Anders Hoel

The Master Equation in Mean Field
Games

Master’s thesis in Industrial Mathematics
Supervisor: Espen R. Jakobsen

July 2022

2
4
=
P

k<)
o
C
e
]
'_
©
C
(8]
[0}
o
C
o
(9]
(%]
Y
o
2
(%]
—
[}
2
C
-]
C
ke
Bo
:
o
z

(%]
2D
£33
(1):
o .Y
c v
w2
c ©
w o
=1
o
=
5o
-
w
- =

Y
S%o

o
% S
°g
[e=]
=
5
(s
C
S
=]
18]
€
_
L
=
Y
o
=]
(9]
T
[N

@ NTNU

Norwegian University of
Science and Technology






Anders Hoel

The Master Equation in Mean Field
Games

Master’s thesis in Industrial Mathematics
Supervisor: Espen R. Jakobsen
July 2022

Norwegian University of Science and Technology
Faculty of Information Technology and Electrical Engineering
Department of Mathematical Sciences

@ NTNU

Norwegian University of
Science and Technology






Abstract

In this master’s thesis we prove the well-posedness of the Master Equation, which is a second order
partial differential equation on the space of probability measures. The proofs utilise a "method
of characteristics”, where we employ well-posed solutions of the closely related Mean Field Game
systems as the characteristics. Furthermore, we sketch and discuss the proof of the convergence of
the Nash system, which is a system of N strongly coupled Hamilton-Jacobi-Bellman equations, as
N tends to infinity. For both well-posedness and convergence, we derive our results on the domain
R?, which diverges from the primary source material, where analysis is performed on T%.

Sammendrag

I denne masteroppgaven beviser vi velstiltheten til Master Equation, som er en annenordens parti-
ell differensiallikning definert for sannsynlighetsmal. Bevisene benytter en ”karakteristikkmetode”,
der vi bruker velstilte lgsninger av de naert beslektede Mean Field Game-systemene som karakter-
istikker. Videre skisserer og diskuterer vi beviset for konvergensen til Nash-systemet, som er et
system av N sterkt koblede Hamilton-Jacobi-Bellman-likninger, nar N gar mot uendelig. For bade
velstilthet og konvergens utleder vi vare resultater pa domenet R?, som avviker fra det primaere
kildematerialet, hvor analysen utfgres pa T¢.
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1 Introduction

Game theory has since its introduction by John von Neumann and Oskar Morgenstern in 1944
[25] been a large and active branch of mathematics. Being the study of mathematical models of
strategic interaction, the field has been especially fruitful for a wide array of applications, but has
been particularly successful in social science and economics, where game theorists have won the
Nobel Memorial Prize in Economic Sciences 15 times. Further development in the field was done
by John Forbes Nash Jr., who introduced the equilibrium solutions that now bear his name as the
natural concept of solution for non-cooperative games [24]. Indeed, we say that a set of strategies
in a game is in Nash equilibrium if none of the players have anything to gain from changing their
strategy.

A modern branch of game theory is the study of Mean Field Game systems, where strategic
interaction in very large populations of rational agents are modelled. Each of the modelled agents
has negligible impact upon the total system, which gives rise to the key idea of the Mean Field
theory, namely that instead of viewing each agent of the system seperately, we view the system as
an averaged statistical distribution of agents. Mean Field Game theory was introduced using tools
from stochastic control theory by Jean-Michel Lasry and Pierre-Louis Lions in 2006 [20]. The same
concept, under a different name and using a stochastic approach, was discovered independently at
about the same time by M. Huang, P. Caines, and R. Malhamé. Since its introduction, Mean Field
Game theory has been applied to a wide range of fields, some examples being crowd dynamics,
trading of financial securities and power grid planning.

From the control theoretic interpretation of Lasry and Lions arises the Mean Field Game system

—Oyu — eAu+ H(z,Du) = F(z,m(t)) in [ty,T) x RY,

w(T) = G(z,m(T)) in R9, 1)
dym —eAm — div(mD,H(x, Du)) =0 in (to,T] x R%,
m(0) = mg in R?,

which is a coupled system of a Hamilton-Jacobi-Bellman equation, governing the control problem,
and a Fokker-Planck equation, governing how the agents in the system move. Under sufficiently
regularising coupling terms F, G, (1) has unique classical solutions, as has been proven for an
explicit choice of H(z,p) = %|p|2 in the present authors project thesis [14], and on the simplified
domain T for a general H in [1].

A core topic of study in Mean Field Game theory is how differential game systems with a finite
number of players N converge to a mean field formulation as N — oo. As with other non-
cooperative games, the concept of solution for the N-player game is the Nash equilibrium, which
can be shown [7] is equivalent to the value functions v™'! of the corresponding control problem
satisfying the following strongly coupled system of Hamilton-Jacobi-Bellman equations that we
will call the Nash system

N
—0pNi(t,x) — ¢ Z Ay, oM (t ) + H(zi, Dyo™ (¢, 2))
j=1
+>  DypH(xj, Dyyo™ (t,2)) - Dy, o™ (t, )
i
= FNi(g) in [0,7] x (RY)"™,
VN, &) = GV () in (RY)",

Our hope is that this system simplifies as N — oo. However, passing the Nash system to the
limit using standard PDE techniques is very difficult as the strongly coupled nature of the systems
makes it seemingly impossible to establish the compactness results necessary for convergence. To
solve this problem we introduce the main object of study in this thesis, the Master Equation, which




is a non-local PDE, closely related to (1), taking the following form
—0U(t,x,m) —eAU(t,x,m) + H(x, D,U(xz,t,m))
fs/ divy [D,,U](t, z, m, y)m(dy)
Rd

+ [ Dt .m,y) - Dy, DUy ) m(dy) @
R
= F(x,m) in [0, 7] x R? x Py (R?),
U(T,z,m)=G(x,m) in R? x P (RY).

To the unfamiliar eye, this equation might look fierce and formidable, as it takes in probability
measures m € P;(R?) as variables, and contains a new type of derivative, namely the Lions
derivative D,,,U. The Lions derivative is taken in the space of measures and related to the measure
equivalent of a Frechet derivative.

The Master Equation bridges the gap of understanding between the finite dimensional systems and
the Mean Field formulation, and is indeed what is needed for establishing some sort of convergence
for the N-player Nash system. Indeed, given an empirical measure mb ¢ := ﬁ > i We have
that

sup [0 1y, ) — Uty m )] < 5
i€{1,...,N} N
which shows that the solution U to the Master Equation (2) is to some extent the natural limit to
the Nash systems. This convergence result has been proven on the compact domain T¢ := R¢/Z
with periodic boundaries in [7], while the full result on R? has been conjectured by Lasry and
Lions in the original paper from 2006 [20].

The main topic and core of this thesis is proving existence and uniqueness of classical solutions of the
Master Equation on R?. To this end we will follow an approach set out in the monograph [7] where
a similar proof is performed for the simpler case T?¢. The existence proof is based on a ”"method of
characteristics”, using the Mean Field Game system (1) as the characteristics. Let (u,m) be the
unique solution of (1) with respect to the initial time and measure (to,mg) € [0, T] x P;(R%), and
define the following ansatz

Ul(to, x,mo) = u(to, ).

With this choice of ansatz, much of the analysis boils down to estimates upon the Mean Field
Game system (1) and how its solution changes as the initial distibution mq changes, all in order
to show that the ”characteristic” defined above satisfies (2). By performing the analysis on the
whole space R? as opposed to the torus T? as is done in the source material, the proofs often get
quite a bit more technical and difficult. This is due to many compactness and boundedness results
that are almost immediate for T¢ are either elusive or impossible for R?. For example continuous
functions on T¢ are always bounded by the extreme value theorem. However, the price we pay
with difficult analysis is payed back by the fact that the Master Equation for domain R? is more
useful for applications.

The theory of Mean Field Games is at the meeting point between several large fields of mathematics,
including, but not limited to PDE analysis, stochastic processes, measure theory, and optimal
control theory. A consequence of this is that the amount of preliminaries needed to rigorously
study these systems is quite large. If this text was to be self contained, it would have been way
too long for an enjoyable read. We therefore presuppose the readers familiarity with measure and
integration theory, as well as some PDE theory and stochastic analysis.

The thesis is structured as follows. Chapter 2 introduces the relevant background material needed
to perform the analysis. Particular focus is placed upon derivatives in the space of measures and
the relation between differential games and optimal control theory. Chapter 3 Contains a treatment
of the Mean Field Game system (1), and contains some well-posedness and regularity estimates
employed in the proofs for the Master Equation. Chapter 4 is dedicated in its entirety to the
well-posedness of the Master Equation, and most of the exposition is in establishing theory and
technical results leading up to the well-posedness proof. Finally, chapter 5 covers the Nash system
and the manner of which it converges to the Master Equation.




2 Background Material

Before we head into the analysis and tackle the main topics of this thesis, we will perform a
brief survey of the required background material. We will keep the introduction to a minimum,
focusing the exposition on the theory that will be directly applied in the sequel, while giving precise
references and recommendations to the sources where further explanation and exposition can be
found.

2.1 Spaces and Notation

We start by defining the key spaces, norms, and metrics in which our analysis will be performed.
Our primary domain of analysis will be the standard d-dimensional Euclidian space R? equipped
with the Euclidian norm |-|. Another important domain, that we will not use ourselves, but is quite
popular in the analysis on Mean Field Games due to its simplifying nature is the d-dimensional
torus T¢ := R%/Z<. This domain is compact and has a periodic boundary.

Another very central space is P(R9), the set of Borel probability measures on R?. We note that
P(RY) is a subset of rba(RY), the space of all regular bounded finitely additive Borel measures on
R?. Next, we introduce one of the core concepts of establishing compactness, and hence convergence
in these spaces, namely tightness.

Definition 2.1. We say that a subset IC C rba(X) is tight, if for any € > 0 there exists a compact
subset K C X such that

sup m(X\K) <e.
meK

An important theorem that we will not use directly, but is the basis for many of the results we will
employ is the famous Prokhorov’s theorem, which equates tightness with compactness.

Theorem 2.2. (Prokhorov) A subset K C rba(R?) is sequentially precompact in weak-* if and
only if it is tight.

Proof. The original proof is given in [27] O

Here the weak-* convergence is defined in the usual way given that rba(R?) is the dual of the space
of bounded continuous functions C,(R?) (Theorem IV.6.2 in [10]).

As it turns out, P(R?) is too general for the approach taken in the analysis in this thesis, and a
more natural choice is the space of measures with finite first moment P;(R%). We define P; (R?)
as the subset of P(R%) where all measures m satisfy

/Rd |z|m(dx) < oo.

Simply speaking, this is the set of probability distributions with a well defined statistical mean.
As a metric, we choose the Monge-Kantorovich distance which is defined in the following way, for
m,m’ € P1(R?)

di(m,m’) :=sup¢ € 1 — Lip /Rd o(z)(m’' —m)(dx),

where 1-Lip is the space of the Lipschitz functions ¢ with Lipschitz constant 1, that is, functions
satisfying |¢(z) — #(y)| < |z — y|. Furthermore, we have from [1] that P;(R?) is a complete metric
space with dy (-, -).

We will also need to introduce the notation C([to, T, P1(R%)) m, which is the space of continuously
time indexed families of probability measures. The function m solving the Mean Field Game system
(1) will typically be a function of this space.




Having finished the exposition on probability measures, we move on to the function spaces. We
define the spaces of bounded continuously differentiable functions CJ*(R?) for each n € N as the
linear space of maps ¢ : R — R such that ||¢||,+a < 0o where

Illey = > Supd\D%(x)l, (3)

le|<n zeR
where ¢ denotes a multiindex of differentiation with respect to z € R%.

Another, and an in many ways more refined, notion of continously differentiable functions comes
though the theory of Holder continuity. For some a € (0, 1), we define the Hélder spaces C" T (R?)
as the space of functions ¢ € C*(R?) that are in addition bounded in the following norm

Dt — DY’
16lnsa = ldlloy + 3 sup 2D =Dl

|t]=n TF%’ @ = a’|®

(4)

Furthermore, as a key part of the analysis of coupled linear systems in the sequel, we have to
introduce the dual spaces of the aformentioned Hélder spaces O™ (R?), which we denote by
C~(+2)(R?) with norm defined in the usual way for functionals

lol—n4a) = sup (P, P)n+as ()
¢ ‘n+a Sl
where (-, *)n4q denotes the action of a functional in the left hand slot upon a C™**-function in the
right hand slot. We also have the following lemma regarding inclusion in the relevant spaces.

Lemma 2.3. For natural numbers n < m, a € (0,1), and considering fuctions spaces over R%, we
have that C™*t* C Cy" C C™*® C C}'. Furthermore, for the corresponding dual spaces, we have
C;n C C—(n+a) C C;m C C—(m—&-a)'

Proof. By induction, we can choose m = n + 1 without loss of generality. The first chain of
inclusions follows from observing that, by the definition of the norms (3) and (4), [|¢[lcr < [|¢[ln+a
and [|¢lle; < [[¢llm+as as well as noting that if ¢ € CJ" we have by the Mean Value Theorem

14 ) — 4 '
p|D<z>() Dg(a)|

|z — |

< Z sup | D ¢(z)| < lolleg-

|| =n-+1 TER?

su
[t|=n r#x!

Now, if |z — 2’| <1 we have

[Dip(x) — D'¢(a’)| _ |D () — Dip(a")]

e—afr = ke-a

o — a7 < llep |z — 217 < lIgllep,

and equivalently if |z — 2’| > 1 then by the triangle inequality

|D¢(x) — D ¢(z")] < |D ¢ (x)| + | D ¢(z")|
| — 2! | -

< m.
e < 2ol

Consequently, [|¢ln+a < [|#]lc;» and the inclusion chain holds.

For the inclusion chain in the dual spaces, we note that since [|¢[ln1a < [|¢llop

[oll-m = sup (p,®)nt+a < sup  (p,)n+a = ||p||—(n+o¢)a
H¢HC{)"§1 ”¢”n+a§1

since we are taking the supremum over a larger class of functions. Thus C~("+®) C C, ™. The
same argument holds for the other two inclusions. O

We will also need to work with functions of two space variables in R%, often denoted z and vy, and
to control derivatives with respect to the two variables simultaneously. To this end we introduce
notation for a paired Holder norm, for ¢ = ¢(z,y) we set

1ollmm =D DDy dlle,

[e]<m, |¢/|<n




and

m+ta,nt+aoa — m,n E .
=t | = @Y Y1) [z —a'|* + |y —y'|”

Finally, we have the parabolic Holder spaces, which are spaces of functions u : [0,7] x RY — R
with Holder-type regularity in time and space. For compactness of notation, we will sometimes
denote Q7 = [0,T] x R9. Let

lu(ty, z1) — u(ta, z2)|

u 2,5 = sup =3
[ ]a/ a;Qr (t1.00 )% (t2,02) |331 _ $2|O‘ + ‘tl _ t2| S
(ti,zi)EQT
d
[Wita/2,240:0r = [Utla2,0:0r + Z [Waiz;)a/2,0:r-
Q=1

We define the parabolic Holder spaces C%/2%(Qr), C1+2/2:2+%(Q1) where inclusion is decided by
boundedness in the following norms

||u||Ca/2:a(QT) = Ilu”OO;QT + [u]a/Q,a;QTa
d 0%u
lullorsarsasaar) = ltlloor + 1Dulacigr + ltlociar + 32 Isom ooy + lohiaazsasar-
=1 ~TiTTi

The concept of Holder spaces and their relation to parabolic PDE is treated in a thorough manner
in [17] and [21].

An important type of continuous function which we will apply numerous times in our analysis is
the mollifiers.

Definition 2.4. We define the standard mollifier n € C°(R9) in the following way
Cyexp (—ﬁ) if |z| < 1,
0=
0 if x| > 1,

where Cy is a dimensionally dependent constant chosen so that f]Rd n dx = 1. Furthermore, for
each € > 0 we denote

The concept of mollification will be used quite heavily in the sequel, primary in order to build
smooth approximations to given functions. For a locally integrable function f : RY — R we define
the mollification of f as the convolution against a scaled standard mollifier

fE::ne*f-

We state some important properties of mollification in the following proposition taken from [12]
Proposition 2.5. Let n be the standard mollifier, and let f € L}OC(Rd). Then the following
statements hold

(i) fRd n dx =1 and supp(ne) C B(0,¢).

(ii) f€ € C>®(RY).
(i) f¢— f a.e ase— 0.

(i) If f is continuous, then f¢ — f uniformly on compacts.




As the last topic in this subsection, we have to mention the Dirac distribution. For our purposes
the Dirac delta function d,, is a generalised function in the dual of C,(R?) defined by the following
action: For zg € R? and any ¢ € C,(R?)

<6.’I;07 ¢> = d)(.]?o)

Simply spoken, this is expressing the concept of point evaluation as a functional. We are further-
more able to define derivatives. For |[¢| < n we define the distributional derivative of the Dirac
distribution D‘,, € C, ™(R?) as the following action upon the function ¢ € CJ'(R?)

<D£6$0’ ¢> = (_1)‘2‘ <6lo ) De¢> = (_1)M|D£¢($0)7
where we have, analogously to weak derivatives, moved the derivatives over to a test function ¢.

The Dirac delta function is an example of what are called distributions, a huge and fascinating
topic in and of itself that we cannot go into here. The curious reader is recommended to look up
the nice and comprehensive presentation of distributions theory given in [13].

2.2 Derivatives in a Measure Variable

In order to study the Master Equation, we have to make sense of the calculus of how changes
in initial distribution mg € P;(R?) influences the Mean Field Game system. We formalise this
properly by defining the notion of a derivative with respect to a measure.

The following definition is taken from [7], and adjusted to the case in the whole space R.

Definition 2.6. A function U : P(R%) — R is said to be C! if there exists a continuous mapping
9T . P(R?) x R? — R such that for all m,m’ € P(R?)

. U@ —=hym+hm')—U(m) U ,
Jim, - = L. 5 (M) (m' —m)(dy)

Furthermore, in order to ensure uniqueness, we set the following normalisation convention.

oU

y %(m, y)m(dy) =0

This way of defining a derivative in a function space is similar to the Gateaux derivative, a treatment
of which can be found in Chapter 2.6 of [28]. However, since P;(R%) is not a vector space, we
define the measure derivative using a convex combination.

We continue by introducing a property mirroring the fundamental theorem of calculus

Lemma 2.7. Let U be Ct, then for all m,m' € P(R?), we have
Lrosu
Un) = Ulm) = [ [ 51 = syt sm )’ m)dy)ds.
0 Rd 5m

Proof. We consider U((1—s)m+sm’) as a function of s € R and attempt to compute the derivative
with respect to this variable.

LW~ s)m+ sm)

_ lim U((l=(s+h)m+ (s+h)m')—=U((1—s)m+ sm')
h—0+

— lim U(((1=s)ym+sm)(1—h)+h((1+s)m' —sm)) —U((1 — s)m + sm’)
h—0t+ h '




Assuming that s € [0, 1], we can apply definition 2.6 for the measure derivative, and we get

i oU
ds aom
oU

-/ s ((L=s)m+ sm’,y)(m’ —m)(dy)

(U((1 = s)ym+sm')) = /R —((1 = s)ym+sm’,y)((1 — 8)m + sm’) — (1 — s)m + sm/)(dy)

Now, applying the fundamental theorem of calculus, we get

U(m’)—U(m)z/O %(U (1 = s8)m+sm’)) ds-/ /Rd (1 = 8)m +sm’,y)(m' —m)(dy)ds

O

With this property, we can perform what we in the sequel will call the Lipschitz in y trick. If
SUD, e, (RY) ||Dy§%(m, Moo = L < o0, then we know that %(m,) is Lipschitz continuous in
y with Lipschitz constant smaller or equal to L. By the definition of d;, we then have for any

m,m’ € P(RY)

- g%((l — s)ym +sm’,y)(m' —m)(dy)ds| < ||D, 5%( Moodr (m!, m).

U(m") = U(m)| =

This cross derivative in y and m is quite important to the study of the Master Equation, so
important in fact that we give it its own name and notation. We call the following derivative the
Lions derivative, named after the Fields medallist Pierre-Louis Lions who co-introduced the field
of Mean Field Games

oU

We also need to introduce the concept of a pushforward measure
o#m(o~(A4)),

for any Borel set A C R?%. This is in some ways the generalisation of the change of variables method
from integration theory. We also include a final useful result.

Proposition 2.8. Assume U to be C', with % being continuously differentiable in y and D,,U
18 continuous in m and y. Furthermore, let ¢ € Ll(m,Rd) . Then,

o UG+ RO m) —Um) _
h—0 h Rd

Dy, U(m,y) - p(y)m(dy).

Proof. We follow the proof for Proposition 2.2.3. in [7]. By the fundamental theorem of calculus
for measures from Lemma 2.7, setting my, s == s(id + he)#m + (1 — s)m,

U((id + hé)dm) — U(m) = / U s y) (i + h) i — m) (dy)ds (6)

R4 5m

/ / mh say+h¢( )) ((;U (mh7s7y))m(dy)ds
R4 m
=" / / / DU (s, y + thé(y)) - é(y)dtm(dy)ds.

From the definition of the di-metric, we check
i+ ho)em,m) < [ -+ ho — ylm{dy) = bl .
R(

and hence my, s tends to m as h — 0. We divide both sides of (6) by h and let h — 0. By the
continuity of D,,, we are left with the desired result. O




This introduction to measure valued derivatives has been kept at a bare minimum of what is
necessary for the analysis of the Master Equation. For a more thorough introduction, see the
probabilistic introduction of Carmona and Delarue [8] or the embedding strategy from the lectures
of Lions [22].

2.3 Short Introduction in Game Theory

Game theory is the mathematical study of models of strategic interaction, and has since its intro-
duction in the 1950s by Morgenstern and von Neumann evolved into a vast field with countless
applications in fields like social science, biology, and economics. In this thesis, we consider the
subfield of noncooperative games, where two or more players choose strategies to optimise for
individual success.

The concept of the equilibrium as the solution to a non-cooperative game was introduced by John
Forbes Nash Jr. in [24]. In a Nash equilibrium, none of the agents in the non-cooperative game
has anything to gain from changing only ones own strategy. We phrase this more mathematically
by considering a non cooperative game of two agents, agent A and agent B. They both choose
a strategy, aa and ap respectively, from a set of admissible strategies A. Each agent want to
minimise a given cost function J; : A x A — R for i € {A, B} by choosing the best strategy
in response to the admissible strategies of the other. We can then state the Nash equilibrium
mathematically by noting that if (%, ) is the equilibrium strategies, the following inequalities
hold

Ja(ak,ap) < Jalaa,ap), VYaas € A,
Je(aly,ap) < Ja(aly,ap), Yap € A.

A famous example of a Nash equilibrium is the prisoners’ dilemma: Two people, person A and
person B, are charged with a crime and are given the option to either confess or stay silent. If
both stay silent, they both go to prison for 1 year. If one confesses and the other stays silent, the
one who confesses goes free while the other gets 20 years. Lastly, if both confess, both get 5 years.
The crux of this scenario is that, with no cooperation, you are always better off by confessing, even
though both confessing will lead to a worse result for both people.

Game theory problems with continuous time and space variables are called differential games, and
their dynamic and optimality are governed by differential equations. We introduce the N-player
differential game, which indeed can be cast as an optimal control problem, each player i € {1,..., N}
controls their own state {X; ; }+c[o,7) using their control function { ¢ }+cjo,7) which is governed by
the following dynamic

(7)

dXi,t = amdt + vV 2<":‘de, te (to, T]
Xito = %40,

where {Bé}te[oﬂ is the standard d-dimensional Brownian motion as described in [26], and ¢ =

(21,05, TN0) € (Rd)N is the initial condition of the whole system at time ¢3. To complete the
control problem formulation, we need a cost functional, and define

JN (to, @0 {cy, }jeqr,..ony) = E

T
/ (L(Xi,s,ozm) +FN”'(X3)>ds+GN’i(XT)] . ®)

to

where X; = (X14,..., Xny), and L : R x RT — R, FNi: RVNd 5 R and GV : RV — R are
Borel measurable functions. Here, L corresponds to the running cost of the agents own position
and strategy, F'N*! is the running cost given by the position of the other N —1 agents in the system,
and GN is a terminal cost associated with the position of all the agents at time 7. Note that the
cost functional includes an expectation, as the dynamic is stochastic.

We now seek an optimal solution, which in the realm of non-cooperative games is the Nash equilib-
rium. For an optimal set of strategies {a; }ic1,... v} we define the value functions {UN”}ie{l’_,_,N}




as the cost functionals evaluated at equilibrium,
oM (Lo, o) = I (to, To, {0 Yieqr,....N})
which by definition satisfies the inequality of the Nash equilibrium
o™ (to, o) < TN (to, o, i, {0 Yigs),

for each admissible strategy {«; ¢ }1e[o,r)- If all interaction between the agents of the comes through
the cost function due to the changing of strategies, it can be shown that the set of value functions
satisfy the following parabolic partial differential equation.

N
—0Ni(t, ) — Z Ay, oM (t, ) + H(zi, Dyo™ (¢, 2))
j=1
+3 " DyH(xj, Dayo™ (t,@)) - Dy 0™ (@)
J#i
= FNi(z) in [0,7] x (RY)",
N ) = GNVi(x) in (RY)"Y,

where the function H(z,p) = sup,cpe {—a -p — Lz, a} is called the Hamitonian. We call this
system the N-dimensional Nash system, and part of the analysis of this paper is concerned with
its behaviour as N — oo. Furthermore, we also have that the optimal strategies can be expressed
using solutions of the Nash system in the following manner:

aof (t,x) = —DpH(xi,DwivN’i(t,:r,)), ie{l,...,N},

which we can combine with the dynamic (7) to express the set of so called optimal trajectories of
the problem

dXii = —DpH (z;, Dy o™ (t, Xy))dt + V2edBj, t€ (to,T]
Xito = ;0.

Solving the Nash system for finite NV is quite difficult, as the PDE system is strongly coupled,
however there is a simplification to be made for large N in going to a Mean Field formulation.
Neumann and Morgenstern remarked that [25], in borrowing intuition from physics and statistics,
system of very large size where each agent is negligible are often easier to handle than small
or medium sized ones. Further development was made by Aumann, who introduced the idea of
simplification to infinitesimal actors [2] to systems of game theory in financial applications. Finally,
the jump to a Mean Field formulation was done, in the PDE sense, by Lasry and Lions in 2006
[20]. They proved that, roughly speaking, for a system of infinitely many agents following the
same dynamic (7) and the same cost functional (8), where the cost terms for each agent is only
dependent upon its own position and the cumulative distribution of the other agents, and not upon
the exact position of every other agent, the distribution of agents and their cost is governed by
the Mean Field Game system (1). Thus we only have to compute the solution of a single system
of parabolic PDE in stead of having to deal with a IN-dimensional strongly coupled system. For
a more rigorous and thorough description of the origin of the Mean Field Game system, see [1] or
[14].

However, even though an approximation by letting N — oo is convenient, this is easier said than
done for the Nash system. Due to the strongly coupled nature it is very difficult to establish
compactness estimates upon the system in and of itself, and thus many tools and techniques for
convergence fall short. The solution is to look to the Master Equation (2), a PDE closely related
to (1). If the Master Equation is well-posed, we can use it to approximate Nash systems under
certain symmetry assumptions, and use the approximation to obtain a notion of convergence. The
well-posedness of the Master Equation will be treated in Section 3 and the approximation and
convergence in Section 4.

A more detailed introduction of differential games this context can be found in [7], from which the
approach in this subsection was inspired.




3 The Mean Field Game System

Before we can undertake the main problem and purpose of this thesis, the well-posedness of the
Master Equation, we first need to pay the topic of Mean Field Game systems a mathematical
visit. Indeed, as mentioned in the introduction, the core idea for proving existence of the Master
Equation is to represent its solution using solutions of its corresponding Mean Field Game system,
which in a general setting takes the following form

—Ou — eAu+ H(z, Du) = F(z,m(t)) in [ty,T) x RY,

w(T) = G(z,m(T)) in R?, (9)
Oym — eAm — div(mD,H(x, Du)) =0 in (to, T] x R,
m(0) = mg in RY,

Remark 3.1. The ¢ in the system is a viscosity parameter in (0,00), related to the stochastic
term \/2edB; in the optimal control problem from which the Mean Field Game arises. Some texts,
as [7], prefer to set € = 1, while others like [1] prefer to keep it as a parameter. The two approaches
are qualitatively equivalent as one can scale the spatial domain, and the terms F, G, H, by a factor
VE, setting 2* = y/ex € RY, and the parameter cancels. This approach is described, in a somewhat
applied manner, in [19]. One of the advantages of keeping the parameter ¢ in the equation is that
one can keep track of what estimates on (9) depend on ¢ so one can later pass ¢ — 0 through a
vanishing viscosity argument, a method described clearly in Chapter 10.1 of [12]. This allows us
to establish solutions of the so called First Order Mean Field Game System.

—Oyu+ H(z, Du) = F(z,m(t)) in [to,T) x RY,

u(T) = G(xz,m(T)) in RY,
oym — div(mD,H (x, Du)) =0 in (to, 7] x RY,
m(0) = myg in R<.

Vanishing viscosity arguments for proving existence of solution for the first order system have been
performed in [5] and in the present author’s project thesis [14]. We will not give the first order
system, nor the method of vanishing viscosity, any further treatment in the sequel.

To simplify the analysis, and to make the presentation of the concepts in this thesis less repetitive
and proof-technical, we will work with a specific choice of Hamiltonian H (z, p), namely a quadratic
one H(z,p) = %|p|2. This simplification results in the following Mean Field Game system, to which
we will devote our attention

—Ou — eAu+ 3|Dul?> = F(z,m(t)) in [to,T) x RY,

w(T) = G(z,m(T)) in RY, (10)
dym — eAm — div(mDu) = 0 in (tp, 7] x RY,
m(0) = my in R%,

In this section we will recall, reproduce and enhance some existence and uniqueness results of this
system. Furthermore, we will introduce the core sufficient assumptions upon the coupling terms
F, G that will underpin the analysis of both Master, and Mean Field Game equation. Before we
can state well-posedness, we have to define precisely the concept of solution we are working with.

Definition 3.2. A pair (u,m) is a classical solution of the system (10) if
(i) m € C([0,T], P1(R%)) and m(tg) = mo; u € C([to, T] x RY) and u(T,z) = G(x,m(T)), Yz €
R4

(ii) w is a continuous function in (0,7) x R%, of class C? in space and C! in time, and the first
equation of (10) is satisfied pointwise for # € R? and t € (0,7T). Furthermore, m is a solution
of the distributional formulation of the second equation.
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The notion of a distributional formulation of the system’s second equation will be introduced in
the subsection on the Fokker-Planck equation. We continue by treating each of the constituent
equations of the system in their own subsections.

3.1 The Hamilton-Jacobi-Bellman Equation

The first equation in the Mean Field game system is called the Hamilton-Jacobi-Bellman equation,
and will be introduced in a very brief manner below. This equation in full generality takes the
following form

—Oyu + f[(t,m,Du,DQu) =0 inR?x(0,7),
uw(T)=g inR%

The function H : [tg, T] x R x R% x R4 — R? is called the Hamiltonian and is deeply tied to
the theory of optimal control. Indeed, considering a control problem with a dynamic

{daz(s) =b(x(r), ar)dr, se(t,T],
xz(t) =u,

and cost function

T
J(t,x, o) = /t L(s,x(s), as)ds + G(z(T)),

the Hamiltonian arises through the so called Legendre transformation of the problem

H(t,z,p, M) := sup [-L(t,z,a,m) — p - b(z,a,m) — eTr(M)].
acA

Furthermore, the solution of the Hamilton-Jacobi-Bellman equation itself serves as the so called
value function

t = inf J(¢t
u(t, ) ;gAJ(,x,a),

of the optimal control problem.

In this thesis, we consider Hamiltonians of the form I:I(x,p, M,m) = —TrM + %|p|2 — F(t, ),
resulting in the following parabolic PDE

{—&u —eAu+LDul2 = F(t,z) in [to, T) x RY, )

uw(T) = G(x) inR%L

For producing smooth classical solutions for this equation, we rely on the regularity of the coupling
terms F'(t,z) and G(z), and utilise existence theory for parabolic PDE.

Proposition 3.3. Let F(t,z) € C*/22([0,T] x R?) and G(z) € C***([0,T] x RY) Then the
Hamilton-Jacobi-Bellman equation (11) has a unique solution u € C1+/22+e ([0, T] x R%).

Proof. In order to apply parabolic existence results, we first transform (11) to a linear equation
using the Cole-Hopf transform, a method described in Chapter 4.4 of [12]. In line with the trans-
formation, we define w := exp(u/2¢), which yields the linear parabolic PDE

—Ow — eAw = 5-wF(t,z) in [0,T) x RY,
w(z, T) = eF®)/2=  in RY,

We can now use the global parabolic existence result Theorem 5.1 in [18], which states that since
w(z, T) € C?>T([0,T] x RY)) and F(x,m(t)) € C*/>2([0,T] x R?), then the transformed equation
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has a unique solution w € C1te/ 2.24a([0,T] x R?). Tt is readily shown using the comparison
principle that w(t,z) > 0 for all (t,z) € ([0,T] x RY) implying that the inverse transformation
u = 2¢In(w) is well defined, and hence that u € C1T*/22+2([0, T] x R?) is the unique solution of
(11). O

After this surface-level treatment, we remark that the Hamilton-Jacobi-Bellman equation is in-
troduced in a thorough and eloquent manner in chapter 10.3 of [12], while a compact summary
written with Mean Field Games in mind can be found in the present author’s project thesis [14].

3.2 The Fokker-Planck Equation

The second equation in our Mean Field Game system is called the Fokker-Planck equation, which
for our use cases takes the following form

(12)

oym — eAm — div(mb(t,x)) =0 in (to, T] x R?,
m(to) =mo in R

where b : [tg, T] x R? — R¢ is continuous in time and uniformly Lipschitz continuous in space.

Due to the regularising term eAm we also consider this equation to have a parabolic nature.
Indeed, if mg and b are sufficiently smooth, say C2+® and C®/21+ regpectively, we can obtain
classical solutions in C''+®/2:2+ yging the same strategy as in Proposition 3.3, that is, applying ex-
istence results from [18]. However, while the parabolic smoothness of the Hamilton-Jacobi-Bellman
equation (11) is always assured through the smoothness inducing coupling terms F'(x, m(t)) and
G(z,m(T)), the ability of mg to be any measure in P;(R%) makes such a parabolic approach
impossible, and we have to consider entirely different techniques.

It turns out that, since we are dealing with general functions of probability measures, a specific
type of weakened formulation of the Fokker-Planck equations suits our purpose rather nicely. We
define what is called a distributional, or very-weak, solution of (12).

Definition 3.4. We say that m € C([0, T], P;(R%)) is a distribution solution of the equation (12)
if for any test function ¢ € C°([to, T] x RY) we have

/ ot w)m(t, dz) = / o(to, )mo (dz) (13)
Rd Rd

" /to /Rd [pt(s, @) + Dp(s,x) - b(s, z) + eAp(s, x)|m(s, dx)ds

We collect the necessary information considering well-posedness of these equations in the following
proposition.

Proposition 3.5. Assume that mg € P1(R?) and b € CZ((to,T) x R?). Then the Fokker-Planck
equation (12) has a unique distributional solution m € C([0,T], P1(R?)).

Furthermore, if additionally mg € C*t*(R?), then (12) has a unique classical solution where we
can consider m(t,-) as a probability density function with

sup_ (lm(t, oo + 1Dm(t, ) ow + [D*m(t, e + O, Vo) < €,
t€(to,T]

and C' is a constant dependent upon T, d, ||b||lso; || Dbloo, and || D?b||so-

Remark 3.6. A rigorous proof of the first part of this proposition uses quite a bit of advanced
probability theory and outside the scope of, and not of primary concern of this thesis. A compre-
hensive article on the subject of weak elliptic and parabolic equations for measures is [3], a paper
which [7] claims is sufficient to cite to obtain the existence and uniqueness of m € C([0, T], P1(R%))
above. The article performs the analysis on the whole space R?, and not just T¢, and is hence
applicable in our case.
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The classical existence is treated and proven using heat kernel estimates in Proposition 6.8 of [11]
for fractional diffusion operators £ in the place of our Laplacian term eAm. These operators are
of the form

£u(w) = [ (e +2) = ula) = Dule) - 21y o),

for some nonnegative Borel measure satisfying the Lévy-condition [, 1A |z[>u(dz) < oo, and lead
to a non-local formulation of the Fokker-Planck and hence the Mean Field Game system. However,
and fortunately, the proof performed in [11] works for the Laplacian as well.

Another important property of the distribution solution of the Fokker-Planck is its deep relation
to the solution of an SDE

dX; = b(Xy,t)dt +v2edB, t € (to,T),
Xo = Zo.

where { B }e[o0,1) denotes standard Brownian motion given some probability space (2, F,P), and
Zo € L'(Q) is a random variable independent of {B;};e(0,77-

Their relation, and an important technical tool for the temporal continuity of the solutions, de-
scribed in the following lemma.

Lemma 3.7. If L(Zy) = mo, then m(t) := L(X:) is a distribution solution of (12). Furthermore,
the solution satisfies

di(m(t),m(s)) < [[bllolt — s| + /2elt — |  Vs,¢ € [0,T]

Proof. A full proof of this statement is found in the present author’s project thesis [14], which in
turn is an adaption and enhancement of a proof performed in [1]. O

Now, having established some exposition for the constituent equations of the Mean Field Game
system, we are able to undertake the problem of establishing, and expanding upon, well-posedness
results for the system itself.

3.3 Assumptions

In this subsection, we will present the assumptions needed in order to perform the proof for the
well-posedness of the Master Equation. We note that the following assumptions are sufficient
but strictly stronger than necessary. As this is a masters thesis, we would rather overshoot our
assumptions in order to gain clarity of presentation instead of obtaining optimal results. Several
of the assumptions can be significantly weakened, however, some come at the cost of having to
perform technical estimates beyond the scope of this paper.

To start off, we define the coupling terms F, G. Let the maps F, G : R? x P; (R?) — R be globally
Lipschitz in both variables, that is, for any (z1,m;), (z2,ms) € R% x P;(RY) we have, for some
constant L

|F'(x1,m1) — F(z2,m2)| < L (|21 — 22| + d1(m1,m2)),
|G(21,m1) — G(z2,m2)| < L (|21 — 22| + d1(m1,m2)) .

Furthermore, for a function U : R? x P(RY) which is C! in the measure variable, we define the
following Lipschitz-type criterion

. 0U _
Llpn(%) = Sip (dl(mlamQ)) !

6U('aml7’) §U('am27’)

om om

(n+a,n+a)
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We are now able to define the main assumptions of this paper.

OF(-,m,- . O0F
sup [ 1FCm) g+ | ) Ling(3) ] < oe, )
meP: (RY) m (3+a,3+a) m
0G(-,m,- . 0G
sup (100l + | 2EL) +1ip,(29)) < e, @
mePy(RY) m (44+a,4+a) m
We again remark that the aforementioned assumptions are not optimal. For instance, one does
not in general need the same order of regularity in the x and y variable for 751:(5';:1"). However,

since the bounds (F), (G) will be applied in the majority of results in the analysis of the Master
Equation, we choose the same order to increase the legibility of the text. When these bounds are
invoked, we will also assume that F, G have the two following monotonicity properties.

The first monotonicity property is called The Lasry-Lions monotonicity condition, and states that
for any m,m’ € P (R?)

{IRAF(x, m) — F(z,m'))(m — m’)(dz)

O,
o (G, m) — Gy ) — ') (d) > 0. (4

AV,

This condition is precisely what is necessary in order to gain uniqueness of solutions to the Mean
Field Game system (10). The second criterion is of a functional kind, and is the following: for
every p € C~B+)(R?) and m € Py (R?)

<<5F(~,m,~)

X Z 0’
5P p>y

<<(s(;(5;’:;rl/7),p>z’p> ZO’

Y

where the functional actions (-,-)s, (:,)y are applied in the x and y variable respectively. The
second monotonicity criterion is of a more technical nature, and will not be applied directly, but
rather serve as an important assumptions for the application for the upcoming technical Lemma
4.8, whose proof is beyond the scope of this text.

Remark 3.8. If we are not satisfied with choosing the specific Hamiltonian H(x,p) = %|p2|, and
want to treat the system in more generality, we would need to introduce some further assumptions
upon H in order to get well-posedness for the more general Mean Field Game system (9). Sufficient
restrictions on H (z,p), as stated in [1] and [7], are global Lipschitz continuity in both variables,
and that there exists a constant C such that

1
61(1 < D2 H(x,p) < Cly for (z,p) € R? x R?

3.4 Existence and Uniqueness - Removing Moment Assumptions

As mentioned in the introduction, in the project thesis [14], a proof for the existence and unique-
ness of the Mean Field Game system (10) was performed under some regularity and moment
assumptions on the initial data. The core assumption for these results was assuming mg €
P1(RY) N C?T¥(R?), as well as requiring that

(x)mo(dz) < oo (15)
Rd

for some radially increasing superlinear function . This is done to induce tightness, and hence
compactness in the existence proof. In the project thesis [14], the explicit choice of ¥(z) =
\/ 1+ |z|?log \/ 1+ |z|? was made to satisfy this particular assumption, as it was a simple example
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of a smooth superlinear function. However, using methods from [9], we can infer the existence of
a ¢ for any mgy € P;(R?), and hence that (15) actually comes for free. Moment assumptions are
only an issue in Mean Field Game systems defined upon R¢, and not for the T%cases, as presented
in [1] and [7]. This is due to (15) always being satisfied on the torus for any ¢ € C(T%) since T¢
is compact, and hence the extreme value theorem holds yielding ||¢]|c < 00.

Before developing this argument further, we give introduce the restricted form of the existence
theorem. By observing that the assumptions (F) and (G) upon F, G are strictly stronger than in
the project thesis, we can combine the existence and uniqueness Theorems 4.2 and 4.3 from [14]
into the following result.

Theorem 3.9. Let the assumptions (F) and (G) be satisﬁed Furthermore, let mg € P1(R?) N
C?T*(RY) and assume that [g, ¥ (x)mo(dz) < oo, where P(z) = \/1+ |x|210g V1+z]2. Then
there exists a unique classical solution (u,m) of the MFG- system (10). Moreover, we additionally
have that u,m € C1Te/2:2 ([t T] x RY).

However, in order to use the "method of characteristics” U(to,x, mg) := u(to,2) mentioned in
the introduction to derive solutions for the Master Equation, we need to be able to obtain unique
solutions for the Mean Field Game system (10) for any mq € P;(R%). The purpose of this subsection
is thus to provide and prove the necessary results in this generality.

The first step towards this easing of assumptions is removing the integrability condition with
respect to v, for which we employ the following lemma:

Lemma 3.10. Ifmg € P1(R?), then there exists a radial functiony € C?(RY), with |Di(x)||, | D*y(z)| <
C(1+ |z]), for some constant C' > 0, such that

P(x)mo(de) <1
Rd

and

hm L(x) =00

Proof. We use Lemma 4.9 from [9], which equates tightness of a set of measures K with the
existence of an increasing radial function V' € C?(R9), where || DV |wo, ||[D?V ||oo < 1 and

sup V(z)m(dx) <1
mek JRd

To utilise this result, we first show that the singleton set of any m € P(R?), {m}, is tight. In other
words, for each € > 0, we need to be able to find a compact set K. C R? such that

m(RNK,) < e (16)
We define for each n € N the closed balls B,, = {z € R?: |z| < n}. By the rules of complements
UB = = (RY)° (UB):QB;;
n=1 n=1

Thus, by observing that By, C By and m(B;) < 1 for all n € N, we can use the continuity
property of measures of intersections

lim m(BS) = ﬂBC =m(0) =0

n—oo

By the definition of convergence of sequences in R?, we have that for any e > 0, there exists an
N € N such that m(R¥\B,,) = m(B¢) < e for all n > N. This means that we can choose K, = By,
which satisfies (16), proving that {m} is tight.
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For the next step, we first observe that since mg € Py (R?),

/ T [alPmo (dz) < / (14 J2])mo(dz) < o0
Rd R4
We can thus define a probability measure in the following way for any Borel set A € R?

vo(A) = Cio /A V14 |z|2mo(dz),

where, for the sake of normalisation
Co = / V14 |z]2mo(dx).
Rd

Since vy € P(RY), {vo} is tight, and by Lemma 4.9 in [9], we have the existence of a radially
non-decreasing function V' € C?(R?) on the form with |DV||s, [|[D?V||s < 1 where

lim V(z) =00

|| =00

and
/ V(x)v(dr) <1
Rd
Rewriting this integral with respect to mg, we have
1
/ V(@) 2 /11 [ePmo(dr) < 1,

Rd Co

from which we can define the desired function ¢ (z) := C%J‘/l + |22V (x). We see that

Ya) 1 14[zPV(z) 1 || 00
W G oSG @

o0,

as desired. What remains of the proof is to establish the properties of . v is obviously of class
C?(RY), as it is a product of a C? and a C* function. Furthermore,

Dy(z) = Cio <\/1 ¥ [z]2DV (z) + V(x)\/liw> ,

D*(x) = Ci (V(x)D2(\/1 + |z|2) + DV+DVT—Z /17 |x|2D2V> :
0

T
x
V1+|z)? V1+|z?

When combining with the estimates || DV||oo, || D?*V |0 < 1, we get for some C' > 0

[DY(z)| < C(1 4+ [xl),
|D*(x)| < C(1+ |a),

which completes the proof. O

Having shown existence of such a ”tightness inducing function” 1 for each initial condition mgy €
P1(R?), we can show that a similar integral bound also holds for the solution of the Fokker-Planck
equation with mg as initial distribution.

Lemma 3.11. Let m(t) = L(X;) be the solution to the Fokker-Planck equation (13) with mg €
P1(RY) and ||b|le < co. Furthermore, let v € C%(R?) be a non-negative function such that
| D ()], |D?9(x)| < Co(1 + (), for some constant Co > 0. Then

Y(x)m(t)(dz) < < Y(x)mo(dz) + CT (e + ||b||oo)) eCT (et lIblloc)
]Rd ]Rd
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Proof. In order to circumvent the need for integrability of the function ¢ with respect to the family
of measures {m(t)}+cjo,r] We introduce a smooth cutoff function by convolving with a mollifier
n € C®(RY) as defined in Definition 2.4.

X i= Lo, (o) = [ Lo G- gty
R,

We then define 9y () := ¢¥(z)xB, 1, which is twice continuously differentiable in space and constant
in time, and we can apply It6’s lemma:

wk(Xt)Zwk(Zo)Jr/o [Dl/)(Xs)'b(Xs)+€Awk(Xs)]d8+/O Dipp(Xs) - dBs

Furthermore, since xp,1 € C°(R%), the bounds on the derivatives of 9 yields the following
estimates

Dipy(x) - b(z) < Cblloo (¥(x) +1)
eAg(z) < eC((z)+ 1)
V() < Y(z)

for some common constant C. This yields

Ge(X2) < ¥(Zo) + /0 Cle+ [1blloe) (W (Xs) + 1)ds + /0 Dy (X.) - dB,

Taking the expectation of the inequality, where the integral with respect to the Brownian motion
will vanish, and using Tonelli’s theorem to swap the order of the integrals, we get

t
0

» Y (z)m(t, dz) < » Y(z)mo(dz) + Ce + ||b||oo)/ (1 + /Rd wk(x)m(s,dx)> ds

Gronwall’s inequality applied to the map t — [, ¥x (z)m(t)(dz), which is bounded for each k € N,
yields

Ur(z)m(t, dz) < ( (z)mo(de) + CT (e + ||b||oo)> eCT (et Ibllo0)
Rd Rd

Finally, we apply Fatou’s Lemma (Lemma 4.1 in [4]), noting that ¢ (z) = limg_,c0 Y% ()

Y(@)m(t, dr) < lim inf wk(x)m(t,dx)g( w(w)mo(d:v)+CT(e+llbl|oo)> eCTleH )
R4 R4 Rd

which is the estimate we wanted.

O

An immediate consequence of Lemma 3.11 is that solutions of the Fokker-Planck equation with a
bounded drift term have a first moment.

Corollary 3.12. Let m(t) = L(X;) be the solution to the Fokker-Planck equation (13) with mg €
P1(RY) and ||b]|sc < 00. Then m(t) € P1(R%) for all t € [0,T].

Proof. Choose ¢(z) = /1 + |z|? in Lemma 3.11.

|z[m(t)(dz) é/ P(@)m(t)(dr) < </ 1+Ix2mo(d:c)+CT(e+||b||oo)> CT(e+bl)
R4 R4 R4
< (/ (1 + |z|)mo(dz) + CT(e + ||b||oc)> (CT(HIblloo) < o
Rd

where the last inequality follows from mg € Py (R9). O
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Having established boundedness of the integrals of the Fokker-Planck solutions against a tightness
inducing function v in Lemma 3.11, we set out to convert this into compactness in C([0, T, P1(R%))
for a family of solutions, which is exactly what is needed to amend the moment assumption (15).
To that end, we need the following technical lemma, which is proven in Lemma 2.5 in the project
thesis [14].
Lemma 3.13. Let K C Py (R?). If there exists a positive continuous function ¢ : R? — R where
sup (x)m(dz) = C < 0
mek JRd

for some constant C, then K is precompact in P1(R?) with respect to the di metric.

Combining Lemmas 3.10, 3.11, and 3.13, we can finally construct the required compactness result.

Lemma 3.14. Let {m;};er C C([0,T], P1(R?)) be a set of solutions to the Fokker-Planck equation
(13) with respect to {b; }icz, all sharing initial condition mg € P1(R?). Assume there exists a K > 0
such that sup;cz ||bille < K. Then {m;}icz is precompact in C([0,T],P1(R?))

Proof. We proceed by applying the version of the Arzela-Ascoli Theorem found in [23] and [16],
which requires the precompactness of {m;(t)};ez for each t € [0,T], as well as for every m; to be
equicontinous in ¢. For the precompactness for each ¢ € [0,T] we note, using Lemma 3.10 and
Lemma 3.11, that there exists a radially increasing function ¢ € C?(R%) with

Y(x) _

such that

sup (x)m;(t)(dx) < ( Y(x)mo(dz) + CT (e + K)) CT(EHEK) < 5o
i€ JRA Rd

By Lemma 3.13, the set {m;(t)}iez is precompact in P;(R%) for each t € [0, T]. Furthermore, for

the equicontinuity, we invoke Lemma 3.7 and get

dy(m;(t),mi(s)) < K|t — s| +/2¢lt —s| Vs, t€0,T]

Applying the Arzela-Ascoli theorem, we conclude that {m;};cz is precompact in C([0, T], P; (R%)).
O

Remark 3.15. Lemma 3.14 might not seem significant at first glance. However, when one inspects
the proof of existence in Theorem 3.9, one can observe that the set stated as compact can serve
as an "upgrade” in a central part in the proof. The core idea in establishing existence of solutions
is an application of the Schauder fixed point theorem, which can be found in Chapter 9.2 of [12].
This theorem states that if X is a real Banach space, K C X is nonempty, compact, and convex,
and a map A : K — K is continuous, then A has a fixed point. To utilise this method, we recast
the system (10) as a fixed point iteration in the following way. For some € K C C([0,T], P1(R%))
we denote by u,, the solution of

—Owuy, — eAuy, + %|Duu|2 = F(z,u(t)) in [to,T] x RY,
up(T) = Gla, u(T))  in BY.

Then we set m := A(u) as the solution to

om —eAm — div(mDu,) =0 in [to,T] x RY,
m(0) =mg in RY.

Note that the existence of a fixed point m = A(u) = p implies the existence of a solution to the
system (10). By choosing K as the set {m;};ez C C([0,T],P1(R%)) from Lemma 3.14, instead of
the () = /1 + |z]2log /1 + [z]? dependent set from the proof in [14], we rid ourselves of the
moment assumption (15). The rest of the proof is identical.
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Next, we have to remove the assumption mo € C?T%(R%). To this end, for any my € P;(R?) we
construct a family of regularisers m$ € Cg°(RY) converging to mg. We solve the MFG system for
each m® and pass the solutions to the limit using compactness.

Theorem 3.16. Assume that (F) and (G) holds. Then there exists a unique classical solution
(u,m) of the MFG-system (10) for any initial condition (to,mo) € [0,T) x P1(R%). Moreover,
(u,m) € C1He/22a ([t T] x RY)) x C([to, T, P1(R?)). Furthermore, if mo € C***(RY), then
u,m € C1He/22+a([ty T] x R?).

Proof. We introduce the following é-indexed family of mollifiers {7s} in accordance with Definition
2.4, and construct a family of mollified measures

mg(:v) =g * N5 = /Rd ns(x — y)mo(dy).

We can readily check that mg € P;(R%) N Cye (R9). By interpreting mg as a measure and applying
Tonelli’s theorem (Theorem 4.4 in [4])

w2 = [ ([ st —pmatan)) e = [ ([ nste = s)ae) matan) = [ mola) =1,

and for any n € N and any multi index ¢ such that || = n we have

sup [D'mia)| < [ 1D"ns]cma(dy) < oc.
z€R? Rd

Since my € P;(R?Y) N C?*+*(R9), we have by Theorem 3.9 and Remark 3.15 a unique solution
(u®,m®) € C' 2% ([tg, T] x RY) x C1%:2%%([tg, T] x RY) N C([0, T], P1(R%)) to the system

—0u® — eAu’ + LD |? = F(z,m5(t)),
W(T) = G, m¥(T)),

9ym® — eAm® — div(m® Du’) = 0,
m®(0) = mj.

(17)

Since mg € P;(R?) we have by Lemma 3.10 a radial function ¢ € C?(R?), with | Di(x)|, |D?y(z)| <
C(1 + |z|), for some constant C' > 0, such that

¥ (a)mo(da) < 1. (18)
Rd
Furthermore, by Lemma 3.11 we get

W(x)m’ (t)(dz) < < Y(z)m(de) + OT (e + IIDuélloo)> eOT(EHIP o). (19)
]Rd Rd

By (F) and (G), we have for some constant Cy

sup  ([F(m)lls4a + G m)llara) = Co < o0,
mEPl(Rd)

which states that the Holder norms of the coupling terms of (17), and hence also the bounding

constant Cy, are m°-independent. We can fix an arbitrary h € R? and introduce the spatial shift

uf () = u®(z — h), which satisfies the equation

—8tu‘,51 — eAui + %\Du‘,ﬂQ = F(x — h,m%(t)),
ud (T) = G(x — h,m®(T)).
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We can then choose super/subsolutions w® (t,z) == uf (t,x) £ Co(T — t + 1)|h| for u’, which we
can verify using the shifted equation above. Thus the comparison principle yields
[ (t,2) = (t,2 = B)|loo < Co(1+T)|A,

and by dividing both sides by || and passing |h| — 0 we can conclude that
sup || Du’ || < Co(1+T). (20)
5

Moreover, again using Tonelli’s theorem (Theorem 4.4 in [4])
v = [ v [ e = wmotanas= [ ([ vt e ) moay
Rd Rd Rd Rd \JRd
:/Rd (4 % 15) mo(dy).

By noting the support of the mollifier 75, we have

sup Y xns(z) = sup / Y(y) xns(x —y)dy < sup  P(x).
2€B,(0) 2€B,(0) J B, 5(0) 2€B,15(0)

Since ¢ is radial and increasing, we can use the interpretation ¢ (z) = ¢(|z|), where ¢ € C?*(R)
and £9(t) < C(1 +t), which yields that

¥ ns(x) < P(lz] +9).

This makes us able to bound the convolution product using the growth condition on the derivative

of ¥

lyl+d
[ @ensymotdn < [l + Symatay) = /<<|y|> [ e >m0(dy)

e
:/Rd <¢( )+ C(6+ |yld + (52>m0 (dy) < C1L(1+06+6%),

where the last inequality employs (18) and that mo € P;(R?), and C; > 0 is a suitably chosen
common constant. We desire to pass § to 0 later in the proof, so we can consequently assume ¢ < 1
without lack of generality. We combine the estimate with (19), and get

sup [ p(z)m?(t)(dz) < (3C) + CT(e + K)) eCT(+K),
5 Jra

Thus, the set {m‘s(t)}ge(o’l) is precompact by Lemma 3.13. Moreover, from Lemma 3.7

dl(m‘s(t),m‘s(s)) < \|Du5||oo|t — 8|+ \/2¢|t —s| Vs, t€[0,T].

Thus, by (20), the set {m°} is equicontinous in [0,7]. By the Arzela-Ascoli theorem [16, 23],
{mé}ée(o,l) is precompact in C([0, 7], P1(R9)).

Choose a decreasing sequence d,, — 0, then by the definition of the metric d; (-, -)

d1(mg",m0) = sup ¢($)(mg" —myp)(dz) = sup /Rd(gb %15, () — ¢(x))mo(dx) =0,

¢$€l—Lip JRE ¢$€1—Lip

By compactness, there exist a subsequence {m’'} which converges in C([0,7],P;(R?)) to some
m € C([0,T],P1(R?)). Let @ be the solution to the Hamilton-Jacobi-Bellman equation in (17)
with respect to m

{6taeAﬂ+ 1|Du|? = F(z,m(t)), (21)

a(T) = G(z,m(T)).
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Since F, G only requires m to be of class C([0,T], P1(R%)), and the equicontinuity estimate above
also holds form, 4 is of class C''+e/2:2+a(Rd),

Next, in order to show that the sequence{u’~'} converges to @, we construct super/subsolutions
for (21). Let w* = u’ £ ([|[F (-, m(t)) — F(,m’ (t))|loo(T = ) + |G(-,(T)) = G(-,m*(T))]|). By
the comparison principle, we have

[a(t) = w’ ()]l < [FC,m(t) = F(m () |oo(T = t) + |G, m(T)) = G(-;m*(T)) oo
which by the Lipschitz continuity of F,G in d;(:,-) implies

sup [a(t) —u’(t)|loo < C sup di(m(t), m’(t)).
te[0,T] t€[0,T7]

Consequently, {u’+'} converges uniformly to @. Furthermore, since u® € C?t®1+5(R9) with
Holder-norm independent of §,/, we have

|Du n' (tl,l'l) — Du "/(t2,$2)| S O(|t1 —t2|% + |.7J1 — 1‘2|a)

Along with the bound (20), this implies through a version of the Arzela-Ascoli theorem found in
Appendix C.8 of [12] , which implies that there exists a further subsequence {Du’»"} C {Du’» }
such that {Du’»"} converges uniformly towards some object Du € C(Qr). We can identify
Du with Da by fixing an arbitrary box B = H?:1[ai7bi] C R? containing the points zq =
(o1, .-y Tog)and © = (Lo1, vy Tiy ...y Tod), With xo; < z;, and considering the sequence of difference
quotients

udn” (t, ) — udn’ (t, 2¢)

Li — Zoq

= 0y, u’"" (8, 2).

For the equality, we have applied the mean value theorem with z = (xo1, ..., 2, ..., Zoq) Where
z; € (z4,20;). By the uniform convergence of the right hand side, the difference quotient converges

to Du(t,zo) as x; — g, so the convergence of {u’~"} implies that

_ .t z) —al(t, zo) —~
O, u(t,x0) = 1 ——————> = (Du),(t, zo),
IU( $0) xiglml()i T — Toq ( U) ( xO)

which shows that {Du°»"} does indeed converge locally uniformly to Da.

We complete the proof by showing that m € C([0,T],P1(R%)) is a distribution solution of the
Fokker-Planck equation by passing to the limit in the equation (13)

/ o(t,x)ymn (1) (di) = / (0, 2)md" (dx)

t
+/ / [p(s,x) + Dp(s,x) - Du’" (s, z) + eAgo(s,x)]m‘S"”(s, dx)ds.
0 Jrd

For the terms involving only m° and any derivative of the test function ¢ € C°(Qr) this is
quite straightforward

5,"//—>0

< 1Dt )lloods (" (t), m(t)) 0.

/ (b, ym () (d) — / (1, wym(t) (dx)
Rd Rd

This procedure is the same for every term, except for the one containing Du°»", which requires a
splitting

¢ ¢
/ D(s, ) - Dudn" (s, 2)m?" (s, dz)ds — / Dy(s,z) - Du(s,z)m(s,dz)ds
0 JRd 0 JRd

IN

¢
/ D(s, ) - Dun" (s, z)(mo" (s, dx) — m(s,dz))ds
0 JRd

+ / Dy(s,z) - (Du (s,z) — Du(s,z))m(s,dz)ds
0 Jre
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For the second term on the left hand side we utilise that Dy has compact support to employ the
locally compact convergence of { Du’""}

Dy(s,x) - (Du’" (s,z) — Du(s,z))m(s,dz)ds

t
SHD(PHOO/ / m(s,dx)ds sup ||Du6n// D) (STLN—_)OH).
0 JR t,x)esupp{ Dy}

For the other term we use that the spatial derivative of Dy - Du’+” is bounded independently of

0nr, and again bound by the definition of d; (-, ) and the Lipschitz constant of Dy - Du’»"

t
/ D(s, ) - Dub" (s, z)(m°" (s,dz) — m(s, dx))ds
0 Jre

_ 671” 0
<|[D(Dy - Du®") || sody (m®= (t), m(t)) ~= 0.

Thus we can conclude that m is a distribution solution to the Fokker-Planck equation, and that
(u,m) is a classical solution to the Mean Field Game system.

The uniqueness of the solution is an immediate consequence of the Lasry-Lions monotonicity
argument, which is treated in the next subsection. O

3.5 Monotonicity

A key discovery of Lasry and Lions, made while developing the early theory of Mean Field Games,
is the monotonicity argument. This technique is a source to many properties of the solutions of
mean field games, among others uniqueness, and is precisely what necessitates the monotonicity
assumptions (14) upon the coupling terms F and G. Our version of the monotonicity argument,
featured in the following lemma, is tailored for our choice of specific Hamiltonian H (z, Du) =
1|Dul?.

Lemma 3.17 (The Lasry-Lions monotonicity argument). Let (u!,m') and (u?,m?) be solutions

of (10) with initial conditions m§, m3 € P1(R4). Then

T
/t /Rd |Du* — Du?|?(m! +m?)(t, dz)dt < 72/ (u'(to, z) — u?(to, z))(mg(dx) — m2(dx))(22)

Rd

Proof. The general version of this proof has become quite standard in MFG literature and can be
found in [1],[5], and [7], all of which prove the more general statement

/ ' / (H(z, Du®) — H(z, Du') — DpyH (z, Du') - (Du® — Du')) m' (¢, dz)dt (23)
to JRA

/ / (z, Du') — H(z, Du*) — DpH (2, Du?) - (Du' — Du?)) m®(t, dz)dt
to JRd

< = [ (0 t0.) = (10, 2)) () = ().
By inserting our specific Hamiltonian, and performing elementary computations we get that

(H(z, Du*) — H(z, Du') — D,H (z, Du') - (Du® — Du')) m!
+ (H(z, Du') — H(x, Du*) — D, H (z, Du?) - (Du' — Du®)) m?

m! —m?® 212 192 1 N/ 1,1 27 2
:T(|DU| — |Du' ) + (Du' — Du?)(m' Du' — m*Du?)
- M| Du' — Du2[’,
which by insertion into (23) precisely yields the desired inequality. O

22



An immediate result of this inequality is the uniqueness of the solution of (10).

Proof of Theorem 3.16, uniqueness. Let (u',m') and (u?,m?) be solutions of (10) with the same
initial condition mg € P;(R%). Then by Lemma 3.17, we have

T
/ / |Du — Du?)?(m' +m?)(t, dx)dt < 0.
to R4

With m?!, m? being elements of P; (R%), and hence nonnegative everywhere, this requires | Du* (¢, z)—
Du?(t,x)|?> = 0 for m' + m2- almost all (¢,z) € [ty, T] x R%. Recalling the distribution formulation
of the Fokker-Planck (13), given some ¢ € C°([tg, T] x R?) we have

t ¢
/ Dg(s,x) - Dul(s, z)m' (s, dx)ds — / Do(s, z) - Du?(s, z)m? (s, dz)ds
to JRA to JR4

T
< \|Dg0||oo/ / |Du' — Du?|m?*(t,dz)dt = 0.
to JRe

This in turn implies that m! and m? solve the same Fokker-Planck equation, and are hence

equal by the uniqueness of the equation. Similarly, since m' = m?2, u! and u? solve the same
Hamilton-Jacobi-Bellman equation, and by uniqueness of that equation, we can conclude that
(ut,m') = (u%,m?), and hence that the solution of (10) is unique. O

3.6 Higher Order Regularity of u

As a final subsection in our treatment of the Mean Field Game system, we demonstrate how to
obtain higher order regularity for the solution w of (10) utilising the generous assumptions upon the
coupling terms F, G. The technique employed will be differentiating the Hamilton-Jacobi-Bellman
equation, and applying existence results for parabolic PDE to the resulting linear equation.

Lemma 3.18. Let (u,m) € C2:27([ty, T] x R%)) x C([to, T], P1(R?)) be classical solutions
of the system (10) with F,G obeying assumptions (F) and (G) respectively. Then there exists a
(to, mo)-independent constant Cy > 0 such that

Z 1D Ull11a/2,240 < C

le]<2

Proof. To prove this statement, we adapt a proof for a part of Proposition 3.1.1. in [7]. For brevity,
we skip some details, and the curious reader can consult how this methodology is implemented in
[7] and in Theorem 1.7 in [1]. Let v := Du-e where e € R? is an arbitrary vector with |e| = 1. We
compute the temporal derivative of v, and we use the equation to get

o =D(—eAu+ %|Du|2 — F(z,m(t)) - e
= —eAv+ Du-Dv — D, F(z,m(t)) -e.
For the terminal condition, we have
v(T,x) = Dyu(T,x) - e = DGz, m(T)) - e,
and hence, v satisfies the following parabolic partial differential equation

—0w —eAv+ Du-Dv = D, F(z,m(t))-e inR?x (0,7),
v(T) = D,G(x,m(T))-e in R

By the strong assumptions (F) and (G), and that by Theorem we have 3.16 u € C1+/2:2+ ([t T]x
R?), the coefficients of the PDE are sufficiently Holder continuous, so we can conclude by Theorem
5.1 in [18] that v = Du-e € C*e/22t([t; T] x R%). We can bootstrap this regularity once
more, now using v := D?ue - e, and by the precise same estimation method, we can conclude that
D2ue - e € C1+/22+a([t; T] x RY), and since e was chosen arbitrarily, the bound in the Lemma
statement holds. O
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This finalises out technical treatment of the Mean Field Game system, and we can continue to the
primary focus of this paper, the well-posedness of the Master Equation.

4 The Master Equation

In this section we will perform analysis for existence and uniqueness of the Master Equation, which
in our case for our explicit quadratic Hamiltonian H(x,p) = %|p|2 takes the following form

=0 U (t,x,m) —eAU(t,z,m) + %|DwU(Jc,t,m)|2
—5/ divy[D,U](t, z, m, y)m(dy)
R4

+ [ Dult.m.y) - DUt g, m)m(dy) (24)
Rd
= F(x,m) in [0, 7] x R? x Py (RY),
U(T,z,m) =G(x,m) in R? x P (RY).

Here, as before, D,,U = ngr]z denotes the Lions derivative.

Before we start with the analysis, let us familiarise ourselves with the equation. We observe
that, except for the integral terms containing the measure derivative D,,, the equation shares all
terms with the Hamilton-Jacobi-Bellman equation from the Mean Field Game System (10). As the
D,,U-terms correspond to a change in measure, one can intuitively think that the Master Equation
correspond to a "nudging” of sorts of the Hamilton-Jacobi-Bellman in the measure variable.

If we assume that a solution U(t,z,m) of (24) is constant with respect to the measure variable,
we get by Definition 2.6 of the measure derivative that for any m’,m € P;(R?)

. Ult,z,(1—h)m+hm') —U(t,z,m) oU ,
= 1 = _ —
0= lim h [ om (B y) (' —m)(dy),

which by the normalisation of the measure derivative yields

sU vay — [0V _
/Rd 5y (b @y y)m(dy) = /Rd 5 (b @ myy)m(dy) =0,

which can only be the case if g—g(t, x,m,y) =0, Ym € P;(R?), and hence that D,,,U(t, z, m,u) = 0.
In this case, the system reduces to the following form

=0 U (t,xz,m) —eAU(t, z,m) + %|DwU(x,t, m)|? = F(x,m) in [0, 7] x R? x Py (R9),
U(T,z,m) = G(x,m) in R x Py (RY).
(25)
This equation is really close to the Hamilton-Jacobi-Bellman equation, and if we let (u,m) be the
solution to (10) with initial data (to,mo) € [0,T] x P1(R?), then U(ty, x,mg) = u(t, ) solves the
equation (25) in the point (tg,x,mg).

This heuristic computation motivates the following definition for an ansatz solution inspired by a
method of characteristics.

Definition 4.1. Let ty € [0,7], mo € P1(R?), and denote by (u,m) the solution to the Mean
Field Game System (10) with initial condition (tg,mg). We define the Master Characteristic as
the function U : [0, T] x RY x P;(R?) such that for all z € R?

Ul(to, x,mo) = u(to, ) (26)
We will prove in this chapter that the solutions springing from Master Characteristic are the

classical solutions for the Master Equation. However, before we can start proving existence and
uniqueness of classical solutions, we need to define them precisely.
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Definition 4.2. A map U : [0, 7] x R? x P;(RY) — R is a classical solution to the Master Equation
if

e U is bounded and continuous in all arguments, specifically in the d;-metric on P;(R?) — R,
and so is ,U, D,U, D2U, and D3U.

e U is C!' in m as described in Definition 2.6, and %(t,x,m,y), Dnyg—gl(t,m,m, y), and
Dig—%(t, x,m,y) are bounded and continuous in all arguments in every (¢, z,m,y) € [0,T] x

RY x Py (RY) x RY,
o U satisfies the Master Equation (24).

Remark 4.3. Some might find the D3U in the classical solution somewhat strange as the third
derivative does not appear in the Master Equation. However, it is required in order to establish
uniqueness of solutions, as the proof for uniqueness relies on the uniqueness of solutions of the
Fokker-Planck equation. In order to apply Proposition 3.5, which supplies the uniqueness of the
Fokker-Planck equation (12), we need the existence of D2U. If uniqueness for the Fokker-Planck
with weaker assumptions are found, we are able to weaken Definition 4.2

With the classical solution well defined, we can finally state the main theorem of this thesis,
namely the well-posedness of the Master Equation. The rest of this chapter will be dedicated to
establishing the results leading up to its proof.

Theorem 4.4 (Well-posedness of the Master Equation). Assume that the boundedness and mono-
tonicity assumptions (F) and (G) upon F and G hold for some a € (0,1) and 8 € (0,a). Then
the Master Characteristic defined in (26) is the unique classical solution to the Master Equation
(24). Moreover, we have that for any (t,m) € [0,T] x P1(R%), U(t,-,m) is bounded in C*T*(R?)
and 2 (t,-,m,-) is bounded in C*T*(R?) x C*F*=F(R9), both independently of (t,m).

Furthermore, for mi,ms € Py (Rd) and a constant C independent of my, ms,

HU(ta ) ml) - U(t7 '7m2)H4+OL < Cdl(mla m2)' (27)

For the increased legibility of the following results, we fix an arbitrary « € (0, 1) for the remainder
of this chapter.

4.1 Lipschitz continuity in my

One of the main goals of this chapter is to be able to apply a method of characteristics with respect
to the initial time ¢ty and the initial measure variable mg in order to prove existence of solution
of the Master Equation. In order to achieve this, we need to make sure that the characteristic
solutions U (tg,x, mg) change in a well behaved manner when the initial measure mg changes.

To this end we establish that the solution of the Mean Field Game system (10) depends Lipschitz
continuously upon the initial measure mg € R%. To help us establishing such a result, we turn to
the following technical lemma.

Lemma 4.5. Assume V(t,z) € C([0,T],CF~*(R%)), f € C([0,T],CF  (R%)), and g € CF T (R?)
for some natural number k > 2. Then

—Oiz —eAz+V(t,z)- Dz = f(t,z) in (0,T) x RY,
z(T,z) = g(x) in R4

has a unique classical solution z, where

sup ||z(t,-)l|crre < C(llgllorse + sup [|f(E,-)llcr-1)
te[0,T] te[0,7]
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Remark 4.6. This Lemma is part of Lemma 3.2.2. in [7], where the domain of the torus T¢ has
been swapped for our domain of the whole space R%. The result comes from the classical theory
of linear PDE, and is well known according to [7], who cites a theorem from [18] for existence and
uniqueness. The proof relies on a heat kernel argument, and can be proven for the whole space using
the Duhamel formula combined with the Banach fixed point theorem. Treating these techniques
properly is outside the scope of this thesis. A full proof for R and operators more general than
the Laplacian is given in an upcoming paper by Espen R. Jakobsen and Artur Rutkowski at.

With this technical lemma in hand, we can establish that the solution of the Mean Field Game
system is Lipschitz continuous with respect to its initial measure. We structure this insight in
a lemma, which will be applied in the proofs of many of the upcoming results required for the
well-posedness of the Master Equation.

Lemma 4.7. Assume that (F) and (G) hold. Furthermore, let (u*,m'), (u?,m?) be solutions of
the system (10) with respect to initial conditions (to,m}), (to,m3), where to € [0,T] and m$,m3 €
P1(RY). Then

sup {di(m' (t),m*(t)) + [u' (t,-) = u*(t, ) a+a } < Cdr(mg, m§),
te|0,

where C is a constant independent of to, m¢, and mg. By Definition 4.1, we also get

”U(th " m(l)) - U(th " m3)||4+0c <Cd; (m(l)v mg)

Proof. Using the monotone stability (22) and the definition of the metric dy, we get

T
/ / |Du? — Dut|2(m' + m?)(t, dx)dt < 2/ (u*(to, x) — u?(to, z))(mg(dx) — m2(dx))
to R4 R4

< 2|[(Du' = Du?)(to, ) |lsodi (mg, m3). (28)

Let (2, F,P) be a standard probability space and let X}, X3 be random variables with law m}, m3
respectively, such that E[| X — X2|] = d1(md, m3). We also define the stochastic processes X}, X?
as the solution to the SDEs

dX} = —Du'(t, X})dt + v/2edB; t € (to,T),
XZ’ = Xé t= t07
where i = 1,2 and {B;}sc[t,,7) is a standard d-dimensional Brownian motion. By the properties

of the Fokker-Planck equation established earlier in Lemma 3.7, we have that m¢ is the law of the
process X; for all t € [to, T).

Integrating the SDEs and taking the difference yields

t
X} - X2 = ’(X& — X3)+ / (Du?(t, X2) — Du'(t, X;))ds

to

Next, we take the expectation of the difference and apply the triangle inequality.
E[1X} - X7|] < E[1X; - X3l]

+F [/l(|Du1(t,Xsl) — Dul(t, X2))| + |Du'(t, X?) — Du?(t, Xf))|)ds} .

to

Since ul,u? € C1+e/2.2+ ([, T] x R?), with Holder norm independent mj, we have by Tonelli’s
theorem (Theorem 4.4 in [4]
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t
E[IX} - X2|] < B [|1X} — X2[] + [ D*u!|oo / BlIX! - X2[ds
to

¢
+// |Du' (s, z) — Du?(s, x)|m?(s, dx)ds
to R4

t
< dmby ) + Do [ (B[~ X2l
to

+T( /t t |Du1(s,x)—Duz(s,x)|2m2(s,dx)ds) ,

o /R4

where the last inequality is given by Jensen’s inequality and the fact that since the map = +— x is
trivially 1-Lipschitz, we have by the definition of d;

E[X{ - X2] = / w(md —m2)(dx) < sup [ o) (md — m3)(d) = dy(md, m3),
R4 ¢€1—Lip JRe

E[XZ-X}] = / o(ml —m)(de) < sup | é(@)(md —md)(da) = d (mb, m2).
R ¢€1—Lip JRe

We combine this estimate with (28) and apply Gronwall’s inequality.

1
E (X} = X2]) < C [di(mb,md) + | (Du' = Du)(0, )& (i md) ]
Additionally, since d; is defined as a supremum with respect to 1—Lipschitz functions ¢

di(m’ (1), m*(t)) = Stdl)p( y $(w)(m' —m?)(t, do) = sup Elp(X]) - o(XD)] < B [|1X; - X7|].

so we can conclude

sup i (m! (1), m*()) < C [da(m}, md) + | (Dul = Du)(0, )| eda (i, md)}| . (29)
te(to, T

1 1 2

Finally, we produce a bound on of the norm of the difference u' — u?. We introduce z := u! — u

and observe that it satisfies a linear PDE of the form

—0iz —eAz+ V(t,x) - Dz = f(t,x) in (0,T) x R%,
#(T,z) = g(x) in RY,

where V (t,z) = 1(Du' + Du?) and by the measure version of the fundamental theorem of calculus
from Lemma 2.7

flta) = [ [ S (asmd (0)+ (1= s)(0)9) o (0. dy) = (1) s,

1
oa) = [ [ Soasm (T) + (1= (). ) o (T, dy) = (T ) .

We have for [¢] < 3

! oF 1 2 1 2
Df(t,x) = /0 /]Rd Dﬁ%(x, sm>(t) + (1 — s)m=(t),y)(m"(t,dy) — m~(t, dy))ds

1
</
0

('7 sml(t) + (1 - S)m2(t), ) dy (ml (tv dy)v m2(t7 dy))d87

or
m (3+a,1)
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and thus
£t )5 < Cdy(m*(t), m?(t)),

where the constant C' is independent of the choice of m!, m? by the assumption (F). By the same
argument, we also have

lg(la+a < Cdi(m*(T),m*(T)).
Consequently, by Lemma 4.5 with k = 4, we have

sup _[[(u! — u®)(t,)lara < Clllgllara + sup [If(t-)lls) < C sup di(m'(t), m*(t)),
tE[to,T] te[tU,T] te[to,T]

which we combine with (29) and rearrange to get

sup |[|(ut = u®)(t, )[40 < Cdi(mg, mg).
tefto,T)

Finally, we insert this back into (29), which yields

s (! (1), m* (1) < C [dsm ) + (D = D)0, [ o i)
tElto, T

2
<o d1<ma,m3>+( p ||<u1—u2><t,->3+a) (b, i)
t€to,T]

1 1
< C [dy(mp, md) + (da(mb,m3))* du(mb, m3)? |
< Cdl (m(l)v mg)a

which is the estimate we sought to prove.

O

With Lipschitz continuity in hand, we next set out to establish existence of the measure derivative
of the Master Characteristic.

4.2 A Linearised System

The first step on the way to constructing the measure derivative % is the introduction of the

main technical tool of this chapter, the well-posedness of a quite general forward-backward system
of linear equations. It takes the following form

—0yz —eAz+V(t,x) - Dz = (SE(x,m(t)), p(t)) + b(t,x) in [to, T] x RE,

om
(T,2) = {85 (e, m(T)), (T)) + 21 () in B, )
Op —eAp —div(pV) —divimDz 4+ ¢) =0 in [to, 7] x R?,
p(to) = po in RY.

Here, V : [to,T] x R? — R? is a vector field and ¢ : [tg,T] x R? — R? is a map. Furthermore,
assume that m € C([to, T], P1(R%)) where

di(m(t),m(s)) < C|t — 5|7, Vt,s € [to,T). (31)

This system might seem a bit unruly at first glance. However, what it lacks in clarity, it makes up
for in applicability, and will be at the core of every proof from now up until we can prove Theorem
4.4. For the well-posedness of this system we have the following comprehensive and complicated
result
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Lemma 4.8. First, let k € {1,2}, 0 € [0,1) and 3 € (0,0). Let b € CO([to, T], C¥T1+o(R%)),
2r € CFP2Ho(RY)and py € C~*+H149=B)(RD). Furthermore, assume that (31) holds, let V €
C([to, T], Cy T (RY)), ¢ € C([to, T],C~F+o=B)(RI))4, and assume that the family {c(t) *n., : t €
[to, T} is tight for any v > 0. Lastly, assume that F,G obeys (F) and (G). Then the system (30)
has a unique solution (z, p) € C([to, T], CF+2+o=F(R?) x C~(k+1+o+8)(R)) where

sup ([l2(t, Mes240 + o) - k140)) < CiM,
te[to,T]

where Cy, depends on k,T, B,supicio ) |V (¢, ) lk+140 and M is defined by

M = [[zr|lkt2+40 + [P0l (k+140) + sup_[|b(t, ) [k+140 + sup [le(t, )] - k+o)-
t€(to, T t€(to, T

The solution of the second equation has to be interpreted in the distributional sense, that is, for
each function ¢ : [tg,T] x R? — R such that for every t € [to, T] ¢(to), ¢(t) € C*FT1+o(R?) and
O +eAp+V - Do € C([to, t], CkFT1H7(R?)) then

(), 6(1)) — (por B(t0)) = / (p(5), (6 + 26 + V - DG)(s))ds (32)

to

—/t D¢Dz(s,x)m(s,dx)ds—/ (c(s), Dp(s))ds.

o /R4 to

Remark 4.9. This workhorse of a Lemma is the R? equivalent of Lemma 3.3.1. from [7]. However,
since we lose the luxury of a compact domain, Lemma 4.8 is quite a bit more complicated, both
in statement and in proof, than its T%based sibling. The proof of the lemma is dependent on
approximation of functionals by smooth functions, which is the reason for the pathological-looking
losses of arbirtrarily small orders of regularity 8 € (0,0). The proof of this Lemma is outside
of scope for this thesis, but the core of the proof relies on an application of the Leray—Schauder
theorem in order to get simultaneous solutions for both equations. A full proof of the result is
given in an upcoming paper by Espen R. Jakobsen and Artur Rutkowski.

4.3 Differentiability of U With Respect to m

In this subsection, we derive all necessary results for the establishment of existence, and construc-
tion of, the measure derivative g—gl. Having established the technical Lemma 4.8, we straight away
apply it to a system that in many ways can be considered to be the linearisation of the Mean Field
Game system (10) with respect to the measure variable.

—0w —eAv+ Du- Dv = (2E (z,m(t)), p(t)) in [to, T] x RY,

m

o) = (85 (e,m(T), (T in B, )
Orp — eAp — div(pDu) — div(mDv) =0 in [to, T] x RY,
p(to) = o in R%.

We fix an arbitrary 8 € (0, «) which, as can be seen in the statement of Lemma 4.8, encodes the
infinitesimal loss of regularity associated with the application of the technical result. The first step
on the way to finding the measure derivative is by solving, and establishing the desired regularity
of the solutions of, system (33). We structure this in the following result, where we bootstrap
regularity in the v and p variable by applying Lemma 4.8 twice.

Proposition 4.10. Let assumption (F) and (G) hold. If mg € P1(R?) and po € C~G+2=F) for
some B € (0,a/2), we have a unique solution (v, p) € C([to, T], C*T*=BF(RY) x C~B+etB)(RD)) of
(33) and

sup  ([[o(t, ) llatra + 11 -310)) < Clltoll-(31a)-
tefto,T)
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Furthermore, if g € C~1a=28) “we have (v, p) € C([to, T), C*=B(RY) x C~F+a)(RY)), where

sup ([[o(t, ) la+a + [0 -2+a-p) < Clluoll-21a-p)-
t€(to, T

The constant C > 0 is independent of (to, mo).

Proof. For the proof we apply Lemma 4.8 twice in a straightforward manner, using the same
po = po € C~C+a=28)  Firstly, we choose k = 1 and 0 = o — 3 and set zp = b = ¢ = 0.
We note that V = Du € C1+e/22+(Rd) ¢ C([0,T], C3(R?)) by Lemma 3.18. {c(t) 71, : t €
[to,T]} = {0} is a singleton set, and is thus trivially tight. This results in a unique solution
(v, 1) € C([to, T], C3To=28(RY) x C~(+2)(R?)) with

sup (vt )lls+a—s + 1O -@21a-) < Clluoll-(21a—p)-
t€to,T]

Next we apply the same Lemma 4.8 again, now with £k = 2 and ¢ = « with the same coefficients
2r,b, ¢, po, noting that py = pg € C~C+te=28) ¢ ¢~G+a=6) by Lemma 2.3. 2p = b = ¢ = 0.
Again, V = Du € C'H/23+(R%)  C([0,T],C$(RY)) by Lemma 3.18. This once more results in
a unique solution v, u € C([tg, T], C*T*~8(RY) x C~B+e)(R?)) with

sup ([[v(t, ) lasa + (D) -+a) < Clltoll-@+a) < Clluoll-(2+a-p)-
te(to,T]
By the linearity of the equation (33), and the uniqueness from Lemma 4.8 we conclude that the

pair (v, ) obtained by the application of the lemma with k& = 2 is the same as the pair obtained
with k& = 1. O

If (33) indeed is the linearisation with respect to the measure variable, we would expect the
following relation to hold in some sense

oU
’U(to,l’) = R %(t()vxamo,y)/“”()(y)dya

for some suitable choice of pg. Having established existence and regularity of the linearised
system in Proposition 4.10, we can utilise the flexibility brought by being able to choose any
o € C~(2+a=8) to construct a candidate function K (to, x, mg,y) that should satisfy the proper-
ties required of it from Definitions 2.6 and 4.2 of the measure derivative and the classical solution
of the Master Equation respectively. We formalise this choice of candidate in the following pro-
position.

Proposition 4.11. With the same assumptions as Proposition 4.10, for each (ty,mo) we have a
CHre=Bx 0?o=F map (z,y) — K(to, z,mo,y) such that if uy € C~C+T2=28)(R%) is q finite signed
measure, the v-component of the solution of (33) is given by

v(tO, ZL') = </j/0a K(t()) X, mo, )>
Furthermore K satisfies
||K(t07 -, Mo, ')||(4+a,3+a) S 07
with constant C > 0 independent of (to, mo), and has derivatives in (x,y) of order 4 + a — 3 and

2+ a — B which are continuous on [0,T] x R? x Py (R) x R?, and Lipschitz on Py(R).

Proof. Let ¢ € N% be a multi index such that |¢| < 3 and y € R%. We denote by (v (-, -, y), u (-, -, y))
the solution of (33) with respect to initial condition g = D*J,, the ¢-th distributional derivative
of the Dirac distribution. We can readily check that pg € C~3+2=5) by applying the definition
of the dual norm (5). Let ¢ be an arbitrary function in C3+*=#(R?) with ||¢||310—ps < 1 then

(D8, )| = [(=1)!(8,, D“)| = [D*é(y)| < || lls+a—p < 1.
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Next, let K(to,z,mo,y) = v®(tg,z,y). We will check that 9, K (to,z,mg,y) = —v(¢), where
e; = (0,...,0,1,0,...,0) is the i-th unit vector in RY. We first note that since
1

1 €; e;
1= (Bytee, = 8y) + D6y || _(34a-p) = sup (= (8y+ee; — 8y) + D6y, )|
€ peC3To—8 |lp|<1 €

Ly + ees) — d(y)) — D] %0,

= sup

peC3tei |g|<1 €
L (8y4ce, — 6,) converges to —D(¢) in C~B+a=A)(R). By the bound given in Proposition 4.10,
and the linearity of the system (33) in v, u, we can conclude that the map po — (v, ) is linear
and continuous from C~+t*=8) to C([0,T),C*+*=8 x C~B+e+8)) Thus, by the linearity in the

v-term of the map, we have
1 1
2(59+€€i - 51/) — E(K(a Mo, Y + 667;) - K(7 ) mOvy))'

Due to the map being continuous, we can pass to the limit and conclude that
_ple) — @yiK(.’ -,mo,y).
Repeating this process for derivatives up to |[¢| < 3 yields that
Df;K(tow,mo,y) = (=)D (2o, z,y). (34)
This implies through the bound in Proposition 4.10 that for each y € R¢
1Dy K (to, - mo, y)lata—p = [[0© (o, 9)la+a—s < C.
Next, we check the Holder continuity in y by applying the linearity of the system
1Dy K (to, -,mo,y) — DyK (to, -, mo,y)|la+a

< O|D%y = D%y ll-31a) = C < sup [(dy — 5yuDe¢>>

l¢lls+a<1

<C ( sup  [D'o(y) — D%(y’)I) <Cly—y'|*.

llélls+a<1

Consequently, we can conclude that K (g, -, mg, ) € C*T*=F# x €3t This immediately implies
the continuity of K and its derivatives in x and y.

For the continuity of the derivatives in (z,y) on [0,T] x P1(R) we let m}, m3 be two different
initial measures in P;(R?). Let (u!,m'), (u?,m?) be solutions to the Mean Field Game system
(10), with initial conditions (to,md) and (to,m3) respectively, and let (vl,pu!), (v? u?) be the
respective solutions of the linear system (33), both with po = D*S,. Here, we only have || < 2,
since we need to have pg € C—(2ta=2f)¢, apply both inequalities in Proposition 4.10. In order to
estimate the difference, we let (z,p) == (v' — v?, u' — p?), which gives rise to another linearised

system

—0iz —eAz+ Dut - Dz = <§—F(x,m1(t)),p(t)> +b(t,x) in [ty,T] x RY,

2(T,x) = <%(x, m(T)), p(T7)n> + 27 in RY,
Oip — eAp — div(pDul) — div(m'Dz +¢) =0 in [to, T] x R?,
p(to) =0 in R9.
where
b{t,2) = (o, m (1) — 9 (e, m?(1)), (1)) + (D — Du')Do?, (3)
2r(2) = {50 (0, (1)) — 2 (e, m?(1), (1),




Again we want to use Lemma 4.8 with £ = 2 and ¢ = a. We proceed to check the regularity of the
various terms. Again V = Du' € C'+/23+(R4) ¢ C([0,T], C3(R?)) by Lemma 3.18. For b, we
apply the linearity and continuity of the duality brackets, as well as the definition of the operator
norm, to get

OF oF
sup b t,. o S sup ( _ ~’m1 t y) — — ~’m2 t y " i ,“2 —
t€(to,T] 1008l te(to,T] H(Sm( ®,) 5m( @ Marasralill-ee

+Cl|IDu? = Dulg 4ol DV2l310 )

< Cltolarasy sup_(d(m*(0,m3(0) + Jul (t) = w20, Vs
te€(to, T

< Cdy(mg, m)| poll - 24a-p)-

Here, the second inequality used the Lipschitz continuity in P(R?) from assumption (F) as well
as the regularity on v2, u? from Proposition 4.10, while the last inequality utilised the Lipschitz
continuity from Lemma 4.7. Furthermore, applying the triangle inequality and the second term of
(F), we get that sup,cp, 77 [0(¢, )l[34+a < 00

By the exact same estimation, instead using (G), we also get
27 [la+a < Cdi(mg,m3) ol - (24a—p)-

Finally, we check ¢(t):

sup |[c(t, )]~ (24a-p) = sup sup ((Dul*DuQ)u27¢>>+<(m1(t)*mz(t))DUQ,@),
t€to,T) t€fto,T] *|@ll24a-p<1

where again from the estimates of Proposition 4.10 and Lemma 4.7

s (s (Dul=Dut)?0)) < swp (swp @] -iap DUl = Do)
t€lto,T] *lfll24a-p<1 t€fto,T]  [¢ll2+a-p<1
< Cdy(mg, mg)||poll - 2+a—p),

and, using the definition of the d;-norm

sup sup  ((m'(t) — m2(t))Dv?, d))) < sup sup Dv?p(m*(t) — mQ(t))(dx))
te(to,T] Mollata—p<l te(to,T] Nollatra—p<l JRE

< Clv*[laya sup di(m'(t),m*(t))
tefto, T
< Cdl(m(l)vm(Q))HHJOH—(Z-‘r(x—B)-

We can thus conclude that

sup_le(t, |- z+a-g) < Cdr(mg,m)llpoll - 2+a-s)-
te(to, T

By noting that {c(t) *n, : t € [to, T]} is tight for any v > 0, we have by application of Lemma 4.8
that

sup Hz(t,~)||(4+a) < Cdl(m(lbmg)”/‘OHf(%ra—ﬁy
t€(to, T

Combining this with the fact that

lioll~@+a-py = sup  [(D6.9)| < sup  [llara—p <1,
H¢”2+a7/3§1 H¢7H2+a7ﬁgl

we have through (34) that for every [¢] < 2
||D§K(t0a K m(1)7 y) - Dgl;K(th K m(2)7 y)||(4+0¢) < Odl(mé7 mg)
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Lastly, in order to show the Holder continuity, we redefine pg = DS, — D%,/, a change which
alters none of the estimates above, and compute

ol -24a-p) = » sup - (DS, — D'y, )| < |y — y'|*T 7,
24a—B2>

which by the linearity of (33) implies

||(D§ (t07 7m07 ) DZK(tov 7m(]ja )) (D K(t()7 am07 )_Df/K(th'amg7y,))”(4+o¢)

< Cdl(mo,m0)|y -y |2+a &

And we have proven the Lipschitz continuity of K and its derivatives in Py (R%).

For the temporal variable, we apply a similar trick. We fix initial times 0 < t§ < t2 < T let
(ut,mb), (u?, m?) be solutions to the Mean Field Game system (10), with initial conditions (3, mq)
and (t2,mg) respectively, and let (v%e), ugé)),( (Z), u(;)) be the respective solutions of the linear

system (33), both with py = D€§y In order to establish continuity, we have to circumvent the fact
that vée) is undefined for t € [0,t}). We do this by rewriting in the following way

4
Dgl;K(t(lhxvaay) - Df;K(t(%v-rammy) - ’05 )(t(1)7x7y) ( )(thz y)

4
=01, z,y) — (82, 2, y) + 01 (82, 2, y) — 08 (12, 2, y).

The continuity of the first term, vy) (ty,z,y) — ne )(to,x y) is evident from the fact that v(f)

C([t§, T, CH=B(R9)). For the other term we perform the same technique as in the continuity in

¢ ¢ ¢
(vg) @ @0 ,ug))

measure: We let (z,p) = (DT , which yields the similar linear system

—0pz —eAz+ Du' - Dz = ($£ (2, m*(t)), p(t)) + b(t,z) in [t3,T] x RY,

AT, 2) = (52 (x,m" (1)), p(T)) + 21 in RY,
Op — eAp — div(pDul) — div(m' Dz +¢) =0 in [t2,T] x RY,
p(to) = 1t (13) — D%, in RY,

with coefficients b, zp, ¢ same as in (35). We estimate using Proposition 4.10 and assumptions (F),

Q)

sup_ [t Mssa < C( sup a2 llaset sup_dym! (1), m*(1))),

te(t2,T) te(t2,T) te(t2,T)
Sy IOt < O 0= Pllose t s, B0 n2).
27 la+a < Cdr (m*(T),m*(T)),
ool - a-s) = 117 ) = 17 ()| -2 40-p)-

next, let (%, m) solve the Mean Field Game System (10) with initial condition (3, m!(¢3)). Thus, by
the uniqueness of the MFG system (ul(t, z), m*(t,z)) = (u(t, =), m(t, z)) for all (t,x) € [t3, T] x R%
Since us and w have the same initial time, we can use Lemma 4.7 to estimate their difference

sup [lu! = ?laya < sup (Jlul () = T lara + [T ) = w(E ) lara)
te[t2,T) te(t2,T]

< sup <O+C’d1(m1(t3),mo)>,
te(t2,T]
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and similarly

sup_di(m’ (6),m*(t) < sup (dy(m (£), 7)) + da ((2), (1))
te(t2,T] te(t2,T]

< sup (O+Cd1(m1(tg),m0)).

te[td,T]

We apply Lemma 4.8 with k£ = 2 and ¢ := «, and get

14 Y4 Y4 14
sup (0§ (t,) = 087 (M < C (i (m (1), mo) + 1" () = 17 ()| -210-5) ).
te[td, T

Since m! € C([t}, T),PL(R?)) and p\” € C([t},T],C~2+*)(RY)), we can conclude by passing
t3 — t} that v( )(tg,x,y) — ng) (t3,z,y) and its derivatives tend to zero, and consequently that
DZK(to,x m07y) is continuous on [0, T.

Finally, we have to verify that if uy € M(R?) then v(to,x) = (uo, K(to,z,mg,-)) solves (33).
Recall that we denote by (v (¢, x,y), (9 (t,y)) the solution to (33) with initial condition 8, and
that K(to,z,mo,-) = v (tg,z,y). We define for some ¢ € C2T>=F(R?)

oltoa) = (oo t,2)) = [ 0Ot
((0).0) = (o (s (09),80) = | (WO (t.9). ol

We will show that (v, u) satisfies the first equation of (33) pointwise, and the second in the distri-
butional sense as in (32).

v(t+ h,z) — v(t, x)

—Ow(t,x) = — lim

h—0
. VOt 4+ h,z,y) — 0O (L, 2,y)
= jm h Ho(dy)
0Ot + hyxy) — 0O (t 2,y)
= —/Rd lim o fro(dy)

= [ =90 (t,2,y)po(dy)
Rd

= /Rd eAv O (t,2,y) — Du- Dol (t,2,y) + <§%(%m(t)),u(o)(t»m(dy)

=ceAv(t,z) — Du- Du(t,z) + /

O (1), 1) (1) o)
Rd OM

oF
= eBu(t, ) ~ Du- Dult,a) + (1), S (,m().
m
For the third equality above we applied the Dominated Convergence Theorem, which is applicable
here since supcp, 71 0@ (t, Y4t < oo and pg is a bounded measure on R The application
of the convergence theorem is repeated for the derivative terms ¢Av and Du - Dv in the sixth
equality. In the last equality we apply the definition of {u(t),¢) noting that by assumption (F)

0 (z,m) € C*Fo=F(RY) for any P(RY).

Likewise, we check the terminal condition

ota) = [ O atin = [ (G5

om

(2, (), 1 () poldy) = {0 (2, m(T)), (1)),

and conclude that v satisfies the first equation of (33) pointwise. For the distributional equa-
tion we choose a function ¢ such that ¢(ty),d(t) € C*H1+7(RY) and 9,9 + eAp + V - D¢ €
C([to,t], CkT1+7(R%)), and compute
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(). 60) = {0, 9(t0)) = [ (1 0,1), 60 o) ~ (o 00

= [ (@bt + [ 0O6). @0+ 286 + Du- Do)(s)s

to

- / [ D6 Do (s, 2., d)s Yo (dy) — (o 00)

= (1o, #(to)) +/t /Rd<M(O)(S)’(8t¢+EA¢+DU'D¢)(S)>M0(dy)dS
7/t /Rd 3 Dé - DO (s, 2, y)uo(dy)m(s, dz)ds — (o, d(to))

- / (1(5), (0e¢ + €A + Du - Dg)(s))ds

to

t
—/ D¢ - Du(s,x)m(s,dx)ds.
t

o /R4

For the second equality, we used Fubini’s Theorem (Theorem 4.5 in [4]) to swap the order of
integration since all terms are bounded and the measure p is finite. And for the final equality, we
used the same Dominated Convergence Theorem trick as in the pointwise equation to handle the
term Dw. Finally, we check the initial condition

(utto)od) = | Gundhotan) = [ olwma(dn) = (0.,

Rd
which shows that p is a distibution solution to the second equation of (33). O

Remark 4.12. Recall that it was mentioned in the subsection on assumptions that the choice of
(F) and (G) was sufficient, but not optimal. The proof of Proposition 4.11 is the primary reason we
overshoot assumptions. This is due to the proof requiring Lemma 4.8 to be applied several times
over the course of establishing the properties of K (tg,x,mg,y), each relying on the assumptions
(F) and (G) in different ways for different estimates. As this proof is the major bottleneck of the
chapter when it comes to regularity, immediate improvement with respect to assuming less of (F)
and (G) can be easily achieved by observing precisely what is required of the coupling terms in
order to complete this proof.

Having established K (tg, z, mg,y) as the clear candidate for our measure derivative, we prove one
last technical proposition which will enable us to apply Definition 2.6. The proof of this result also
has Lemma 4.8 at its core.

Proposition 4.13. Let assumption (F) and (G) hold. Assume to € [0,T] and mg, o € P1(R?)
to be fized. Let (u,m) and (u,m) be solutions of (10) with respect to initial conditions (to, mg)
and (to, o), and let (v, 1) solve (33) with initial value (to, Mo —mg). Then the following estimate
holds

S (lat, ) = u(t, ) = v(t, ) laga + l10(t, ) = mit, ) = ult, )| —(3+a)) < Cdi(mo,1i20) (36)

Proof. We yet again want to apply Lemma 4.8 to obtain an estimate for a linearised system. Let
z:=10—u—vand p:=m—m — u. After summing the systems and applying the measure version
of the fundamental theory of analysis from Lemma 2.7 we are left with the following linearised
system.
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2T, x) = (3% (x,m(t)), plt )> +ar in RY,
Op — eAp — div(pDu) — div(mDz 4+ ¢) =0 in [to, 7] x RY,

{(%z —eAz+ Du- Dz = (3£ (z,m(t)),p(t)) + b(t,z) in [to, T] x RY,
plto) = 0 in R,

/o1 /R ( —sym+smy) - (g(wy)) (. —m)(dy)ds — élDﬂ — Du?,

1
[ [ (G = () 4 5. = 3 (aom(T),0) ) GT) = () s
0 R4 m
c(t,z) = (m — m)(Da — Du).

From Lemma 4.7, we get that

sup IIfIDu—DuI 340 < C sup [la(t,-) = ult,-)[|11a < Cdi(ing, mo).
t€(to, T t€(to, T

Furthermore, for any [¢] < 3

28 [ (= spm o si) = S ) = s

= ’ /1 ’ D! %(m, (1 —s)m + s, y) — %(x,m,y)) (1 — m)(dy)ds‘

oF N
/ 19 0= shmt s, ) = (e, )y (i, o)

1
< C’/ 1((1 = s)m + sm, m)dy (1o, mo)ds = C/ sdy(m(t), m(t))di (g, mg)ds
0 0
S Cdl (’I’h(t), m(t))d1 (mo, mo).
Where we have applied the usual Lipschitz in y trick for the first inequality, the assumption (F)

for the second, and the definition of d; for the last equality. By applying the same steps for the
Holder quotient of the derivatives with |¢| = 3, we can conclude that

( (1= Syt ) = 31 (m) ) O )

< C’dl(ﬁ1( ) m(t))dl(rhg,mo).
3+«

Through another application of Lemma 4.7 we can conclude that

sup [|b(t, ) |31 < Cd3 (1120, m0).
t€[to, T

For the estimate on ¢ we observe that it can be interpreted as a signed measure, and consequently
its functional action takes the form of integration with respect to the measure
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sup |le(t)[|~(24a-g) = sup  sup  [((o —m)(Di — Du), ¢)|
te(to,T) t€[to,T] |fll24+a-p<1

= sup sup ‘ / (D4 — Du)g(z)(m(t) — m(t))(dz)
t€fto,T] [|9ll24+a-p<1' /R

< sup sup  [[D((Di — Du)o)|leedi (12(t), m(t))
tefto,T] ||pll24+a-ps<1

< sup sup  [la(t, ) — ult, )llz+all@llota—pdi (Ma(t), m(t))
tefto,T] |plla4a—p<l

S Cd%(?’ho, mo).

In estimating zp using the same method as with b, and applying Lemma 4.8, we are left with
sup_ (1120t Masa + loll-srar) < sup (L Missa + @Il 2rams)) + l27llra
te€(to,T) t€(to,T)
S Cd%(’ﬁ’lo, mo).

which is precisely the estimate we sought to prove. O

This result immediately implies that the Master Characteristic U (t, z,mg) = u(to, ) from Defin-
ition 4.1 is C* in the measure variable in the sense of Definition 2.6.

Corollary 4.14. With the same assumptions as Proposition 4.13, and with K (to, x, mo,y) as given
in Proposition 4.11, then U is C' in measure and

oU

%(thxa m07y) = K(to,]!,mo, y)

Hence,

oU
||%(t07 Mo, )|l (44a,3+a) < C,

with constant C' > 0 independent of (to, mg), and g—% has derivatives in (z,y) of order 4 + a —
and 2 + o — B which are continuous on [0,T] x R% x P;(R) x RY.

Furthermore,

oU . A
~—(to,,mo0,y) (10 — mo)(dy)lla+a < Cdi(mo, 1i0).

U(tg,-,mg) — Ulto,- —
|| (07 7m0) (07 7m0) iy Sm

Proof. We will demonstrate that K (to,x, mg,y) satisfies the definition of a derivative in the space
of measures. As Proposition 4.11 states that v(to, ) = (o, K (to, z, mo, -)) we have through (36)
that

|U(to, -, m0) — Ulto, -, mo) — K(to, ,mo,y) (1o — mo)(dy)| < Cd3(mo, 10)
]Rd

Let m,m’ be arbitrary measures in P;(R%). We choose 79 = (1 — h)m + hm' and my = m for
some h € [0,1], then dividing both sides of the inequality with h and rearranging yields

Ulto,-,(1 = h)m +hm') —U(to,",m)
h e

1 .
K(to,,m,y)(m’ —m)(dy)| < ng%(moam(J)

2
< "ty m, ),
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which tends to zero for any choice of m,m € P;(R%)as h — 0.
Next we check the normalisation, that is

oU
/d %(to,x,mo,y)mo(dy) =0.
R

To confirm this we observe that this integral corresponds to v(tg, z) = (mg, K (to, 2, mg, -)), which
implies that v(t,x) is a solution to the linear system (33) with pug = mg. Since F,G are by
assumption C! in measure, normalisation of the measure derivative yields that

oF 0G
(5 (1 m(6),m(6)) = {5 (6, m(T)), m(T) = 0.
This in turn means that (0, m) is a solution, which by Proposition 4.10 is a unique solution, to
(33), and we can conclude

., K(to,l', m07y)m0(dy) = ’U(t07.'13) =0.
R

U is then C! in measure, and the inequality in the corollary statement follows immediately from
(36). O

4.4 Existence and Uniqueness of The Master Equation

We are finally ready to perform the proofs for Theorem 4.4, establishing existence and uniqueness
for the Master Equation. For the existence proof there are some different approaches one can
take. In this text we will do an approximation argument, where we first assume a smooth initial
measure mo € Cg°(R?), show existence, and then pass to the limit using mollifiers as was done
in the proof for Theorem 3.16. This approach is performed in the existence proofs in [7] and [6].
Another approach uses the distributional formulation of the Fokker-Planck directly, cleverly using
g—g as a test function, which circumvents the need to use integration by parts. This second idea

will feature in the uniqueness proof.

Proof of Theorem 4.4 (existence). We proceed by an approximation argument, first showing the
result for mg € C5°(R?) before passing to any mg € P;(R?) using Lemma 4.7

Step 1: Solution for a smooth measure. First let mg € C°(R%) NPy (R?) let (u,m) be the corres-
ponding solution of the Mean Field Game system (10). By Theorem 3.16 (u,m) € C*+2 -2+ ([ty, T] x
RY) x CMra/22 e[ty T] x RY) N C([0, T, P1(R?)), which implies that m € L'(R%). We will show
that the Master Characteristic U solves the Master Equation 24 for the case of a smooth initial
measure.

Firstly, consider 9;U by applying the definition of the derivative. Fix an arbitrary ¢, € [0,7
and let h > 0. Instead of tackling the difference quotient directly, we split it up into two more
manageable pieces

Ulto + h,x,mo) — Ul(to,z,mo) _ Ul(to+ h,x,mo) —Ul(to + h,x,m(to + h)) (37)
h N h
n U(to + h,x7m(t0 + h)) - U(t07$,m0)
o .

For the first quotient we use that U is C' in measure from Corollary 4.14, and apply the measure
version of the fundamental theorem of calculus from Lemma 2.7, denoting ms = (1 — s)mg +
sm(to+ h)
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Lrosu
U(t0+h,l‘,m(t0+h)) *U(t()ﬁ*h,l',mo) :/ / %(t0+hax7msay)(m(t0+h) 7m0)(dy)d8
Rd

toth sU
/ / / t0+h x, mg,y)0ym(t,y)dtdyds.
R4 Jt,

Since m € C'T%:27([ty, T] x R?) we can use the strong solution of the PDE (10) to swap out
dym, and since m € L'(R?) and [|2% (to + h,z,ms,y)|| < C from Corollary 4.14 we can integrate
by parts yielding

1 to+h (SU
/ / / —(to + h,z,msg, y) (EAym(t, y) + div(m(t, y) Dul(t, y)))dtdyds
Rd
to+h
/ / / EAygU (to+ h,z,ms,y) — ((;U (to + h,z,ms,y) - Du(t,y))m(t,y)dtdyds.
Rd

By appealing to the continuity of Ayg% and Dyngr]L in all the variables, and by using the dominated
convergence theorem, we can divide by h and pass to the limit, getting

lim Ul(to + h,x,m(to + h)) — U(to + h,z,myp)
h—0 h

oU
/ /d ‘C:Ayé tva ™mo, ) Dy%(t()ax)man) Du(t07y))m(t07y)dyd8
R

— [, (2w, DU t0. 2. m0.9) = DuUta,,m0,3) - Dutta. ) m(to. )y
R

where we have inserted the definition of the Lions derivative D,, = D, ggl

For the second difference quotient, we use the definition of the Master Characteristic U. U (tg +
h,x,m(to + h)) is defined as the initial value of the solution of the Hamilton-Jacobi-Bellman
equation of (10) started at time to + h with the initial measure m(to + h). This is equivalent to the
function u, which is the solution of (10) started in (tg, mg), evaluated at time o + h, since they are
governed uniquely by the same Mean Field Game system with solutions agreeing at time tq + h.
From the regularity of u we then have

U(t0+h7xam(t0+h)) _U(toaxamo) U(to—Fh,I) —u

(o, 2) = Oyu(to, )

fimy h = jim h
1
= —eAu(to,z) + §|Du(to, x)|2 — F(z,m(tg))

1
= —eA,U(to,z,mo) + §|DmU(t07x,mo)|2 — F(z,m(tg)).

Combining the two difference quotients from (37), we get

to+ h,z,m(to+ h)) — Ulty, z,m
U (to, z, mo)—%li% Ulto (fo - ) (to 0)

1
= —eA,U(to, z,mo) + §|DmU(to,x, mo)|? — F(z,mo)

(38)

- / (5divy[DmU](tvavaa y) - DmU(tOwramOvy) : DxU(t()?ya m0)>m0(y)dy7
Rd

which is precisely the Master Equation (24). Furthermore, from the convergence of the right hand
side above, we get that U is C! in time for any (to,z,mg) € [0,T) x R% x P;(RY) N C°(RY). To
check the terminal value for the equation we observe that starting the MFG system in (T, mg)
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yields a somewhat degenerate solution for the simultaneous initial and terminal point (T, z) where
(u(T,-),m(T,-)) = (G(-,mp), mg), and the terminal value of the master equation is thus

U(T,xz,mg) = u(T,z) = G(x,myg),
which is exactly what was desired.

Step 2: Approximation of a general measure. For this approximation part we follow a similar
approach as was done in the proof of Theorem 3.16 and regularise an arbitrary mgo € P;(R?) using
a 0-indexed family of standard mollifiers, as introduced in Definition 2.4, and pass to the limit in
the master equation in a controlled manner. For § > 0 let

mi(a) = ma s = [ ns(e = y)maldy).

As was shown in the proof of Theorem 3.16, we have that m{ € P;(R%) N C°(R?), and that for
any decreasing sequence {4, } tending to zero

lim d, (mg", mg) = 0. (39)

n—oo

Now, let (u®,m?) be the solutions of the Mean Field game system (10) starting in (to, mJ), and
let (u,m) be the solution starting in (¢p,mg). Again, by applying the definition of the Master
Characteristic, we have U(t,z,my") = u’" (to, ) and U(t,-,mg) = u(ty,z), and we want to show
by passing {0, } to zero that the latter solves the Master Equation.

Next, we argue that the right hand side of (38) is continuous, and hence that we are able to pass
to the limit. For the terms containing U we apply Lemma 4.7 and the limit (39) and get

U (t, -, mg) = U(t, -, mo) |aya < Cei(mg,mg) == 0. (40)
Likewise, for the terms involving D,,,U we appeal to the continuity of the derivatives from Corollary
4.14

oU

lim th Mo, ) - %(t()v ) mgna ')||(4+a—ﬁ,2+o¢—,8) =0.

Jim [ (
Lastly, from the assumptions (F),(G) on F and G

1E(-ymg™) = F (- mo)llee + G (- mg™) = G mo)|lse < Cdi(mgy,mo) == 0, (41)

and we can finally begin to estimate the terms of (38). The convergence of the non-integral part
—eA,U(to, z,mg) + 3| DU (to, ©, mg)|? — F(x,mp) is immediate from the limits (40) and (41). For
the two terms containing integrals we can estimate

‘/Rd (sdiv, (DU (to, 2.y ) )miy (dy) - /

y (adivy [DUl(to, z, my, y)) mo(dy) ‘

< 5‘ /Rd (divy[DmU](to,a:,mg",y))(mg" — mo)(dy)}

+el / (v, DU t0, 2, m ) — divy (Do), 2, m0,) ) mo ()|
R

oU

U 5 5 sU 5
< EH%(to, 5 Mg, ~)||(4+a,3+a)d1(m0",mo) + €H%(t0, <, Mo, ) — %(to, 5 Mg™, ')H(4+o¢—/3,2+a—[3)7

where we have used Lipschitz in y trick for the first term, and the regularity and boundedness of
9 and that my is a finite measure, for the second. By (39) and (40), the integral estimate above

converges to zero, implying the convergence of the integrals.

The estimate on, and convergence of, the integral containing D,,U (to,x, mo,y) - DU (to,y, mo)
follows using the same techniques and bounds in the same way, and we can thus conclude that the
right hand side of (38) converges to the right hand side of the Master Equation with respect to a
general mg € P;(R?). Furthermore, with the right hand side being continuous, we can conclude
that ;U (to, z, mg) exists, and is continuous, for any mq € P;(R?). O
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Remark 4.15. Note that the previous proof only computed the right derivative. The proof for
the left derivative uses similar techniques, but is quite a bit more technical and is often ignored in
the literature, like in [7] and [6]. The system is not as well-behaved backwards in time. The proof
for the left derivative gets full treatment in an upcoming publication by Jakobsen and Rutkowski.

As with many uniqueness proofs the core consists of assuming existence of another solution to the
Master Equation, and demonstrating that it has to coincide with the solution constructed from
the Master Characteristic U. We apply some ideas from the uniqueness proof of Theorem 2.4.2 in
[7], but instead of using smooth approximation and integration by parts for a classical solution of
the Fokker-Planck, we use the distributional formulation directly.

Proof of Theorem 4.4 (uniqueness). Let U be the classical solution to the Master Equation derived
using the Master Characteristic, and let V' be any other classical solution. By Definition 4.2 of
a classical solution, D, D,V is globally bounded in [0,7] x R? x P;(R?) x R%, and hence by our
standard Lipschitz in y trick we have that D, is globally Lipschitz continuous in the m-variable.

Let mg € P1(R?) and fix a ty € [0, T]. We introduce the following Fokker-Planck equation
{atm — eAm — div(mD,V (t,z,m)) =0 in [to, T] x R,

ﬁl(to) =My in Rd.

By Proposition 3.5 (which utilises results from [3]), since D,V, D2V, D3V € C,([0,T] x R?) this
Fokker-Planck equation has a unique distributional solution. Thus for any ¢ € C°([tg, T] x R?)
we have

/ p(t,z)m(t, dx) = / o(to, z)mo(dz) (12)
R4 Rd
+/t /Rd [pt(s,2) — Dp(s,x) - D,V (s,z,m) + eAp(s,x)|m(s,dz)ds.

Actually the above formulation holds for any function ¢ € C; ’2([150, T] x R?), as can be shown by
regularising and truncating ¢ by cutoff functions, as described in [5].

As an ansatz, we set 4(t,z) = V (¢, z,7m(t)) and use the regularity of V' and the measure version of
the fundamental theorem of calculus from Lemma 2.7 to get the time derivative at the initial time
to

V(to + h,z,m(to + h)) — V(to, z,m(to))

Opu(to, x) = Ilzlir%) - (43)
. V(to—‘rh,.’l},?’h(to-’-h)) B V(to,l‘,’l’h(to—f—h)) V(t0,$7’l’h(t0 +h)) —V(to,m,rh(to))
= lim ( + )
h—0 h h

— OV (to, @, mo) + lim ~ / / (to, . 1700, ) (a(to + B, dy) — ii(to, dy))ds,
h—0 h Rd

where m, = sm(tg + h) + (1 — s)m(to), which tends to m(tg) as h — 0. We can then utilise our
distributional formulation, choosing ¢(t,y) = 5m V. (tg,2,mm4(to),y). Note that o € C’;a([to, T]xR%),
p(to + h,y) = p(to,y) and hence Oyp(t,y) = 0. We can then use the distributional formulation
(42) in (43) to get

h—0 h

to+h
Ort(te, ) = 0tV (o, x,mo) + lim — / / /d EAyé (to,x, ms,y)
R
— D, V(t,z,m(t)) - Dy(s (to,x, ms,y)) (t,dy)dtds

= 3f,V(t0,:1:,m0) +/

<Edivy [Dmv} (tO; €T, mo, y) - D,V DmV(tO, Z,mo, y))mo(dy),
Rd

41



where the second equality utilises Fubini’s Theorem (Theorem 4.5 in [4]), and that by Definition 4.2
of the classical solution, Dx%, DygTVn and Dg% are continuous in all variables. We furthermore
use that V' by assumption solves the Master Equation, and after comparing terms get

1
Opu(to, x) = —eAV (tg, x,mo) + §|DV(t, x,mo)|* — F(x,mo) (44)

1
= —eAu(t,x) + §|Dﬂ(t0,x)|2 — F(x,myg).

We recognise this as the Hamilton-Jacobi-Bellman equation from the Mean Field Game system
(10) started in point (to,mg), evaluated at time tg. By Theorem 3.16, (44) has a unique solution
i, and by the definition of the Master Characteristic

Ulto, x,mo) = u(te,z) = V(to,z,mp), V€ R4,

Since the initial time and inital measure (to,mg) € [0,T] x P1(R?) were chosen arbitrarily, we
conclude that U and V agree everywhere on [0, T] x R? x P; (R?) x R, and hence that the classical
solution to the Master Equation is unique. O

For the later convergence of the master equation to the N-dimensional Nash system, we will need
the Lipschitz continuity of g—% with respect to m. This result follows immediately from properties
previously established.

Proposition 4.16. Assume that (F) and (G) holds. Then

oU

%(t»‘»mz,')H <C,

_110U
N

te[0,T] mi1#ma Py (R?)

where C is dependent upon F, G, and T.

Proof. From the Lipschitz continuity in measure in Proposition 4.11, we have
||K(t07 Yy méa ) - K(t07 y m(Q); ')H(4+a,2+<x—ﬂ) S Odl(méa m8)7

where C' > 0 is independent of g, m{, and m3. By the identification between K and g—% made in
Corollary 4.14, we get

U oU
H%(to, '7m(1)7 ) - %(t(% '7m(2)7 ')||(4+0z,2+a*5) < Cdl(m(l)’m?))’

which holds for any ¢y € [0,7], and the proposition is proven.

5 The Convergence Problem

We wrap up this thesis with a final section on the convergence problem. First we describe the
necessary further assumptions to be made upon the Nash system, then we approximate the system
using the well-posed Master Equation, and finally we sketch the convergence properties of the
systems.
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5.1 The N-dimensional Nash system

As we discussed in the background section of game theory, a N-player differential game has a Nash
equilibrium taking the form of the following system.

N
i N,i N,i 2
— 0N (t, ) — 5; Ay o™ (t @) + §|Dl.iv (t, )|
+ Z D, oM (t,x) - Dy, o™Ni(t, 2)
J#i N
= FNi(x) in 0,77 x (RY)"Y,
oN(T, ) = GNVi(x) in (RY)",

where & = (21, ...,1,) € (Rd)N, and we have inserted our explicit choice of Hamiltonian H(z,p) =
%|p|2. This system is still to general to apply Mean Field Game techniques, and we need to make
some slight assumptions upon the cost terms F,G. Two core ideas of the Mean Field formulation
are 1. That each agent is identical and 2. That each agent chooses strategies based on the
distribution of the other agents, and not every other agents exact position. We satisfy these two
requirements by making the following assumptions

FN’i(x) = F(xi’m:IcVJ)v

GV () = Gleem)),
where F, G obeys the assumptions (F),(G), and

N

: 1
Ny .__
me = jééi O,

is called the empirical measure. For any finite N, m2* € P;(R%), and integration with respect to
the empirical measure takes the form.

, 1
Fyymg(dy) = 57— D f(@s).
Rd -1~
J#i
Inserting these coupling terms into the Nash system yields

N
. . 1 .

—0Ni(t, ) — ¢ Zl Ag o (@) + 5| Dy o™t ) 2

iz
+> Dy o™ (t,x) - Do o™i (1t T) (45)
J#i
= F(z;,m") in [0,7] x (RY)™,
oNYT, ) = Gz, mb?) in (Rd)N.

We observe that under our new assumptions, the system is quite symmetric, and the solutions
v™:i(t, ) are identical, save for the starting point «. This is sufficient for an approximation using
the Master Equation.

5.2 Approximation Using the Master Equation

Having described the properties of the N-dimensional Nash system, we seek to demonstrate how
the well-posedness of the master equation provides us with the means to describe the asymptotic
behaviour of the equilibrium system (45) as N — oo.

The key idea for proving convergence is to evaluate the solution of the Master Equation U in the
empirical measure m2?, and to show that this yields a system approximately equal to (45). We
again follow an approach set out in [7], which as before is performed on T¢, and the proofs will
have to be amended in order to reflect our non-compact domain of R%. To implement this idea,

we introduce what in the literature are called the finite dimensional projections of U.
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Definition 5.1. Let U be the solutions of the Master Equation (24), and let @ = (x1,...,xN) €
(Rd)N. We then define the set of finite dimensional projections {u™(t, w)}ie{l,...,N} as

uMNi(t, @) = U(t, 2, mY?). (46)

Remark 5.2. For the definition of the projections to be well defined, we need that m2-¢ € P;(R¢)
in order for the solution of the Master Equation to be well defined. This is satisfied as the measures

mA-" are finite sums of Dirac measures

N
i 1
sup / yimlidy) = swp |yl | < ool
ie{1,....N} JRd icf{t,.,N} \ V-1 oy

We also remark that the stronger condition supyego3 3 SUDjeq1,. N} Jpa lylm-i(dy) satisfied if
{®1,..., 20 }icqa,... N} are independent and identically distributed (i.i.d.) samples of some distribu-
tion m € P;(R?) by the Strong Law of Large Numbers (Theorem 20.1 in [15]). This might be a
key assumption in applications using a P; (R?)-based Mean Field Game approach in order to show
stronger forms of convergence.

The next step in establishing that V(¢ 2) almost solves (45) is computing the relevant derivatives.
The regularity of these projections is, perhaps as expected, directly tied to the regularity of the
classical solution of the Master Equation as given in Theorem 4.4. Consequently, we immediately
get the existence of
Dy, u™i(t,x) = D,U(t, x;, mY"),

as the variable z; only appears in the z-slot of U. For D, ui(t, ) with j # i, computation is
a bit more intricate due to the dependence of z; through the measure mb+?. To handle this, we
introduce the following technical proposition.

Proposition 5.3. Assume that U : R x Py (R?) is C' measure, that for each m,m’ € Py(R?),
U(-,m) € C?*T(R?) and U(-,m,-) € C***(R%) x CZ(R?) and
U

S Comy)(m! = m)(dy) || < Cdim,m).

wem) = vem - [

Rd om

Then for a fized m € P1(R?) and a vector field ¢ € L*(m,R%)

|UC. it aypm) ~UCm) | DuUCmy) - owmay)|, < ¢l

Rd 2+
where C' only depends on the constant C.

Proof. This result is a quantitative version of Proposition 2.8, and is stated and proven for the
torus in Proposition A.2.1 in the appendix of 4.4. The proof in R? is identical. O

With this technical estimate in hand, we can construct a proposition restating the derivatives of
the projection u"+* as the derivatives of the solution of the Master Equation.

Lemma 5.4. Assume (F) and (G) holds. Then for any N >2, i € {1,..,N}, u’"" € CZ((RY)")
and for j #1i

. 1 ]
D%uN’Z(t,a:) = mDmU(t,zzsi,n"Lan’Z xj),
. 1 .
D? Nt x) = ——D, D, U(t, z;, mY" xj),
Lt N -1
D2 Nt x) — 1 p (D U)(t, 2, m" ;)| < ¢
Tj,T; ’ N—-1 Y y Ly g 5 by =N

where C' depends on the Lipschitz constant from Proposition 4.16.
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Remark 5.5. This lemma is an adaption of Remark 6.1.2. in [7], and an analogue to Proposition
6.1.2. for the case for the Master Equation with common noise.

Proof. Assume without lack of generality that @ = {z;},cq1,.. N} Where z; # xy, for j # k and

let € = minj, [z; — x|. For the tuple v = {v;}jeq1,.. N} € (Rd)N where v; = 0 for a fixed i, we
define a smooth function ¢ such that

¢(x) =v;  ifx € Beplay),
and decaying quickly and smoothly to zero otherwise.

By the definition for the pushforward measure, we get

. i 1
(id + @) #my " = N_1 Z Ouj+¢(z;) = Z Oaj4v; = :c+'u
J#i J;ﬁz
Inserting this into our projected solution yields

Vit @+ o) —uNi(t x) = Ut a,may) — Utz m)
= U(t, s, (id + @) #my ")) = U(t, zi,mp ).

By the regularity of the solution of the Master Equation as given by Theorem 4.4, and the estimate
from Corollary 4.14, we satisfy the requirements for Proposition 5.3

|UC.Ga+@ymd) —UCmi ) = [ DuUCmdy) - spmi )| < Ol e
R « £d
where
1 N
2 _ 2 2
6122 gy = 77— 2 ¥ = EM———H
JFi J#l

By this bound, we get that

. . , , 1
ui(t, @ + ) —uN (¢, @) DU (@i, mg ™ y) - o(y)mg ™ (dy) + 17— O(v[*)

Rd N
. , 1
“N_1 ;DmU(xumg’l»%‘) “(xj) + ﬁo(h’\z)
JF
S Dlasml, )+ O
_1 — 3 iy 10 y L J N _
JF

Now, denote by x; the k-th component of z;, and define the standard basis vector e;; =
(0,...,0,1,0,...,0) € (Rd)N as the vector with 1 in the z; x-slot, and zero otherwise. Likewise,
denote by e, = (0, ...,0,1,0,...,0) € R? the vector with 1 in the k-th slot. Choosing v = he; r and
applying the definition of the derivative in R? yields

Ny N
‘ (@ + heyp) —uNi
ax],kuN)Z(t,a:) = lim u ( z+ eJ,k) U ( 1:”)

h—0+ h
11 1 1
= lim DUz, mdt x;) - (hejr)j + ————O(h?
h—>0+hN71§ (i, mg™, ;) - (hejn); + 3 =7 O7)
1

- ﬁDmU('»mf’ia%‘)'ek,
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which implies that

ijuN’i(t,zc) = D, U(t, ml,le,xj).

1
N -1
For the second equality in this lemma, we observe that D,, only depends on z; through the x-

variable, and hence the derivative follows directly from the regularity of the Master Equation.

For the inequality we perform the same technique, now with a second order difference quotient
with k,1 € {1,...,d}

8T]laTJk Z(t7m)
_ oy WGt b+ heja) —u (G @+ heyy) —ut (@ 4 heyig) £ u (1 @)
h—0t h2

= lim —(ZD U(zi,m m+he ,,xj—l—hel) (hejr)j — DpU(xis,mbt x;) - (hejr);

h—0+ h?2 Zi
1 9 1
+ mO(h )) = N 8 DU (i, mip " ;) - ex +O(N),
where we have used that due to Proposition 4.16
N, c h
!D Um“ w+he L7 ) Dy, U(‘T’H my’ 7 )‘ <Cd1( m+he l’mw,)g N71|hel|zcﬁ

Since this holds for all choices of k,l € {1, ..., d}, the inequality in the lemma statement holds. [

With these estimates in hand, we can show that the projection (u™")
solution to the Nash system (45).

i€f1,...,N} 1s an approximate

Proposition 5.6. Assume the coupling term assumptions (F),(G) hold. Then one has, for any
ie{l,..,N},

N
—ouMNi(t, @) —e > Ay uNi(t, ) + |Dzlu it x))?

j=1
+ Z Dy, N (t, ) - Dy, uN”‘(t7 x)

J#i
= F(zs,m?) + rNi(t, x) in [0,T] x (RY)™
ul (T, :c) = G(z;, mY") n (]Rd)N
where r™N:t € LO"([O,T] X (Rd)N> with
1PN < N + 3 Z |z — 2
J#i

Proof. By the definition of the projection (46), u™*!(¢, ) corresponds to the solution of the Master
Equation evaluated at a point (¢, x;,m%*). We insert the point into the Master Equation (24),
and get
1 .
—0,U(t, x5, m5") — eALU(t, 23, md ") + §|DmU(asi,t,m;V’z)|2

— € diVy[DmUKt,JU“ My 7y) Nz(dy)

Rd
+ p DmU(ta Ty, m:]DV,i’ y) : D:BU(tv Y, m:izv’l)m:]ltv’z(dy)v
R
= F(x;, mY"")
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which after applying the definition for integration with respect to m2-* yields

fatuN”'(t,a:) fsAmiuN’i(t,m) 7|DT7u (t :c)| (47)

1 i
[DmU](tamu m]mv’ azj)

J#i
1 N
jZDmU(t,xi,mg”, ;) - DLU(t, x5, mY"?)
J#i
= F(x;,m)").

We first consider the term containing the sum of the dot products. From (27) in Theorem 4.4

| DU (¢, @iy mg ") — DU (t g, mg))| < Cdi(mg™,mg7) = C sup Y(y)(mg" —mg™7)(dy)

1 €l-Lip JR4
=Y s () - 9an) < ey —
TN o RSN T
and thus
| DUt x5, my") — Dy u™ i (t,@)| = | DUt x5, my") — DyU(t, 5, m Nj)|§N_1|xj—xi.

In combination with the first equality from Lemma 5.4, this yields

N
1
mZDmU(t,fL‘“m¥7 ) D U(t .’L']7 NZ)
J#i

W7 3 Detnm e (B w>+o<'€c:?')>

775%

*ZD v Dy ™ (t x) + 220|x17

J#i J#i

For the next term in the system, we compute using the inequality from Lemma 5.4

N N
S A uMNi ) = A uNi(t @) + > Ay uNi(t

Ji

1

= A, uNi(t, )+7Zdlvy (D U|(t, zi,m )—|—O( )-
J#i
Inserting these identities into (47) leaves us with
. N . 1 . N . ,
—OuNi(t,x) — ¢ Zl Ay u™Ni(t ) + §|Dgcl.uN”(t7 z)|? + %: D, u™N'(t, ) - Dy, u™ (8, x)
i= J#i

N
. 11
= F(z;,m})’ )+O(ﬁ + WZI% — zi),

J#i

and we collect the O(% + (N e Z#l |z; — ;| as the term r™¢ € L>° ([O,T] % (Rd)N), finalising
the proof. O
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Remark 5.7. The bound upon the error term

11
N
[r e < C N+WZI% — il |,

J#i
might seem a bit pathological at first glance. Indeed its form is due to Proposition 5.6 mirroring
a proof performed on the torus in [7]. For the case on the torus, we have x € (’]I‘d)N and hence

1

el Zj\;z |z; — xi| < +. Furthermore we observe that if the condition

1 N
sup | — i | < oo,
NeN <N;| Z|>

is satisfied, then we have that ||r™i[. < & — 0 as N — co. As was noted in Remark 5.2, this is
achieved if {x1,...,xx} are the i.i.d. samples of a distribution in P;(R%).

5.3 Convergence and Further Work

In this final section, we will cover the convergence of the N-dimensional Nash system to the Master
Equation. The suitable form of convergence in this case will be the following.

. . C
sup |UN’Z(t0,m) — U(to,xi,miv’zﬂ < N (48)
i€l N}

This ”convergence” is a bit strange and subtle, which according to [7], is due to the qualitative
difference between the agents in the Nash system having to observe each other, while in the
limit system given by the Master Equation, the agents only need to observe a distribution of the
populations, and hence do not need to "react” to players specific behaviour.

We will not perform any proofs for the convergence, as the stochastic analysis for the system on R?
is outside the scope of this thesis, and will instead perform a brief revue of the method [7] employs
in order to prove convergence for the system on the torus T¢.

The proof of convergence starts off by of comparing the ”optimal trajectories” generated by the
projected Master Equation and the Nash system, a pair of two similar SDEs

dX; = —D,,u™N*(t, X,)dt +\/2edB}, t € (to,T),
Xi,to = Z’i?

and

dYiy = —D,,vNi(t,Y,)dt +\/2edBj, t € (to,T),
Y7‘;,t[) = Ziﬂ

which generate the systems of stochastic processes {X; = {Xj}ic(1,...N} Jeelto, ) and {Y; =
{Yiitieqa,... N} Feefto, 1) Tespectively. Z = {Z;}icqr,...,ny is a family ii.d. random variables of law
mgo independent of the i.i.d. family of Brownian motions {{Bg’}te[oﬂ}ie{le} Cardaliaguet et
al. [7] then use standard arguments from Ité calculus as well as Grénwall estimates in order to
produce the estimates

C
E| sup |Yii—Xie|| < —, Yt € [to, T1,
t€(to, T N
and almost surely,
N, N ¢
|’LL ,(thZ)ilU ’(thZ)|SN7 (49)
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for all ¢ € {1,..., N} with constant C' deterministic and independent of ¢y, mg, and N. They then
continue by choosing Z as uniformly distributed random variables, and invoke continuity of U and
{oN}icq1,... Ny to obtain the desired result (48).

As a final remark upon the convergence of the Nash system, we discuss three points that need to
be accounted for in order to translate this proof to the domain R¢. Firstly, as discussed in Remark
5.7 of the error term ™' of Proposition 5.6 we need to make sure that the estimate

N
) 1 1 C
N,i — E . —_
||T ||OO S C N + N2 vy |x] x7f| S N7
VED)

for some N-independent constant C' in order for the constant in (49) to be N-independent. This
is obtained by the sampling assumption remarked earlier, however, this might be too strong of an
assumption to be practical. It might also be possible to supply some sort of boundedness from a
tightness estimate, since tightness is central to convergence in measure.

Secondly, on the proof on the torus the compactness of the domain means that one is able to choose
Z to have an uniform distribution. This approach is not possible for R?, as a uniform probability
distributions cannot exist on the entire space, since R? has infinite Lebesgue measure. A possible
way to fix this might be to try to perform the proof with a deterministic initial value Z, or attempt
to perform some sort of approximation by Gaussian distributions.

Lastly, we have to make sure that the It calculus and Gronwall estimates employed are well defined.
A lot of It6 theory, for example the treatment in [26], is primarily L?-based, that is, concerning
random variables with second moments. As previously mentioned, probability measures defined
on T? have every moment, and are problem free in this regard. However, for our analysis on R?
some care needs to be taken.
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