ) is uniformly bounded by a constant,
denoted by C°°, for all N € N. Thus, for any N € N and for any u[ Ve a7V , we have

U ‘ ‘dt} <IN ey <M s ) < . (2.118)

From (2.118), it is straightforward to verify that the constants C (u[lN]) in Lemma 17-Proposition 19
can be chosen universally for all N € N and u[ I'e &/ in each inequality. Therefore, for (2.109),

we have
%

7™My = M @M e ) g%, wveN, vl e oM, (2.119)

where C* only depends on the model parameters and the constant C°°. Therefore, we have

*

72 ™My < M @Y ey 4 C  wven, Vul" € 7N, (2.120)

VN’
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and hence

™ < e MM Y )+%, wweN, v ea™, 2.121)

‘We then recall from Section 2.4.2 and Section 2.4.2 that
7w <™, wweN, viMe oM, (2.122)

Next, from (2.107) and (2.121), we have

N, Nle [Ny C° [N] : N, V] [Ney , €
Jy (g ) — \/N<J1( 1) <J7(uy )<{ [IN]lenif[N]}Jl (uy uy )+—\/N, (2.123)
which finally gives
N, [Nlo  [N],o - N IV Moy €+ C°
JOU u Yy < i 1 (w4 ————. (2.124)
U 1 {ug]edw} 1 \# ) N
O

2.5 Concluding Remarks

We conclude the chapter by studying a toy model and introducing a slight generalization of our

framework that could broaden its applicability.

2.5.1 A Toy Model

We now study a toy model inspired by the model presented in Fouque and Zhang (2018), where

the dynamics of a representative agent indexed by i,i € .4/, is given by
dxi(t) = (Ax;(t) + Bu;(t))dt + cdW;(t),
xi(0)=¢. (2.125)

Moreover, agent i aims to minimize the cost functional

2

I (7, E/ ((Mz it )(t))‘z—i—]u,-(tﬂz) dz+E]G% (x,-(T)—x(N)(T)>‘ .
(2.126)
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According to (2.25)-(2.26), we have F{ = F, =D =E =0, and fl = fz = I for the above model.

Applying our results, the contraction condition (2.66) simplifies to
TC6eXp(4TMTC6) <1,

where Cs = 2M2 ||B||* (||G|| 4+ T ||M]|). To find a solution for a fixed T > 0, we can adjust the pa-
rameters G and M to ensure that the contraction condition is satisfied. Then the €-Nash equilibrium

is given by {u} };c 4, where

2(6) = B (T — 1)) +a(T — 1)), 2.127)

1) = SO — [ Sl BT )50 + o(T 1)) @128
%aﬂﬁ&@IZHHWWM%%HMBWHOMJH%M%@, (2.129)
q(t) = (A" —I1(t)BB") q(t) — MX(T —1), (2.130)

with T1(0) = G, x € Z(A) and ¢(0) = —G&(T).

2.5.2 A Slight Generalization

Recall that we have defined D € ¥ (H, ¥ (V,H)),E € X(U,%2(V,H)), F, € £(H;Z(V;H)),
and o € Z(V;H) for the volatility in (2.25). As mentioned in Remark 6, this setting might be more
restrictive than necessary. One reason for this conservatism is our desire to align, in particular the
derivations of Section 2.4.2, with the foundational literature, notably references such as Ichikawa
(1979) and Ichikawa (1982). These settings could potentially be generalized to bounded linear
operators from H and U to % (Vp,H), with o also set as o € 25 (V, H). The conclusions of this

chapter could likely be achieved with only minor modifications.
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Chapter 3

Hilbert Space-Valued LQ Mean Field

Games with Common Noise

Abstract

In this chapter, we extend the results of Chapter 2, which develops the theory of linear-quadratic
mean field games in Hilbert spaces. We consider a framework in which the model also includes
an infinite-dimensional common noise with a covariance operator different from that of the indi-
vidual noise. In this setting, the offset term associated with the individual control problem and the
mean field evolve as infinite-dimensional stochastic equations, whereas both are deterministic in
the absence of common noise. As a result, the mean field consistency conditions take the form of
a system of forward-backward stochastic equations in Hilbert spaces. We establish the solvability
of this system and verify the €-Nash property. Finally, we discuss the scenario where the model
operators are themselves operator-valued stochastic processes adapted to the filtration generated by
the common noise. We show that, under appropriate assumptions, the structure and solvability of

the mean field game remain analogous to the case with non-random operators.

3.1 Introduction

A central assumption in classical mean field games (MFGs) is the presence of idiosyncratic

noise, typically modeled as independent Brownian motions affecting individual agents’ states.



However, many real-world scenarios are also influenced by common sources of randomness. This
type of noise arises when external factors affect all agents simultaneously, creating dependencies
between their actions and dynamics. In many financial models, macroeconomic factors—such as
monetary policy announcements, aggregate demand shocks, or systemic market events—are mod-
eled as common sources of randomness that impact all agents in the system. These influences can
be understood as a common noise affecting the collective behavior of market participants. Another
typical example of such situations is the presence of a major agent in the system as introduced
in Chapter 1. Mathematically, such a common source is often modeled as a Wiener process that
appears in the dynamics of all agents. The presence of common noise introduces additional chal-
lenges in solving MFGs. Specifically, the mean field consistency equations become a system of
forward-backward stochastic differential equations (SDEs), whereas they are deterministic in the
absence of common noise.

MFGs with common noise were seemingly first introduced in Carmona et al. (2015) to model
systemic risk in interbank markets, and were studied at a theoretical level in Carmona et al. (2016)
and its sequel Lacker (2016). In analogy with the theory of stochastic differential equations, these
works formulated notions of strong and weak solutions for MFGs and established the existence of
weak solutions under broad assumptions. Their approach captures the evolution of the distribution
of states as a random measure flow adapted to the filtration generated by the common noise. This
direction has been followed by subsequent studies such as Lacker and Webster (2015); Kolokoltsov
and Troeva (2019); Lacker and Le Flem (2023).

The linear-quadratic setting is studied in Graber (2016), which explores the connection to linear-
quadratic mean field type control. The solution of the mean field game is presented both in terms
of a system of forward-backward SDEs and via a pair of Riccati equations. The study highlights
the influence of common noise on the conditional mean field and clarifies the distinctions between
decentralized games and centralized control problems. Other works on linear-quadratic mean field
games with common noise include Ahuja (2016); Li et al. (2023a); Tchuendom (2018); Bensoussan
et al. (2021); Ren and Firoozi (2024).

To the best of our knowledge, there are only a few works on mean field games in infinite-
dimensional spaces Federico et al. (2024b); Liu and Firoozi (2025); Federico et al. (2024a). How-

ever, none of these works incorporate common noise.
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The organization of this chapter is as follows. Section 3.2 presents the regularity results for cou-
pled stochastic evolution equations with commcon noise in Hilbert spaces. Section 3.3 addresses
MFGs in Hilbert spaces including the optimal control in the limiting case, the fixed-point argument,
the Nash equilibrium and the €-Nash property. Finally, Section 3.4 discusses the case where the

model parameters are operator-valued stochastic process.

3.2 Coupled Controlled Stochastic Evolution Equations with
Common Noise in Hilbert Space

In this chapter, we study a set of N coupled stochastic evolution equations driven by N id-
1osyncratic Q-Wiener processes as well as an infinite dimensional common noise Wy, which has a
positive trace-class covariance operator Qy. The eigenvalues and the corresponding eigenvectors of
Qo are denoted by {lio, e?} icy such that Qoe? = lioe?. The common noise can be constructed using

the first subsequence (labelled it as { [j’JO} jen) of the Brownian motions introduced in Proposition 8

, together with Qy, i.e,

Wo(t) = ¥ \/29B%(0)e!. (3.1)

jeN
The system of N coupled stochastic evolution equations in presence of common noise W9 is given

by

xi(t) =S(0)E + /0 'St = PR x(r), () )dr + /0 "S(t — P)Bi(r X(r), () )AWi(r)
/0 St — 1) Bo(r X (), () )dWo (1), 32)

wherei € 4 andt € T. In (3.2), the vector process X, the Cp-semigroup S(z), t € ¥, the mappings F;
and B; are as defined in Section 2.3. The mapping By is defined as By : T X HY xU — fz(VQo,H ).
The filtration .% V.0 is now the one generated by {W;},. , and Wp. To establish the well-posedness
of the above set of coupled stochastic evolution equations, we need to slightly adjust A2.3.2-A2.3.5,

more specifically, only A2.3.4 and A2.3.5, as follows.
A3.2.1. u; € A% (T;U).
A3.2.2. The mapping F;: Tx HN xU — H is (%) @ B(HY) @ B(U)/%(H)-measurable.
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A3.2.3. The mappings B;: Tx HN xU — % (Vg,H) are B(2) 0 BHN )@ B(U) | B(L:(Vo, H))-
measurable and By : T x HY x U — 4 (Vo,,H) is (%)@ BH") @ BU)|B(L(Vo,,H)) |

where the Hilbert spaces Vp,Vg, are as defined in Section 2.2.

A3.2.4. There exists a constant C such that, for everyt € T, u € U and x,y € HY, we have
|E'(t7xvu> _Fi(tuyvu)lH + ||Bi(t7xvu) _Bi(tay7u)”$2 + HB()(Z‘,x,I/l) _Bo(tayﬂ’t)”,%Z < C|x _y|HN )
2 2 2 2 2 2
F 0,0+ B, 0) I, + 1 Bolr, 0,0l < € (1l ).

Theorem 21. (Existence and Uniqueness of a Mild Solution for the Case with Common Noise)
Under A3.2.1-A3.2.4, the set of coupled stochastic evolution equations given by (3.2) admits a

unique mild solution in the space 7*(T;HY).

Proof. Under assumptions A3.2.1 to A3.2.4, the following theorem can be proven in a similar

manner as in Theorem 9. ]

3.3 Hilbert Space-Valued LQ Mean Field Games with

Common Noise

3.3.1 N-Player Game

In this chapter, we consider a differential game in Hilbert spaces defined on (Q,S, FWN LO,]P’),
where .Z N0 js generated by {W;},. , and Wy. This game involves N asymptotically negligible
(minor) agents, whose dynamics are governed by a system of coupled stochastic evolution equa-
tions, each given by the linear form of (3.2). More precisely, the dynamics of a representative agent

indexed by i, i € ./, are given by
xi(1) =S()E + /O St — 1) (Bui(r) + F (1)) dr + /0 'St — ) (Dxi(t) + P () + &) aWi ()
+/OIS(t—r)(Dox,~(t) +F0xN(r) + 0p) dWy(r), (3.3)

where the first three terms on the right-hand side of (3.3) are as defined in Section 2.2.2 and
Section 2.4.1 with a slight (and standard) generalization of operator spaces, as described in Sec-

tion 2.5.2. Specifically, we now assume that D,F, € .Z(H, %>(V,H)). Moreover, the operators

86



Dy, Fy € L (H, £ (Vg,,H)), and oy € £ (V,H). Moreover, the initial condition is still given by
A2.4.1.

A3.3.1. The set of admissible control actions for agent i, denoted by U VIO g defined as the

collection of FWN0-adapted control laws u' that belong to .#*(T;U)

The existence and uniqueness of the solution to (3.3) is guaranteed by Theorem 21. In addition,

agent ; aims to minimize the cost functional

2

M ] M 1 ()P b (x:(T) — Bx®)
Ji (i u E M: x, — Fx™M O 4 wi(0))? ) di +E|G2 (xi(T) — Bx™(T)) |,
(3.4)
where M and G are positive operators on H, and i, € & (H).

3.3.2 Limiting Game

Under the limiting case, where the number of agents N goes to infinity, the state and cost

functional of a representative agent, indexed by i, are, respectively, given by

5(0) =SW&+ [ 0= r)(Bur) + Fsr)dr
+ /Ot S(t —r)(Dxi(r) + Fox(r) + o) dW;(r) + /OtS(t —r)(Dox;(r) + FoX(r) + op) dWy(r),
3.5)

and

T () IE/ (’Mz (1 le())‘2+|ui(t)|2>dz+E‘G5(x,-(T)—z?zx(T)>)2, (3.6)

where %(¢) represents the coupling term in the limit and is termed the mean field. In this context,
on the one hand, a Nash equilibrium for the system consists of the best response strategies of the
agents to the mean field x(z). On the other hand, in the equilibrium where all agents follow Nash
strategies, together they replicate the mean field, i.e. 1 ¥c_4 Xi(t) I %(1).

First, we denote by .% be the filtration generated by the common noise, and define the Banach

space Cz, (T;L*(Q; H)),|-|..) as in

Cry (T LHQH)) == ={g: T — L*(Q:H) | g is P — adapted and is continuous in L2(Q; H)}.
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We note that every g € C#,(T;L?(Q;H)) has a progressively measurable modification.

We then proceed with the following steps to solve the described mean field game problem.
First, we treat the interaction term as an input g € C.z, (T, [? (Q;H)), and solve the resulting optimal
control problem for a representative agent described by the dynamics

dxi(t) = (Axi(t) + Bui(t) + Fig(r))dt + (Dxi(t) + F28(r) + 0)dWi(t)

+ (Doxi(t) + Fog(r) +00)dWo(t), xi(0) =&, (3.7)
and the cost functional
J() =E /0 ' (‘M% (x,-(t) —ﬁg(t)) (2+ |u,~(z)|2) di +E ‘G% (xi(T) _ﬁzg(r)) ‘2. (3.8)

The solution of the above optimal control problem yields the optimal pair (x7,u7).

Then, we address the consistency condition described by

supE (1) —xM)2 (1)
te¥

2
=0, (3.9)

H
where x(V)°(r) = ]l\,(Ziei x5 (t)) and x; represents the optimal state of agent i corresponding to

the control problem described by (3.7)-(3.8).

Riesz Mappings

We now (slightly) generalize the mappings introduced in Definition 4 to the present setting, i.e.
for D € £ (Vp,H) and Dy € £5(Vg,,H). The continuous embeddings .2 (V,H) — £>(Vp,H ) and
ZL(V,H) — £ (Vp,,H) play a central role in this context (see (2.3)). Note that if Z € £ (H), the

term
T (% ((Dx)0'"?) ((Dx)Q1/2>*> (3.10)

still defines a bounded bilinear functional on H?, since (Dx)Q'/? € 4 (V,H) whenever D €
2 (Vo,H). Therefore, the mapping defined in Section 2.4.2 is still valid in this case, i.e,
A1 Z(H) — Z(H) such that

Tr (95’ ((Dx)Q1/2> <(Dy)Q1/2>*> = (As(R)x,y), Vx,y€H, G.11)

with Ay (%) € £(H), and
1Aall < 1PN (11, 23 v 1) - (3.12)
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In a similar way, we define AY : Z(H) — £ (H) by

Tr (@ ((Dox)Q(l)/2> ((Doy)Q(l)/2>*> = (A)(Z)x,y), Vx,yeH, (3.13)
where Ag (%) e Z(H), and
HAgH < ||D0||3%(H,$2(VQ,H))- (3.14)

Now, the mapping I'j introduced in Definition 4 is generalized to I'y € £ (% (Vp; H);H) de-
fined by
tr<<(Dx)Q1/2) <%Q1/2> ) —([\(&),x), VxeH, T|(%)cH. (3.15)

Similarly I'g € £ (% (Vp,;H) ;H) is given by

w(((Dw)0y?) (#05%)) = (To(#),x), e H, To#)eH, (3.16)

with
1T Hg(gz(vg;y);ﬂ) <Dl 25, 2,vp.11)) » (3.17)
||F0”g($2(VQO;H);H) < ||DOHg(H,zZ(VQO,H))~ (3.18)

Optimal Control Problem of a Representative Agent

Due to the homogeneity of the agents, we drop the index i in this section. Each agent faces a

stochastic control problem in Hilbert spaces described by the state evolution equation
t t
x(t) =S(1)E + /O S(t — r)(Bu(r) + Fig(r))dr+ /O S(t — r)(Dx(r) + p(r)) dW (r)
t

+ /0 S(t — r)(Dox(r) + po(r)) dWo(r), (3.19)
where p(t) = F>g(t) + 0, po(t) = Fog(t) + 0y, and g € C#,(T;L*(; H)), and by the cost functional

T ; . 2 5 ) . 2
J(u) =E / (‘MZ <x(t) - Flg(t)) \ + lui(1)| ) dt +E ‘Gi <x(T) - Fzg(T)> ‘ . (3:20)

0

Remark 10. For convenience, we rewrite (3.19) as an equation driven by a single Q-Wiener process

as in

X(1) = S(1)E + /0 "S(t — ) (Bu(r) + Fig(r)) dr+ /O 'Sl — P)(Dx(r) + () AW (), (B2l
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where the V*-valued Q-Wiener process is defined by (W,Wy), with the covariance operator (Q, Qo).
The operator D € £ (H, 43 (Vo X Vg,,H)) is defined as

(Dx)(vi,v2) = (Dx)vy + (Dox)va, Vx€ H,vi,vy €V. (3.22)

Obviously, we have

=112 2 2
1Dzt v xvg ) < 1PNz a1, 25 (v 1) F 1PN 221,223 (v 1)) - (3.23)

Similarly, we define p(t) € £ (Vo x Vg,,H) as

p(t)(vi,v2) = p(t)vi + po(t)v2. (3.24)

The next theorem characterizes the optimal control law for the problem described by (3.19) and

(3.20).

Theorem 22 (Optimal Control Law for the Case with Common Noise). The optimal control law

u® for the Hilbert-space valued system described by (3.19)-(3.20) is given by
u’(1) = —B" (I(1)x(1) — q(1)), (3.25)

with T1 € Cy(T;.Z(H)), such that I1(t) is a positive operator ¥t € T, and with the pair (q €
M 3;0 (ZH),g € A ;,-O(T;ZZ(VQO,H ), respectively, satisfying the operator differential Riccati
equation

d

= (I1(2)x,x) = —2 (I1()x,Ax) + (I1(¢) BB*T1(¢)x,x) — (Ap (I1(2) ) x,x) — <A8(H(t))x,x> — (Mx,x),

(3.26)

and the barkward linear stochastic evolution equation
ol6) =S"(T ~0)Gg(T) ~ [ §"(r—1) (T0)BB q(r) ~ MFig(r) + TT(Ip()  G2D
T
FTO(TI)po(r) = 4() + T Figlr) ) dr— [ " (r=0)q(r)aWo(n).

Proof. We point out that (3.26) is simply the backward form of (2.45) with E = 0. This distinction
is inconsequential, as the Riccati equation is deterministic. We refer to Hu and Peng (1991); Guat-
teri and Tessitore (2005) for the existence and uniqueness of the solution to (3.27). The solution is

apair (g € %ZQO (T:H),g € ///%—,-0 (T; Vo, H)) satisfying (3.27). The spaces .//2% are as defined
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in (2.4). Since the Riccati equation is deterministic, while the offset equation is stochastic, we treat
them differently. First, we apply the same approximation method as in Ichikawa (1979); Liu and
Firoozi (2025) to the process (I1(¢)x(t),x(t)) to derive

B(I(T)(T) (7)) = BAI0)8, ) +E [~ (4x(0), Mx(0)) + 2 (Ue)x(1),Bu(r) + Figlo)
+ (T BB TL(Ox(1), x(1)) + 2 (F(I)p(1)) + To(TL()poe)) x(1) |
+E / (1) (p(00"?) (p0)0"2) ")+ (11(1) (po()08*) (po()0y*) )lar ~ (3.28)

Now, we introduce an approximation sequence for (3.27) which is a sequence of strong solutions

(qn(),Gn(t)) such that
nlt) =Gog(T) + [ (A300(r) ~TU)BB 4y (1) + MALG(H) -~ TP (G29)
= o(TI)po(r) ~ 8a(r) ~ T rg(r)) r — [ dntr)aWo(r),

where A" = A*n(A* —nl )_1. From (Guatteri and Tessitore, 2005, Theorem 4.4), we have

T
lim sup Elq,(1) —(r)* = 0, im & [ 4,(s) = (1) | d1 = 0. (3:30)

N=°0<<T

Similarly, for (3.7) we have the approximation sequence given by

5t) =&+ [ (Awsal6) + Bulr) + Fg(r)) dr+ [ (D) p(0) aWi(r)

t
+ [ (Dosa(0)+ pola) awa(n). (331
with
lim sup E|x,(t) —x(1)]* =0. (3.32)
= 0<<T

Then, we apply It6’s formula to the process (g, (7),x,(t)) over the interval T, as in Guatteri and

Tessitore (2005); BrzeZzniak et al. (2008), and take the expectation of both sides to obtain

E[{q(T),x(T))] = +]E/ (r)BB*q(r) = MFig(r) +T1(I1(r)p(r))  (3.33)
+ o (TI(r) po(r)) +H(F)F1g(r)> +(q(1), Bu(t) + Fig(1))

(a0l (o))
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From (3.28) and (3.33), we obtain an expression for E [(I1(¢)x(),x(z)) —2(q(t),x(¢))], which
yields

J(u) =E(T1(0)§, &) —2E (4(0),§) +2E (GF2¢(T), F28(T)) + E

+E/OT[<MF1g(¢),F1g(t)> —2tr <<67(I)Qé/2) (po(t)Q(l)/2> *)

a0 00) (02 ) =10 (i) (02))

—|B*q(1)]> = 2(q(t),Fg(t)))dt. s
Finally, we derive the optimal feedback control as given by (3.25). -

We also point out that (3.27) may be understood as the mild solution of the following backward

SDE in Hilbert space
dg(t) =— (A" — (T1(0)BB"q(r) — MFrg() + Ty (TL(1)p (1)) + To(TL0)polr) — (1)) + TL(1) Fig(1)) ) dr
+g(1)dWy(1) (3.35)

From Theorem 22, the optimal state x{ (¢) for the representative agent i in the limiting case is given

by
o :Sm"/ots“—’)(BB*H(r)x?(r) — BB*q(r) — Fig(r))dr
+ /Ot S(t—r)(Dx;(r)+ Fag(r) + o) dWi(r)

+ 80— r) (Do () + Fog(r) + ) Wi (1) (3.36)

Fixed-Point Problem

We now solve the fixed point problem described by (3.9). We first note that (3.27) represents
a mapping g — ¢ in the space C,(7;L*(Q;H)). We present the following proposition which is
essential for the satisfaction of the consistency condition (3.9). In the analysis for the rest of the

chapter, the constant C may vary from one instance to another.
Proposition 23. For the optimal state of a representative agent, satisfying (3.36) we have
ElxXX(t)*<C, Vieg, (3.37)
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where the constant C only depends on the parameters. Moreover, for a fixed g € //ljzo (T:H), we

have

o |
SupE |y, () —x°(¢)| —0, (3.38)
1T H

where

lt) =S~ [ S(t=1) (BB TI0)ye(r) ~ BB q(0) ~ Figlr))dr

t
+ /O S(t — 1) (Doye(r) + Fog(r) + 60) dWo(r), (3.39)
and & is defined as in A2.4.1. The index g indicating that Vg is a function of g € Cz,(T; L*(Q; H)).
Proof. From (3.36), we obtain

t
Bl () < C(EI&P+E | BB T (1)~ BB q(r) — Fig(r)*dr
t t
+E/O |Dx?(r)+Fzg(r)+G|2dr+E/0 |D0x?(r)+Fog(r)+Go|2dr)
t
< C(EI&P + (1817 6n(T+ |DI*+ [DoIP)E [ i (r)dr
t t
2 2 2 2 2 2
+(IRIP+ IR+ IRIDE [ e dr+ |BIPE [ lg()dr
f eli2 2
+E [ (o1 + [ ool)ar)
t
<C(1+E / X0 (F)[2dr). (3.40)
0
Then, by applying Gronwall’s inequality, we obtain (3.37). We omit the proof of (3.38), as it follows

the same arguments as in Theorem 18 and Theorem 28, which appears later in this chapter. The

proof is substantially more straightforward in the current case since all agents are decoupled. [

Note that, for a fixed g € C#,(7;L*(Q;H)) (and thus a fixed ¢ € Cz,(.7;L*(Q;H))), equation
(3.39) admits a unique solution y, in Cg, (T:L*(Q;H)). We seek a fixed point of the mapping
Y : g+ yg in the space Cz,(.7;L*(Q;H)) associated with the mean field consistency condition
(3.9).

We now establish bounds on ¥ for relevant operators and processes that appear in the fixed-

point mapping Y. By reformulating the state equation as in (3.21) and from Proposition 12, we
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easily obtain a bound for the operator I1(z) as

IO ) < en(T), Vi€T, (3.41)

¢n(T) == 2Mzexp(8TM7(||D||* + || Do|*) (|Gl + T |M])). (3.42)
We also impose the following assumption in the remainder of this section.
A3.3.2. The model parameters are such that o.(T) := 16M2T || Do||* < 1.

Lemma 24 (Bounded Variations of ¢(7) wrt Variations of Input g() for the Case with Common
Noise). Consider the processes I1 € Cy(T; £ (H)) and (q € //{;0 (T:H),q € //j;o(T;.,%(VQO,H)),
respectively, satisfying (3.26) and (3.27). Moreover, let g1,8> € Cz,(T :L2(Q;H)) be two pro-

cesses on T. Then, we have

Elqi(1) = 2(0)* <61 (T) |g1(1) —g2(0)[2 Vi €T (3.43)

where
¢\(T) Z%(MTZ((HMH 1£1]))% + (Gn(T)IIE D +Ea(T) (D] [F])* + (1Doll [1Fo]1)?)
+ (Gl 2[)%) % exp<%%é<T> 181, (3.44)

q1 and g are the corresponding solutions of (3.27) to the inputs g = g1 € C,(T;L*(Q;H)) and
g =82 € Cg,(T;L*(Q; H)), respectively.

Proof. For gi,g, € Cgo(ﬂ;Lz(Q;H)), we have

d(t) =S*(T —1)GE> (g1 (T / S*(r—1)(TI(NBB*d(r) + w(r) — To(d(r)))dr

/ S*(r —1)d(r)dWo (r) (3.45)

y(r) = (I(t)F1 — MFy) (g1 (1) — 82(1)) + T1(TI(r) Fa (g1 () — g2(t)) + To(T1(1) Fo (g1 () — g2(1)),
d(t) =qi(t) — q2(t),
d(t) =4 (1) — ga(1). (3.46)
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See Hu and Peng (1991) for the following result,
T . 2 .
Eld(r)* <2M}TE | \n (r)BB*d(r) + y(r) - ro<d<r>>>) dr-+2(Mr |G| 2] Elg1 (T) — g2(T) P

< 4M3

(1)BB*d(r) + w(r /Hd Par

+2(My HGH |5|)°E |g1(T) —gz<T>|2 (3.47)
and

E /t " |ld)|Pdr <8MRTE /t ' TI(r)BB (1) + y(r) —Fo(aT(r)))’zdr
+8(Mr |G| |2 *Elg1 (T) — g2(T)

< 16M%TE/tT ’H(r)BB*d(r) +y(r) 2dr+ a(T)/tT HJ(:)||2dr

+8(Mr |G| ||B2])*E g1 (T) — g2(T) (3.48)

Based on A3.3.2, we further obtain

]E/ d(e)|)? de < (16MTTIE/ TI(r)BB “d(r)+ y(r)| dr

+8<Mr 1G] || E2]|)*E g1 (T) — g2(T) ) (3.49)

Substitute (3.49) into (3.47)

E|d(r) " _% 27 [ 188" () + w(r)| -+ [GIF | 2| E gy (7) ~ g2(T)F |
s% 478 [ (|0085 a0+ i) P+ 1612 3] Bl ()~ ) P
2 _
<o [ramis CEld(r)dr+ (16721 |4+ () )
+ G DI IEI + (1Dl 1)) + (G [£2])%)) g1 - &al..] (3.50)
By Gronwall inequality, we obtain the result. ]

Theorem 25 (Contraction Condition for the Case with Common Noise). The mapping
Y:g€Cq (T L5 (QH)) — v, € Cqry (T3 L (QH))

admits a unique fixed point if

G (T)eT BT < 1, 3.51)
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where
€ (T) = SM7T [T (||B|*61(T) + 1B |1°) + | Foll?]
3(T) = 5M7 [||Dol|* + T||B||*61(T)] - (3.52)

Proof. By (3.39), we have

t

Y 0) =3ia(t) = = [ S(=r)BETI) (3 (1) = yeo (1) dr
+ [P0 (3 () = yes () aWor)
+ [[S6-nF (610) ~ ga(0))ar
+ [ =1 (61— ga(r) aWolr)
+ 'S(t— r)BB" (q1(r) — qa(r)) dr
=N+ I+ I3+ I+ Is. (3.53)
Calculating the square norm and taking expectation, we obtain

E |y () =y (1) < 5 (B[ AP +E| AP +E|5P +E| AP +E|5[) (3.54)

For E |.%5|*, using Lemma 24, we have

. 2
E%F:E\ [t (1 (1) ()

<TE [ [5-r)BB (a1(r) — ax(0)) P
< M2T?||B||*E |q1 (1) — ¢2(¢)|*

< MFT?|BII*6)(T) g1 — 8212, (3.55)
Using a similar treatment for the remaining terms and collecting all contributions, we obtain
E |y, (1) — Yo, (0)|* < 62(T) |21 — gl + 65(T) /OtJE Ve (1) = Yo (N[*dr. (3.56)
The result then follows from Gronwall’s inequality. [
Remark 11. It is straightforward to verify the following convergence properties as T — 0:
e My — 1,
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b %H(T) — 1,

. %1(T)—)9>O,

* Cﬁz(T) — 0,

o T%g(T) — 0.

All of these functions are continuous in T. Therefore, it can be shown that the contraction
condition is satisfied for a sufficiently small time horizon T > 0. Moreover, for such a small time
horizon A3.3.2 is satisfied as we have o(T) — 0 as T — 0. Thus, A3.3.2 does not impose any

further restriction on the model parameters.

Suppose that (3.51) holds, we denote the unique fixed point of the mapping Y associated with
the mean field consistency condition (3.9) by ¥ € C,(.7;L?(Q;H)) and refer to it as the mean
field.

Nash Equilibrium

Theorem 26 (Nash Equilibrium). Consider the Hilbert space-valued limiting system, described by
(3.7) and (3.8) for i € N, and suppose the condition (3.51) holds. Then, the set of control laws

{u7 }ien, where u; is given by

up = —B" (I(1)xi(1) — q(t)), (3.57)
forms a unique Nash equilibrium for the limiting system where the mean field x(t) € H, the operator
I1(r) € Z(H) and the pair of offset terms (q(t) € H,§(t) € £52(Vo,,H)), are characterized by the
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unique fixed point of the following set of consistency equations

4
di

(N(t)x) = 2 (N0(e ), Ax) -+ (N0 BT, 5) — (ACTI()e ) — (g (T1(0)) ) — (M ).
I(T)=G, xec 9(A), (3.58)
q(t) =S (T —1)GHX(T) — /[T §(r—1) (H(’”)BB*Q(r) —MFEx(r) +T1 (I(r) (BX(r) + 0))
+To(TL(r) (Fo(r) + 00)) — () + T Fix(r) ) dr /t S = na(raw(r)  (3.59)
0 =5(0& — [ S~ (BBTI) - F)S() - BB g(r)dr
+ /0 ' S(t = ) (Do + Fo)(r) + 00) dWo ). (3.60)
Proof. The proof proceeds in a similar manner as that of Theorem 16. The equilibrium state is now

given by

00 =SO&— [ St r) BB T - BE g(r) — Fis(r)dr

4 / St — (D) + Fa(r) + &) dWi(r) + / S(t — ) (Dor2(r) + Fox(r) + 60) dWo(r),
0 0

(3.61)

Moreover, the consistency condition (3.9) is guaranteed by Proposition 23 with respect to the fixed-

point X, which is the mild solution of the SDE given by

dx(1) = (A%(t) — (BB'TL(r) — F1)%(t) — BB"q(1))dr + (Do + Fo)3(t) + 00)dWo(t),  (3.62)

with %(0) = & O

3.3.3 &-Nash Property

In this section, we establish the e-Nash property of the set of control laws {u; };c 4 given by
(3.57) for the N-player game described by (3.3)-(3.4). Due to the symmetric properties (exchange-
ability) of agents, we study the case where agent i = 1 deviates from the Nash equilibrium strategies.
Specifically, we suppose that any agent i, i € .4” and i # 1, employs the feedback strategy u; given
by (3.57) and agent i = 1 is allowed to choose an arbitrary control u; € % INIO_ Therefore, we have

a system of stochastic evolution equations given by

x[lN} (1) =S(t)&é + /OtS(z —7) (Bu[lN} (r) + Fx®™) (r)> dr+ /Ots(z — r)p[lN] (r)dW;(r)
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4 / (t = ™ (W (r), (3.63)
M) :S(t)§i+/ S(e—r) (Bul(r) + Fix® dr+/ S(c— ) pN (r)awi(r)
—l—/S (r)ydWo(r), i€ A, andi#1, (3.64)

where p[ ]( t) = Dxl[ }(t) + FxV )(t) + G,p%} (1) == Doxl[N] (t) + Fox™)(r) + 0. Furthermore, we

recall that the cost functional of agent i = 1 in the N-player game is given by

2 2 2
I (4 —E / )Mz N] x(N)(t)>‘ + [l (z)] dr+1E‘G% (x[lN](T)—x(N)(T)>’ .
(3.65)
The €-Nash property indicates that
JM@EMe ey < ine M @Y Ny gy (3.66)
{ulleamo}

where the sequence { €y} yen converges to zero. To establish this property. The results that follow

can be derived using a method similar to that employed in the previous chapter.

Lemma 27. Consider the N coupled systems described by (3.63)-(3.64). Then, the property

5| E o), | <

ieN

cu")n, (3.67)

holds uniformly for all t € . Here, the constant C (ugN}) depends on the model parameters and

M
up .

Proof. From (3.64), for agent i, i € .4 and i # 1, we have Bu{(t) = —B* <H(t)xm (1) —q(t)).

Therefore,
E‘ N () E[|§,.|2+/t(‘3u;?(r)+F1x<N) ok pEN])Z +‘p%] ‘;) d”}
<c (/ dr+/ E[x™) dr-l— 1)
< (/ N/ [.Z ’xgv (r) ]dr+1). (3.68)
From (3.63), for agent i = 1, we still have E [ |u ‘
E(xEN]O)\ <CE {l51|2+/ (]BulN (r) +(Fx( *Hp%‘;)‘”}
gc(/ E [ )xgv (") }dr—%l). (3.69)
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From (3.68) and (3.69), we obtain

o[ g ol

<C(N+/

Applying Gronwall’s inequality to the above equation results in (3.67). [

xl[Nl(r)f] dr) . (3.70)

ie N

Similarly, we have the following results, which are directly from the lemma above
N N N
E(xW)(t)) <M, E’x[l ](t)’ <M, (3.71)
At the equilibrium, we have

E‘xmog)’ <C° E‘X[IN} <C°, Wred. (3.72)

where the constant C° does not depend on N.

Theorem 28 (Average State Error Bound for the Case with Common Noise). Suppose the state of
any agent i, i € A and i # 1, satisfies (3.64), where the agent employs the strategy u; given by
(3.57). For any control law uy € % N that agent i = 1 chooses, we have

<
H- N

‘2 C<”[1N]). (3.73)

supE [x(¢) —x™) (1)
te¥

Proof. The average state x W) (1), by direct computation, is given by

t

xXM (@) =8(1)x™ (0) — / S(t —r)(BBTI(t) — F)x™) (r) dr + / tS(t—r)BB*q(r)dr

0
ST / S(t r)dWi(r
etV

N/ S(t—r)B ]( )+ B*x m(r)—B*q(r)) dr. (3.74)

)| + [ 50=) ((o+ Fox ) + 00) awo(r)

Now, define yV (¢) := %(r) —x™) (). Then, we have

yN<r>=s<r>yN<o>—/Ots<r—r><BB*n<> ™M) dr+/ S(t =) (Do-+ Fo)y™(r) aWo

__/ S(e—n)B (u]" (1) + B ()~ Bq(r)) dr.

(3.75)
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Then, we obtain the following estimate:

2
E‘yN( <C/]E‘y ‘ dr+— / (t—r)p dWi(r)]
16/1/
< [ElB(™r) + M) - B 2d 3.76
+ ([ ElB (0 + B0 - 5a) [ ar). (376)
Further, we estimate the stochastic fluctuation term:
: 2
E Z’/S(I—r)plH Z]E (t—r) Dx }( )+F2x(N)(r)+G> dW;(r)
ey 70 eV
t 2
(/ Z IE‘ N] r‘ dr+N/]E‘x(N)(r)‘ dr+N>
ieN 0
<CN. (3.77)
Also,
' N . "
/()E‘B(u[l )+ M) - B ())‘ dr<C/ E] r‘ +1)dr <CN. (3.78)
By (3.71), we derive
C
E [y ()| N+C/ E Y (r)[ dr. (3.79)
Applying grownwall inequality, 2.28 follows. 0

Proposition 29 (Error Bounds for Agent i = 1 for the Case with Common Noise)). Let x(t) and
x[lN] (1), respectively, denote the state of agent i = 1 in the limiting game and the N-player game
satisfying (3.5) and (3.63). Moreover, let J*(uS) and JN)(uS,u’ ), respectively, denote the cost

functional of agent i = 1 in the limiting game and the N-player game given by (3.6) and (3.65).

(i) If agent i = 1 employs the control law uj given by (3.57), we have
2 C°

o _ [NLO <
sup x1(2) = xj (t)‘H_ N (3.80)
w0 o Cc°
‘11 () =M a7 ) SN (3.81)
(ii) If agent i =1 employs any u[ I e WO e have
[N]
NN <C(“1 )
SUPE 1 1) ] (z)(H_ 1 (3.82)
[N]
o C(u
‘Jl I )| < (\/JIV)' (3.83)




Proof. For the case where agent i = 1 employs the control law uj given by (3.57), by direct com-

putation, we have

() =) = — / S(t — r)BBII(r) (x5 (r) — xV2° () )dr + / (t—r)F (%(r) - (N)’O(r))dr
+ [0 (D) = () + B((r) s <>>)dwl(>
+ /0 S(t—r) (Do(xcf(r) — M (1)) + Eo (%(r) —x(N)’O(r)))dWO(r) (3.84)

Moreover, for the case where agent i = 1 employs an arbitrary control u; € % N0l we have

xi (1) —xM(1) = /0 lS(t a (x<r) —x(N)(r)> dr
+ (=) (D1 ()~ 22) + () — ) () ) aw ()
+ /0 "S(t—r) (Do(xl (r) =M (1)) + Eo(x(r) — x™) <r)))dwo<r). (3.85)

The remainder of the proof for (3.80) and (3.82) follows the method used in Proposition 19: taking
square norms, expectations, applying Gronwall’s inequality (see (3.76)), and leveraging the results
from Theorem 28. Subsequently, the proof of (3.81) and (3.83) proceeds in the same way as in

Proposition 19. U

Theorem 30. (e-Nash Equilibrium for the Case with Common Noise) Suppose that condition (3.51)
holds. Then, the set of control laws {u3 }ic_y, where uj is given by (3.57), forms an €-Nash equi-
librium for the N-player system described by (3.3)-(3.4). That is, for any alternative control action
uy € %0 that the representative agent i = 1 employs, there is a sequence of nonnegative numbers

{en}nen converging to zero, such that

J£N} (M[IN],O’ u[i\ll],o) <

TN @M WMoy ey, (3.86)

N
=
=X

where ey = O(ﬁ)

Proof. The proof follows in the same manner as in Theorem 20, based on Lemma 27-Proposi-

tion 29. L]
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3.4 Hilbert Space-Valued LQ Mean Field Games with
Common Noise and Random Operators

In this section, we discuss the case where the model involves random operators. We begin by
briefly recalling the concept of measurability for operator-valued functions.

Let (8,A) be a measurable space, and let £} and E, be two separable Banach spaces. We
denote by oy, (E1, E>) the sigma-algebra generated by the strong operator topology on .Z(E;; E»).
A function f: 8§ — Z(E|;E») is said to be strongly measurable if it is 0y, (E], E>)-measurable, or
equivalently, if f(s)e is an E,-valued measurable function for every e € E;. Note that, since E|
and E; are separable, the real-valued function || f(s)|| #(g,.x,) is measurable, although f(s) is not
necessarily measurable with respect to the Borel sigma-algebra generated by the operator norm
topology. We refer the reader to Blasco and van Neerven (2010) and Figiel (1990) for more details

on measurability, integrability, and the associated function spaces.

3.4.1 N-Player Game

In this section, we introduce LQ mean field games in Hilbert spaces with common noise and
random operators. The N-player game is still given in the same form as that of Section 3.3.1. How-
ever, the coefficient operators are now stochastic processes taking values in appropriate operator

spaces. Specifically, in the N-player game, the dynamics for agent i, i € .4, are given by

t
xi(t) =S(1)€ + /0 S(t =) (B(rui(r) + F1 (™ (r)) dr+
t
| 8= 00+ B )+ 0)aw(r)
0
t
+ /0 S(t = r)(Do(r)xi(t) + Fo(r)x™) (r) + 60) dWo (r), (3.87)
and the cost functional is given by
T ~ 2 ~ 2
TN (i u_) =E /0 (\Mé (r) (xi(t) — (W) (t)> ] + |u,~(t)]2> di +E ‘G% (x,-(T) - F2x<N>(T)) ) ,
(3.88)
where the Cp-semigroup is defined as in (2.6) and all other operators are random as detailed be-

low. We note that, in this case, due to the presence of random coefficients, the well-posedness of

the N-player game does not directly fall under the framework of Theorem 21. However, the given
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framework in this theorem can be modified to accommodate more general settings of random co-
efficients. In this chapter, for simplicity, we restrict our attention to only coupled linear stochastic
evolution equations given by (3.87). We now impose the following assumptions for the N-players

game described above.

A341. B: Qx T — Z(U;H) is B([0,t]) @ F° progressively strongly measurable with

HBHL(U;H) < Cp, A x P-a.e.

A342. M F,Fi : QxT — Z(H) are B(]0,t]) @ .Z° progressively strongly measurable with

||F1||L(H)§CF17 Fl L(H)

operators A x P-a.e.

< Cp, M| L) < Cm, A X P-a.e. In addition, M takes value as positive

A343. G, € Q — Z(H), are strongly measurable with Gl < Ca, FQHL(H) < Cp, P-as.
In addition, G takes value as positive operators P-a.s.
A344. D.F,: Qx T — L(H; £ (Vo;H))) are 2([0,t]) @ F° progressively strongly measurable

with ||D|| < Cp,

F2H < CFZ’ A x P-a.e.

A3.4.5. Dy, Fy: Qx T — L(H; L ((Vgy:H))) are 8(]0,t]) @ F° progressively strongly measur-
able with || Dy|| < Cp,, ||Fol|| < Cr,, A X P-a.e.

Theorem 31. Under A3.4.1-A3.4.5, the N-player game given by (3.87) admits a unique mild solu-
tion in the space 7> (T, HV).

Proof. This result can be easily verified under A3.4.1-A3.4.5 by following the approach outlined

in the proofs of Theorem 9 and Theorem 21. [l

3.4.2 Limiting Game

Similar to Section 3.3.2, the limiting game is given by the following state equation
=&+ [ SU=N B +RGFr+ [ 500+ R0 +0)dw(n)
+ /0 S(t — ) (Do(r)x(r) + Fo(r)(r) + o0) dWo(r), (3.89)

and the cost functional
2 ) | - 2
I (1) E/ (’Mz RNz (t))] + lui(o)| )dt+E‘G2 (xi(T)—Fz)Z(T))‘ . (3.90)
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Optimal Control

We now turn to the analysis of the optimal control problem characterized by (3.89) and (3.90)
within the current framework. First, we note that under A3.4.1-A3.4.5, the H-valued process
' (Z(t)) (and similarly T'o(Z(t))), where Z(t) is now viewed as a process in //43/‘0 (T;4(Vg,H)),
is progressively measurable. Here, the processes I'} (Z#(t)) and T'g(Z(t)) are defined by

(D)) 02 (#(0'2) ) = (T1(#(1),x), VxeH.

tr ((Do(r)x) 05 (2(10g?) ) = (To(#(1)).x), ¥xeH. (3.91)
The progressive measurability of this process follows from the Pettis measurability theorem, which
establishes the equivalence between measurability and weak measurability when H is separable.

Similarly, given that Z(t) is strongly progressively measurable in .2 (H), the .2 (H)- valued pro-
cess Ap(Z(t)) defined by

T (2() ((D0)02) (D0 2)") = (Ao R(0)xy), VayeH,
T (2(0) (D005 %) (Do(1))0y?) ) = (3 #W)xy), VeyeH,  (392)

is also strongly progressively measurable in £ (H).

Now, we apply the reformulation described in Remark 10 to write the state equation as

x(t) =S(1)& —I—/(:S(t—r)(B(r)u(r) +F1(r)g(r))dr+/()tS(t—r)(D(r)x(r) +p(r))dW(r). (3.93)

The cost functional retains the same form. For convenience, it is given by

1)=& [ (i) (s~ Firrgto) [+ ) ) ar+ £ |6 (x0) - Bog() [ 99

The optimal control problem given by (3.93) and (3.94) is addressed in (Guatteri and Tessitore,

2005, Theorem 8.1). In summary, the optimal control is given by
u®(t) = =B (I(1)x(1) — g(7)), (3.95)

where IT satisfies a stochastic Riccati equation given by

—dII(t) = |A'TI(r) + T1(1)A + Ap(I1(2) ) + AS(H(t)) +Tr(D*(t)[1(t) +T1(¢)D(¢))

—TII(¢)B(¢t)B*II(t) — M(t) | dt +I1(t)dW (¢). (3.96)
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We refer to Guatteri and Tessitore (2005) for details such as the existence and uniqueness of the

solution. Moreover, it is shown that
||H(t)||$(H) <en(T), AxP—ae. (3.97)
Moreover, the offset process g under the current framework satisfies

ql1) =S (T ~)Ghg(T) ~ [ §'(r—1) (n<r>B<r>B*<r>q<r> ~ M (r)g(r) + T4 () (1)

t

+To(T1(r)po(r) —4(r)) + T Fi (P)g(r) ) dr — / §*(r = 1)a(r)aWo(r), (3.98)

which is similar to (3.27). Under A3.4.1-A3.4.5, (3.98) still falls within the framework of Hu
and Peng (1991) and Guatteri and Tessitore (2005). Therefore, the existence of a solution is still
guaranteed in the space ///jzo (T;H) X ﬂ;O(T;XQ(VQO,H ).

Fixed Point Problem

The optimal state for agent i under the limiting game is given by

—s&~ | ts<r (BB (T ()~ BB ()g(r) — Fi ()
+ [ SU=NDE0) +Bg() + o) awi(r)
+ /0 S(t — ) (Do(r)E (r) + Fo(r)g(r) + Go) dWo (r). (3.99)
Due to A3.4.1-A3.4.5, the fixed point problem and associated equilibrium are very similar

to the case with deterministic operators. We use the following proposition, which is paralleled to

Proposition 23, to demonstrate the main difference.
Proposition 32. For the optimal state of agent i satisfying (3.99), we have
ElX()*<C, Vie%, (3.100)

where the constant C only depends on the parameters. Moreover, for a fixed g € //ljzo (T:H), we

have

suplE |y (1) —x™M2 ()| — 0. (3.101)
= H



where

1) =S00E = [ S =) (BOB (M0 r) — BB (ar) — (1)) dr
+ [[5(0=7) (Do(r)yer) + Folr)g(r) + o) dWo (). (3.102)

Proof.
B (P < C(BIGE+E [ BO)B (N0 () = BOB ()aln) - R())dr

+E [ D)+ () + o dr+ B [ Do) (1) + Fo(ng(r) + o)
<C(BIGR+E [ (IBO)PITE)IP+ 1D+ [Do(r) P ()

+E [ (IR P+ 1RGP + IR0 ) lg(r) Par

+E [ (1B Pl + o1+ ool ar)
< C(EIgP + (GGG +Ch+ G )E [ () Par

+(CF, +CF, +Ci,)E / 5()Pdr+ CBE / g(r)Pr

0 0

+E [ (Io1F + ool dr)

<c(1 +E/t i) Pdr), (3.103)
0

where the second-to-last inequality follows from A3.4.1-A3.4.5 and (3.97). The proof of (3.101)

uses the same argument as used in that of Proposition 23. 0

Remark 12. We note that the only difference between (3.40) and (3.103) is that the operator norms
in (3.40) are now replaced by the essential bounds of the operator-valued processes specified in
A3.4.1-A3.4.5. The rest of the analysis follows exactly as in Section 3.3.2-Section 3.3.3, with
similar adjustments to those made for the transition from (3.40) to (3.103), corresponding to the
shift from deterministic to stochastic operator settings. We only highlight the main result here. The

subsequent analysis proceeds.

Theorem 33 (Contraction Condition for the Case with Common Noise and Random Operators).

The mapping associated with the mean field consistency condition, i.e.
Y:g€Cq (T L2 (QH)) — v, € Cqry (T3 L (QH))
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admits a unique fixed point if

6 (T)e' 5T < 1, (3.104)

where

o(T) = 16MFTCp,

o

Ga(T) = l—a

(1672((CuCp,)? + (Gn(1)Cr 2 + GR(T)((CoCr)* + (Co,Cr)Y) + (CoCr,)))
8M3

x exp(;— L GR(T)CH)

@(T) = SMAT[T(CH6(T) + Cr)?) + CF)

G(T) = 5M> [C%O + TC}‘;KI%(T)} , (3.105)

with ¢11(T) introduced in (3.97) and the other parameters defined in A3.4.1-A3.4.4.

In addition, we note that the constant %17(7') converges to zero as T converges to zero (see
(Guatteri and Tessitore, 2005, Proposition 5.12 and Theorem 3.2)). Obviously, the convergence
properties of €;(T),i = 1,2,3 as T — 0 are the same as those indicated in Remark 11. Therefore,
the argument for the existence and uniqueness of the mean field remains valid in this case. That is,

the unique mean field X € Cz,(7;L*(Q; H)) exists for some T > 0.

3.4.3 Nash and e-Nash Equilibria

Theorem 34 (Equilibria for the case with Common Noise and Random Operators). Consider the
Hilbert space-valued limiting system, described by (3.89) and (3.90) for i € N, and suppose that

condition (3.104) holds. Then, the set of control laws {u; }icn, where u; is given by
ui = —B" (I1(1)x;(t) —q(1)), (3.100)

forms a unique Nash equilibrium for the limiting system where the mean field x(t) € H, the operator

I1(r) € £ (H) and the pair of offset terms (q(t) € H,§(t) € £52(Vo,,H)), are characterized by the
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unique fixed point of the following set of consistency equations
dIl(t) = [A*H(I) +TI(t)A + Ay (T1()) + AS(T1(¢) ) + Tr(D* (1)T1(¢) + I1()D(2))
~T1(1)B(1)B'TI(1) M(t)] dt +T1(1)dW (1), (3.107)
al0) =T 0GR~ [ 5°(—0) (MBI (a(r) ~ M ()50

+ L1 (TH(r) (F2(r)x(r) + ©)) + To(T1(r) (Fo(r)x(r) + 00))

T
— () + TR ()(r) ) dr - /t S*(r — 1) (r)dWo(r), (3.108)
x(t) =S(1)6 — /OtS(l —r)((B(r)B*(r)IL(r) — F1(r))%(r) — B(r)B*(r)q(r))dr
+ /OtS(t —r)((Do(r) + Fo(r))x(r) + c9) dWp(r), (3.109)

Moreover, the €-Nash property for the N-player game, described by (3.87)-(3.88), is established

in the same manner and yields the same conclusion as detailed in Section 3.3.3.

3.5 Concluding Remarks

We extended the infinite-dimensional linear-quadratic mean field game framework developed in
Chapter 2 by incorporating a common noise component. The presence of common noise introduces
significant analytical challenges, as it makes both the offset equation for individual agents and the
evolution of the mean field itself stochastic. Therefore, the consistency conditions naturally take
the form of a fully coupled system of forward-backward stochastic evolution equations in Hilbert
spaces. We began our analysis with the case in which the parameter operators are deterministic, and
then proceeded to the more general setting where these operators are stochastic processes taking
values in operator spaces and adapted to the filtration generated by the common noise. Under
standard assumptions, we found that extending the model to include stochastic (operator-valued)

coefficients maintains the fundamental nature of the results.
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Conclusion

This thesis extends linear-quadratic mean field games in two main directions: from risk sensi-
tivity with a major agent (Chapter 1) to infinite-dimensional settings (Chapter 2), while Chapter 3
partially combines the developments of the first two chapters. These extensions substantially enrich
the theoretical foundation of mean field game theory and broaden its applicability to more realistic
and complex systems—such as those involving risk-sensitive dominant participants or distributed
dynamics over functional spaces—which may commonly be encountered in financial markets, en-
ergy systems, and large-scale engineering applications.

Due to the tractability of the linear-quadratic structure, it is usually the first choice when one
seeks to model novel/new scenarios. Therefore, a natural future direction of this thesis is to develop
more general classes of mean field games under the combined framework of risk sensitivity and
infinite-dimensional settings.

Other future directions for Chapter 1 include applying the risk-sensitive major-minor frame-
work to more realistic financial and economic models. Examples include large investor effects in
markets—settings where one agent has outsized influence and all agents exhibit risk aversion. The
framework could also be extended to a Stackelberg game structure, where the major agent plays
the role of a leader and the minor agents act as followers.

Other future directions based on Chapter 2 and Chapter 3 include modeling strategic interac-
tions in energy markets and limit order books. Both types of financial systems have previously been
studied in infinite-dimensional settings Benth and Krithner (2023); Cont and Miiller (2021). On the
theoretical side, many frameworks from classical linear-quadratic mean field game theory—such
as extended mean field games—may be further developed within this infinite-dimensional setting.
This framework may also be connected to graphon mean field games due to similarities in their

infinite-dimensional structure. Another important aspect is the presence of a double limit, where



both the system dimension and the number of agents tend to infinity. Investigating the interplay

between these two limits may lead to deeper theoretical insights.
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