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Chapitre 1 — Introduction

The main objective of this thesis is to study numerical approximation methods for
different classes of mean field games.

The theory of mean field games, abbreviated as MFG, offers the possibility to analyze
systems involving a multitude of interacting participants. In this framework, players
are considered indistinguishable and rational. Each of them pursues a goal and acts
optimally to achieve it while facing the presence of other players. Specifically, interactions
among players occur exclusively through couplings that depend on measures induced
by other participants, such as the measure induced by their state or their control actions.
The main idea of such a theory is to draw inspiration from statistical physics, bor-
rowing the general principle of a mean field approach to describe equilibriums in
a system of many interacting particles, such as the stars in a galaxy or subatomic
particles (see e.g [102]).

In classic game theory, the focus is on Nash equilibria with a finite number of players.
The applications of Nash equilibria with a large number of players are numerous and
varied, including economics, population dynamics, social networks, finance, and the
economics of fossil and renewable energies. However, their theoretical analysis is often
complex, and their numerical solution is challenging or even impossible due to the large
number of players. Mean field game theory simplifies the study of the statistical behavior
of players by transitioning to an infinite number of players. Thus, the notion of mean field
equilibrium is justified as the limit, as IV tends to infinity, of Nash equilibria for games
with V players, assuming that players are symmetrical and rational.

Mean field game theory is a relatively recent field that emerged in the years 2005-2006.
It is the result of independent work conducted by Jean-Michel Lasry and Pierre-Louis
Lions, as well as by Minyi Y. Huang, Peter E. Caines, and Roland E. Malhamé.

1.1 The mean field games theory

1.1.1  N-player games

We introduce here the most straightforward mathematical framework. In the context of
a differential game, time and space variables are considered continuous. The number
of players is represented by N > 1, and the time horizon is denoted as 7" > 0. We
denote by P(R?) the space of probability measures on R¢.

Ahmad Zorkot| Thése de doctorat | Université de Limoges 10
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Chapitre 1 — Introduction

Each player, denoted as i € {1,2,..., N}, has a variable state X(¢) that follows a
stochastic dynamics in the time interval [0, T]. This process can be described by a
stochastic differential equation:

dXi(t) = o'dt + V2wdW'i(t) fort€]0,T[, Xi=a'ecR?

where v > 0, (W' ..., W¥) is a vector of independent Brownian motions, and o’
represents the control process chosen by player i. In what follows, we consider as
admissible controls those in feedback form and such that X?(¢) is well defined.

Each player with index i seeks to minimize an individual cost, given by:

T
ot i) = B[ [ L0t + FOXmat - G0
0

Here, L: R? x R? — R and F': R? x P(RY) — R represent the instantaneous cost
functions, G: R? x P(R?) — R is the final cost function, and mj := 3, d; is the
empirical average of other players’ strategies at time t.

JF

Definition 1.1.1 A Nash equilibrium (in closed loop) of the N -player system described
above is a N-tuple (o, ..., ") of measurable functions from [0, T] x (RY)Y to R¢, such
that:

J (o, (o)) < T (e, (0) ) (1.1.2)

forallie1,...,N anda:[0,T] x (RY)Y — R% measurable.

In this context, Nash equilibrium describes the configuration where each player’s chosen
strategy o' is optimal given the strategies chosen by all the other players (a/); ;.
The condition J(a*, (/) ;) < J(a, (a?),;) for every admissible control « highlights that,
at this equilibrium, no player has an incentive to unilaterally deviate from her/his strategy.

Define the Hamiltonian of the N—players system as the (modified) Legendre trans-
form of L w.r.t «, i.e.

H(z,p) = sup{ — (p, ) — L(x,a)} for z,p € RY.

a€Rd

Ahmad Zorkot| Thése de doctorat | Université de Limoges 11
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Chapitre 1 — Introduction
Then, the Nash system with N players is defined by the following equations:

N

— O™t — VZijuN’i + H (2", Dyiu™") + Z Diu™ Hy(27, Dyiu™7) = F(2*, mY™)
j=1 J#

u™NN (T, x) = G(z', md),

(1.1.3)
where v : [0, 7] x (RY)Y — R and mY* = >4, fori € {1,...,N}.

#i
When a solution to system (1.1.3) exists and is regular, a Nash equilibrium is given by
the control functions o'(t,z) = —H,(x, Du™"(t,z)), and, in this case, the stochastic

equation satisfied by the state of a player becomes:
dX} = —Hy(x, Dyu™'(t,x))dt +V2wdW], X}, =2"€cR%

When players use these controls, they achieve their optimal cost u"*, also called
value function.

System (1.1.3) consists of NV coupled Hamilton-Jacobi equations. For a detailed study of
the Hamilton-Jacobi equations and the framework in which they are well-posed, we refer
to the works of M. G. Crandall and P. L. Lions [70], M. Bardi and |I. Capuzzo-Dolcetta
[23] and G. Barles [26] on viscosity solution theory. For a specific study of the system
(1.1.3), we refer to the works by A. Bensoussan and J. Frehse [29], [30].

The analysis of system (1.1.3) is complicated due to the coupling between the equations.
Furthermore, the numerical approximation of its solutions is an impossible task with
classical methods if N is large. Finally, similar to statistical physics, the dependency
of data on the empirical mean and the symmetric nature of the system suggest the
transition to the limit as N — ~c.

This idea was the basis of the mean field game theory, which was simultaneously
developed in the seminal works of Jean-Michel Lasry and Pierre-Louis Lions [111]—
[113] on the one hand, and Minyi Y. Huang, Peter E. Caines, and Roland E. Malhamé
[97], [99] on the other hand.

1.1.2 The mean field games system

Let us introduce the mean field games system that describes the limit game of the
differential games described above when the number of players tends to infinity.

The trajectory X (t) of a typical player whose initial condition is z € R is determined
by the following stochastic differential equation (SDE):

dXt = Oétdt + v 2Vth, XO =, (1 A 4)

Ahmad Zorkot| Thése de doctorat | Université de Limoges 12
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Chapitre 1 — Introduction

where (W, )co,r) is @ standard d—dimensional Brownian motion and (o )«cjo,r] is the con-
trol.

Given a forecast (m(t)).cjo) C P(R?) of the time evolution of the distribution of the
population, the aim of a typical player is to minimize a cost having the form

J(a,m)=E {/OT Loy, X3) + F(Xy,m(t)) dt + G(XT,m(T))} : (1.1.5)

The value function u: [0,7] x R? — R is defined as

T

u(s,x) = ( )inf E [/ Loy, Xy) + F(Xe, m(t))dt + G(XT,m(T))} : (1.1.6)
At)te(s,T) s

where (X}).cpo,r) is solution to (1.1.4), X, = x, and the infimum is taken over all adapted

controls (ay)«csr1- The value function satisfies the following dynamic programming

equation: for any s € (0,7, € €]0,T — s[, we have

u(s,z) = inf E {/8+€ Lo, X¢) + F( Xy, m(t))dt + u(Xgpe, s + g)} . (1.1.7)
] s

(O‘t)te[s,T

From the dynamic programming equation, we can deduce that the value function
satisfies the Hamilton-Jacobi-Bellman (HJB) equation (see e.g [134, Chapter 4]):

{ —0wu — vAu + H(x, Dyu) = F(z,m(t)) in[0,T] x RY, (1.1.8)

uw(T,z) = G(z,m(T)) inR%L
Under suitable assumptions, the value function u is the unique solution that satisfies

the (HJB) equation (1.1.8) in the viscosity sense (e.g see [23]). The optimal control for
the problem (1.1.5) can be expressed in terms of the value function as

a(x,t) = —D,H(x, Dyu(x,t)).

We now discuss the evolution of the population density. Denote by m, € P(R?) the
initial distribution of states for our system and suppose that all the agents implement
their optimal control. Then the trajectory of a typical player whose initial condition is
distributed as m, is governed by the following SDE

dX, = —D,H(X,, Dyu(t, X,))dt + V2udW,, L(Xy) = mo. (1.1.9)

where for every random variable Y, £(Y) represents it's law. We denote by m(t)
the distribution of the players at time ¢t. Since m(0) = my, it follows from (1.1.9) that

Ahmad Zorkot| Thése de doctorat | Université de Limoges 13
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Chapitre 1 — Introduction

{m(t)|t € [0,T]} solves the following Fokker-Planck equation:

oy — vAm — div (mD,H (xz, Dyu) =0
(1.1.10)

m(0,) = mo € P(R).

In an equilibrium state, the agents’ anticipation m(t) of the distribution aligns with the
actual distribution m(¢), i.e

m(t) =m(t) forallte0,T]. (1.1.11)

Hence, the equilibrium in a mean field game is characterized by all pairs (u, m) that
simultaneously satisfy the coupled HJB and Fokker-Planck equations. In other words,
(u,m) is the solution to the mean field game system

(0 — vAu+ H(z, Dyu) = F(z,m(t)) in (0,T) x R,
om — vAm — div(D,H (z, D,u)m) =0 in (0,T) x RY,
w(T,z) = G(x,m(T)) in RY,

| (0, ) = mo(2) in RY.

(1.1.12)

System (1.1.12) introduces an additional complexity: it is no longer an ordinary evolution
system where time progresses in a single direction. Indeed, we can see that the
(HJB) equation is backward in time and the Fokker-Planck equation is forward in time.
However, this system possesses a distinctive structure: the Fokker-Planck equation
can be viewed as the dual of the linearized Hamilton-Jacobi-Bellman equation. This
particular structure facilitates the analysis of solutions to (1.1.12), providing a priori
estimates, among other advantages.

Remark 1.1.1 Two types of coupling are considered in the mean field game literature:
» Nonlocal Coupling (F = F(x,m(t))): in this case, F(z,-) depends on the whole
distribution m(t) of the population at time t.
* Local Coupling (F = F(m(t,-))): in this case, the coupling depends on the density
of the population which explains its local character.
We avoid delving into the case of first-order models (v = 0) with local coupling because
it's only understood under specific structural conditions (e.g see [49], [120]).
The existence of a solution that satisfies the MFG system (1.1.12) is established by
employing a fixed point argument in the reasoning process. Indeed, let u[m| (for a given
m € P(R?)) be the solution to the HJB equation (1.1.8), then define the map T as:

T(m) =m,

Ahmad Zorkot| Thése de doctorat | Université de Limoges 14
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Chapitre 1 — Introduction

where m is the solution to the Fokker Planck equation (1.1.10) with v = u[m]. Thus, the
existence of MFG solution is equivalent to find a fixed point m for the map 7.
Arguing similarly, one can see the mean field game system (1.1.12) as a fixed point
point problem on u. A summary on existence results for solutions to (1.1.12), un-
der structural assumptions over H, F' and G, can be found, for instance, in [5], [51]
and the references therein.

Differently from the stochastic case (v # 0), the deterministic case (v = 0) requires
a particular attention because one does not expect to obtain the existence of smooth
solutions. We will delve into these two notions of solutions in subsequent subsections.
However, for existence results of solutions to the system (1.1.12) with v = 0, one can
refer to [46], [49], [54], [79], [91], [120]. Regarding uniqueness, a monotonicity criterion
introduced by Lasry and Lions [112] has played an important role in previous works.

Definition 1.1.2 We say that functions ' and G are monotone in the sense of Lasry-
Lions, if for every t € [0,T] and my, my € P(RY),

/Rd F(z,my) — F(x,mq)d(m; —msy)(z) >0, (1.1.13)

/Rd G(z,my) — G(x,mq)d(my —my)(z) > 0. (1.1.14)

The impact of the theory

The impact of mean field games is substantial, especially in the context of numerical
approximations for partial differential equations (PDEs). These approximations offer cost-
effective computations for equilibria in complex systems. Additionally, mean field games
have demonstrated significant applications across diverse fields, including finance
[53], [64], [82], [88], [107], autonomous vehicles [95], [132], energy production and
management [14], [68], [74], [103], epidemic control [22], [110], [118], macroeconomic
models [11], [73], [75], [90], as well as in security and communication [105], [123].
We refer to the monograph [85] for an overview on economic models and mean
field games.

It is also insightful to understand how the system (1.1.12) can be regarded as the
limit, in a certain sense, of the Nash system (1.1.3) when the number of players
tends towards infinity.

The fact that a solution to the mean field game system provides a good approximation of
a Nash equilibrium for N players when N is large has been extensively discussed
in [59], [96], [98], [106].

Ahmad Zorkot| Thése de doctorat | Université de Limoges 15
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Considering the convergence of Nash equilibria towards solutions of the mean field game
system as the number of players tends to infinity, a lot of work has been undertaken
to delve into this area. In [50], the authors investigate the master equation, which
is a non-local, nonlinear partial differential equation posed in the infinite-dimensional
space of probability measures. The system (1.1.12) can be derived from the master
equation using the method of characteristics in an infinite-dimensional setting along
the distribution measures of the states. Consequently, the existence and uniqueness
of a regular solution to the master equation are closely linked to those of the system
(1.1.12) and its stability concerning the initial condition m,. It is demonstrated in [50]
that, under certain assumptions, a solution to the master equation exists, is unique
and regular, and it constitutes the limit of the solutions of the system (1.1.3) (see [50,
Theorem 2.4.8]). A similar result is presented in [61, Theorem 6.28], allowing treatment
of the linear-quadratic case. However, the previous results rely on the uniqueness of
solutions to the system (1.1.12) Specifically, in the non-monotone case, the master
equation approach has not been shown to yield the desired convergence. D. Lacker
[108] proposes a probabilistic definition of solution to the mean field game system
and shows that when the control space is compact, Nash equilibria for N players
converge to such weak solutions.

In their article [79], Fischer and Silva prove the convergence of symmetric Nash equilibria
for N players to solutions of the mean field game in Lagrangian form for a class of first-
order finite horizon mean field games. They then establish a connection between these
Lagrangian solutions and those obtained through the usual mean field game system.

A brief

The main concepts concerning mean field games discussed this far are summarized
in Figure 1.1, and we refer to the survery [87], the lectures [5] and the monographs
[60], [61], [86] for a thorough overview on MFGs.

Except for a few specific cases, such as the linear-quadratic case [24], [92], mean
field game systems generally lack of explicit solutions, and hence they need numerical
methods for their resolution. In the following subsection, we present a concise overview
of the historical development of numerical methods for MFGs.

Ahmad Zorkot| Thése de doctorat | Université de Limoges 16
Licence CC BY-NC-ND 3.0



Chapitre 1 — Introduction

N-players game ]

N goes to infinity

A 4

[ Mean field game ]

Optimality conditions

A\ 4

[ PDE system ]

Numerical methods

A 4

Approximate equilibrium]

Figure 1.1: The MFG methodology.

1.1.3 Numerical methods

The study of numerical methods for solving mean field game system is an active area of
research due to the vast range of models and scenarios that have not been fully covered
yet. A discrete analogous of mean field games was proposed by Gomes, Mohr and
Souza in [84], where they have studied the existence of a Nash equilibrium via a fixed
point approach and investigated the long-term behavior of the game. For a review of nu-
merical methods to solve mean field game problems, the reader is referred to [7], [114].
Here, we provide a concise overview of some contributions.

Let us begin with the case of second order mean field games, i.e., when v > 0 in
system (1.1.12):

* In [4], Achdou and Capuzzo-Dolcetta proposed a finite differences approximation
of (1.1.12). This discrete system preserves the main properties of the continuous
one. The convergence towards a solution to (1.1.12) has been established by
Achdou, Camilli and Capuzzo-Dolcetta in [2].

* In [58], Carlini and Silva, proposed a fully discrete semi-Lagrangian scheme and
proved convergence towards a solution to (1.1.12).

Ahmad Zorkot| Thése de doctorat | Université de Limoges 17
Licence CC BY-NC-ND 3.0
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* In a recent work, Cacace, Camilli, and Goffi proposed a policy iteration method for
separable Hamiltonians in [40]. In [116], an extension of this method to the case
of non-separable Hamiltonians is considered.

 Another approach based on numerical optimization methods for a specific case of
mean field games, known as variational (or potential) mean field games, involve
the use of augmented Lagrangian methods [27] and primal-dual methods [37],
[38].

* In [36], Bonnans et al. proposed a new finite differences scheme, relying on the
theta-method, for solving monotone second order mean field game system and
they show a convergence rate for their method.

» In [117], Lavigne and Pfeiffer proposed the generalized conditional gradient al-
gorithm, which is an extension of the Frank-Wolfe algorithm, to solve variational
second order mean field game problems.

Regarding the case of deterministic mean field games (v = 0 in system (1.1.12)) we
have:

A semi-discrete semi-Lagrangian scheme proposed by Camilli and Silva in [42].
Then a fully-discrete scheme has been proposed by Carlini and Silva in [57]. The
convergence of this approximation has been shown in the one dimensional case.
In addition, an extension of this scheme to deal with fractional and non-local
operators was proposed in [66], and an application to solve a price formation MFG
model has been accomplished in [20].

* In [80], [94], the authors propose a semi-Lagrangian scheme without interpolation,
leveraging on the specific structure of the dynamics and a relaxed definition of the
mean field games equilibrium.

* In[15], [89], Gomes et al. proposed gradient flow methods for solving deterministic
mean field games in infinite horizon. Their main idea is that the solution to the
system of PDEs can be recast as a zero of a monotone operator, and can thus be
found by following the related gradient flow.

 In [122], [126], approximations based on the Fourier method are employed.

Let us also mention that there has been a recent surge in interest in machine learning
techniques applied to mean field game problems, such as deep learning and rein-
forcement learning methods [19], [62], [63]. For an overview on learning methods for
mean field games, we refer to [115].

As mentioned before, the first order mean field game system requires the definition
of a weaker notion of solution. In the next section, we provide a brief review of the
main properties of these systems.
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1.2 First order MFG systems

For a given mj € LP(R%)(p €]1, 00]), a first order MFG system has the form

—Ow + H(x, Dyu) = F(z,m(t)) in(0,7) x R4,
oym — div(D,H (x, Dyu)m) =0 in (0,T) x RY,
m(0,x) = my(x) in RY,

| (T, z) = G(z,m(T)) in RY,

(1.2.1)

where we recall that F and G: R? x P;(RY) — R? are the coupling terms and H is
the Hamiltonian given by

H(z,p) = sup ((a,p> — L(az,a)) forall z, p € RY, (1.2.2)
acRd

where L: R? x R — R is of class C?.
Let us recall the definition of a solution (u, m) of (1.2.1) (see [111], [112]).

Definition 1.2.1 The pair (u,m) € WH<([0,T] x RY,R) x LP([0,T] x RY R) is a solution
of (1.2.1) if the first equation is satisfied in the viscosity sense, while the second one is
satisfied in the distributional sense.

We will recall the definition of viscosity solution later. We say m satisfies the continuity
equation in (1.2.1), in distribution sense, if for every test function ¢ € C°([0,T] x
R?, R) we have

T
/ o(x, O)m(’;(x)dx+/ / [Ovp(t, z) — (Dyp(t, x), DyH (z, Dyu(t, x)))] m(t, x)daxdt = 0.
“ 0 (1.2.3)
The existence of solutions to the system (1.2.1) is ensured under assumptions on
couplings F, G, the Hamiltonian H, and the initial measure m. Before introducing our
assumptions, let us recall the definition of semi-concavity, which is an essential aspect
in the study of first order mean field game systems.

Definition 1.2.2 We say that a function v : R* — R is semi-concave if there exists
C' > 0 such that

v(z 4 y) +v(z —y) — 2v(z) < Cly?| forallz,y e R%. (1.2.4)
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We assume the following:

(FG) Set h = F,G. We suppose that /4 continuous, bounded, and for every ¢ € P;(R?),
h(-, () satisfies the semiconcavity property (1.2.4) with C' indepenedent of ( .
Moreover, there exists C' > 0 such that, for every z, y € R? and ¢ € P;(RY),

(L) For every z, a € R, we have

L(z,a) < Cy(|a]* + 1),
|D,L(z,a)| < Co(1+ |al?),
Cs|b|? < (D?,L(x,a)b,b) forall b e RY,
(D2 L(z,a)y,y) < 04(1 +lal)|y* forally € RY,

with C; > 0fori=1,... 4.

(IC) The initial condition m;; satisfies supp(m;;) C B..(0,C*) for some C* > 0, where
supp(mg) denotes the support of m.

Remark 1.2.1 Notice that we do not impose differentiability on F' and G in assumption
(FG). Under assumption (L), it follows that H belongs to class C'. Additionally, this
assumption permits the consideration of Hamiltonians in the form

H(z,p) = r(z)|p* + (b(z), p). (1.2.5)

Here,  : R — R is a C? function with bounded first and second order derivatives,
such thats < k(x) <% forallx € R, k, % € (0,00), and b : R¢ — R? s bounded, a C*
function, and possesses bounded first and second order derivatives.

Theorem 1.2.1 Assume (FG), (L) and (IC) and let p € (1, c]. Then system (1.2.1) ad-
mits a solution (u*, m*), in the sense of Definition 1.2.1, such thatm* € C([0, T]; P1(R4))N
Lr([0,T) x R?) and, for C > 0

If, in addition, the monotonicity conditions (1.1.13)-(1.1.14) hold, and that, for all { €
P1(RY), the functions F(-,¢) and G(-,¢) are differentiable, then (u*, m*) is unique.
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A proof of existence, under slightly different assumptions, can be found, for instance,
in [55, Section 1.3.4]. The L? estimate (1.2.6) follows from the results of Chapter 2.

We present next the key properties of solutions to HJB and the continuity equations
under our assumptions within the MFG system (1.2.1). In our numerical approach to
solve (1.2.1), we will ensure that our scheme preserves these properties.

Let us start with the definition of viscosity solution to the HJB equation. Viscosity
solutions were introduced by Crandall and Lions [70] (also see Crandall, Evans, and
Lions [69]) for equations of the HJB type. This approach stemmed from a method called
vanishing viscosity, aiming to define a weak version of solutions suitable for nonlinear
partial differential equations. These weak solutions align with classical solutions if they
possess sufficient regularity. The HJB equation

—Ou+ H(z, Dyu(t,z)) =0 in[0,T] x R? (1.2.7)

does not admit, in general, a smooth solution even for smooth Hamiltonians. Cran-
dall and Lions [70] showed that, as ¢ | 0 the limit of smooth solutions {u®|s > 0}
of the perturbed equation

—Owu® + H(x, Dyus(t,x)) = eAuf  in[0,T] x R?

should satisfy a set of conditions which were used to define the notion of viscosity
solutions. A comparison principle was also shown under rather general assumptions,
implying the uniqueness of such a solution.

Definition 1.2.3 A function u € C([0,T] x R4, R) is a viscosity solution of (1.2.7) if:
e u is a subsolution, meaning for every (t,z) € [0,T] x R? and each test function
¢ € CY([0, T x RY) such thatu— ¢ has a strict maximum at a point (t*, z*), we have
—0o(t", ") + H(x*, D,o(t*, z*)) < 0.
e u is a supersolution, meaning for every (t,x) € [0,T] x R? and each test function
¢ € CH[0,T] x RY), suchthat u — ¢ has a strict minimum at a point (t,, z.),
we have
—0ip(ts, x,) + H(y, Dpp(t, x,)) > 0.
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Given p € C([0,T]; P1(R%)), we consider the HJB equation

{atu(t, ©) + H(z, Dyu(t,z)) = F(z, u(t)) for (t,z) €]0, T[xRY, B

w(x, T) = Gz, (T)) for z € RY,

where H is given by (1.2.2).
Under assumptions (FG) and (L), it follows from [23], [71] that equation (HJB) admits
a unique viscosity solution u[u]. Moreover, for every t € [0,T], x € R¢

i) = it [ (DX al(s)a(s) + FOXa)(s), () ds

(1.2.8)
+ G(X™[a)(T), u(T))

where X“tp](s) = x + [ a(r)dr.
We present now the main properties of w[u].

Proposition 1.2.1 Let u € C([0,T]; P.(R%)). Then, under assumptions (FG) and (L),
there exist Cy;,, Cs. > 0, independent of 1, such that

|ulp(t, ) = ulp](t,y)| < Crplz —y (1.2.9)
ulp)(t, x +y) — 2ulp)(t, z) +ulp)(t,x —y) < Culyl?, (1.2.10)

forallt € [0,T], x, y € R%

Under (FG) and (L), we show the existence of an optimal control o* of the value
function « in (1.2.8). Thereafter, using (1.2.9), we show the existence of C' > 0,
independent of (u,t,z), such that

HOét’xHLoo([o’T};Rd) S c*. (1211)

And hence, by (1.2.11), u[u] is also characterized by the HJB equation

~Ou(t,z) + Ho(e, Doult,)) = Flayu(®) for (ta) € Q.Y xR, o
u(x, T) = Gz, u(T)) for z € RY, a
where
Hy(z,p) = sup {(a,p> — L(z, a)} for all z, p € R%. (1.2.13)
a€B(0,C*)
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This reformulation of the HJB equation will allow us to simplify the analysis of the
scheme that we will discuss in section 1.4.

We now consider the continuity equation

{atm — div(mH,(z, Dyulu]) =0 for (t,z) € (0,T) x R? (C.E)

m(0,x) = mf(x) for z € R%.

Proposition 1.2.2 Assume (FG), (L) and (IC). Then, (C.E) admits a solution m €
C([0,T]; Py(RH) N LP([0, T] x RY) in the sense of (1.2.3). Moreover, there exists C' > 0
such that

[m(t, )o@y < Cllmlle@ey forallt € [0,T). (1.2.14)

If, in addition, for every t € [0, T, the functions F (-, u(t)) and G(-, u(T)) are differentiable,
then the solution m to (C.E) is unique.

We recall, again, that the LP estimate (1.2.14) is a consequence of results presented in
Chapter 2 where we introduce a Lagrange-Galerkin scheme to solve (1.2.1). The main
argument to prove the convergence of this scheme is based on showing an estimate
of the form (1.2.14) for the discrete version of (C.E).

1.3 Our contribution

The main results of this thesis are divided into three chapters, each corresponding to a
different approach aimed to address a specific approximation of mean field game
problems.

In Chapter 2, we introduce a Lagrange-Galerkin discretization approach for first-order
mean field games and provide a convergence result for the scheme’s solutions in general
state dimensions. Additionally, in seeking an implementable version of the scheme, we
discuss its connections with previous contributions in the literature.

Beyond researchers focusing on the numerical approximation of mean field games,
this chapter might also appeal to those working on approximating continuity equations
involving irregular vector fields, and it has been published in 2023 on SIAM Journal
of numerical analysis [56].

In Chapter 3, our focus remains on the deterministic problem of mean field games,
but we consider a more general scenario. Here, the dynamics of a typical agent are
nonlinear with respect to the state variable and affine with respect to the control variable.
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Additionally, the cost functional exhibits polynomial growth concerning the state variable.
First we recall a relaxed definition of the MFG equilibrium based on a Lagrangian point
of view to the problem. Then, the MFG problem is approximated using a discrete-time
and finite state space MFG introduced by Gomes, Mohr and Souza [84]. To compute
solutions, we employ a fictitious play algorithm for solving our discrete MFG problem.
This algorithm converges under the assumption of monotonicity on the coupling terms.
This chapter builds upon the work of Hadikhanloo and Silva [94] and Gianatti and Silva
[80], extending their results to encompass scenarios with polynomial growth in data,
and it has been published in 2023 on Journal of dynamics and games [81].

Chapter 4 deals with solving (1.1.12) when v > 0 and the coupling is local (see Remark
1.1.1) using Newton iterations. The Newton iterations are directly applied to continuous
mean field games, yielding a system of two coupled linear partial differential equations
to be solved at each iteration. Under some conditions on the date, it is shown in
[44] (see also [31] for the case of stationary MFG system) that the Newton iterations
exhibit quadratic convergence towards a solution to (1.1.12). We discretize the new
system of partial differential equations using two approaches: a finite difference scheme
and a semi-Lagrangian scheme. The main purpose of this chapter is to compare
these two approaches through numerical tests and it is still a work in progress with
E. Carlini and F. J. Silva.

We summarize in the following sections our main contributions.

1.4 A Lagrange-Galerkin scheme for first order mean
field games systems

We highlight here the key findings from Chapter 2, aiming to devise a convergent
numerical scheme for the first order MFG system in arbitrary dimensions. Our objective
is to formulate a scheme that preserves the fundamental properties of solutions to the
HJB and continuity equations discussed previously.

To achieve this, we propose a Lagrange-Galerkin scheme for the continuity equation
coupled with a semi-Lagrangian scheme for the HJB equation.

The Lagrange-Galerkin method, initially introduced in [100], [128], combines features of
both the method of characteristics and the finite element method. It involves discretizing
the space-time domain using finite elements to approximate the solution of the PDE while
simultaneously tracing characteristic trajectories to capture transport-related information.
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The semi-Lagrangian method was initially introduced for Vlasov-Poisson equations by
Cheng and Knorr in 1976 [65]. The monograph [76] presents a unified framework of
semi-Lagrangian strategies for approximating hyperbolic partial differential equations,
with a specific focus on HJB equations.

The relationship between semi-Lagrangian and Lagrange-Galerkin schemes has been
analyzed in [77], [78].

In the context of MFG theory, Carlini and Silva present in their paper [57] a fully discrete
semi-Lagrangian method for the first order MFG system with a quadratic Hamiltonian,
specifically H(z,p) = |p|?/2 for x,p € R? Consequently, the corresponding MFG
system is expressed as follows:

(Ot L Dul? = F(z,m(t)) in (0,T) x RY,
om(t,x) —div(mDu) =0  in(0,7) x RY,
uw(T,z) = G(x,m(T)) in RY,

| (0, ) = mo(z) in R<,

(1.4.1)

In the proposed scheme, the HJB equation above is discretized using a semi-Lagrangian
approximation, while the continuity equation is approximated by a scheme that is dual
to a linearized version of the HJB equation scheme. A convergence result towards
a solution to (1.4.1) is established when d = 1.

The results concerning the semi-Lagrangian scheme for the HJB equation presented
in Chapter 2 follow a similar approach to those outlined in [57] and [76]. However, we
suppose that (FG), (L) and (IC) hold, so no differentiability assumption is imposed on
the functions F' and GG and also we can consider more general Hamiltonians.

Given € C([0,T]; P*(R?)), we first describe the semi-Lagrangian approximation of
u[p], the viscosity solution to (HJB).

For this, let Ny, N, € N with N, > N,. Define At = 1/N, and Az = 1/N; as the time
and space steps, respectively. Moreover, let Zn, = {0,..., N;}, ZX, = Z \ {V;}, and
define the space grid Ga, = {iAz|i € Z}.
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The semi-Lagrangian scheme to approximate u[u] constructed from the dynamic pro-
gramming principle (1.1.7) is given by: find {ux: Ga, — R|k € Zx;} such that

ugg = inf [AtL(z;, a) + I'ugn](zi — Ata)] + AtF(z;, p(ty)), forallk € I}, i € 74,
a€cR

un,; = Gz, (1)) forall i € 74,
(1.4.2)
where I': GA, — R? is the interpolation operator defined by

Mgl(x) =Y BH(x)¢; forallz € R,

iezd
with ¢; = ¢(z;) and {8} |i € Z¢} is a Q! linear basis satisfying 3} (z;) = d;; for z; € Ga..
The scheme (1.4.2) is shown to be consistent, monotone, and stable. Given u;,
solution to (1.4.2), and (At, Azx) €]0,00[?, let us set
w2 ) (b, ) = '] (z) forall k € Tny, 2 € RY
We extend this definition to [0, 7] x R¢, by setting

yAtAT [M] (t’ ZIJ) — yAbAT [M] (tk, JI) ift e [tk, tk+1[, k e IZt (1 43)

Then, we show that u2"2*[u] possesses the key properties of the solution to the HJB
equation, namely a Lipschitz property and a discrete semi-concavity property. Indeed,
we show the existence of C',,, Cs. > 0 independent of (i, At, Az) such that

B3 )¢, ) — uB A )(t,y)| < Cuigle —y| forallt €0,7), z, y €R,  (1.4.4)

and

uSH ATt @+ ) — 0Bt @) + ST (t )
< Cylz;? forallt€[0,T], z e R i€ Z¢. (1.4.5)

Let p € C=(R?) with p > 0 and [, p(z) = 1. Fore > 0, let p.(z) = p(z/e)e* € R and,
for A = (At,Ax,e) and t € [0,T], we define

uB () = pe x uStSp (2, ). (1.4.6)

We show also that u“[u] preserve the Lipshitz property (1.2.9) and its Hessian sat-

Ahmad Zorkot| Thése de doctorat | Université de Limoges 26
Licence CC BY-NC-ND 3.0



Chapitre 1 — Introduction
isfies the following estimate:
2. A (Az)? 2 d
(D2u[p)(t, z)y,y) < C| 1+ i ly|> forallt €0,T], z, y € R (1.4.7)
We consider next the discretization of the continuity equation:

{@m — div(DyH (z, Dyu®[p])m) = 0 in (0,7) x R, (1.4.8)

m(0,x) = mo(x) in RY,

where we recall that by (IC), mq € LP(R?) for some p € (1,00], and there exists
C* > 0, such that

supp(mg) C Boo(0, C*). (1.4.9)

For s € [0,T), t € [5,T], and x € RY, set ®2[u](s,t,z) = X(t), where X is the
unique solution of

X(r) = —D,H(X(r), D,u”u](r,X(r))) aere(sT),
X(s) =u.

Under (FG), (L), (IC), (1.4.8) admits a unique solution m*[u] € C([0, T]; P*(R%)). More-
over, it follows from [18, Proposition 8.1.8] that, for every Borel function ¢: R? — R
with o (®2[u](¢,-)) integrable, we have

[ e@am* @) = [ @t )dmo(a). (1.4.10)

For k € I}, and = € R, let &[] be the explicit Euler approximation of &2 [u](ty, tii1, ),
i.e
2 [u)(x) = x — AtD,H (z, Do (1] (ty, x)). (1.4.11)

The semi-discrete approximation of (1.4.10) (see e.g [42]) is given by

[ ementa) = [ o(@pe)dm o) (1.4.12)
R4 R4

Starting from this semi-discrete approximation, our goal is to find an approximation
of m?[u], denoted as M“[u], using a Galerkin projection, which preserves the main
properties of the solution m*[u] to (1.4.8). In other words, given finite element basis
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{B; | i € Z%}, we consider approximation M2 [u] having the form

pl(tr, ) = > my;Bi(x), forallk € In, xR, (1.4.13)

jezd

where the constants {m,.; | k € Za;,j € Z%} have to be determined. Since we do not
expect m*[u] to be regular, we set, for i € Z4, p; := ° = I, where

Ei={z cR| |z — z]|oc < Az/2}.
In order to determine the constants m; ;, we replace m; and my, in (1.4.12) by

M2 [ (te, -) and M2[u](tes1,-), respectively, and, given i € Z¢, we take ¢ = f; to
obtain the following Galerkin-Lagrange scheme:

Mpy1,4 = d Z mk]/ BY(d2[u](z))dx forall k € Ik,, i € Z¢,
) jezs (1.4.14)
mo,; = By /El mg(z)dx for all i € Z¢.

In order to provide an interpretation of the scheme, notice that the integral term in the
first equation of (1.4.14) can be written as

/ 60 q)A de’ - /d ]IEjﬂ¢kA[;L]*1(Ei)(x)dx = ’Cd (EJ N d)/cA[lu]_l(Ez))v (1 415)
R

where £¢ denotes the Lebesgue measure in R%. Figure 1.2 illustrates how is computed,
in dimension 2, the term (1.4.15) that multiplies my, ; in (1.4.14).
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Figure 1.2: The surface of the blue area is given by £2(E; N ®2[u] " (E;)).

Remark 1.4.1 Plugging (1.4.15) in the first equation of (1.4.14) yields the scheme
in [127, Section 2.2]. Our primary findings regarding solutions to (1.4.14), outlined in
Chapter 2, stand apart from those in [127], |133|. As a result, the analysis in Chapter
2 complements the study conducted in [127], [133| for the approximation (1.4.14) of
continuity equations.

The (LG) scheme (1.4.14) is explicit, yielding a unique solution {m; |k € Zn;, i € Z4}.
Moreover, for each discrete time k € Zx,, the set {m; . |i € Z?} defines a probability
measure over R? which, as can be shown from (1.4.9), has a compact support.

The key point to prove the convergence of the discrete mean field game scheme is
to show that the LG scheme preserves the L? uniform estimate (1.2.6). Indeed, given
constants {my; | k € Zas, i € Z¢} computed with (1.4.14), and extending M*[y], given
by (1.4.13), to [0,7] x R¢ by

M3l ,) = (L) MS ) + (5 ) MO, )

forall k € IX,, t € [tr, trs1), © € RY, (1.4.16)
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then, if Az = O(At) and At = O(¢2), there exists C' > 0, independent of (A, 1), such
that M2[u)(¢,-) € LP(R?) for all ¢t € [0,T] and

IMA [ (¢, ) ey < Cllmol| pogray-

The proof relies on the semi-concavity estimate (1.4.7).

Finally, the first order MFG system (1.2.1) is discretized as follows:

Find 1 € C([0,T]; P1(R)) such that 1 = M®[u](ty, z;) forall k € Iy,, i € Z°.
(MFG®)

We establish the existence of solutions to (MFG*) under the condition that At/¢ is
sufficiently small, employing Brouwer’s fixed-point theorem. The convergence of (MFG*)
is ensured in the general state dimension by the following theorem:

Theorem 1.4.1 Assume that (FG), (L) and (IC) hold. Let A,, = (At,,, Ax,,<,) be such
that, asn — oo, Az, /At, — 0, and At,, = O(e?). Consider the corresponding sequence
m™ of solutions to equation (MFG*") and setu™ = u®~[m"]. Then there exists (u*, m*),
solution to system (1.2.1), such that, up to a subsequence, the following hold:

1. (u"™)nen cOnverges to u*, uniformly over compact subsets of [0, T] x R<.

2. (m™),en converges in C([0,T]; P1(RY)) towards m*. Moreover, the convergence
also holds weakly in LP([0,T] x R?), if p < oo, and weakly* in L>=([0,T] x R?), if

p = oo.

An implementable version of the scheme

As the LG scheme (1.4.14) involves certain integrals depending on discrete characteris-
tics of the equation, we approximate them using a method known as area weighting,
first introduced in [124]. The main idea of the area weighting technique is to replace,
for each k € Tj,, the local nonlinear discrete flow E; > = + ®2[u](x) € R? defined
in (1.4.11), by the locally affine approximation

E, >z~ 5?[/4 (z) = @ — AtD,H (25, Dyu® (1] (te, ;) € R
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Notice that & [1](z) = = — 2; + ®2[u](z;) for all z € E;. Under this approximation, we
can compute the integrals in (1.4.14) explicitly, to get

1 —A
o [ @y = 5 R e
which yields, surprisingly, to following scheme initially proposed in [57]:

Wi = 3 i, BHORl(x;)) forallk e T4, i € 27,

jeZ
mo,; =myg, forallie Z4,
where we recall that {3} |i € Z?} is a Q, finite element basis defined on Ga,.

A uniform error estimate on the difference between the two schemes in our MFG
setting remains an open question.

To solve the discrete problem (MFG#), we use (damped) Picard iterations. Let us point
that the convergence of this method has not been shown.

1.5 Approximation of deterministic mean field games
under polynomial growth conditions on the data

In all that we have discussed previously, we have considered the simplest dynamic of a
typical player, given by 4(t) = «(t) where « is the control.

In Chapter 3, we tackle a more general case, where, given m € C ([0, T]; P, (R?)), a
typical player positioned at = at time ¢t = 0, solves an optimal control problem of the form

e

inf /OT L (s,a(s)) + F(y(s),m(s)) ds + G(y(T), m(T))
such that 4(s) = A(s,v(s)) + B(s)a(s) a.e. s e (0,7),
7(0) =z,
v e WHP([0,T];RY), o € LP([0, T]; R").

(1.5.1)

Unlike Chapter 2, we will not employ the system of partial differential equations to
describe the MFG equilibrium. Instead, we will use a relaxed equilibrium notion in
the deterministic case, called the Lagrangian equilibrium which has been recently
studied in [28], [46], [54], [93].
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For that, let I' = C([0, 7], R?), and define
Py (1) = {§ € PuL) | eoti€ = mg},

where the evolution map e;: I' — R?is given by ¢,(y) = ~(t) for all v € I". The Lagrangian
MFG equilibrium consists in solving the following problem:

Problem 1 Find ¢ € P, (T) such that [0,T] > t — edé* € Pi(R?) belongs to
C ([0,T];P1(RY)) and for ¢*-a.e. v* € T there exists o* € LP([0,T];R") such that
(v*, o) solves (1.5.1) with x = v*(0) and m(t) = e 4&* for all t € [0,T7.

The interpretation of a Lagrangian MFG equilibrium is as follows: the measure ¢* concen-
trated only over trajectories in R¢, distributed according to m;, at the initial time, minimiz-
ing a cost that depends on the set of temporal marginals of £* within the interval [0, 7.

The main goal of Chapter 3 is to approximate the MFG Lagrangian equilibrium as-
sociated to the variational problem (1.5.1). The existence has been demonstrated in
[8], [47] under appropriate assumptions on L, F, and G. In [80], Gianatti and Silva
proposed an approximation of solution to Problem 1 by analogous problems in discrete
time and finite state space (see [84]). In Chapter 3, we consider the same approxi-
mation, but we suppose more general asuumptions on the cost function. Specifically,
we consider cost functionals that allow polynomial growth with respect to both state
and control variables. This type of cost arises in numerous applications, making the
study of such problems appealing. A convergence study of the approximated MFG
Lagrangian equilibrium is provided.

The discrete setting

In order to keep the introduction short and simple, we will assume the simplest dynamics,
i.,e., A=0and B = I, allowing us to present a clear and understandable idea about
our scheme (see [94]). The key point for this is to offer an ad-hoc approximation of
the optimal control problem (1.5.1).

First, we show, under appropriate assumptions, the existence of a* that solves the
variational problem (1.5.1) and C' > 0 such that

la*(s)| < Cy(1 4+ |z|) forall (s,z) € [0,T] x RY. (1.5.2)

Ahmad Zorkot| Thése de doctorat | Université de Limoges 32
Licence CC BY-NC-ND 3.0



Chapitre 1 — Introduction

Then, adopting the semi-Lagrangian scheme presented in Chapter 2, and taking into
account the estimate (1.5.2), we estimate the value function of a typical player as follows:

Vi(z) = _ min {At [L(tg, a) + F(z,m(ty))] + I[Via|(P(k, z, a))},
4€Boo (0,Cp(142]))

forall k € Z,, v € Gay,, (1.53)

Va,(z) = G(z,m(T)) forall z € Ga,,

where B, (0, R) denotes the corresponding closed ball centered at 0 and of radius R,
Cy is giving in (1.5.2), I is a P, interpolation operator and

®d(k,z,a0) =z + Ata forall k € Iy, v € Gas, a € R (1.5.4)
Our focus revolves around two primary concepts:
» The estimate (1.5.2) allows us to consider a finite and bounded grid rather.

» Then we can consider controls such that = + Ata is a grid point, i.e controls having

the form

_Yy—-
At
in order to avoid the interpolation in (1.5.3).

a Y € Gag, (1.5.5)

Set Ky = supp(m). We consider time dependent state grids {S; | k € Za:}, constructed

as follows: let a(k,z;,y) = “5i*, we define

S(z) ={y € Gas | la(k,z,y)| < Cp(1 + |2[},
So =Gz N Ky,

Seri = S(x) forallk € I},

€Sk

Figure 1.3 explains the construction of the time dependent grids (Si)kez,,-

It follows from Grénwall’s inequality that the sequence of grids (Si)rez,, is uniformly
bounded with respect to the discretization parameters. More precisely, there exists a
compact set £ ¢ R? independent of At and Az such that, if Az/At < 1, then

S, C K forallk € Za,. (1.5.6)
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X e — S(x1)
=

X, @ - o

%

. - S(x3)

Sk Sk+1

Figure 1.3: The construction of the grid Sy.

We consider the following scheme, which is a variation of (1.5.3)

Vi(x) = min 2. py) |AtL(, alk, z,y)) + F(z,m(ty))] +Vk+1(y)]

PEP(Sk+1(2)) yeS, 1 (x)
forall k € Z,, = € Sk,

Vn,(z) = G(z,m(T)) forall x € Sy,.
(1.5.7)
The finite mean field game approximation

Using the elements outlined in the prior subsection, we introduce an approximation
of MFG equilibria associated to the optimal control problem (1.5.1). Let’s give the
main ideas:

» Define first the space of discrete time marginals M = [[,.;,, P(Sk)-
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* Let M € M and ¢ > 0. By considering the scheme (1.5.7), we define
VM(z) = min { > ) [AtL(tk, alk,z,y),z) + Vi (y)| +ep(y) log(p(y))}
PEP(Sk+1(z)) YeSra (@)

+ AtF(x, My) forall k e I, x € S,

Val(z) = G(x, My,) forall z € Sy,.
(1.5.8)

The entropy term in (1.5.8) ensures the existence of a unique solution pi’(x, -) for
the above optimization problem.

» Given y € Sk, 1, We set the transition probabilities

o ,
pt(x,y) ify € Spri(x),
PM(z,y) =4 " (@) k1(2) (1.5.9)
0 ify € Serr \ Skya().
» We define the best response map br(M) € M by
Mia(y) = X PM(x,y)My(z) forallk €T, y € Spyn,
7ESk (1.5.10)
My(z) = m{(E(z)) forallz e Sp.
 The discretization of the Problem 1 reads as follows:
Find M € M such that M = br(M). (1.5.11)

The existence of a fixed point of br follows from Brouwer’s fixed point theorem.
The unigueness result under the monotonicity assumptions (1.1.13)-(1.1.14) follow
from the arguments in the proof of [80, Proposition 4.2].

Next, we explore the convergence of solutions to (1.5.11) towards a solution to Problem
1 as the discretization parameters A¢, Az, and ¢ approach zero.

Let (N/)pen C N, (N™)peny C N, (en)nen C (0,00), and, for every n € N, set At,, =
T/N}, Az, = 1/N, 7" = {0,..., N/}, I™* = I" \ {N]'}, t} = kAt, (k € Z™), and
G" = {iAx,|i € Z}. We assume that N > N/. For k € Z"* and = € G", we denote
by Si.,(z) the set S, (x) defined in (??) associated with At,, and Axz,,.
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Denote by I' the set of continuous functions «: [0, 7] — R? such that for each k € Zx;,,
v(t7) € Si and, for every k € Zj, , the restriction of - to the interval [t} ., ] is affine.

Finally, let M™ € M be a solution to (1.5.11) associated with the previous parameters
and, recalling (1.5.9), let us define ™ € P(I") as

N —1
=3 My (1), € P(T), where P"( H M Y(tE)).
yel'™
(1.5.12)
We extend M™ to the element in C([0,T]; P,(R?)) defined by
[0, 7] 3t — M"™(t) == e 4" € P1(RY). (1.5.13)

We have the following convergence result.

Theorem 1.5.1 Assume that, as n — oo, N;* — oo, NI' — oo, NJ'/NI' — 0, and ¢,, =
o(1/(N;1log(N?))). Then there exists a solution £* to Problem 1 such that, up to some
subsequence, " — & narrowly in P(T') and M™ — m* := e(t&* in C([0, T]; P1(R?)).

In addition, if the Lasry-Lions monotonicity condition (1.1.13)-(1.1.14) holds and for
every m € C([0,T];P1(RY) and mj-a.e. = € RY problem (1.5.1) admits a unique
solution, then the whole sequence ({"),en converges narrowly towards the unique
solution to Problem 1.

Given discretization parameters At, Az and ¢, a solution M* to the corresponding
mean field games problem can be computed by using the Fictitious play method given
by Algorithm 1, which, by [94, Theorem 3.2], satisfies (MN,MN) N—> (M*, M*) if
(1.1.13)-(1.1.14) hold. o
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Algorithm 1 Fictitious play for deterministic MFG

1: Input: M’ e M arbitrary and a tolerance parameter ¢
2: Output: Approximation of M solving (1.5.11)

e+ 0+1

4: n<+1

5: M« MO

6: while e > § do

7: M™ 1 br(M")

8: e < ML — M7

T
10: end while

-+l
- return M"

—
—

1.6 Newton iterations for Mean Field Games

We consider the following second order mean field game system with local coupling
(see Remark 1.1.1):

—0wu — vAu+ H(x, Du) = F(m(t,z)) in[0,T] x T¢,
oym — vAm — div(mH,(x, Du)) = 0 in [0,7] x T, (1.6.1)
m(0,x) = mo(x), u(T,z) = G(x) in T4,

where T? := R /7 stands as the d-dimensional torus. We opt to define our MFG system
(1.6.1) on T to circumvent technicalities related to boundary conditions.
The objective of Chapter 4 is to develop a new scheme to solve system (1.6.1) through
the application of Newton iterations.
Newton iterations were initially introduced in the context of MFGs by Achdou et al.
in [1]. The authors introduced a discrete MFG system using the finite differences
method and employed Newton iterations to solve the resulting discretized non-linear
system. In [40], the authors introduced a policy iteration method to solve (1.6.1). They
interpreted their approach as a quasi-Newton method. In [43], the authors showed that
the convergence rate of the policy iteration method is linear. This motivation prompted
the same authors to apply in [44], Newton iterations to the continuous MFG system
(1.6.1) in the following manner:

* First, define F as follows:

F(u,m)=0 < (1.6.1) is satisfied (1.6.2)
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» The corresponding Newton iterations for (1.6.2) can be expressed as follows:
JF@" 1 m™ Y ((u™,m™) — (u"t,m" ) = —Fu"t,m" 1), (1.6.3)

where JF is the Jacobian of F .
+ Subsequently, solve the iterative linear system in the unknown (u", m"):

—0u"™ — vAU" + ¢"Du" = ¢"Du™' — H(z, Du"™ ') + F(m™™ ') + F'(m"')(m" — m

om™ — vAm™ — div(m"q") = div(m" ' H,,(Du")(Du™ — Du"™1))

n(,0) = mol),  w(e, T) = ur(a),
(1.6.4)
with ¢" = H,(z, Du"™').

The following existence and convergence result for the Newton iteration method holds
(see also [31] for the case of a stationary MFG system).

Proposition 1.6.1 [44] Under suitable assumptions,on the data, there exists a unique
solution (u", m™) to system (1.6.4). Moreover there exists C > 0 independent of n such
that, if (u,m) solves (1.6.1), then

lu" = uflers + m" = mllco < C(Ju™" = ulloro + [m™ " = me).  (1.6.5)

Remark 1.6.1 Equation (1.6.5) means that if we start with an initial guess (u°, m°) close
enough to the solution (u, m), then ||u"™ — u||c10 + [|[m™ — m||co — 0 with a quadratic rate
of convergence.

Numerical study

The main goal of Chapter 4 is to study the numerical approximation of (1.6.1) through
the discretization of the linear system (1.6.4) at each iteration. On the one hand, with
a suitable discretization of the system, one can expect promising results in terms of
computing time and accuracy due to the quadratic rate of convergence. On the other
hand, the linearity of the system simplifies the discretization process. Two distinct
methodologies will be considered. The first approach implements an explicit semi-
Lagrangian scheme, readily derivable for linear parabolic equations (see e.g [34]),
and called Newton-SL. The scheme is showed to be well-posed and a comparative
analysis is conducted against the non-linear semi-Lagrangian scheme for system (4.1.1),
proposed in [58] and solved via fixed point iterations, which we will refer to as SL-FP. The
second method involves a well posed implicit upwind finite differences scheme called
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Newton-FD, which, as established through numerical tests, demonstrates a simpler
structure and analogous performance to the Newton scheme studied in [1], [4], which
will be referred as the FD-Newton.

The Newton iterations process is explained in Algorithm 2, and the primary objective of
the chapter is to undertake a comparative analysis of the four mentioned schemes.

Algorithm 2 Solving the discrete Newton iterations system

Input: Initial guesses U°, M°, Q° and tolerance T
Output: Approximate solution to (1.6.4)
n<+<0
repeat
Compute M™™! and U™ by solving the discrete system Newton-SL or Newton-
FD
err(M) « ||M" ' — M"||
err(U) < [|[U™™ — U"| s
n<n-+1
Update Q", by the derivative of U™ using central differences
until err(M) < 7and err(U) < 7
return N/ Untt

A S

T Noe

—_

We begin our comparative analysis with two numerical tests in dimension one.

In the first test, we consider H(x, p) = |p|* and a reference solution is computed in order
to conduct a comparative analysis in terms of the uniform norm of the approximation
errors. Additionally, we examine the computational time and the required number of
Newton iterations. The analysis shows that Newton-SL has a better performance in
terms of computational time and number of iterations, and shows comparable accuracy
to SL-FP, FD-Newton, and Newton-FD.

We also note that Newton-FD and FD-Newton exhibit comparable performance in
terms of accuracy, computational time, and number of iterations. It is noteworthy that
Newton-FD uses directly system (1.6.4), eliminating the necessity to define a numerical
Hamiltonian as in the FD-Newton scheme. Consequently, Newton-FD emerges as a
considerably simpler variant of FD-Newton.

In the second test, we consider H(x,p) = |p|*> + V() for a given potential V, and we
change the diffusion parameter, considering first v = 0.4 and then v = 0.02.

In the case v = 0.4, the results show a similar performance for Newton-SL, Newton-FD
and FD-Newton. Taking then v = 0.02, Newton-SL iterations demonstrate convergence
reaching the associated threshold. In contrast, both Newton-FD and FD-Newton itera-
tions encounter breakdowns after only few iterations. This indicates a higher robustness
offered by the Newton-SL scheme, in scenarios characterised by small diffusion terms.
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Remark 1.6.2 In [6], the authors solve a finite difference discretization of the MFG
system by employing Newton’s method combined with a continuation method with
respect to the diffusion parameter v. The latter is particularly useful to deal with the
case small diffusion parameters. The problem is solved first for a high value of v and,
subsequently, the authors use this solution as an initial guess to solve, still by using
Newton’s method, the discrete MFG system with a smaller viscosity. The method
proceeds in this manner until reaching the desired (small) viscosity.

We end Chapter 4 with a two dimensional MFG system that we solve using Newton-SL.
Finally, Figure 1.4 summarize the main ideas discussed in Chapter 4.

MFG system (1.6.1)
( 7
Semi-Lagrangian Newton iterations Finite differences
Discrete MFG problem \ §ystem of two linear parabolic equationé\‘\ { High dimension discrete PDE
in continuous time (1.6.4) \_ system
SL-FP ( Newton-SL W Newton-FD FD-Newton
"+ Solution to (1.6.1) "« Solution to (1.6.) * Solution to (1.6.1) * Solution to (1.6.1)
e High number of iterations « The least number of iterations * Similar performance to FD Newton ¢ Use a numerical Hamiltonian
e Robustness to small diffusion  Simple form without the need of a * Breakdowns for a small diffusion
terms numerical Hamiltonian term. A continuation method can
* Breakdowns for a small diffusion be used to deal efficiently with
term. A continuation method can this case

be used to deal efficiently with this
case

Figure 1.4: Solving the MFG system (1.6.1).
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A Lagrange-Galerkin scheme for first

order mean field games systems

In this chapter, we consider a first order mean field game system with non-local couplings.
A Lagrange-Galerkin scheme for the continuity equation, coupled with a semi-Lagrangian
scheme for the Hamilton-Jacobi-Bellman equation, is proposed to discretize the mean
field games system. The convergence of solutions to the scheme towards a solution to
the mean field game system is established in arbitrary space dimensions. The scheme is
implemented to approximate two mean field games systems in dimension one and two.

This chapter is a |

oint work with Elisabetta Carlini and Francisco J. Silva [56].
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2.1 Introduction

In view of its applications in Economics, Physics, and Social Sciences, the study of
optimal control problems and differential games with a large number of agents has
attracted the attention of several researchers during the last two decades. An important
step in this direction has been achieved with the introduction of the theory of Mean
Field Games (MFGs) by J.-M. Lasry-Lions [111]-[113] and, independently, by M. Huang,
R.P. Malhamé, and P.E. Caines [99]. The main purpose of this theory is to characterize
Nash equilibria for a class of symmetric differential games with a continuum of agents.
One of the main applications of MFGs theory is that such equilibria can be used to
provide approximate equilibria for the corresponding games with a large, but finite,
number of players. In its standard form, MFGs are described by a system of two Partial
Differential Equations (PDEs); a Hamilton-Jacobi-Bellman (HJB) equation, describing
the optimal cost of a typical player in the game, and a Fokker-Planck (FP) equation,
describing the evolution of the initial distribution when all the players act optimally. We
refer the reader to the monographs [60], [61], [86], the survey [87], and the lectures [5]
for a thorough overview on MFGs.

The numerical approximation of MFGs with nonlocal couplings has been an active
research topic in recent years. In the case where the MFGs system includes nondegen-
erate second order terms, finite-difference schemes have been studied in [2], [4], [9],
[15], [92], semi-Lagrangian scheme where investigated in [58], and machine learning
methods such as deep learning and reinforcement learning have been analyzed in [19],
[62], [63]. In the case where the dynamics of the underlying differential games are
deterministic, the resulting MFGs system is of first order and several numerical methods
have been proposed to approximate its solutions; see e.g. [42], [57] for semi-Lagrangian
discretizations, [80], [94] for the approximation by discrete-time finite state space MFGs
(see [83]), and [121], [126] for Fourier analysis techniques. We refer the reader to [7],
[114], and the references therein, for an overview on numerical methods to approximate
MFGs equilibria including also the case of local couplings and variational methods.
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In this paper we focus our attention on the approximation of first order MFGs systems.
Namely, we consider the PDE system

—Ow + H(z,Dv) = F(z,m(t)) in]0,T[xR,
o(T,z) = G(z,m(T)) inRY
Oym — div(DpH (z, Dyu)m) = 0 inR?x]0,T7,
m(0)

(MFG)
= mé’

where H: RY x R? — R is convex with respect to its second argument and, denoting by
P1(RY) the set of probability measures over R? with finite first order moment, F': R? x
Pi(RY) — R, G: R? x Py (RY) — RY, and mj € P;(R?). In the article [42], the authors
propose a convergent semi-discrete scheme to approximate solutions to (MFG). A
fully-discrete version has been proposed in [57]. In the proposed scheme, the HJB
equation is discretized by using a semi-Lagrangian approximation of the HJB equation
(see e.g. [76]), while the FP equation, or continuity equation, is approximated by a
scheme which is dual to a linearized version of the scheme for the HJB equation. The
existence of solutions to this approximation is shown and a convergence result to a
solution to (MFG) is established when the dimension d of the space variable is equal
to one. An extension of this scheme to the case where (MFG) involves non-local and
fractional diffusions terms has been studied in [66]. If the resulting system has non-
smooth solutions, the convergence of solutions of the scheme is also shown when
the space dimension is equal to one.

In order to obtain a convergent scheme for general state dimensions, the key point
is to provide a scheme which preserves, under standard conditions on the data (see
Section 2.2.2 below), the main properties of solutions to both equations in (MFG).
Namely, the boundedness, Lipschitzianity, and semiconcavity of the solution to the HJB
equation and a uniform compact support, equicontinuity, and uniform bounds in LP
spaces for solutions to the continuity equation. As shown in [3], [57], [66], the standard
semi-Lagrangian scheme for the HJB equation, which is a monotone scheme, enjoys
the former properties under suitable assumptions on the discretization parameters. In
order to treat the continuity equation, we consider the Lagrange-Galerkin (LG) scheme
introduced in [124] and recalled in Section 2.4 below. As we show, it turns out that, for a
specific choice of the basis functions, the resulting scheme for the continuity equation,
which is explicit and has non-negative coefficients, coincides with the one introduced
in [127] and further studied in [133] for Lipschitz velocity fields. The desired properties
for the solutions to this scheme are established in Section 2.4.2. In particular, we provide

Ahmad Zorkot| Thése de doctorat | Université de Limoges 44
Licence CC BY-NC-ND 3.0



Chapitre 2 — A Lagrange-Galerkin scheme for first order mean field games systems

a uniform LP estimate, not available in the schemes considered in [57], [66] in arbitrary
space dimensions, which will play a key role in our main convergence result. Combining
the semi-Lagrangian scheme for the HJB equation and the LG scheme for the continuity
equation, we obtain a discretization of (MFG) for which the existence of solutions is
established and, using stability and compactness arguments, the convergence to a
solution to (MFG) is established.

The rest of this article is organized as follows. In Section 2.2 we fix some standard
notation, and we state our main assumptions on the data of (MFG). Some important
results about solutions to HJB and continuity equations are recalled, as well as existence
and uniqueness results for solutions to (MFG). The next two sections deal with the
discretization of the HJB and continuity equations in (MFG) separately. Section 2.3
recalls a standard semi-Lagrangian scheme to approximate the solution to the HJB
equation in (MFG). Several important properties of this scheme are reviewed and a new
semiconcavity estimate for the solution to the scheme is provided in Proposition 2.3.5.
This estimate will play a crucial role in Section 2.4, which is devoted to the study of a
LG scheme to approximate the continuity equation in (MFG). Notice that, in general,
this continuity equation is driven by a non-smooth velocity field. We show that the
solutions to the LG scheme inherit the equicontinuity and LP-stability of the solution
to the original equation and we establish in Proposition 2.4.6 a convergence result as
the discretization steps tend to zero. In Section 2.5 we couple the schemes studied in
the previous sections to obtain a discretization of (MFG). The existence of a solution
to the discretized MFG system is provided in Theorem 2.5.1 and the convergence
result, valid in arbitrary dimensions, is shown in Theorem 2.5.2. Finally, Section 2.6 is
devoted to the numerical implementation of the scheme for the MFGs system. Since
the LG scheme for the continuity equation involves some integrals depending on the
discrete characteristics of the equation, we approximate them by numerical quadrature
and by the so-called area-weighting method introduced in [124]. The performances of
these two approximations are compared in a one-dimensional example with an explicit
solution, and the area-weighting method is implemented to approximate the solution
to a MFGs in a two-dimensional space.
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2.2 Preliminaries

2.2.1 Notation

Let d € N. In what follows, (-, -) and | - | denote the standard scalar product in R? and its
induced norm, respectively. We set | - |, for the maximum norm in R? and B, (0, C) and
B (0, C) for the associated open and closed balls, centered at 0 and of radius C > 0,
respectively. Let P(R?) be the set of probability measures on R?. For every v € P(R%)
we denote by supp(v) its support. Let P,(R?) = {v € P(R?)| [5. |z|dv(2) < oo}, and,
for every vy, 1, € Pi(R?), set

di(vy, 1) = inf / |z — y|dy(z,y), (2.2.1)
R4 xRd

~YEIL(v1,v2)

where TI(vy, 1) denotes the set of probabilities measures on R? x R? with first and
second marginals given by v, and 1, respectively. By the Kantorovich-Rubinstein
theorem (see e.g. [18, Section 7.1]) we have

dy(11, 13) = sup { /R ey — (@) ¢ € Lipl(Rd)}, (2.2.2)

where Lip, (R?) denotes the set of all nonexpansive functions on R<. Given v € P(R?)
and a Borel function ¥ : RY — RY (¢ € N), the push-forward measure Viv, defined
on the o-algebra of Borel sets B(R?), is defined by

Tiv(A) = v(T71(A4)) forall A € B(RY), (2.2.3)

or, equivalently (see e.g. [32, Theorem 3.6.1]), for every »: RY — R such that p o ¥
is integrable with respect to v, one has

/]R pl@)d(Y)(z) = /R o(¥())dv(@). (2.2.4)

2.2.2 Assumptions

Our hypothesis on the data of (MFG) are the following:
(H1) It holds that

H(z,p) = sup ({a,p) — L(z,a)) forallz, pe RY, (2.2.5)
acRd
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where L: RY x R — R is of class C?, bounded from below, and, for every z,
a € R%, we have

L(z,a) < Cpilal* + Cpa, (2.2.6)
|D,L(z,a)| < Cps(1+ |al?), (2.2.7)
Cralb|* < (D2, L(z,a)b,b) forallbec R? (2.2.8)

(DY L(x,a)y,y) < Crs(1+ |af’)|y* forally e RY, (2.2.9)

for some constants C,; >0 (i = 1,...,5).

(H2) The functions F' and G are continuous and, for every z, y € R? and v € P;(R?),

we have
|F(z,v)| < Cru, (2.2.10)
|G(z,v)| < Cqu, (2.2.11)
|F(z,v) = F(y,v)| < Crale —yl, (2.2.12)
|G(z,v) = Gy, v)| < Coolr =y, (2.2.13)
F(z+y,v) —2F(x,v) + F(x —y,v) < Crslyl?, (2.2.14)
Gz +y,v) —2G(x,v) + G(x —y,v) < Casly* (2.2.15)

for some constants Cr; > 0, Cq; > 0 (i = 1,2, 3).

(H3) The initial condition m is absolutely continuous with respect to the Lebesgue
measure and satisfies:
(i) There exists C* > 0 such that supp(m;}) C B (0, C*).
(ii) There exists p €]1, oo] such that the density of m, still denoted by m, belongs
to LP(RY).

Remark 2.2.1 (i) Since L is bounded from below, the strong convexity assump-
tion (2.2.8) on L(x,-), which is uniform with respect to = € R?, and (2.2.6), imply
the existence of C', s > 0 and C1,; > 0 such that

L(z,a) > Crglal* — Cp; forallz, a € R%. (2.2.16)

It follows from (2.2.5), (2.2.6), and (2.2.16), that there exist Cy; > 0 (i = 1,2, 3,4)

such that
C'H71|p|2 — CH’Q < H(J?,p) < C'H,3|p\2 -+ CH,4 for a/lx, pE Rd. (2217)
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Moreover, by (2.2.5), (2.2.16), and Danskin’s theorem (see e.g. [35, Theorem
4.13]), we deduce that H is of class C* and, for every x, p € R¢, the following
equalities hold

D.L(z,D,H(x,p)) = p, (2.2.18)
D.H(x,p) = —D,L(z, D,H(z,p)). (2.2.19)

Since D,H(xz,p) is the unique maximizer of sup,ca ({a,p) — L(z,a)), (2.2.6),
and (2.2.16), yield the existence of Cy 5 > 0 such that

|DpH(z,p)| < Crs(1+|p|) forallz, pe R (2.2.20)

Finally, since L is of class C?, by (2.2.8) and the implicit function theorem applied
to (2.2.18), it follows that D,H is of class C' and hence, by (2.2.19), we obtain
that H is of class C2.

A typical example of a function H satisfying (H1) is given by H(z,p) = x(z)|p|* +
(b(z),p), where r: RY — R is of class C?, with bounded first and second order
derivatives, there exist r, £ €]0,00[ such that k < r(z) < & for all x € RY,
and b: RY — R? is bounded, of class C?, with bounded first and second order
derivatives. In this case we have

1

Liw,a) = 4k(x)

la —b(z)]* forallz, a € R (2.2.21)

(ii) Assumption (H3)(i) on the compactness of supp(mg) plays an important role in
Section 2.4 dealing with the discretization of the continuity equation in (MFG).
Let us point out that in [66] the authors are able to handle initial conditions with
unbounded support under a different set of assumptions over H. In that framework,
we expect that our techniques can be adapted in order to deal with more general
initial conditions.

2.2.3 The first order mean field games system

Given u € C([0,T]; P,(R%)), consider the HJB equation

—ow(t,x) + H(x, Dyu(t, x))
v(x, T)

Fla, (1) for (t,2) €]0, T[xR,
Gz, (T)) forx € R% (2.2.22)
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It follows from [23], [71] that (2.2.22) admits a unique viscosity solution v[u] and, for
every t € [0,T[, z € R?, and a € L*([t, T];R?), setting X" (-) =z — ft s)ds and

T[] (a) = / (L(X™(s), a(s)) + F(X"9(s), u(s)) ) ds + GX"(T), w(T)),
t (2.2.23)
we have

vlp(t, ) = inf {J““ o) |a e L2([t, T); Rd)} (2.2.24)

The proof of the following result follows from standard arguments (see e.g. [48]). How-
ever, for the sake of completeness, we provide its proof in the appendix of this work.

Proposition 2.2.1 Assume (H1)-(H2) and let . € C([0,T]; P1(R?)). Then the following
hold:
(i) |Existence of an optimal control| For every (t,z) € [0, T[xR¢, there exists o' €
L>=([t, T];R?) such that v[u](t,z) = J""[u](a’"). Moreover, there exists C, > 0,
independent of (1,t, x), such that ||a"*|| (o 1);re) < Ch.

(ii) [Uniform bound| We have
lwlp](t,z)| < C, forall (t,z) € [0,T] x R?, (2.2.25)

where C, > 0 is independent of .
(ii) [Lipschitz property| We have

o[k (t, z) — v[p](t, y)| < Criplz —y| forallt € [0,T), z, y € RY, (2.2.26)

where Cy;, > 0 is independent of .
(vi) [Semi-concavity| We have

vlp(t, @ +y) = 20[u](t, 2) +oul(t,x —y) < Cecly* forallt € 0,7, z, y € RY,
(2.2.27)
where C,. > 0 is independent of .

Remark 2.2.2 Assertion (i) in Proposition 2.2.1 implies that, for every . € C([0, T); P1(R?)),
we have

vl (t,2) = inf {th o) | € L2(0, T RY), [|of| ooz < cb} (2.2.28)
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for all (t,z) € [0, T[xR<. In particular, v|u] is also characterized by the HJB equation

—0w(t,x) + Hy(w, Dyv(t, x)) = F(x, u(t)) for (t,x) €0, T[xR?,
v(x,T) = Gz, u(T)) forz € RY, (2.2.29)
where
Hy(z,p) = sup {(a,p) — L(z,a)} forallz, peR" (2.2.30)
aEE(O,C’b)

Consider the set-valued map D v[u]: [0, 7] x RY — 2% defined by

ly—

DFolp](t,z) = {p c Rd ‘ limsup,_,,, U[M](Ey)—v[lﬁ](t,r)—@,y—w) < 0}
forall (t,z) € [0,T] x R,

It follows from Proposition 2.2.1(iii) and [48, Proposition 3.1.5 and Proposition 3.3.4]
that D v[u] takes nonempty and closed values and its graph is closed. In particular,
since Proposition 2.2.1(ii) and [48, Theorem 3.3.6] imply that D v[u](t, z) C B(0, Cip)
for all (t,z) € [0, 7] x R?, by [21, Chapter 1, Corollary 1] we have that D} v[u] is upper-
semicontinuous, i.e. for every M C R? closed, D v[u]~*(M) is closed. Therefore,
D}vlu] is a Borel measurable set-valued map and hence admits a Borel measurable
selection (see e.g. [131, Corollary 14.6]). Notice that Proposition 2.2.1(ii), Rademacher’s
theorem, and [48, Proposition 3.1.5] imply that all the measurable selections of D v[u]
coincide almost everywhere in [0, 7] x R? and hence, hereafter, we will denote likewise
by D,v[u] any choice among them.

Let p €]1, oo[ be as in (H3). We say that m € LP([0, 7] x R?) solves the continuity equation

Oym — div (D, H (z, Dyvlu])m) = 0 in]0, T[xR?,
m(0) =m; inRY, (2.2.31)

if, for every » € C°(R?) and ¢ € [0,T], we have

/Rd e(x)m(t, z)dx = /Rd gp(z)mé(w)dx—/ot /]Rd <DpH(:U,va[,u](s,$)), Dg@(:z:)>m(s,x)dxds.
(2.2.32)

Proposition 2.2.2 Assume (H1)-(H3) and let . € C([0,T]; P,(R?)). Then (2.2.32) ad-
mits a solution m € C([0,T); P1(R%)) N LP([0,T] x R%) and there exists C > 0 such
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that
Im(t, ey < Cllmgllogay  forallt € [0,T]. (2.2.33)

If, in addition, for every t € [0,T1, the functions F'(-, u(t)) and G(-, u(T')) are differentiable,
then the solution m to (2.2.31) is unique.

Proof. The first assertion in the statement follows from Proposition 2.4.6 below, while
the second one follows by arguing as in the proof of [55, Lemma 1.10]. The crucial steps
in the latter are the use of the superposition principle in [16] for solutions to (2.2.31) and
the fact that, under the differentiability assumptions over F'(-, u(t)) and G(-, u(T)), the
optimal control problem inf {Jo’z [u)(e) | v € L2([0, T Rd)} admits a unique solution for
almost every = € R¢. O

Finally, we say that (v*, m*), with m* € C([0, T]; P1(R%)) N LP([0, T] x R?), solves (MFQ)
if v* = v[m*] and m* solves (2.2.31) with u = m*.

Proposition 2.2.3 Assume (H1)«(H3). Then system (MFG) admits a solution (v*, m"*).

Proof. A proof of this result, under slightly different assumptions, can be found,
for instance, in [55, Section 1.3.4]. In the present context, the result follows from
Theorem 2.5.2 below. O
A uniqueness result for solutions to (MFG) can be shown under additional assumptions
on the coupling terms F and G. A sufficient condition is the so-called Lasry-Lions
monotonicity condition which states that, for h = F, G, it holds

/ (R, 1) — hia, ma))d(my —mo)(x) > 0 forallmy, my € PL(RY).  (2.2.34)
]Rd

Proposition 2.2.4 Assume (H1)-(H3), the monotonicity condition (2.2.34) and that, for
all v € P,(R?), the functions F(-,v) and G(-,v) are differentiable. Then system (MFQ)
admits a unique solution.

Proof. The existence of a solution to (MFG) follows from Proposition 2.2.3 while,
under (2.2.34) and the differentiability assumptions on F'(-,v) and G(-, v), the proof of
the uniqueness of the solution follows by arguing as in the proof of [55, Theorem 1.8]. O
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2.3 A semi-Lagrangian scheme for the HJB equation

Let u € C([0,T7]; P1(R%)). In this section we recall a standard semi-Lagrangian scheme
to approximate the viscosity solution v[u] to (2.2.22). Most of the results for the semi-
Lagrangian scheme that will be needed in the remainder of the article follow similarly
to those in the monograph [76] and the contributions [57], [58], [66]. The principal
differences come from our assumptions on L in (H1), which allow us to consider
cost functionals not covered in these references (see e.g. the example in the last
paragraph of Remark 2.2.1). Therefore, we confine ourselves to explain the main
changes in the proofs of the aforementioned properties. On the other hand, the estimate
in Proposition 2.3.5 below seems to be new and will play a key role later in this article.
In order to define the scheme, let N € N* be the number of time steps, let At =T/N
be the time step, let Zo; = {0,..., N}, let Z}, = Za, \ {N}, let t, = kAt for all k € Zxy,
and set Ga, = {tx |k € Za,}. Given a space step Az > 0 and i = (iy,...,iq4) €
7%, define 8!: R* — R as

d
BHz) = HE(& . z’,) forall 2 = (21, ..., 2) € R, (2.3.1)
where
B(€) = max{0,1 — |¢|} forall ¢ € R. (2.3.2)

Notice that 3} > 0, Y, ;.8 (z) = 1 for all z € R and, setting z; = Az, we have
BH(z;) =1,ifi = j,and 8} (x;) = 0, otherwise. Let G, = {iAz|i € Z¢} be the uniform
grid and, given ¢: Ga, — R, define its interpolate as

I'el(x) = Y Bl(x)¢ forallw e RY,

i€Z4

where, for notational simplicity, we have set ¢; = ¢(z;). For every o: R? — R denote by
¢|g,, its restriction to Ga,. If ¢ is of class C* and has bounded second order derivatives,
it follows from [129, Remark 3.4.2] that

lo(x) = Ilelgs,J(@)lloo < Cp(A)?, (2.3.3)

where C, > 0 depends only on .
We consider the following fully-discrete semi-Lagrangian scheme:
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find {vx: Gar — R|k € Za,} such that

Vi = S,ﬁ?i[u](vkﬂ) forall k € Zx,, i € 7%,
vy = Gz, u(T)) foralli € Z%, (2.3.4)

where, for every ¢: Ga, — R, bounded, k € Zn,, and i € Z,

Sihlul(¢) = inf  [AtL(w;,a) + I'[¢](z; — Ata)] + ALF (x;, pu(ty)). (2.3.5)
aEB(O,Cb)
Notice that, being explicit, scheme (2.3.4) admits a unique solution. By definition,
S¥[u) is monotone, i.e. for every ¢!, ¢*: Ga, — R, bounded, with ¢! < ¢? for all
i € Z¢% we have that

Sialul(¢h) < Spulul(0) forall k € Zx,, i € Z°. (2.3.6)

Moreover, using (H1) and (H2), standard arguments (see e.g. [76, Section 5.2.3])
yield the following consistency property for S[u]: let (ti,)nen € C([0,T]; P1(RY)), 1 €
C([0, T Pu(R?), ((Atw, Azy)), oy €10, 000 ((tho 1)), 0 € Gat, X Gax,, @nd (t,x) €
10, T[xR?¢ such that, as n — oo, u, — u, (At,,Azx,) — 0, (Az,)?/At, — 0, and
(ty,, ;) — (t,x). Then, recalling the definition of H,, in (2.2.30), for every ¢: [0,T] x
R?Y — R of class C*, with bounded derivatives, we have

, 1
nlggo At <§0(xznatkn)_81£i,zn[,un] (Sp(tkn-l—la )|gA:1;n)> = —atgp(x,t)+Hb(x,ngp(t,x))—F(x,,u(t))
(2.3.7)
Given (At, Az) €]0,00[%, let us set

VR[] (tr, ) = T'vg)(x)  forall k € Za,, 2 € RY, (2.3.8)

where, for every k € Zay, vi: Gar — R is computed with (2.3.5). We extend this
definition to [0,7] x R, by setting

VAT ] (t o) = vANAT (] (t, ) TF L E [t tiga | b € T4, (2.3.9)

The following result provides properties for v442[;] that are analogous to those in
Proposition 2.2.1(ii)-(iv) for v[u].

Proposition 2.3.1 Assume (H1)-(H2), let . € C([0,T]; P, (R%)), and let
(At, Azx) €]0,00[%. Then the following hold:
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(i) [Stability] We have
WASA (¢ )| < Oy forall (t,z) € [0,T] x R, (2.3.10)

where C, > 0 is independent of (11, At, Ax).
(ii) |Lipschitz property| We have

‘vAt’Az[u](t, ) —vAA 1] (t,y)| < 5L1p|w—y| forallt € [0,T], z, y € R, (2.3.11)

where Cy;, > 0 is independent of (i1, At, Ax).

(iii) [Discrete semi-concavity| We have

UAt,Az [M] (t, x4+ Iz) . 2vAt,A:v[M] (t, SL’) + UAt,Ax[,u] (t, T — xl)
< Cylz;? forallt € [0,T], z € RY i € 7%, (2.3.12)

where C.. > 0 is independent of (i, At, Ax).

Proof. (i): This follows directly from (2.3.4), (2.2.6), (2.2.16), (2.2.10), (2.2.11),
and iteration.
(ii): It follows from (2.2.7) that

|L(x,a) — L(y,a)| < Cps(1+C2)|z —y| forallz, y<cR? acB(0,C,). (2.3.13)

Using this inequality, (2.2.12), and (2.2.13), the result follows from the same arguments
than those in [58, Lemma 3.1(i)] (see also the proof of [66, Lemma 5.3(a)]).
(iii): It follows from (2.2.9) that

L(z +y,a) — 2L(z,a) + L(x — y,a) < Crs(1 + CH|yl> forallz, y € RY a € B(0,C).

(2.3.14)
In turn, using (2.2.14) and (2.2.15), the result follows by arguing as in the proof of [3,
Lemma 4.1] (see also the proof of [66, Lemma 3.2(ii)]). O

Using the monotonicity of S™[u], the consistency property in (2.3.7), and the stability
result in Proposition 2.3.1(i), the Barles-Souganidis relaxed limit method (see [25])
yields the following convergence result (see [57, Theorem 3.3] for a detailed proof).

Proposition 2.3.2 Assume (H1)-(H2), let (1, )nen C C(]0,T]; P1(RY)), and let
((Atn, Az,)), €0, 00>, Suppose that, asn — oo, p, — i, for some p € C([0, T}, P1(R?)),
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(At,, Az,) — 0, and (Ax,)?/At, — 0. Then (vA2% [, ]),.cn converges to vu] uni-
formly over compact subsets of [0, T x R<.

Given ¢ > 0, consider the mollifier R? > z — p.(z) = p(z/e)/e? € R?, where p € C*(R?)
has bounded derivatives of any order and satisfies p(R%) C [0, 00[ and [;, p(z)dz = 1.
Given ¢ € Wh>(R%), a standard computation shows that

sup | (p: * )(2) — ()] < ] Degll o e, (2.3.15)

z€R4

suﬂgi | D (pe % ) (x)|| < e’ forall €N, (2.3.16)
Te

where || D*(p.  ¢)(x)|| denotes the operator norm of D(p. * ¢)(x) and ¢, > 0 depends
only on ¢. Let us set A = (At,Az,e) and define

vR[E(t, ) = pe * v (t, ) forallt € [0,T). (2.3.17)

The function v~ [u] satisfies similar properties than +2%2*[], as the following propo-
sition shows.

Proposition 2.3.3 Assume (H1)-(H2), let ;. € C([0, T]; P,(R%)), and let A = (At, Az, ¢) €
10, 00[3. Then the following holds:
(i) [Stability] We have

WAt x)| < Cy forall (t,z) € [0,T] x RY, (2.3.18)

with C, > 0 being as in Proposition 2.3.1(i).
(i) |Lipschitz property| We have

[0 ] (¢, ) — v [1)(t,y)| < 5’Lip|x —y| forallt€[0,T], z,y € RY, (2.3.19)

with CL, > 0 being as in Proposition 2.3.1(ii).

(ili) [Approximate semi-concavity| We have

vt @+ y) — 202l (8, @) + ol (t e - y)

- Ar)?
< Chse <|y|2 + (Az)* + %) forallt € [0,T), =, y € R?, (2.3.20)

where C,. > 0 is independent of (u, A).
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Proof. Assertions (i) and (ii) follow directly from (2.3.17) and the corresponding
assertions in Proposition 2.3.1. The proof of (iii) follows from Proposition 2.3.1(iii) and
arguing as in the proof of [3, Lemma 4.2] (see also the proof of [66, Lemma 5.5(b)]). [
In the following, given A C R¢, we denote by I, the indicator function of A. The conver-
gence result in the following proposition will play an important role in the next section.

Proposition 2.3.4 Assume (H1)-(H2), let (11,,)nen C C([0, T]; P1(RY)), and let
((Aty, Azp,en)), oy Cl0,00P. Set A, = (At,, Ay, e,) and let p € C([0,T); Py (RY)).
Suppose that, as n — oo, p, — p, A, — 0, and (Az,)?/At, — 0. Then the following
hold:

(i) (v2"[pn])nen converges to v|u] uniformly over compact subsets of [0, T] x R

(i) If, in addition, Az, /e, — 0, then, for every K C [0,T] x R? compact and q € [1, oc|,

T D, H (-, Dov™ i) — I Dy H (-, Dyol])  in L9([0,T] x RY).  (2.3.21)

Proof. (i): This follows from Proposition 2.3.3(ii), estimate (2.3.15), and Proposi-
tion 2.3.2.
(ii): It follows from Proposition 2.3.3(iii) and [3, Remark 6] that

<vaA[,u](t,y)—vaA[,u](t,x),y—x> < c<|y—x|2+(A€—§)2> forallt € [0,T], z, y € R

(2.3.22)
Using this inequality and arguing as in the proof of [57, Theorem 3.5], one deduces
that, as n — oo, D,v"[u,] — D,v[u] almost everywhere in [0, 7] x R<. In turn, since H
is of class C?, we get that D, H (-, D,v*"[u,]) — D,H(-, D,v[u]) almost everywhere in
[0, 7] x R?. Thus, (2.3.21) follows from Proposition 2.3.3(ii) and Lebesgue’s dominated
convergence theorem. O

We conclude this section with a useful estimate for D?v* [y].

Proposition 2.3.5 Assume (H1)-(H2), letn € C([0,T]; P1(R?)), and let A = (At, Az, ¢) €
10, 00[?>%]0, 1[. Then it holds that

_ 2
(D20 () (t, )y, y) < Ch (1 + (Az) )\yP forallt € [0,T), z, y € R? ~ (2.3.23)

et

where Cy, > 0 is independent of (i, A).
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Proof. Letusfixt € [0,7] and z, y € R% If y = 0 the result is true and, hence, let
us assume that y # 0 and set 7 = Axz/(\/|y|). In what follows, C' > 0 denotes a
constant, independent of (u, A) which may change from line to line. It follows from
Proposition 2.3.3(iii) that

VAt @+ Ty) — 2023 [ (1, 2) + 03] (@ — Ty) < Oyl (2.3.24)
On the other hand, a Taylor expansion of order 4 and (2.3.16) imply that

VR [pl(t, x + Ty) = 02 [t ) + (Do ul(t,x), Ty) + %(D?CUA[M] (t, )Ty, TY)

1 1
+ gDivA[u](tﬂf)(Ty)?’ - 5Clmyl’,

v pl(t @ = 7y) = v (t @) — (Do) (t, @), Ty) + %<D§UA[M] (t, 2)7y, 7y)

1 1
- ngévA[M] (t,2)(ty)® — 5—30|Ty|4,

Adding both inequalities, using (2.3.24) and the relation 7|y| = Az/\/c, we get
A 2
(D3R [pl(t, )Ty, Ty) < C (1 + %) Tyl (2.3.25)

Dividing by 72 yields (2.3.23). 0

2.4 A Lagrange-Galerkin type scheme for the continu-
ity equation

Given u € C([0,T]; P1(R%)) and A = (At, Ax,e) €]0,00[?, let v2[u] be defined as in
(2.3.17). Consider the continuity equation

Oym — div (DpH (2, Do [u])m) =0 in]0, T[xRY,
m(0) = mg in RY. (2.4.1)

Since H is of class C? and D,v*[u] is bounded and Lipschitz, by [18, Proposition 8.1.8]
equation (2.4.1) admits a unique solution m*[y] € C ([0,T]; P1(R?)), which can be
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represented as
m[u](t) = ®2[u)(0,t,)gm;, forall t € [0, 7], (2.4.2)
where, for all s € [0,7) and x € RY, ®2[u](s, -, z) denotes the unique solution to

X(t) = =D ,H(X(t), Do [p](t, X (t)))  fora.e.te (s,T),
X(s) ==. (2.4.3)

Relations (2.4.2) and (2.4.3) imply that
mA[u](t) = ®2[u](s, t, )tm>[u](s) foralls, t € [0,T], s <t (2.4.4)

On the other hand, notice that (2.2.20) and the uniform bound || D, v 1] (2, -) || oo ey <
5Lip for all ¢ € [0, 7], which follows from Proposition 2.3.3(ii), yield the existence of
Cye > 0, independent of (i, A), such that

sup | D,H(z, D o™ [p)(t, )| < Cur. (2.4.5)

(t,z)€[0,T] xRd

Relation (2.4.4) and estimate (2.4.5) have two straightforward consequences. The
first one is that, by (H3)(i), we have

|D2[u](0,,2)| < C*+TCy forallt €[0,T], x € supp(my) (2.4.6)
and, hence, by (2.4.2),
supp (m>[1](t)) C B(0,C* +TCyy) forallt €0, 7). (2.4.7)

The second one, is the uniform equicontinuity of the familly {m*[u]| A €]0,00[*} in
C([0,T]; P.(RY)). More precisely, using (2.2.2), an easy computation shows that

di (m®[p](t), m®[1](s)) < Cilt —s| foralls, ¢t € [0,T]. (2.4.8)

The purpose of the following two propositions is to provide some stability estimates
for m?[u], which, together with (2.4.7) and (2.4.8), motivate the forthcoming analysis
for a LG discretization of (2.4.1).

Proposition 2.4.1 Assume (H1)(H3), let ;. € C([0,T); P1(R%)), and let A = (At, Az, ) €
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10, 00[3. Then for every ¢ > 0 there exists ¢ > 0, independent of 11, such that, if Az < ce?,
it holds that
)8, | oy < Ellmilloay  for allt € [0, 7). (2.4.9)

Proof. Let ¢ > 0 and suppose that Az < cz2. Proposition 2.3.5 implies that
<D§UA[/L](t,ZL’)y, y> < Chy (1 + c2> ly|> forallt€[0,7], =,y € R% (2.4.10)

Using this inequality, the proof of (2.4.9) follows from exactly the same arguments than
those in the proof of [79, Proposition 4.1]. For the sake of completeness, we sketch
the main points of the analysis and refer the reader to [79] for the details. Let t € [0, T]
and suppose first that p €]1, oof. It follows from (2.4.2), (H3), and the change of variable
formula, that m*[u](t) is absolutely continuous, with density given by

my (%, (x))
| det (DDy(P; ' (2)))]

mA[p(t, z) = fora.e. € RY,

where, for notational convenience, we have set ®,(-) := ®*[4](0,t,-). Then, by the
change of variable formula, we get that

|m? () (t, z)|Pde = / miP(x)|det(D, @y (x))| Pda. (2.4.11)

R4 supp(mp)

On the other hand, thanks to (2.4.6) and [17, Section 2], for a.e. x € R?, one has

[det(D, ()| P < exp ((p — 1) /0 gl [dv(DH(y. Dav®[u)(s,)))] ,ds)

< exp (p /OT B max [div (D, H (y, Dyv™ [ (s, y)))]+ds>.

0,C*+TChy)
(2.4.12)

Using (2.4.10), it is easy to check that there exists a constant ', > 0, independent
of t and u, such that

[div(D,H (y, Dov®[ul(s,y)))], < Ci foralls €[0,7], y € B(0,C* + TChy).

Thus, it follows from (2.4.11) and (2.4.12) that (2.4.9) holds with ¢ > 0, independent of ¢,
i, and p. Finally, the case where p = ~o follows from the previous one by letting p — oo
in (2.4.9). |
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Proposition 2.4.2 Assume (H1)-(H3), let (11,,)nen C C([0,T]; P1(RY)), and let
((Aty, Azp,en)), oy C (0,00)%. Set A, = (Aty, Axy,e,) and let € C([0,T); Pi(RY)).
Suppose that, asn — oo, i, — p, A, — 0, (Az,)?/At, — 0, and Az, = O(e2). Then,
up to some subsequence, the following hold:
(i) (v2[pa])nen coOnverges to v(u), uniformly over compact subsets of [0, T| x R<, and,
for every K C [0,T] x R? compact and q € [1, o[, (Ix D,v™" [u,])nen CONverges to
Ix Dyv[p] in L9([0, T x RY).
(it) (m®*[un]), . converges in C((0,T]; P,(R?)) towards a solution to (2.2.31). More-
over, the convergence also hold weakly in LP([0,T] x RY), ifp < oo, and weakly*
in L>=([0,T] x RY), ifp = oo,

Proof. For every n € N, let us set v = v®"[u,,] and m"™ = m"[u,,].

(i): This follows from Proposition 2.3.4.

(ii): It follows from (2.4.7) that, for every t € [0,T], m™(t) belongs to the set K = {u €
P(R?) | supp(p) € B(0,C* + TCh)}. The set K is tight and has uniformly integrable
moments (see [18, Chapter 5]) and hence, by [18, Proposition 7.1.5], it is a compact
subset of P;(RY). Thus, it follows from (2.4.8) and the Ascoli-Arzela theorem (see
e.g. [125, Theorem 47.1)), that there exists m* € C([0, T]; P;(R?)) such that, as n — oo
and up to some subsequence, m™ — m* in C([0,T]; P;(R?)). By Proposition 2.4.1, the
convergence also hold weakly in LP([0, T x R?), if p < oo, and weakly* in L>=([0, 7] x R?),
if p = co. Since m" solves (2.4.1), for every ¢ € [0, 7], and ¢ € C5°(R?), we have

/Rd o(x)m™(t,z)dr = /Rd o(x)me(t, z)dz
—l—/ot /Rd <D90(95)aDpH(CC,van(8,$))>m"(s,x)dxd5.

(2.4.13)
Thus, by (2.4.2), we can pass to the limit in the previous expression to deduce that m*
solves (2.2.31). O

2.4.1 The Lagrange-Galerkin approximation

The main purpose of the this section is to provide some results in the vein of Propo-
sitions 2.4.1 and 2.4.2 for solutions M#[u] to a LG approximation of (2.4.1) that we
proceed to construct.

Let u € C([0,T); P1(RY)) and let A = (At, Az, e) €]0, 00f>. For every k € T}, and = € R?,
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let 2 [u](x) be the explicit Euler approximation of &[] (¢, txy1, ), i.€.
2 [1)(z) = v — AtD,H (z, Do [u](ty, z))  forallz € R™ (2.4.14)
As in [42], we consider the following semi-discrete approximation of (2.4.4):

m = O2[ultm, forall k € Tk,
k+1 R iy At (2.4.15)

_ *
mo — m07

or, equivalently, for every & € I, and every Borel function »: RY — R, such that
¢ (®£[u](-)) is integrable with respect to my,

[ e@amnt) = [ o (@) dmo) (2.4.16)

R4

Following [124], which mainly deals with a LG approximation of the dual (or trans-
port) equation associated to (2.4.1), let us formaly deduce from (2.4.16) a time-space
approximation of (2.4.1). For every i € Z?, set

Ei={z e R| |z — 1]0o < Ax/2} (2.4.17)
and define

Mo, = @/E mg(z)dz. (2.4.18)

Given the regular mesh defined by {E; |i € Z%}, let {8;|i € Z%} be a finite element
basis. In the following, we look for an approximation M“[u] of the solution m? [y
to (2.4.1) such that

pl(tr, ) = > my;Bi(x) forallk € In;, x € R, (2.4.19)

j€Z4

for some constants {my.; | k € Za:, j € Z%}. In order to determine the latter, we replace
my and my; in (2.4.16) by M2(t,-) and M2 (41, -), respectively, and, given i € Z¢,
we take ¢ = [; to obtain the following equations

kam/ B;(x)Bi(x dx—kaj/ Bi(O2[u](2))B;(x)dz forall k € Ty,

EZd GZd

(2.4.20)
In the context of second-order MFGs with smooth solutions, scheme (2.4.20) is con-
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sidered in [41], with a high-order finite element basis and coupled with a high-order
semi-Lagrangian scheme for the HJB equation, to provide a high-order scheme for
second-order MFGs with smooth solutions. Notice that, in that reference, the authors
consider symmetric Lagrangian basis of odd order which preserve the mass but not
the positivity of the initial condition {m,; |i € Z%}. In particular, at each time step, the
solution to the scheme does not define a probability measure over R<.

Since we aim to approximate solutions to (2.4.1), which in general are not smooth, from
now on we take §; = Y := I, for all i € Z<. Under this choice, (2.4.20) and (2.4.18)
yield the following LG scheme for (2.4.1):

Mhtli = R > m;w/ B2 [u)(x))dx forall k € Ij,, i € Z%, (2.4.21)
jezs
— * . d
mo,; = m /El mo(m)dx for all 1 € Z“. (2422)

The scheme above is explicit and hence admits a unique solution {my; | k € Zn;, i € Z%}.
Moreover, as shown in Proposition 2.4.3 below, at each time k € Zx;, {m;x|i € Z¢}
can be identified with a probability measure over R¢ with compact support. In view
of standard compactness results in P, (R?), this fact will play an important role in our
convergence analysis (see the proofs of Proposition 2.4.6 and of Theorem 2.5.2 below).
Interestingly, the scheme (2.4.21)-(2.4.22) coincides with the one proposed in [127]
(see also [133]) to approximate solutions to continuity equations. Indeed, we have

/ BY(d2 ] (z))de = /R ) I, m08 (-1 (5, (€)dz = L (Ej N (D,f[,u]‘l(Ei)), (2.4.23)

where £? denotes the Lebesgue measure in R?. Plugging this expression in (2.4.21)
yields the scheme in [127, Section 2.2]. Notice that our main results for solutions
to (2.4.21)-(2.4.22), contained in Propositions 2.4.5 and 2.4.6 below, do not follow
from the results in [127], [133]. Therefore, the analysis in this section provides a com-
plementary study to the one in [127], [133] for the approximation (2.4.21)-(2.4.22)
of continuity equations.

2.4.2 Properties of LG scheme

We begin with a preliminary result stating that the solution to (2.4.21)-(2.4.22) is sup-
ported on a compact set, which is independent of the discretization parameters provided
that Az is of the order of At.
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Lemma 2.4.1 Assume (H1)-(H3), let u € C([0,T]; P1(R?)), let A = (At, Az, ¢) €]0, c0[?,
and let {my; |k € I, i € Z¢} be the solution to (2.4.21)-(2.4.22). Then for every ¢ > 0
there exists C* > 0, independent of 1, such that, if Ax < cAt, for every k € T, we have
my; = 0 if z; ¢ Boo(0,C%).

Proof. Let ¢ > 0 and suppose that Az < cAt. For every k € I},, set r, =
sup{|@;|eo | M1 # 0, i € Z%} € [0,0]. By (2.4.5), (2.4.21), and (H3)(i), we have

Pi < rk+Aszf+% < rk—l—At(C'bf—i-g) < C*+NAtAt<be+g> - C*+T(be+§>,

(2.4.24)
for all k € Zj,. The result follows by letting C* = C* + T'(Cy¢ + ¢/2). 0
Let u € C([0,T]; P1(R%)) and let A = (At, Az, ) €]0,00[*. As a consequence of the

previous result, in (2.4.21) it suffices to compute m; ;. for i € Zx,, where
In. = {i € 2| 2; € Boo(0,C%)}. (2.4.25)

Given the constants {my,; | k € Za;, i € Z%}, computed with (2.4.21)-(2.4.22), we extend
MA2[u], given by (2.4.19), to [0, 7] x R as follows:

M8l (,) = () M3l + (C5 7 ) MO, )

forall k € Zx,, t € [ty try1), * € R (2.4.26)

In the following proposition, we state, for later use, some simple properties of the
solution to (2.4.21)-(2.4.22).

Proposition 2.4.3 Assume (H1)-(H3), let u € C([0, T]; P1(R%)), let
A = (At, Az, e) €]0,00, and let {my; |k € Ia;, i € Z°} be the solution to (2.4.21)-
(2.4.22). Then the following hold:

(i) M2[u](t,z) >0 forallt € [0,T], x € R

(ii) Letc> 0. If Az < cAt and C* > 0 is given by Lemma 2.4.1, we have

supp (M2[u](t,-)) € Bo(0,C*) forallt € [0,T]. (2.4.27)
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(iii) Leta = (a;)icze C R and set p,(x) =Y, cp0 @i () for all z € RY. Then we have

| oMt oo = [ (@R @Mt )de foral k€ Ty,
. - (2.4.28)
(iv) [pa M2[p](t,2)dz =1 forallt € [0,T).

Proof.

(i): Using that mj > 0 and 8 > 0 for all i € Z¢, this assertion follows directly
from (2.4.21)-(2.4.22).

(ii): This follows from Lemma 2.4.1 and (2.4.26).

(iii): For every k € Z},, by (2.4.21), we have

/%M[ (thg1, @ dl’zzagmmu/ B ()85 (x dﬂﬂ_zamkﬂzAl‘
Rd

i€z jezd iezd

=Sy [ RO =D [ @) @

i€zd  jerzd jeza

= [ e @Rl@)MA s, a)de. (2.4.29)

Notice that the changes of the order of summation above are justified by (2.4.3).

(iv): By (2.4.3), with ¢.(z) = >,c54 87 (x) = 1, we obtain the result for ¢ = ¢;, with
k € Za;. The result for every ¢ € [0, T follows from (2.4.26). O
In what follows, given ¢: R¢ — R we set

= p(x)B(x) forallz € R”. (2.4.30)

i€Z4

We will need the following estimate in some of the proofs below.

Lemma 2.4.2 Assume (H1)-(H3), let u € C([0,T]; P1(RY)), let A = (At, Az, ¢) €]0, 003,
and, given L > 0, let o: RY — R be L-Lipschitz. Then, for every k € T%,, we have

/R oM )11, )k — / (D2 (1] () MO ] (1 2)da| < LVAAz,  (2.4.31)

R4
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Proof. Since ), ,.3%(z) = 1 for all = € R?, we have

() = LIl (@)] = | D (p(a) = o(:))50 ()

i€Z4

<) e(x) = pla)|B(x) <

i€Z4

;/an forall z ¢ RY. (2.4.32)

It follows that ||¢ — I°[¢]|l < (LVd/2)Az and, hence,

o, #la)de = pla)| -

from which we deduce that, for every k € 7%, and j € Z¢,

S (6l@) = ol

> g [, # [ A02pw)ay - / Pl i)
TE Lo ]S o

i€Z4

_ LT\/E(Ax)d“. (2.4.34)

Therefore, by (2.4.34) and (2.4.32), we obtain

S o [ etwds [ @0 - [ w(opl @)

i€Zd J

< LVd(Az)*

(2.4.35)
Finally, from (2.4.21), (2.4.35), and Proposition 2.4.3(iv), we get

[ @Mt adde = [ @R @MA it 2)da

=| S [ st age S [ sottonar = S [ ototiafen

i€Z4 =/
Zﬂ%(Z / / 5@ [ / p(OF [ (= ))dx> < LVd(Aw),
€zl
(2.4.36)
which shows (2.4.31). O
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In the next result, we study the equicontinuity of the family {M2[u] | A €]0, co[}, under
the condition that Az is, at most, of the order of At.

Proposition 2.4.4 Assume (H1)(H3), let . € C([0,T]; P.(R%)), and let
A = (At, Az, ) €]0,00[>. Then, for every c > 0, if Az < cAt, we have

dy(MA[p)(8), MA[p)(s)) < (Cos + eVad)|t —s| forallt, s € [0,T), (2.4.37)

where, for every t € [0,T], M2[u](t) € P1(RY) denotes the measure AM*[)(t)(z) =
MA[u](t, z)dz.

Proof. Let ¢ € Lip,(RY) and define v,: [0,7] — R by
o(t) = / o)A (L 2)dz forallt € [0,7]. (2.4.38)
Rd

It follows from (2.4.26) that v, is continuous and affine on every interval [t;,t;1]
(k € Ix,). Thus, ¢, € WH>=(]0,T[) and

1
max

T A ax (2.4.39)

|- [ o) (M2t ) = M2t 2) )|

In order to estimate the right-hand side of (2.4.39), fix £ € Z}X, and notice that, by
Lemma 2.4.2, (2.4.14), (2.4.5), Proposition 2.4.3(iv), and Az < cAt, we have

[ o) (Dt 0) - MG, o < [ (p@21(0) - ol) ) M3, )
+ VdAz
< [ [or i) oMo te,a)de + Vine

< (Chr + eVd)At. (2.4.40)

Changing ¢ by —¢ in the previous computation, (2.4.40) implies that

< (Che + cVd)At. (2.4.41)

/Rd () (MA[M] (L1, ) — M2 (] (k4 m))dx
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and hence, by (2.4.39),

%%Hm < (Ch¢ + ¢v/d). Thus, we deduce that

/]Rd o(x) <MA[/L](t,$)—MA[M](S,JI))dZL‘ < (Che+cVd)|t—s| forallt, s € [0,T] (2.4.42)

and (2.4.37) follows from (2.2.2). O
The following result state a stability property for M2[u] which is analogous to the one
in Proposition 2.4.1 for m*[u].

Proposition 2.4.5 Assume (H1)-(H3), letu € C([0,T]; P, (R?)), and let A = (At, Az, ¢) €
10, 00[3. Then for every c,, c; > 0, there exists C > 0, independent of i, such that, if A is
small enough, Az < c;At, and At < cy,e2, we have M2 (t,-) € LP(RY) for allt € [0, T]
and

IMAL)(t, ) | oty < Cllmillzoqee)  Tor allt € [0,7). (2.4.43)

Proof. Letc;, c; > 0, suppose that Az < ¢, At, At < cse?, fix k € I, and let C* > 0
be as in Lemma 2.4.1. Then, by (2.4.5), there exists R > 0, independent of (i, A, k),
such that (¢2[1]) ™ (Bao(0, C*)) C Bwo(0, R). The regularity of H and estimate (2.3.16),
with ¢ = 2, yield the existence of Cr > 0, independent of (i, A, k), such that, for every
x € B, (0, R), the norm of the matrix

D;v (DPH(J:7 DxUA[M] (tka I)))
= DZH<$’ D v [ (ty, m)) D20 [y (ty, ) + D2 H <a:, D v [ (ty, $)>, (2.4.44)

induced by the 2-norm in R?, is bounded by C/e. In particular, D, H (-, D,v™[1](tg, -)) is
(Cr/e)-Lipschitz on B, (0, R). Thus, expression (2.4.14) and the inequality At/e < cqe
imply that, if € is small enough, there exists C; > 0, independent of (u, A, k), such that

[OR[)(x) — O [l (y)| = Cilz —y| forallz, y € Bu(0, R), (2.4.45)

which implies that ®£[u] is injective on B, (0, R), and, denoting by I, the d x d iden-
tity matrix,

D02 1] (z) = Iy — AtD.[D,H(z, Dyv® [u)(ts, 7))] (2.4.46)

is invertible for z € B..(0,R). In particular, 2 [u] is a diffeomorphism of B (0, R)
onto ¢ [u](B«(0, R)). Let us suppose first that p €]1,00[. By the change of vari-
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able formula, we have

/R (M (10, SRl (2) ) e = /B . (MA0] (111, 93 1)) ) e

= /Q,A[u](Bm(O . (M2 (1) (1151, )| det (D02 (02 1) () \‘iay. (2.4.47)

Using again that the norm of D, (D, H (-, D,v*[1](t, -))) is bounded by Cr /= on B (0, R),
relation (2.4.46) and a Taylor expansion for the determinant yield the existence of Cy > 0,
independent of (i, A, k), such that

‘det (D2 ) (x)) — (1 — AFT (D, (D, H(z, Dy ) (t, 7)) )( < Oy(At/e)?
forall x € B (0, R),

where, given B € R%*4, Tr(B) denotes its trace. In turn, we get the existence of C > 0,
independent of (u, A, k), such that

] |det (D, 2] () | - (1 + AETr (D, (DyH (z, Dov® ) (1, 7)) ) )‘ < Oy(At/e)?,
(2.4.48)
for all z € B..(0, R). Since Az < c¢;cy¢2, Proposition 2.3.5 implies that D22 [ (ty, z) —
Cin(1 + (c162)?)1, is negative semidefinite. Using that H (-, -) is of class C? and convex
with respect to its second argument, it follows from (2.4.44) and [48, Lemma 1.6.4] that
there exists C; > 0, independent of (i, A, k), such that

Tr(D,[D,H(z, Dv™[u](ty, v))]) < Cy forall 2 € B (0, R), (2.4.49)

which, together with (2.4.48), yields

1
]det (D92 [u)(x)) | <1+ CsAt forallz € Boo(0, R), (2.4.50)

where C5 = Cy + C3co. Therefore, by (2.4.47), we get

/Rd <MA[M] (tes1, O% (1] (x))>de <1+ CsAt)/ (M2 [ (tir1, 2)) "da. (2.4.51)

R4
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Setting p* = p/(p — 1), it follows from (2.4.28) and Hoélder’s inequality that

Il My = [ | (Dl t00.)" M2 b1, )

= [ (M, R )” M1, 2) e

1

= (/R (M2 (4] (1, ¢;§[u](:c)))"dx> "ML (e, I ot

< (14 C5A) 7 M2 (] (tr1, ) Py M2 1] (s ) oy
< (14 CoAIMA (s, ) 2 MO ey (2.4.52)

In turn, we deduce that
IMA[a) (b1, )| oy < (1 + CSAL) M (1] (b, )| oy (2.4.53)
By (2.4.22) and Jensen’s inequality, we have |[M*[1](0, -)|| zora) < [[m§| s (ra), @and hence

IM2 1] (g1, MNeray < (14 CsAL)N M [1)(0, )N o way
< GCSTHmSHLP(Rd)a (2.4.54)

which, by (2.4.26), shows (2.4.43), with C = 05T |f p = oo, then (2.4.43) holds for every
p’ €]1, 00[. Noticing that C is independent of p’ and that, by Proposition 2.4.3(ii), for
every ¢ € [0, 77, the support of M2[](¢, ) is contained in Bo.(0,C*), (2.4.43) for p = 0o
follows by letting p’ — oc. O

The next result provides the analogous for M2 [y of Proposition 2.4.2 for m*[u].

Proposition 2.4.6 Assume (H1)-(H3), let (11,,)nen C C([0,T]; P1(RY)), and let
((Aty, Azp,en)), oy C (0,00)% Set A, = (At,, Axy,e,) and let i € C([0, T); Pi(RY)).
Suppose that, as n — oo, p, — i, A, — 0, Az, = o(At,), and At, = O(2). Then, up
to some subsequence, the following hold:
(i) (v2[u.])nen converges to v(u), uniformly over compact subsets of [0, T| x R<, and,
for every K C [0,T] x R? compact and q € [1, co[, (Ix D,v™" [,])nen CONverges to
Ix Dv[p] in L9([0, T x RY).
(it) (M®[un]), . converges in C([0, T}; P, (R?)) towards a solutionm € C([0, T]; P1(R))N
LP([0,T] x R?) to (2.2.31). Moreover, the convergence also hold weakly in
LP([0,T] x RY), if p < oo, and weakly* in L>([0,T] x R%), if p = oo. In addi-
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tion, there exists C > 0 such that

Im(t, )o@ < Cllmillome,  forallt € [0,T]. (2.4.55)

Proof. Letus setv" :=vA»en[y,], M™ = MA»<n [y, ], and & = dAnen(y,] for all k € T3, .
(i): This corresponds to Proposition 2.4.2(i)

(ii): Arguing as in the proof of Proposition 2.4.2(ii), it follows from Proposition 2.4.3(ii),
[18, Proposition 7.1.5], Proposition 2.4.4, and the Arzela-Ascoli theorem, that there
exists m € C([0,T]; P1(RY)) such that, as n — oo and up to some subsequence,
M™ — m in C([0,T]; P1(R%)). Moreover, by Proposition 2.4.5, the convergence holds
weakly, if p < oo, and weakly* in L*°([0, T] x RY), if p = oo, and m satisfies (2.4.55). It
remains to show that m solves (2.2.31). Let ¢ €]0,7] and let k(n) € Z3, be such that
t €ltpm), tmy+1). For every ¢ € Cg°(R?), we have

k(n)

/Rd (2)M™ (i), )dx—/ o(z M"Oxdx+2/ *(teg1, ) =M (b, ) ) da.

(2.4.56)
Let k € Z},. Since (2.4.14) and (2.4.5) yield |®}(z) — x| = O(At,) for all x € supp(yp),
by Lemma 2.4.2, a Taylor expansion, and Proposition 2.4.3(2.4.3), we have

L e@ M s, = W) = [ (@) = )M 11, 2)da + Oz,
= —At, » (Do(x), DyH (z, Dyv" (i, ) YM" (ty,, z)da

+ O(Az,) + O((At,)?), (2.4.57)

which, combined with (2.4.56), yields

/Rd ()M (t(n) )dx—/RdSO(fB)M"(Uw)dx

k(n)—
Z / (Dy(x), DyH (x, Do (ty, ) M (ty,, )
]Rd
+0 (it ) (2.4.58)

Since ¢ has a compact support, it follows from (2.3.16), with ¢ = 2, that there exists C, >
0 such that (D(-), D,H (-, Dyv"(ty,-))) is (C,/e,)-Lipschitz. Thus, by Proposition 2.4.4,
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_ O(At">
€n

Recalling that D,v"(s, z) = D,v"(t;, x) for all s € [ty tx41[ @and z € R?, we obtain

for every k € Ij,, we have

/Rd (Dip(), DyH (2, Dot (11, 2))) (M7 (s, 2) — M"(t, 2))da

for all s € [ty, tpi1].

At, /R (Depl), D H (Do (1, )M (15, )

— /ttk+1 /Rd (Dg(x), DyH (z, Dyv" (s, x)))M" (s, z)dzds + O (M) (2.4.59)

En

and hence, in view of (2.4.58), we deduce that, for n large enough,

/ p(z)M" (tk(n), x)dx
R4

= /Rd o(z)M™(0, x)dz —/0 /Rd H[o,tk<n)]<D90($), D,H (z, Dw”(s,x))ﬂ\/l”(s,x)dxds

Az, At,
+O<Atn + - > (2.4.60)

Finally, by (2.4.6),

Ii0.65) (VD (-), DypH (, Dyt (,))) — Tpo.g(-)(D(-), DpH (w, Do [m](-,-))),

(2.4.61)
in L9([0, T] x R?), for every ¢ € [1, o[, and, hence, we can pass to the limit in (2.4.60) to
obtain that m satisfies (2.2.31). O

2.5 A Lagrange-Galerkin scheme for the the mean field
games system

In this section, we combine the schemes discussed in Sections 2.3 and 2.4 to obtain
a scheme for system (MFG) and we provide a convergence result.
Let A = (At, Az, ) €]0,c[3, let C* > 0 be as in Lemma 2.4.1, and define

DALAT = {u = ()

tii >0, Z i (Az)? = 1forall k € Ia,, i € IM}, (2.5.1)

jezZ
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where Z,, is defined in (2.4.25). Notice that ©2“4* is a convex and compact subset
of RWart)x(2Nazt)? " Given p € ©2447 define i € C(]0,T); P1(R%)) as

> > psriB(w)da + <tkzt_t> > i (w)de

1€TAL 1€TA,

. [t
a0 - (5

forall k € IZt? te [tk,tk+1[. (252)

The discretization of (MFG) that we propose is the following: find ;. € ®244% such that

i = M2 (g, v;) forall k € I, i € Tag, (MFG*4)

where we recall that M2 [j] is defined in (2.4.26).

Theorem 2.5.1 Assume that (H1)-(H3) hold. Then, if At/e is small enough, sys-
tem (MFG*?) admits at least one solution.

Proof. Consider the application 7': @214z _y RWVart)x(2Nas+)? defined by
(T(10))s = MA[3)(tr, ;) forall k € Ty, i € Tas.

It follows from Proposition 2.4.3(i),(ii),(iv) that T(D4%42) C DALAz Moreover, if
(tn)nen C DAHAT converges to p then the continuity of L, F, and G, imply that, as
n = 00, Ut [1a] — v [p] for all k € Ty, and i € Z2. Thus, (vA4%[1,])en, defined
in (2.3.9), converges to v2%2%[y] pointwisely and hence, by Lebesgue’s dominated
convergence, the sequence (v2[u,])nen, defined in (2.3.17), satisfies that v2([u,] —
v2[u] and D,v2[u,] — D,v?[u] pointwisely. Consequently, given k € Iy, it fol-
lows from (2.4.14) that ®2[u,] — ¢ [u] pointwisely. In particular, 8°(®4[p.](z)) —
B dp[p](x)) for all z € R\ (o [u] *(0F;)). If R > 0 is as in the proof of Proposi-
tion 2.4.5 and At/¢ is small enough, we have that ®2[,] is a diffeomorphism of B, (0, R)
onto ¢ [u](B«(0, R)). Therefore, since L4(E;) = 0, we have L (o3 [u] ' (9E;)) = 0
and hence BY(®9[ua](z)) — B2(®L[1](x)) for almost every x € R Therefore, by
Lebesgue’s dominated convergence,

n—oo

[ Botlml@)ds — [ 8(@fe)dr foralke Ty, i, j e 2
E; E;

J

Altogether, it follows from (2.4.21) that, as n — oo, T'(u,) — T'(), i.e. T is continuous.
Finally, the existence of a solution to (MFG?), i.e. of a fixed point of T', follows from
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Brouwer’s fixed-point theorem. O
In the next result we provide our main result, which shows the convergence, up to some
subsequence, of solutions to (MFG*) towards a solution to (MFG).

Theorem 2.5.2 Assume (H1)-(H3), let ((At,, Ay, en)), . CJ0, 00, and set A,
(At,, Az, e,). Suppose that, asn — oo, A,, — 0, Az, = o( tn), and At,, = O(e?). For
every n, large enough, let m" € S be a solution to (MFG*"), define m™ by (2.5.2),
and set v™ = v>~[m"]. Then there exists a solution (v*,m*) to (MFG) such that, up to
some subsequence, the following hold:
(i) (v),.en converges to v*, uniformly over compact subsets of [0, T x R<.
(ii) (m™).en converges in C([0,T]; P1(RY)) towards m*. Moreover, the convergence
also hold weakly in LP([0,T] x R?), if p < oo, and weakly* in L>=([0,T] x R%), if
p = oco. In addition, there exists C > 0 such that

[m*(t, )| oy < Cllmglloay  forallt € [0,T). (2.5.3)

Proof. For all n € N, large enough, we have /m™ = M2"[m"]. Arguing as in the
proof of Proposition 2.4.6(ii), we obtain the existence of m* € C([0,7]; P;(R?)) and a
subsequence, still labelled by n, such that (/m"),cn converges to m* in C([0, T]; P1(R9)).
It follows from Proposition 2.4.6(ii) that m* solves (2.2.31), with ;. = m*, i.e. (v[m*], m*)
solves (MFG). Therefore, assertions(i)-(ii) follow from the corresponding assertions in
Proposition 2.4.6. O

Remark 2.5.1 (i) Theorem 2.5.2 shows, in particular, that system (MFG) admits at
least one solution (v*, m*). If the solution to (MFG) is unique, then the entire se-
quence (v, m™) converges to (v*, m*) (see Theorem 2.2.4 for a sufficient condition
ensuring uniqueness).

(ii) The condition on Az, = o(At,) in Theorem 2.5.2 is stronger than the condition
(Azx,)?* = o(At,) needed for convergence, when the space dimension is equal
to one, in the scheme studied in [57] (see also [66]). This can be explained by
the estimate (2.4.31) in Lemma 2.4.2, which seems difficult to improve, even if
@ Is smooth, and it is in compliance with Assumption 3.1 in [133], which plays
an important role in the LG approximation of continuity equations with Lipschitz
vector fields.

(iii) Let us point out that our method of proof, based on compactness arguments,
does not provide rates of convergence for the solutions to the scheme. The
establishment of convergence rates for the approximation of solutions to first order
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MFGs remains as an interesting challenge.

2.6 Numerical results

In this section, given A = (At, Az, <), we use (MFG®) to approximate the solutions
to two first order MFGs systems. In order to obtain an implementable version, we
need to approximate the integrals in the LG scheme (2.4.21)-(2.4.22). We consider
two methods. In the first one, the integrals are approximated by numerical quadrature,
while, in the second one, we use the so-called area weighting technique, introduced
in [124] and recalled in Section 2.6.1 below.

In the first example, the state dimension is equal to one and the data of the MFGs
system does not satisfy some of the assumptions in Section 2.2.2. On the other hand,
the PDE system admits an explicit solution, which allows to compare the quadrature
and area weighting methods to solve (MFG*). For comparable accuracies, the area
weighting method is less expensive than the quadrature method and, hence, we use
the former in order to treat the second example, where the state dimension is equal
to two and no explicit solution is known. Let us point out that the data of the second
example fulfills all the assumptions in Section 2.2.2.

We solve (MFG#) heuristically by fixed point iterations that are stopped as soon as
the uniform norm of the difference between two consecutive iterates is smaller than
a given threshold 7, which in the simulations is set to 1073. In particular, we use the
classical Picard iterations in the first test, as in [57], and Picard iterations with damping
parameter 0.5 in the second test, as in [66].

All proposed tests are implemented in MATLAB R2023a and run in a computer with
MacOS 10.15.7, 2.8 GHz Intel Core i7 Dual Core 16GB RAM.

2.6.1 Area-weighted LG approximation

Let 1 € C([0, T]; P1(R?)) and consider the continuity equation (2.4.1). The main idea of
the area-weighting technique is to replace, for each k € 7}, the local nonlinear discrete
flow E; > x — ¢2[u](z) € RY, defined by (2.4.14), by the local affine approximation

E, >z~ 6?[@}(@ =2 — AtD,H (z;, D,v™[u](ty, 7)) € R™ (2.6.1)

Notice that 5,?[;4(95) = x—x;+ 02 [y (z;) for all z € E;. Under this approximation, we can
compute the integrals in (2.4.21)-(2.4.22) explicitly. Indeed, for all i = (i1, ...,iq4) € Z¢
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andl=1,....d,letusset T, = [(x:); — Ax/2, (x;), + Az/2], and observe that

d
= [[1r, () forally=(y,...,ya) €R. (2.6.2)

It follows from (2.6.1) and (2.6.2) that, for every i, j € Z%, we have

/ 8@ () dy = / By — 2+ O[3 (x;))dy

d (o lul(ay)) +Ax/2

d (z5) H-Aﬂﬁ/2
-1 / o (= (o) + (@R0)w),) =] /( Iy, (31)dye

—Aa)2 ORl(ry)) - A2

(2.6.3)

d
-11e ( 21— D)2, (e + D)2 O [(O2[u)(a) — A2, (62 [u)(x,)) + A/2] )
On the other hand, for every | = 1,...,d, it follows from (2.3.2) that

£ ( () — Aay2, 20+ Af2) O[Ol ()i — Aa/2, (W2 ul(a,))i + Ax/2] )

Az + (SR [ul())), — (@) i (Ol (x))), € [(z:) — Az, ()],
= A+ (w — (R [ul(xy), if (OR[ul(x))), €)@, (@) + Aa,
0 otherwise,

= DB (S [)(x))), /D — i)

which, combined with (2.3.1) and (2.6.3), yields
@, AO) = 5O 264)

Thus, replacing ¢¢[u] by Eﬁ[ﬂ] in (2.4.21) and, for every i € Z“, denoting by mj,
any approximation of fEZ_ mg(z)dx/(Ar)?, we obtain the following area-weigthed LG
version of (2.4.21)-(2.4.22):

I — A . d
Misri = D MpiBl (Op[u)(x)) forallk € Ix,, i € Z°, (2.6.5)
jezZd
mo,; =my,; forallie Z. (2.6.6)
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Remark 2.6.1 (i) Notice that (2.6.5)- (2.6.6) corresponds to the scheme proposed
in [57] for the continuity equation (2.4.1). Therefore, the latter can be seen as an
area-weighted version of the LG scheme of Section 2.4.

(ii) Let us point out that we have not been able to provide a satisfactory uniform error
estimate for the difference between the solution {m.; | k € Ia:, i € 2%} to (2.4.21)-
(2.4.22) and the solution {my; | k € Zas, i € Z} to (2.4.21)-(2.4.22). The main
issue is that, as suggested by the analysis in [124, Section 3], this estimate should
depend of the Lipschitz constant of the map x — —D,H (x, D,v*[1](t, ), which,
in our case, is not uniform with respect to <.

2.6.2 Non-local MFG with analytical solution.

We consider system (MFG) with a quadratic Hamiltonian H (z,p) = %2 coupling terms

F(z,v) = %(x —/ ydy(y)>2, G(z,v) =0, (2.6.7)
R4

and initial data mg given by the distribution of a d-dimensional Gaussian random variable
with mean p* € R? and covariance matrix 3, € R%*¢ assumed, for simplicity, to be diago-
nal. Notice that the coupling term F'in (2.6.7) and the initial distribution m; do not satisfy
assumptions (H2) and (H3), respectively. On the other hand, the MFG system admits in
this case an explicit solution, which allows to compare the performance of quadrature
and area-weighting methods to approximate the continuity equation. Indeed, setting

62T—t + et

I(t) = (M) Iy, s(t) = —It)p*, ct) = %(H(t),u*,,u*) forallt € 0,77,

and arguing as in [41, Section 5.2], one finds that (MFG) admits a unique solution
(v*,m*) given by

ot 7) = %(H(t)x,x} +(s(t),2) +e(t) forall (t,2) € [0,T] x RY

and, for every t € [0, 7], m*(t) is the joint distribution of d independent Gaussian
random variables {X;(¢)|l = 1,...,d} with means p,(t) and variances o7(t) (I =
1,...,d), given by

2
. €2T_t + et
pe(t) =y and of(t) = (W (Xo)u-
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In the numerical test, we take T'= 0.25, d = 1, u* = 0.1, and X, = 0.105. Since the exact
solution m*(t) does not have a compact support, we approximate the system on the
bounded domain O =] — 2, 2[ and we impose Dirichlet boundary conditions at = = —2
and z = 2, which are equal to the values of the exact solution at these points. In order
to implement the latter, we proceed as in [76, Section 5.1.5].

We test our scheme for different values of Az, the time step is chosen as At = (Az)%/3/2,
and the mollifier in (2.3.17) is defined with R > = — p(z) = ¢ **/2/y/2r ¢ Rand ¢ =
V/At. We denote by (v*, M?) and (GA,MA) the approximations of solutions to (MFG*)
obtained by estimating the integrals in (2.4.21) by numerical quadrature and by the
area-weighting method, respectively. For the numerical quadrature of the integrals in
the computation of (v, M%), we divide each interval E; into |4/Ax| subintervals and
we use the midpoint rule on each one of them. The initial condition m{; being smooth,
we use the midpoint rule to approximate the integrals in (2.4.22).

Setting Ga,(0) := Ga, N O, Tables 2.1 and 2.2 below show the uniform and L? rel-
ative discrete errors

1
max [h(20) — hiz.) T AP
Eoo hA _ Ti€YAx B hA _ Ti€YAz
(") max a0 ) S h@)P ’
xiegAx(Q) $i€gAz(Q)
(2.6.8)
A

for (h, h®) = (m* (T, ), MA(T ), (m*(T,-),M" (T, -)), (v*(0,-),v™(0,)), and (v*(0,-), 72(0, )).
Table 2.1 shows smaller errors for the approximation of m* computed with numerical
quadrature, specially in the uniform norm. Table 2.2 shows that the higher precision
obtained by computing an approximation of m* by numerical quadrature does not sig-
nificantly affect the approximation of the value function v*. In Table 2.3, we display the
CPU time and number of iterations for both implementations. In particular, it shows that
the improvement of precision of the numerical quadrature method is achieved at the
expense of a high computational cost compared with the area-weighted approximation.
Table 2.3 also shows that, in most of the cases and for both implementations, doubling
the space mesh refinement more than triples the calculation time, which indicates that
other methods should be used for high dimensional problems.
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Ar || Bu(MAT,) || BL(M(T,) | Bx(MA(T,)) | B(M™(T,-))
4.80 -1072 8.41.1073 3.69 -102 6.30 -1073 1.09 .10~
2401072 6.91-1073 3.25-1072 4391073 1.05-1072
1.20 -1072 3.94 1073 2.62:1072 2.77 -1073 6.77 -1073
6.00 -1073 1.83 1073 2.44 1072 6.89 -1074 2.67 -1073

Table 2.1: Errors for the approximation of m*(T, -).

Az Eo(v2(0,)) || Exc(@2(0,-)) || Eo(v2(0,)) || E2(v2(0,-))
4.80-1072 | 7.02-1073 7.11.1073 6.20 -1073 6.31 1073
240-107% | 5.74-1073 5.82-1073 4,90 -1073 5121073
1.20 1072 || 4.34.1073 4.37 -1073 3.70 -1073 3.75-1073
6.00-1073 || 3.30-1073 3.36 -1073 2.95.1073 3.01-1073

Table 2.2: Errors for the approximation of v*(0, -).

2.6.3 A two-dimensional example

In this test, we consider system (MFG) with d = 2, a quadratic Hamiltonian H(z,p) =
Ip|?/2, and coupling terms having the form

F(x,v) = ymin{|lz — 2>, R} + (r, *v)(z) and G(z,v)=0, (2.6.9)
where v > 0, 7 € R%, R > 0, and, for o > 0, r,(z) = e 1*1"/2" /(210?) for all z € R,
Given ¢ > 0, z} €]0,/[*, and oy > 0, we consider the initial density

x(z)

= 2 with  x(x) = e 1720 o (2)  forall 2 € RY
Jio.p X(¥)dy (z) 0,02(7)

mg(x) (2.6.10)
Notice that the data above satisfy (H1), (H2), and (H3), with p = co. In our tests below, we
choose T'=1, ¢ = 2, zj = (0.75,0.75), oo = 0.07 in the initial condition, z = (1.75, 1.75),
R =5, 0 =0.25, and two values v = 0.5 and ~ = 3 in the running cost F. Since in this
two-dimensional example the computational cost to solve (MFG*) is important, in view of
the discussion in Section 2.6.2 we implement the area-weighting method of Section 2.6.1
to approximate the integrals in (2.4.21). The integrals in (2.4.22), to approximate the
initial condition m}, are computed by using the midpoint rule. We set Az = 0.025,
At = Az*3, and the mollifier in (2.3.17) is defined with R? 5 = — p(z) = e /2 /27 ¢ R
and ¢ = v/At/2. Figure 1 shows the approximation m* of the exact distribution m* in
the z,-z-, plane obtained after solving (MFG*) for v = 0.5 and v = 3. On the left, we
display the evolution of the initial distribution, concentrated around zj;, by overlaying
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Az CPUguad || CPUaw || quaa || Mtaw
4.80-107* 15.21s 0.93s 5 5
2.40 1072 || 55.35s 2.53s 5 5
1.20 -107% || 200.98s | 8.42s 6 5
6.00 -1073 || 710.321s || 27.71s 6 5

Table 2.3: CPU times (in seconds) and number of iterations to compute (v, M2) and (72, M™).
The CPU time and the number of iterations are respectively denoted by CPUqyaq and ltgyaq, for
the numerical quadrature, and by CPU,, and It,y, for the area-weighted approximation.

the distributions m* (¢, -) for k € Z,. On the right, we display only the final distribution
m>(T,-). The simulation shows the effect of the positive constant ~, which weights the
importance of reaching the target point z. If v = 0.5, the aversion to crowed regions,
modeled by the second term in the definition of F', has a more relevant impact on the
distribution of the players than the term penalizing the distance to z, while, if v = 3, the
latter term has a preponderant role in the evolution of the distribution of the agents.

A1. Appendix

Proof. [Proof of Proposition 3.3.1] Let us fix (¢,z) € [0, T[xR%. The existence of o' €
L2([t,T);R?), such that v[u](t,z) = J"*[u](a"*), follows from (2.2.16), the continuity
assumption on F' and G in (H2), and the direct method in the calculus of variations.
Setting ay(s) = 0 for all s € [t,T], the inequalities J>*[u](a"*) < J"*[u](ao(s)), (2.2.6),
(2.2.10), (2.2.11), and (2.2.16), imply that

T
/ 0 (s)2ds < ¢ 1Ot 20%* Crr) +2Caa (2.6.11)
L6
In particular, setting A = {a € L*([t,T);RY), ft la(s)]?ds < C} we have
v[p](t, x) :inf{Jm a)|ae At} (2.6.12)

Thus, assertion (2.2.1) follows from (2.2.6), (2.2.16), (2.6.11), (2.2.10), and (2.2.11).
Moreover, it follows from conditions (2.2.7), (2.2.12), (2.2.13), and expression (2.6.12)
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(a) Time evolution (M= (tx, -))keza, fOr v = 0.5. (b) Final distribution m* (T, -) for v = 0.5.
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(c) Time evolution (M* (¢, -))rez,, fOr v = 3. (d) Final distribution m“ (T, -) for v = 3.
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Figure 2.1: Approximation of m* in both cases v = 0.5 and v = 3.

that, for every y € R?, we have

lwlp](t, z) — v[p](t,y)| < sup |J"*[u](a) — T [u](a))|

acAt

T
< sup { / (Crall+ la(s)P) + Cra ) X 22(s) — X" (s)]ds
t

+Ca

Xt (1) - Xt’yva<T>|}

< (T(CL,3 + Cpa) + CL,sé + CG,Q) |z —yl,
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which shows (ii). Let us set X = X%**"" and let s € [t,T[. Since v[u] satisfies the
dynamic programming inequality

(s X)) £ [ (DT, a(r) + FOCTO ), ) dr

+ulp] (s + b, X5¥O(s + b)),
forallh € [0,T — s[ and a € L3([t,T];R?), by taking a = «y, the equality
vl (5, X (s)) = T O] (a5 my), (2.6.13)

the estimates (2.2.16), (2.2.6), (2.2.10), the equality X*X(*}20(s+h) = X(s), and (2.2.26),
imply that

s+h
CL,G/ |Oét’x(7”)’2d7” < h(CF,l + CLQ) + h(OLj + OF,l)
+olu)(s + h, X(s)) = v[u](s + b, X (s + h))
s+h
< h(20p71 + CL72 + CL’7) + CLip/ \oﬁ’”’”(r)\dr.
By Young’s inequality, we get the existence of C' > 0, independent of (y, ¢, z), such that
s+h
/ Qb (r)2dr < Ch
and, hence, by the Lebesgue differentiation theorem (see e.g. [32]), we have o* €

L>([0, T);R?Y) and ||| oo o.r:rey < V/C, which shows (i).
Finally, in order to show (2.2.1), notice that, for every y € R?, (2.2.9) implies that

L(z +y,a) — 2L(z,a) + L(z — y,a) < Cps(1 + |a*)|y|*> foralla € R (2.6.14)
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Estimates (2.6.14), (2.2.14), (2.2.15), and (2.6.11), imply

ol g) olta =) < [ (L (5).00(0) + LK (5). 00 (0)

(X0 (5), u(s)) + F(XW70 (), p(s)) ) ds
+ G(XH (T, u(T)) + G(X™ 2" (T), u(T))

<2 [ (BOK (0,0t (60) 4 FOC (9,005

(2.6.15)
+2G(X N (T), u(T))
T
+ / <CL,5(1 + ot (s)?) + CF,3> ly[*ds + Cesly|?
t

< 20[pf(t, ) + (T(CL,5 + Cpa) + CpsC + CG,3> lyl,
from which (2.2.27) follows. O
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Approximation of deterministic mean field
games under polynomial growth
conditions on the data

We consider a deterministic mean field games problem in which a typical agent solves
an optimal control problem where the dynamics is affine with respect to the control and
the cost functional has a growth which is polynomial with respect to the state variable.
In this framework, we construct a mean field game problem in discrete time and finite
state space that approximates equilibria of the original game. Two numerical examples,
solved with the fictitious play method, are presented.

This chapter is a joint work with Justina Gianatti and Francisco J. Silva [81].
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3.1 Introduction

The theory of Mean Field Game (MFG for short) problems has been introduced in [111]-
[113] and, independently, in [99] in order to describe the asymptotic behaviour of
Nash equilibria of non-cooperative symmetric differential games with a large number
of indistinguishable players, which, individually, have a minor influence on the game.
The reader is referred to [5], [60], [61], [86], [87], and the references therein, for an
overview on MFG theory including their numerical approximation and applications in
crowd motion, economics, and finance. Equilibria in MFGs are usually described in
terms of a system of two equations, called MFG system; a Hamilton-Jacobi-Bellman
equation, describing the optimal cost of a typical player, and a Fokker-Planck equation,
describing the evolution of the players.

This work deals with the numerical approximation of deterministic mean field game
problems, i.e. when the underlying differential game is deterministic. In this setting, a
relaxed, also called Lagrangian, formulation of equilibria involving a fixed point problem
on the space of probability measures over the trajectories of the players, has been
introduced in [28], [45], [52]. We assume that the controlled dynamics of a typical
player in the MFG has the form

4(t) = A(t,7(t)) + B(t,y(t))a(t) fora.e. t € (0,T). (3.1.1)

Here, T > 0 denotes the time horizon, v and «, which take values in R? and in R",
respectively, denote the state and the control of a typical player, and A: [0, 7] x R¢ — R?
and B: [0,T] x R? — R¥" are given functions. When the typical player controls its
velocity, i.e. ¥(t) = «(t) and MFG equilibria are characterized in terms of the MFG
system, the reference [42] proposes a semi-discrete scheme which is shown to converge
towards a solution to the MFG system. An implementable version of this approximation,
including also a discretization of the space variable, has been introduced in [57] and
it is shown to converge when the space dimension is equal to one. In the same
framework, in [56] the authors propose a Lagrange-Galerkin scheme for the continuity
equation appearing in the MFG system and they show the convergence of a fully-
discrete approximation in general state dimensions. By adopting the relaxed formulation,
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in [94] an approximation of the MFG problem written in terms of a discrete time and finite
state MFG [84], hereafter called finite MFG, is shown to converge in general dimensions.
Moreover, under a monotonicity assumption on the interaction cost terms (see [112,
Section 2.3]), an adaptation of the fictitious play method (see [39], [130]) is shown to
converge and hence allows to rigorously approximate a solution to the finite MFG. Finally,
in the work [80] the authors approximate MFGs by finite MFGs when the dynamics
of the typical player takes the general form (3.1.1). The convergence is established
in general dimensions, the key point being a careful discretization of the underlying
optimal control problem. In particular, the results in [80] cover the approximation of
MFGs where the typical player controls its acceleration (see [8], [47]).

In all the references above, the assumptions on the dependence of the cost functional
with respect to the state do not allow a polynomial growth. In particular, the cost cannot
depend quadratically on the state, which is a typical case considered in the applications.
Our aim in this work, which is complementary with [80], is to cover this case. The
main difficulty coming from a polynomial growth of the cost is that the value function
of a typical player is not globally Lipschitz with respect to the state. In particular, the
optimal feedback law is only locally bounded and hence a careful analysis is needed in
order to construct a scheme for the value function with good stability properties. Under
our assumptions, which include the independence of B(t,~(t)) on «(t), the optimal
feedback controls have a linear growth with respect to the state. This property still
allows us to construct an approximation of the MFG problem where the time marginals
of the distributions of the states of the agents are supported on a compact set which is
independent of the discretization steps. Next, the analysis in [80] applies and yields the
convergence of the scheme as the discretization parameters vanish. As in [80], [94],
we adopt in this work the relaxed formulation of the MFG equilibrium, the main point
being that, in the convergence study of our approximations, compactness properties
for the solutions to the scheme are easier to establish.

The remainder of this article is organized as follows. Section 3.2 fixes the notations and
the assumptions in this work. It also recalls the notion of Lagrangian MFG equilibrium
and provides an existence and uniqueness result. Section 3.3 is central in this work
as it builds the scheme used to approximate the value function of a typical player. We
explain the relation between this scheme and a standard semi-Lagrangian scheme
(see [76]) and we provide a convergence result. In Section 3.4, we describe the finite
MFG that approximates the continuous one and we present existence, uniqueness, and
convergence results. Finally, in Section 3.5 we consider two numerical examples where
the cost functional depends polynomially on the state variable and the interactions
terms are monotone, which allows us to approximate the solutions to the finite MFG
problems by using the fictitious play method.
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3.2 Preliminaries

Let n € N. In what follows, | - | will denote the infinity norm in R”, and, given R > 0,
B (0, R) (respectively B..(0, R)) will denote the corresponding open (respectively
closed) ball centered at 0 and of radius R. We denote by P(R™) the set of probability mea-
sures over R" and, for u € P(R™), we set supp(u) for its support. We define P;(R") as
the subset of P(R") consisting on probability measures with finite first order moment, i.e.

Pi(R™) = {u € P(R") . |z|du(x) < oo}, (3.2.1)

which is endowed with the Wasserstein distance

(i ) = i / 2 — yldu(z.y) forall u, ps € PyRY,  (3.2.2)
pEI(p1,p2) JRo xR

where I1(u, o) denotes the subset of P, (R™ x R™) of probability measures with first

and second marginals given by u; and u., respectively. Given v € P(R") and a Borel

function U: R™ — R? (¢ € N), the push-forward measure Viv, defined on the o-algebra

of Borel sets B(RY), is defined by

Uiv(A) = v(U1(A4)) forall A c B(RY). (3.2.3)

Let T > 0 and d, r € N. The mean field game problem that we will deal with in this

article is defined in terms of £: [0, 7] x R” x R? x P;(RY) — R, g: R? x P;(R?) — R,

A:[0,T] x R* — R?, B:[0,7] — R™", and m; € P;(RY). We will consider the fol-

lowing assumptions:

(H1) The functions ¢ and ¢ are continuous and, for every (¢, z, ) € [0,T] x R? x P;(R9),
the function ¢(¢, -, z, 1) is convex. Moreover, there exist p € (1,00), Cp1, Cio,
Cis, Coa € (0,00) and Cy 1, Cya, Cy3 € (0,00) such that, for every (t,a,z, 1) €
[0, 7] x R" x R? x P (RY),

Ceilal’ = Cpa < LUt a,m, 1) < Cya(1+|al” + [z7), (3.2.4)
_Og,l S g(ZL“, :u) S Og,?(]- + |x|p)7 (325)
[0t a, 2, 10) — €(t,a,y, 1)] < Coa(1+ |2~ + [y~ + |a’ =)o —y| forally e RY,
(3.2.6)
l9(z, 1) = gy, )| < Cos(1 + [~ + [ylP~ )|z —y| forally e RY.
(3.2.7)
(H2) The following hold:
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(i) The functions A and B are continuous.
(ii) There exists L4 € (0, c0) such that, for every (¢,z) € [0,T] x R¢,

|A(t,2) — A(t,y)| < Lalz —y| forally ¢ R%.

(iii) We have r < d and there exists {iy,...,i.} C {1,...,d} such that, for all
t €[0,7T], the rows iy,. .., of B(t) are linearly independent.
(H3) There exists C* € (0, 00) such that supp(m}) C B (0,C*).
(H4) The following hold:

(i) The function ¢ satisfies (H1) and can be written as
Ut a,x, 1) = Lo(t,a,2)+f(t,x,u) forallt €[0,7],a € R, x € RY, u € P (RY),

where (y: [0, T]xR"xR? — Rand f: [0,T] xR?x P, (R?) — R is a continuous
and bounded function. Moreover, there exists L; > 0 such that, for all
(t, 1) € [0,T] x Py(RY),

|f(t, 2, 1) = f(ty, p)] < Lyle —y| forallz,y e RY.

(ii) The functions f(t,-,-), for all ¢ € [0,7T], and g are monotone, i.e. for U =
f(t,-,-), g it holds that

AJ@@MQ—é@M@MWVﬁ@@QZOfmmm%meﬁﬂR% (3.2.8)

Assumptions (H1), (H2), and (H3) ensure that both the MFG problem defined in Prob-
lem 2 below, and its approximation, introduced in Section 3.4, admit at least one solution.
Assumption (H4) plays an important role in the uniqueness of the equilibrium for both
the MFG and its approximation and also in the proof of the convergence of a numerical
method to solve the finite MFG problem (see [80]).

Note that (H2) implies that

|A(t,z)| < Ca(1+ |2]) forall (¢,2) € [0,T] x RY, (3.2.9)

where Cy = max{maxcpr |A(t,0)|,L4}. In what follows, setting |5(t)| for the ma-
trix norm of B(t) induced by the infinity-norm in R", we set Cp = sup, 1 |B(1)],
which is finite by (H2)(i).

Let us describe the MFG problem considered in this article. Given z € R¢ and

m € C ([0, T];P1(R?)), a typical player positioned at z at time ¢ = 0 solves an optimal
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control problem of the form

(

it [ €(s.a(s)2(5).m(s) ds + 90 (T),m(7)
s.t. g(s) = A(s,v(s)) + B(s)a(s) fora.e.se (0,7),

7(0) =z,
v e Whe([0,T]; RY), a € LP([0,T];R").

(OCym)

\

Note that assumption (H1) states that the cost functional in (OC, ,,) has a polynomial
growth with respect to the state and control variables. In particular, our conditions on
the cost functional are more general than those in [80]. On the other hand, regarding
the dynamics in (OC, ), in [80] the matrix B can also depend on the state variable.
Let us endow I' := C ([0, T]; R*) with the supremum norm || - || and, for all ¢ € [0, 77,
define e;: I' — R? by e;(y) = ~(t) for all v € T". Let us also set

Py (1) ={€ € P (D) | eoti€ = mg}-

The notion of equilibria that we consider is the Lagrangian MF¥G equilibria, defined
as a solution to the following problem:

Problem 2 Find ¢ € P, (') such that [0,T] > t — ef* € Pi(RY) belongs to
C ([0,T);P1(R?) and for ¢*-a.e. ~* € T there exists a* € L*([0,T];R") such that
(v*, o) solves (OC,, ,,,) with x = +*(0) and m(t) = e,4¢* for all t € [0, 7.

We have the following result.

Theorem 3.2.1 Assume that (H1), (H2), and (H3) hold. Then Problem 2 admits at least
one solution. Moreover, if (H4) holds and for every m € C([0,T]; P,(R%)) and m}-a.e.
r € R? problem (OC, ,,,) admits a unique solution, then the MFG equilibrium is unique.

Proof. The existence of at least one solution follows from Theorem 3.4.2 below while
the unigueness result can be shown by arguing exactly as in the proof of [80, Theorem
2.2]. O
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3.3 The value function of a typical player and its ap-
proximation

In this section we fix p € (1,00). For every (t,z) € [0,7] x R and o € LP([t, T];R"),
note that (H2) implies that

F(s) = A(s,v(s)) + B(s)a(s) fora.e.se (t,T), ~(t)==x (3.3.1)

admits a unique solution 4« € WhP([0, T]; R?). Given m € C([0,T]; P1(R?)), set
T
J*[m)(a) = / (s, a(s),7""(s), m(s))ds + g(3(T),m(T)) forall a € LP(t, T);R").
t

The value function v[m]: [0,7] x R? — R is defined as

v[m](t,z) = inf {J**[m](a) |a € LP([t, T;R")} forall (t,z) € [0,T] x R%.  (3.3.2)

Proposition 3.3.1 Assume that (H1) and (H2) hold, let m € C([0,T]; P.(R?)), and let
(t,z) € [0, T] xR Then there exists o* € LP([t,T); R?) such that v[m|(t,z) = J"*[m](a*).
Moreover, the following hold:

(i) There exists Cr;, > 0, independent of (t, x,m), such that

lo[m](t,z) — v[m](t,y)| < CLip(1 + 2P~ + [ylP )|z —y| forally e RY. (3.3.3)
(ii) There exists Cy, > 0, independent of (t,xz, m), such that
la*(s)] < Cp(1+ [v*(s)|) fora.e. s € [t,T). (3.3.4)

Proof. Let (a,).en C LP([t, T];R") be a minimizing sequence for the right-hand side
of (3.3.2). Estimate (3.2.4) and (3.2.5) imply that («,,).en is bounded in LP([t, T|; R")
and hence, up to some subsequence, it converges weakly to some o* € L?([t,T];R").
It follows from (3.3.1) and (H2)(i)-(ii) that v*®* converges uniformly in [¢t,T] to v"®"
and hence, by [72, Theorem 3.23], we deduce that v[m](t,z) = J"*[m](«*). Denoting
by o the null control and 7° = ~%®a0 estimate (3.2.9) and Grénwall’s lemma imply
that sup,c(, 71 [7°(s)| < e“47(|z| + CaT). In turn, it follows from (3.2.4), (3.2.5), (3.2.9),
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and Gronwall’s inequality that

Con [ a(s)[Pds < TCpa + J5*[m](a®) + Cy,
< (Cra + Cual1 + 4T ([a] + CaTI) )T+ Cy.
+C, (1 4 ePOaT (| + CAT)p)
< TCrp+ Cyr 4 (TCyz+ Cyo) (1 + 207 ePCaTCLTP)

+|$|p2p_1€pCAT (TC&:; + Cg,g) .

Defining

~ 1 1
C = T max { (TC[}Q + Cg’l + (TCg,g + 0972) (1 + 2p71€pC“TCQTp)) L
Ci
Q%GCAT (TCz,3 + 0972)% }7

which is independent of (¢,z,m), we obtain

o[l < C(1 + |a)). (3.3.5)
In particular, it holds that
v[m](t,z) = inf { J**[m](a) |a € LP([t, T;R"), [laf» < C(1+|z|)} forall (,z) € [0, T] xR
Let us now show assertions (i)-(ii).
(i): Let y € R? and set v* = 44*" and 7 = /%", By standard arguments, it follows

from (H2)(i), (3.2.9), Gronwall’s lemma, Hélder’s inequality, and (3.3.5) that

supepr) [7*(5)] < (|2l + Cplla*(l + CaT) T

< <]1:| + CET™7 [lo*||Le + CAT) eCaT (3.3.6)
< Ci(1+]a)),
where
N p—1 ~ p—1 ~
¢ = e©4T max {CBTTC Y OUT, 1+ CBTTC} . (3.3.7)
Analogously we obtain
sup [5(s)| < Cy (1+ |2 + [y]) - (3.3.8)
s€[t,T)
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From (H2)(ii) and Grénwall’s lemma we have,

sup |3(s) — 7" (s)| < "4 |z —yl. (3.3.9)

s€t,T)

In turn, by (3.2.5) and (3.2.6) we have

olm)(t,y) — ofml(t) < 7 (€5, 0%(),3(5), m(s) — (5. 0%(), 7" (), m(s)) ) ds
+9((T), m(T)) —g(v(T),m(T))
< Coaf, (L4 AP+ [y ()Pt + o ()P [3(s) — 77 (s)|ds
+Co3 (L +H(DP + [ (DP ) 13(T) = 4*(T)]
(Cg4T—i—ng+Cg4L la*(s)[P~1ds

F20PTI3P T (1 2P+ [y ) (CoaT + o) ) 4 o — g,
(3.3.10)
By Hdlder’s inequality and (3.3.5), we have

p—1

/tT|a*(S)|pldS <7’ (/tTW(S)'pdS) STREOPT (P (3311)

Combining (3.3.6)-(3.3.11) we deduce the existence of C;, > 0 independent of (¢, z, y, m),
such that

v[m](t,y) — v[m](t,z) < Crip(1 + 2P~ + [y[P~H)]z — y],
where
Crip = 54T <CMT + Oy + CoaTr (201 + 2071377 1(C T + 093)>

The inequality for v[m|(t,z) — v[m](t,y) follows by exchanging the roles of x and y
in the previous computation.

(ii): Lets € [t,T), h € [0,T — s), and set y* = v*(s). Since v[m] satisfies the dynamic
programming inequality (see e.g. [23])

s+h . .
v[m](s,7*(s)) < / 0(r, > (r), o(r), m(r))dr +v[m] (s + h,v*¥ (s + h)), (3.3.12)

for all o € L*([t, T]; R?), with equality for a = o*, by taking a = o (the null control) and
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a = o*, the equality v[m](s,y*) = J*¥ [m](a*|js 7)), and estimate (3.2.4) yield
s+h s+h i
Cos [ 10 )Pdr < Coah+ s [ (1 7))
+v[m](s + h, ¥ (s 4+ h)) —v[m|(s + h,v*(s + h)). (3.3.13)
By (3.2.9) and Grénwall’s lemma we have

sup [ 1)) < €T (1 (5)] + CaT)
rels,

On the other hand, supposing that 4 < 1, it follows from (H2)(ii) and Grénwall’s
Lemma that

s+h
Iv* (5 + h) — %Y (s + h)| < eLACB/ ™ (r)|dr.
Combining the above two inequalities with (3.3.13) and using (i), we get that
s+h s+h
Cg’l/ la* (r)[Pdr < C’g,gh—i-Cg,gh(l—i-(eCAT(|7*(S)|+C’AT))p)+CLipeLACB/ la* (r)|dr.

By Young’s inequality, for ¢ > 0,

s+h s+h o 1
/ lo* ()] dr < ;/ |a*(r)|pdr+h(pl )

€r-1p

Taking e = —*“%L__ and defining

2CLipelACE

21’711 (p — 1)(C’Lip€LAC'B)ﬁ
_1
pﬁcﬁl

~

2
Cy = a max {CM + Cy3(1 + ecATQP_l(C’AT)p)—I—

b

C¢£73€pC’AT2p—1 }

we obtain
s+h R
[ wempar < Gn s ) 3314
Therefore, setting ¢}, = é; , estimate (3.3.4) follows from the Lebesgue differentiation

theorem (see e.g. [32]). d
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Remark 3.3.1 Proposition 3.3.1(ii) implies that, for any (t,z) € [0,T] x R%, v[m](t,z)
can be rewritten as

v[m](t,z) = inf {J**[m](a) |a € L¥([t, T|;R"), |a(s)| < Cy(1+]7""(s)|) for a.e. s € [t,T]}.
(8.3.15)

We consider now the approximation of the value function v[m] given by (3.3.2). Let
N, € N, N; € N, with Ny > N,, and set At = T/N;, Ax = 1/N,, T = {0,..., N},
I* =TI\ {N}, and G = {iAz|i € Z%}. Given a regular mesh .7 with vertices in G,
let (¢,).cqg be a Q, basis, i.e. forevery x € G,y = (y1,...,y4), and i = 1,....d, the
function R > z; — ¥, (y1,..., 2, ...,y4) € Ris nonnegative and affine on each element
of 7, ¢.(x) =1, ¢.(y) = 0forally € Gwithy # z,and >, ¥.(2) = 1 for all z € RY.
Given ¢: G — R, define its interpolant I[y]: R — R by

Iel(x) = 3w, (@)ely) foralle € RY,

=Y

In view of Remark 3.3.1, a standard semi-Lagrangian scheme (see e.g. [76]) to ap-
proximate v[m] is given by

Vi(x) = _ min {Atﬁ(tk,a,x,m(tk))+I[Vk+1]((l>(k,x,a))}
a€Boo (0,Cp (14]x]))

forall k e 7*, x € G,
Vn,(x) = g(x,m(T)) forallz € g,
(3.3.16)

O(k,x,a) =x + At(A(ty,x) + B(tg)a) forallk e Z*, 2 € G, a € R". (3.3.17)

We now introduce a variation of the previous scheme which exploits the particular
structure of the dynamics in (3.3.1). First, notice that, by (H2)(iii), without loss of
generality we can write

At z) = ( ZE?? ) and B(t) = ( 28 ) for all (t,z) € [0,T] x R, (3.3.18)

where A;: [0,7] x R? = R", Ay: [0,T] x R — R*", By: [0,T] — R™" is such that B, (t)
is invertible for all ¢ € [0, T], and B,: [0,7] — R@")*", We partition the coordinates of
r € R? accordingly by writing = = (x1,x»), where x; € R” and x, € R denote the first
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r and the last d — r components of z, respectively. We also write G = G, x G,_,, where
G ={iAx|ieZ} and G,,={iAx|icZ" "},

and we suppose that the basis (. ).cg can be decomposed as the tensorial product of
two Q; basis (7, )x,cg. and (B, )x.cq,_, defined on regular meshes with vertices in G, and
Ga_r, respectively. More precisely, we suppose that for every = = (x1,x2) € G we have

Va(y) = 0, (1) By (y2)  Torally = (y1,y2) € R (3.3.19)

In what follows, we assume the existence of C; > 0, independent of Az, such that
supp(fBe,) C {y2 € R | |y2 — xo| < C;Az} forallx, € Gy (3.3.20)
Let £k € Z* and = € R%. In the modified version of (3.3.16), we will only consider controls

a € Bs(0,CL(1 + |z|)) such that, writing ®(k, x,a) = (®1(k,x,a), ®o(k,z,a)), we have
®,(k,r,a) € G.. Notice that, for every y; € G,, it holds that

vi =@ (k,v,0) & a=Bi(t)"! “A_txl — Ayt )] - (3.3.21)
Thus, setting
alk,z,y1) = Bi(ty) ' [BEE — Ai(tg, z)| €R7,
.2 71) 1t [ = At 2)] (3.3.22)
yo(k,z,y1) = xXo+ At [Ay(tg, z) + Ba(tp)a(k, z,y1)] € R,

it is natural to define the sets
311+1([L') = {yl € g?“ | |a(k,x,y1)| < Ob(l + |ZL’|)},
Si1(w,y1) {v2 € Ga_r | y2(k,z,y1) €supp By,} fory, € Sti(x),  (3.3.23)

Sky1(r) = {(Y1,Y2) €g ‘ V1€ S,iﬂ(x), y2 € 513+1(957Y1)}-

Arguing as in [80, Lemma 3.2], one checks that, if Az/At is small enough, then
Si1(r) # (. Starting from an initial grid Sy = G N B..(0,C*), we can then construct
the family of time-depending grids

Ser1 = | J Sen(w) forallk e (3.3.24)

€Sk

with the property that (yi,y2) € Sk.1 if and only if there exists © € Sy and a € R” such
that |a| < Cy(1 + |z|), y1 = P1(k,z,a), and @y(k,z,a) € supp By,.
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On the other hand, notice that, for every ¢: G = R, y; € G,, and y, € R%", we have

Ilel(y1,y2) = Z V2 (y1, y2) (21, 22)

21€Gr,22€G4_r

=D na1) Y Buy2)e(azm) = Y. Buly)e(yi,z). (3.3.25)

21E€Gr 22€Gq_r 22€G4—r

Altogether, (3.3.16)-(3.3.25) suggest to consider the following variation of (3.3.16):

Vi(z) =  min {Atﬁ(tk,a(kz,x,yl),x,m(tk))

Y1 ES,iJrl(-’E)

152 (wyn Ve (1, -)](yQ(k,x,yl))} forall k € 7%, z € S, (3-3.26)

Vy,(z) = g(z,m(T)) forall z € Sy,,

where, for FF C G, , and ¢: FF — R, we have set

Ip[pl(y2) = D Bu(y2)e(xa) forally, € R4

x9€F

Notice that (3.3.26) can be rewritten as

Vi(z) =  min { > plyr) [Atf(tk, alk,z,y1),z, m(tg))

pe’P(Sé_H(a:)) y1 eS}iJrl(m)

3.3.27
sz, @) Ve (v1, ‘)](h(k;x,}’l))} } forallk € I*, = € &, ( )

Vn,(z) = g(z,m(T)) forall x € Sy,.

Remark 3.3.2 (i) Note that when r = d we have S}(z) = Sy(x) for all z € R¢ and
k € Z\{0}. In particular, no interpolation is needed in (3.3.27), and the scheme reduces
fo

Vi(z) = min S ply) |Atl(tg, ok, z,y), 2, m(tg)) + Vk+1(y)]
PEP(Sk+1(2)) yes, /1 (x)

forallk e T*, r € S,  (3:328)
Vy,(x) = g(xz,m(T)) forallx € Sy,.

The scheme (3.3.28) is a slight extension of the one proposed in [94], which deals with
the case where (3.1.1) has the simple form +(t) = «(t) fora.e. t € [0, T].

(ii) Notice that, for every k € I* and x € Sy, the set {a(k,z,y1)|y1 € Spy (z)} is
a specific discretization of the set B,.(0,Cy(1 + |z|)) appearing in (3.3.16). Other
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discretizations of this set are also possible and the analysis of the corresponding
schemes for the value function, and also the schemes to solve Problem 2 presented
in Section 3.4 below, are analogous to the one considered in this work. An important
feature of our scheme is that it takes advantage of the specific form of the dynamics to
construct a discretization of the control set B..(0,Cy,(1 + |z|)) depending on the same
grid as the one used to discretize the state space.

Other discretizations of the control space can be useful to deal with control problems
and mean field games with dynamics which are nonlinear with respect to the control
variable. We intend to consider this extension of our analysis in a future work.

The following result, which shows that the family of time dependent grids (Sk)ker
remains uniformly bounded with respect to the discretization parameters, will play
a key role in what follows.

Lemma 3.3.1 There exists a nonempty compact set K C R¢, independent of At and
Az as long as Ax /At < 1, such that

S.Cc K forallk e T.

Proof. Consider the following family of compact sets: set K, = B..(0,C*) and

K = K + (At [(CA + CBCb) (1 + sup \x!)} + CIAx)EOO(O, 1)

ze Ky,

(3.3.29)
forall k € 7%,

where we recall that Cy is given in (3.2.9), Cp = sup,¢o 1) | B(t)|, and C; satisfies (3.3.20).
It follows from (3.3.23) and (3.3.24) that S, C K, for all £ € Z and hence it suffices to
show that the family (K )rez is uniformly bounded. Let k € Z and set ¢, = sup,cg, |7|.
Equation (3.3.29) yields

Ckr1 < o+ (At [(CA -+ OBCb) (1 + Ck> + C[%})
< (1 + At(CA + CBCb))Ck =+ At(CA + CBCb + C[),

which, by the discrete Grénwall’s lemma, implies that the set {c; | k € Z} is uniformly
bounded. The result follows. O

Proposition 3.3.2 Assume that (H1) and (H2) hold. Consider three sequences
(N, N™) € N2 and (my,)nen C C([0,T]; P1(R?)) such that, asn — oo, N* — oo, NI* —
oo, NJ'/NI — 0, and m,, — m* for some m* € C([0,T]; P,(R?)). SetZ" = {0,..., N}
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and, associated with the parameters (N;', N') and m", define S} as in (3.3.23) and
denote by V™ the solution to (3.3.26). Then it holds that

sup { Vi (z) — v[m*] (£}, z)| ‘ kel veS} — 0, (3.3.30)
where v[m*] is defined in (3.3.2).
Proof. [Sketch of the proof] Let m € C([0, T]; P;(R%)) and consider, as an intermediate
step, the following semi-discrete scheme to approximate v[m|:

va[m)(k,z) = rrel]iRr} {At(ty, o, x, m(ty)) + va[m| (k + 1,2 + At[A(ty, ) + B(tx)a))}
forall k € Z*, z € R,
va(Ny,z) = g(z,m(T)) forall z € R%
(3.3.31)
Setting v} for the solution to the previous scheme associated with m", using the frame-
work developed in [25], and arguing as in [80, Proposition 3.1] one shows that for
every compact set K C R? it holds that

sup  |v](k,x) —v[m*|(ty, x)] — O. (3.3.32)

(kx)eIrx K n—00
On the other hand, by adapting to the discrete case the proof of Proposition 3.3.1,
one checks that the minimization on the right-hand-side of (3.3.31) can be restricted

the set {a € R?||a|] < Cy(1 + |z|)}. Using this fact, Lemma 3.3.1, and arguing as in
the proof of [80, Lemma 5.3 (ii)] we obtain that

max {|vj(k,z) =V (z)| |ke€I" €S} —0 asn— oo, (3.3.33)

and hence (3.3.30) follows from (3.3.32) and (3.3.33). O

3.4 The finite mean field game approximation

In this section, given N, € N, N, € N, with N, > N,, we approximate Problem 2 by a
fixed point problem of a map br, called best response mapping defined on the space
M =[],z P(Sk) of discrete time marginals. The resulting approximation will take the
form of a discrete time and finite state MFG (see [84]). In order to construct the map
br, let us first introduce some useful definitions. For every k € Z, we identify p € P(Sk)
with the probability measure Y _. p({z})d, € P.(R%) and, given a finite set F, the

TESK
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(nonpositive) entropy function £x: P(F) — R is defined by

= p(x)log(p forall p € P(F),

zeF

with the convention that p(z) = p({z}) and 0log(0) = 0. Given M € M and ¢ > 0,
let us consider the following variation of (3.3.27):

VM(z) = min { Z p(yl)[Atﬁ(tk,a(k,x,yl),x,Mk)

PEP ()11 (w))
k+1 y1€8é+1(2)

+ IS,§+1(z,y1)[VkA—f—[1 (y1, ) (ya(k, , Yl))} +e€st @ )(p)} (3.4.1)

forallk e I*, z € S,
Val(z) = g(x, My,) forallz € Sy,.
Notice that the incorporation of the entropy term in the scheme above implies that, for ev-

ery k € Z* and = € Sy, the optimization problem defining V;* (z) admits a unique solution
py! (z,-) which satisfies p/(z,y;) > 0 for all y; € S.,,(z). Given y € Sj11, we also set

" :
P (2, 51) By, (y2(k, 2, y1)) iy € Sppa(a),
P]ﬁ”(%@/) - k ( 1) y ( 2( 1)) k+1( ) (3.4.2)
0 ify € Spr1 \ Spra ().
Letting E(z) = {y € R?| |z —y| < Az/2} for all z € G, we define br(M) as the
solution to
Min(y) = % P%(x,y)@(w) forall k € Z*, y € S,
= (3.4.3)

Mo(z) = my(E(z)) forallz e Sp.
The discretization of Problem 2 that we consider in this work reads as follows.

Problem 3 Find M € M such that M = br(M).

We have the following result.
Theorem 3.4.1 Assume that (H1), (H2), and (H3) hold. Then Problem 3 admits at least
one solution. In addition, if (H4) holds then the solution is unique.

Proof. Since, for every M € M, k € Z*, and = € S; we have that p}/ (x,-) is unique,
it is easy to check that br is continuous. In turn, the existence of a fixed point of br
follows from Brouwer’s fixed point theorem. The uniqueness result follows from the
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arguments in the proof of [80, Proposition 4.2], the key point being that, if M= br(M),
then ]\/Zk(a:) >0forallk € Zand z € S;. O
Now, let us discuss the convergence of solutions to Problem 3 towards a solution to
Problem 2 as the discretization parameters At¢, Az, and ¢ tend to zero. Let (N/'),eny C N,
(NM)nen C N, (€4)nen C (0,00), and, for every n € N, set At, = T/N}*, Az, = 1/N7,
I = {0,..., NP}, I = I\ {N}!'}, 7 = kAL, (k € I7), and G" = {iAx,|i € Z¢}.
We assume that N7 > N;. For k € Z* and x € G", we denote by S, (z), S;7 (z,y1)
(y1 € S;7 (7)), and S, (v) the sets defined in (3.3.23) associated with At, and Ax,,.
For k € I, the set S} is defined as in (3.3.24). Denote by I'" the set of continuous
functions v: [0,7] — R? such that for each k € 7", v(t7) € S and, for every k €
I™*, the restriction of  to the interval [t},t},,] is affine. Finally, let M™ € M be a
solution to Problem ?? associated with the previous parameters and, recalling (3.4.2),
let us define ¢ € P(I') as

N —1
=> My (7)6, € P(T), where P"( H pM" V(L)
yel'»
(3.4.4)
We extend M" to the element in C([0, T]; P;(R%)) defined by
[0, 7] 5t — M"™(t) := e 4" € P1(RY). (3.4.5)

Lemma 3.4.1 Assume that (H1), (H2), and (H3) are in force. Then the following hold:
(i) The family £" has at least one accumulation point in P(T").
(ii) The family M™ has at least one accumulation point in C ([0, T]; P, (R%)).

Proof. (i): Since supp(¢™) < I', it follows from Lemma 3.3.1 that there exists
Cs > 0 such that

[9]lc < Co forall v € supp(£"). (3.4.6)

Moreover, if v € supp(£"), then ~ is absolutely continuous with

n

V(tZJrl) - 'V(tk)
At,

A(t) = forall k € ™, t €lty, ti [ (3.4.7)
Writing 7(#7) = (71 (t2), 12(2)) € R™ x R4, the definition of S, (v(#})) and (3.4.6) yield

Y(tie) =7 (t0) + Atn [As (8, y(8)) + Ba(t)alk, y(8), m (Gia)] -
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with |a(k, v(t2), 71 (t2,1))| < Ch(1 + Cw). Thus, using (3.2.9) we deduce that

Y1(thr) — n(ty)
At,,

< (CA + CBCb) (1 + Coo) )

and, by (8.3.22) and (3.3.23), we obtain

Yo (tig1) — v2(t;)
At,

Az,
<O Af F(Ca+ CpCy) (14 Co) . (3.4.8)

Since Ax, < At,, we deduce from (3.4.7) that there exists D,, > 0 such that
7]l < Do for all v € supp(£")

and hence supp(¢") € {y € W'([0,T];RY) | [[7llc < Co, [¥llsc < Doo}, which is
a compact subset of (T, || - ||«)- Thus, the result follows from Prokhorov’s theorem
(see e.g. [18, Theorem 5.1.3]).

(ii): By (3.4.6), for every t € [0,7] and n € N, we have
supp (M"(t)) C Bo(0, o),
and, by (3.2.2) and (3.4.8),
dy (M™(s), M"(t)) < Dyo|s —t| foralls, t €[0,7], n € N.

Since {i € P1(R?) | supp(i) C Buo(0, Cs)} is compact in P; (R9) (see e.g. [18, Proposi-
tion 7.1.5]), the result follows from the Arzela-Ascoli theorem. O
Using the previous compactness result and arguing as in the proof of [80, Theorem 5.1],
one obtains the following convergence result.

Theorem 3.4.2 Assume that (H1), (H2), and (H3) hold and that, as n — oo, N]* — oo,
N — oo, N)/NI" — 0, and ¢, = o(1/(N; log(N?))). Then there exists a solution
&* to Problem 2 such that, up to some subsequence, £ — &* narrowly in P(T") and
M" — m* = 6(.)ﬂf* in C([O,T], Pl(Rd))

In addition, if (H4) holds and for every m € C([0,T]; P1(R%)) and mj-a.e. v € R?
problem (OC,,,,) admits a unique solution, then the whole sequence (£"),cn converges
narrowly towards the unique solution to Problem 2.
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3.5 Numerical resulis

In this section we implement our numerical method in two examples. For computational
simplicity, we consider here one-dimensional problems, i.e. d = 1, and dynamics (3.3.1)
having the form 5 = «. We refer the reader to [80, Example 2] for the implementa-
tion of the scheme in a two-dimensional example, where a typical agent controls its
acceleration and the cost functional satisfies (H1). We focus our attention on cost
functionals satisfying (H1) and (H4), with ¢,(, a, ) having polynomial growth on (a, ),
and f and g being given by

ftyz,p) = 01(pe*p)(z) forall (t,z,u) €0,7] x R x P (R),

(3.5.1)
g(@,pn) = go(x)+ b2(ps * p)(z) forall (z,u) € R x Pi(R),
where 6y, 0 € [0,00), 0 € (0,00), go: R — R satisfies (H1), and
1 2 2
(1) = ——e /2 forallz € R. 3.5.2
Po() Nz x (3.5.2)

Notice that the convolution terms in f and g, which model the aversion of a typical player
to crowded areas, satisfy the monotonicity condition in (H4)(ii).

Let (At,Ax) € (0,00)* and ¢ > 0. Under the assumptions above, the finite MFG
Problem ?? associated with these parameters admits a unique solution M* € M. In
order to approximate M*, we consider the fictitious play sequence

n+1 n —n

M e M arbitrary, (Vn>1) M"™ =br(M"), M =

1 n+1
n+1 + n——HM ™
which, by [94, Theorem 3.2], satisfies (M",M") — (M*, M*). Notice that to apply that
result, the addition of an entropy term in (3.4.?7?& more generally, a strictly convex
term) plays an important role to ensure that the optimization problem defining VM (z)
in (3.4.1) admits a unique solution.

In the tests below, setting

br(M") = M"| 11 :=

1 — —
3 3 e

and given a tolerance parameter 6 > 0, we implement the following fictitious play
algorithm:
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Algorithm 3 Fictitious play for deterministic MFG

. Data: M’ € M, § >0
e+ 0+1
n+1
M« MO
while e > § do
M+« br(M")
e < [[MPH — M| 1
M M M
end while

ot
return M"

—

e © ® N o g s Db

—

In both examples below, we consider a time horizon 7' =1, ¢ = 0.07, and
At =1/30, Az =1/150, and & =0.002.

Given an initial distribution m§ € P,(R), we initialize the fictitious play algorithm by
defining M° € M with constant time marginals given by M? = M, for k = 1,...,30,
where M, is obtained by discretizing the initial distribution m} according to (3.4.3).
As it was mentioned above, the algorithm converges for an arbitrary initial condition
M° € M. However, since the term M°/n is involved in the computation of (M", M"+1)
the convergence of the algorithm could be slow. In our simulations we have observed
an important acceleration of the method by updating the initial condition after some
tolerance is achieved. More precisely, given a tolerance parameter 6 > 0, we use
the resulting approximated equilibrium M""" as the initial distribution for a subsequent
application of the algorithm with a smaller tolerance parameter. In our tests, we update
the initial condition twice, taking the tolerance parameters 6; = 0.1 and 6, = 0.01. We
stop the algorithm when the tolerance 9; = 0.001 is reached.

3.5.1 Example 1
We consider an absolutely continuous initial distribution mj € P;(R) given by

67x2/0.04
dmo(x) = ]I[_Ll] (.’,U) fil e—y2/0.04dydx fOI’ a” x € R,
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where I|_; yj(z) = 1ifz € [-1,1] and [;_, 1(z) = 0, otherwise. Given (;, (> € R, we define

4
Ut,a,z,p1) = %—i—ﬁ|x—0.4|2|x+0.7|2+91f(x, p) and  g(z,p) = Glr—0.4224+0.7*+0xf (z, 1).

Notice that the functions ¢ and ¢ satisfy (H1) for p = 4. We run our algorithm for different
values of ({1, (2,01, 62). In Figure 3.1 we show the returned distributions for the smallest
tolerance parameter 45. In Table 3.1, we provide the number of iterations needed for
attaining the tolerances §;, d;, and ds.

(Clv CQ, 01, (92) 51 — 01 52 — 001 (53 — 0001
(1,1,1,1) 14 10 9
(1,1,1,5) 15 10 17
(5,1,1,1) 18 11 9
(1,0,1,0) 8 7 6

Table 3.1: Number of iterations to obtain the desired accuracies.

In this example, the initial distribution is concentrated around x = 0. The cost functional
penalizes the distance to the points —0.7 and 0.4, as well as large values of the speed,
and incites a typical player to avoid crowded regions. Since 0.4 is closer to the origin,
we notice that most of the agents tend to concentrate around that point. This effect is
most pronounced in Figure 3.2 (C), where the impact of this term is most significant.
Furthermore, as the congestion term becomes more important, we see how the agents
tend to separate from each other. We can observe the role played by this term in
the final cost by comparing Figure 3.2 (A) and (B). To see the effect of the final cost,
compare figures (A) and (D), where the latter corresponds to g = 0.

3.5.2 Example 2
The initial distribution m§ € P;(R) is given by

67(%02)2/0.01 + e—(m+0.2)2/0.01

dmg(z) = I-1 () dz

T, . o2 ~ . forall z € R.
ff1<€ (y=0.2)2/0.01 4 o—(y+0-2)2/0.01) ]y

Given (i, (, € R, we define
’ 4

f(t7 a, x):u) = CLT+C1|:E_06|2|x+02|2+01f(17a M) and g(ZE, :u) = CQ|?L’—O6|2|I'+02|2+92f(l‘7,u)

We consider the same parameters as those in Example 1 and we display in Figure 3.2
the distributions obtained for the smallest tolerance 93 = 0.001. In Table 3.2, we show
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100 0.030
0.83 0.025
0.67 0.020
0.50 0.015
0.33 0.010
0.17 0.005
0.00 0.000

-1.00 -0.80-0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1.00

(@) 1. ¢2.01,02) = (1,1,1,1).

(€) 1. ¢2.01,02) = (5,1,1,1).

1.00 0.06
0.83 0.05
0.67 0.04
0.50 0.03
0.33 0.02
0.17 0.01
0.00 0.00

-1.00 -0.80 -0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1.00

conditions on the data

1.00
0.83
0.67
0.50
0.33
0.17
0.00

-1.00 -0.80-0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1.00

(b) (¢c1,¢2,01,02) = (1,1,1,5).

1.00
0.83
0.67
0.50
0.33
0.17
0.00

-1.00 -0.80 -0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1.00

(d) (¢1,¢2,01,02) = (1,0,1,0).

Figure 3.1: Approximate equilibria for the tests in Example 1

the number of iterations required to reach the tolerances éi, -, and ds.

0.0175

0.0150

0.0125

0.0100

0.0075

0.0050

0.0025

0.0000

0.0175

0.0150

0.0125

0.0100

0.0075

0.0050

0.0025

0.0000

(Cla CQ, 81, 82) (51 - 01 52 - 001 (53 - 0001
(1,1,1,1) 7 6 6
(1,1,1,5) 10 12 9
(5,1,1,1) 12 10 9
(1,0,1,0) 4 6 6

Table 3.2: Number of iterations to obtain the desired accuracies.

In this example, we start with a distribution symmetrically concentrated around the
points —0.2 and 0.2. As in Example 1, the cost functional penalizes large values of the
speed and encourages avoiding crowded areas. In addition, it penalizes the distance to
the points —0.2 and 0.6. Although these two points are symmetric with respect to 0.2, we
see that, in order to avoid crowded regions, most of the agents that are concentrated
around 0.2 at ¢t = 0 tend to go towards 0.6 instead of —0.2, see for instance Figure 3.2
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conditions on the data

1.00 1.00
0.0200 0.0175
0.83 0.0175 0.83 0.0150
0.0150
0.67 0.67 0.0125
0.0125
0.0100
0.50 0.50
0.0100
0.0075
0.33 0.0075 0.33
0.0050
0.0050
0.17 0.17
0.0025 0.0025
0.00 0.0000 0.00 0.0000

-1.00 -0.80-0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1.00 -1.00 -0.80-0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1.00

(@) 1. ¢2.01,02) = (1,1,1,1). (b) (¢c1,¢2,01,02) = (1,1,1,5).
1.00 1.00
0.040 0.0175
0.035
0.83 0.83 0.0150
0.030
0.67 0.67 0.0125
0.025
0.0100
0.50 0.020 0.50
0.0075
033 0.015 033
0.0050
0.010
0.17 0.17
0.005 0.0025
0.00 0.000 0.00 0.0000
-1.00 -0.80-0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1.00 -1.00 -0.80 -0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 1..00
(€) (1. ¢2.01,62) = (5,1,1,1). (d) (¢1,¢2,01,02) = (1,0,1,0).

Figure 3.2: Approximate equilibria for the tests in Example 2

(C). Once again, considering the same cases as in Example 1, we can appreciate the
impact of the congestion terms in the final distributions of the agents.

For a better understanding of the fictitious play method, we end this section by displaying
in Figure 3.3 the first iterations of the algorithm when ({3, (,,0:,6>) = (1,1,1,5). The
final distribution in this case is shown in the top right corner of Figure 3.2.
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conditions on the data

-1.00 0.80 -0.60 -0.40 -0.20 0 020 040 0.60 0.80 1.00 -1.00 -0.80 -0.60 -0.40 -0.20 0 020 040 0.60 0.80 100

(a)M' = Mo. (b) br(M").

-1.00 -0.80 -0.60 -0.40 -0.20 O 020 040 0.60 080 100 .00 -0.80 -0.60 -0.40 -020 O 020 040 0.60 0.80 100

(c) M°. (d) br(M°).

-1.00 0.80 -0.60 -0.40 -0.20 0 020 040 0.60 0.80 1.00 -1.00 -0.80 -0.60 -0.40 -0.20 0 020 040 0.60 0.80 100

(e) M. (f) br(M").

-1.00 -0.80 -0.60 -0.40 -0.20 ] 0.20 040 0.60 0.80 100 -1.00 -0.80 -0.60 -0.40 -0.20 0 0.20 0.40 0.60 0.80 100
—4 —4
(g ™" (h) br(M").

Figure 3.3: First iterations of the algorithm for (1, (2,01,62) = (1,1,1,5).
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Newton iterations for second order mean
field game systems

In the preceding chapters, we have explored two numerical methodologies designed to
solve first order mean field game problems. This chapter focuses on solving second
order MFG systems. We present two numerical methods to solve a system derived
after applying Newton iterations to the continuous MFG system: a semi-Lagrangian
scheme and a finite difference scheme. We conduct a comparative analysis between
these two approaches and other schemes found in the literature through some nu-

merical examples.

This chapter is a work in progress with Elisabetta Carlini and Francisco J. Silva.
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Chapitre 4 — Newton iterations for second order mean field game systems

4.1 Introduction

We consider the following second order MFG system with local coupling

—Ou — vAu+ H(x, Du) = F(m(t,z)) in[0,T] x T¢
om — vAm — div(mH,(x, Du)) =0 in [0, 7] x T¢ (4.1.1)
m(0,z) = mo(x), w(T,z) = G(x) in T .

Here, T' > 0 is the finite time horizon, v > 0 describes the intensity of the noise each
agent is submitted to, F': R™ — R is the coupling depending locally on the density, H is
a Hamiltonian, convex with respect to its second component, mq: T¢ — R is a probability
density, G: T¢ — R is a given function, and T¢ = R?/Z¢ denotes the d-dimensional
torus, simplifying considerations about boundary conditions.

As discussed in Chapter 1, several numerical methods have emerged to discretize
(4.1.1), and various strategies to solve the resulting non linear discrete system have
been discussed in the literature. For instance, the authors in [4] have introduced a
finite difference method to approximate system (4.1.1). This method retains several
favorable properties of the MFG system, and a convergence result has been established
in [1] and [9] . However, the resulting scheme yields a high dimensional nonlinear
discrete system to be solved. To tackle this difficulty, the authors in [1], [13] employed
the Newton method for its numerical solution.

In this chapter, we consider Newton’s method in infinite dimension applied to the
continuous MFG system (4.1.1), obtaining, at each iteration, a forward-backward linear
parabolic system that we solve with suitable numerical methods.

Infinite dimensional Newton iterates for (4.1.1) (see also [31] for the case of a stationary
MFG system) have been introduced in [44], where the authors consider a more general
case including a non-separable Hamiltonians H(x, m, p). Their key achievement is the
proof of a quadratic convergence rate for the continuous Newton iterations towards
solutions to (4.1.1). By slightly adjusting the assumptions in the Hamiltonian, their
results also cover the case we will consider consisting on a separable Hamiltonian
and local coupling.
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To apply Newton iterations to system (4.1.1), we define first the map

—0wu — Au + H(Du) — F(m)
om — Am — div(mH,(Du))
u(T,-) = G()

m(0,-) — mo(-)

F:(u,m) —

and note that (4.1.1) is equivalent to
F(u,m) = 0.

Thus, assuming that the data is sufficiently smooth, the corresponding Newton’s it-
erations read

JF@" ' m™ " — vt mt —m™ ) = —Fu" T, m™h, (4.1.2)

where JF is the Jacobian of F is given by

—0w — Av + H,(Du)Dv —F'(m)p
JF (1, m)(v, p) = ;(c;iv.()mep(Du)Dv) Op — Ap — div(Hp(Du)pé (4.1.3)
0 p(()? )

for all Hélder continuous functions (v, p) in Q.

Hence, setting ¢" = H,(-, Du"') and using (4.1.3), after simplification, identity (4.1.2)
reads

(—0u" — vAU" + ¢"Du” = ¢"Du" — H(z, Du"') + F(m"~1)
+F'(m" ) (m™ — m" ) in [0, 7] x T,

om™ — vAm™ — div(m"q") = div(m" ' Hyy(z, Du™ ) (Du" — Du™')) in [0,7] x T,

(m"(x,0) =me(z), u(z,T)=GCG(x) in T
(4.1.4)

The contribution of this chapter is to introduce and compare numerical methods to solve
the linearized system (4.1.4). For this purpose, two methodologies are considered.The
first approach entails a semi-Lagrangian scheme, readily derivable for linear parabolic
equations. A comparative analysis is conducted against the non-linear semi-Lagrangian
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scheme for system (4.1.1) proposed in [58] and solved via (damped) fix point iterations.
The second method involves an upwind finite difference scheme, which, as observed
in several numerical tests, has a simpler structure and analogous performance to the
Newton scheme proposed of [4].

This chapter is structured as follows. In Section 4.2 we introduce some notations,
assumptions, and recall some preliminary results from [44]. In Section 4.3, we discretize
system (4.1.4) using a semi-Lagrangian scheme and establish the well-posedness of
the resulting discrete system. In Section 4.4, we demonstrate a similar well-posedness
result for the upwind finite difference scheme. Finally, in Section 4.5, we provide some
numerical simulations for both schemes and compare the results with those obtained
by using the schemes in [58] and [4].

4.2 Preliminaries and assumptions

In this section, we briefly recall the framework of [44]. First we set Q = [0,7] x T
We denote by P(T?) the set of Borel probability measures on T?. For « € [0, 1], the
space C*!(Q) is the set of continuous functions in @ with continuous derivative in the
space variable, endowed with the norm

[ullcoaqy = llullcoq) + [[Dullcoq)-

Let us recall the definition of parabolic HOlder spaces on the torus (see [109] for a more
comprehensive discussion). For a €]0, 1[, we denote
[u] ‘U(tl,l'l) — U(tg,l'g)‘

(x’a = Sup =
CENQ ) (mat)eq ([t — to| + d(21, 22)?) 2

9

where d(z,y) stands for the geodesic distance from z to y in T¢. The parabolic Holder
space C2%(Q) is the space of functions u: @ — R such that < o0, and it
is endowed with the norm

[ulog e

lull og .0y = llullooie) + [l pg.a gy

Finally, the spaces C*2*1t(Q) and C'*%-2t() denote the spaces of Hdlder contin-
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uous functions in Q endowed with the norms:

d
3 |u(ty, z1) — ul(tz, 22)|
U)| o 11, = ||U||co + a:rzu G + sup o )
| ”C @ Il @ i=1 | |02 @ (t1,21),(t2,w2)€Q |t _t2‘1%
< ou ou
ullgrsg e = lllowiey + % -
C 2 (Q) 7,2:; axl CHTQ"I_‘—Q(Q) at Ca/2’a(Q)

The following assumptions hold throughout this chapter:

(H1) H: T? x RY — R is continuous, twice differentiable in p and there exist positive
constants cy, ¢y, Co and C such that for every (z, p) € T¢ x R?,

CO-[d S pr(lf;p) S C1OId7 |pr($ap>| S E0(|p| + 1)7 |Ha:a:(xap)| S 50(|p|2 + 1)

(H2) F: Rt — R is bounded and of class C2. Moreover, there exist positive constants
¢, Cy, and C; such that

am < F'(m) <Cym, |F"(m)|<C; forallm > 0.
(H3) There exists « €]0, 1] and n > 0, such that

my € C***(THNP(TY andmy>n>0 forallzc T
G € O%(TY).

We will consider classical solutions to the MFG system (4.1.1). Recall that a classical
solution to (4.1.1) is a couple (u,m) such that v and m belong to C*(Q) and (4.1.1)
is satisfied for all (t,z) € Q.

Proposition 4.2.1 Under assumptions (H1)-(H3), the MFG system (4.1.1) has a unique
classical solution.

We refer to [44][Proposition 2.4] for the proof of the above proposition. Regarding
the Newton iterations system (4.1.4).

Proposition 4.2.2 Assume that (H1)-(H3) hold, then there exists a unique solution
(u",m") € CHo12(Q) x C**1*2(Q) to (4.1.4). Moreover, let (u,m) be the unique
solution to (4.1.1), there exists a constantn > 0 such that if ||u® —ul|coa +||m°—m||co < 1,
then ||u™ — ul|coa + ||m™ — m||co — 0 with a quadratic rate of convergence.
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The existence result follows from [44][Proposition 3.1] and the convergence result
follows from [44][Theorem 4.6].

In what follows, to simplify the discussion, we consider the following reference case

2
H(z,p) = % —V(x) for (z,p) € T? x RY, (4.2.1)
where V' is a given bounded potential. Additionally, for the sake of simplicity, we consider
the case when d = 2. Let us note that the two proposed schemes work also for more

general Hamiltonians satisfying (H1).

4.3 A semi-Lagrangian scheme

In this section, we discretize the iterative system (4.1.4) by means of a semi-Lagrangian
scheme in the 2 dimensional state-space and we prove the well-posedness of the
discrete system.

We refer to [58] for the early work on approximating the second-order MFG systems us-
ing a semi-Lagrangian scheme, and to [34] for a semi-Lagrangian scheme applied
to parabolic equations.

4.3.1 Notations and definitions

Given two positive integers NV; and N, we define At = % as the time step, h = N% as the
space step, and the sets Zn, := {0, ..., N;}, ZX, == Za: \ {N:}, and Z;, :=={0,..., N, — 1}.
We define the discrete time grid Ga, := {tx = kAt | k € Zx,} and discrete space grid
Gn == {z;; = (ih,jh) | i,j € I,,}. We denote by B(G,) and B(Ga: x G) the two sets
of functions defined in G, and Ga; x G, respectively.

The objective is to approximate u"(t, z; ;) and m”(tx, x; ;), solution to (4.1.4), respec-
tively by u[% and m[}% for all k € Zn, and i,j € 7, by solving the discrete version
of (4.1.4) resulting from a semi-Lagrangian approximation, where the index operator
[-,-] = {(- + Ni, - + N;)mod N, } accounts for the periodic boundary condition.

For notational simplicity, we denote (u;'",m["}") = (ug’, mi").
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Given a grid function v: G, — R, we introduce the first order central differences operators

(D);,; = U’“%hvz‘“ fori,j € Ty,
e (4.3.1)
(Dyv);; = % fori,j € I,
and define the operator D, as
fori,j € 7. (4.3.2)

(Drv)ij = ((D1v)ig, (D2v)i )

Let ﬁfl): T — R be the P, piecewise linear basis function associated with the ith

nodal point given by:

= ifx € [wio, ),
Bi(l)(x) — xH]i_x if + [xi’xi+1]7 (433)
0 otherwise.
(4.3.4)

Notice that
forallieZ, Y pl(z)=1 forallzeT.

€Ty

B >0

Next, for every i,j € Z,, we define 3,;: T? — R

Bij(a) = BV (21) B (x2) forall z = (wy,25) € T

Given ¢: G, — R, we define its picewise linear interpolant as

[[(b] (LC) = Z 5i,j<x)¢i,j fOI’ a” T € TQ,
1,JE€ELy
where ¢, ; = ¢(z;;). For every ¢: T? — R denote by ¢|g, its restriction to G,. If ¢
is of class C? and has bounded second order derivatives, it follows from [129, Re-

mark 3.4.2] that
le() = Ilelg ) ()l < Cuh?, (4.3.5)

where C, > 0 depends only on .
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4.3.2 Semi-Lagrangian scheme for the backward equation

With the notations of the previous subsection, we are ready to apply a semi-Lagrangian
scheme to approximate the iterative system (4.1.4). We start with the backward equation
with Hamiltonian given by (4.2.1), which can be written as follows:

{&u" — %QAU” +q"Du" — L"(t,z) =0 in[0,T] x T?, (4.3.6)

u(z,T) = G(x) in T2,
where ¢ = V2v, ¢"(t,2) = Du""'(t,x) and

lg" (¢, )|

L"(t,z) = 2’ + F(m" (t,2)) + F'(m" ' (t,2))(m™(t, 2) — m" ' (t,2)) — V(x).

By the Feynman-Kac formula (see e.g [134]), under assumptions (H1)-(H2), the solution
u™ to (4.3.6), admits the following representation: for (¢,z) € [0,T] x T?

w(t,2) = E| /t Ln(s, X (s))ds + QXM (T))], (4.3.7)

where X** denotes characteristics solving

{dX(s) =q"(s,X(s)) + 0dW(s) forse (t,T), (4.3.8)

X(t) = .

We explain now how to construct a SL approximation using the technique shown in [76].
Notice that (4.3.7) imply that for every k € Z3,, we have

u(tg, x) = E[/tkH L"(s, X"™"(s))ds + u" (tpi1, Xt’“’g”(At))] (4.3.9)

tr

Denote by Q™* the approximation of the drift term ¢" at time t,, defined as
Qz’j’“ = (QV*, Q%) = (Dpu~bF),; forallk € Tay, i,j € T (4.3.10)

Then, we approximate the expectation in (4.3.9) (see e.g [104]) as

4
E [u" (t, X070 (A)] = 7 D7 " (b, y5(QF)) + O((A1)?), (4.3.11)
/=1
where
i (QMF) = (i + AtQF + V2Atoe’), forl=1,....4, (4.3.12)
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with e representing four vectors of R? with one component equal to 1 and the
other null, and

(2)p = (21 — |21), 22 — |22]) forall z = (21, 2) € R?
denotes the periodic projection on T? of » € R2.

Finally, combining (4.3.7), (4.3.9), (4.3.11), and the rectangular formula to approximate
ft’““ L™(s, X"*(s))ds, we define define the semi-Lagrangian scheme for (4.3.6) in
the following way:

Given Q™ € B(Gas x Gy)? and m™, m"™ ™ € B(Ga; X Gr), find u™ € B(Ga; x Gy,) such that

u = S W) forall k € I, i, j € I,
(4.3.13)
u

N = G(iy),

where, for every f € B(G), k € Z},, and i,j € I,

4
Staa(f) = § ST Q) + AL 1, )

Proposition 4.3.1 Assume (H1)-(H3) and let u" be a smooth solution, with bounded
derivatives, to (4.3.6). Then, for every k € I}, andi,j € 1,, the consistency error of
scheme (4.3.13), defined as

1 n
Taen(tr, vij) = Ar (u" (tpgrs i) — Sk (tk+1))

satisfies )

Taep(t,x) = O((At)z + %) (t,z) € (0,T) x T2 (4.3.14)

Proof. Let ¢ € CZ(T?), and let us denote by C' a positive real number which can depend
only on ¢. From (4.3.12) and Taylor expansion (see e.g [34]) we have

4
5 6l (@) (925(%) + A Ag(r) + AIQLE DO, ) | <C(ar? foralli e,

4
(=1
(4.3.15)
Thus, using (4.3.5), (4.3.15) in (4.3.13), and assumptions (H1)-(H3) yields (4.3.14). [
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For k € Zx,, we denote U™* and U™ the vectors of RV»* such that

n,k _ nk Ny
Uiijn, = Wiy, U

N, = G(ziy) foralli,j €T, (4.3.16)
and, in the same way M™* and M° are the vectors of R™»)* such that

MEEy =mit MYy, =mol(ziy) foralli,j € Ty, (4.3.17)

With the above notation, scheme (4.3.13) can be written in the following way

Unk = A(QmF) UL 4 AtWrkM™F + AtBF - for all k € T,
(4.3.18)
U'rL,Nt — UNt,
where
1 4
(AQ™))iNytjp+Nng = 2 > Balyi, (@), foralli,j,p.q €T (4.3.19)
(=1
OWEM™ )i n s = F/ (M) n, ) (M) iy, foralli,j € 7, (4.3.20)
Qn,k i 2
(B")isn,i = % — V(zi;)
+ F((M™ Y )iin,5) = /(M )im ) (M), foralli, j € .
(4.3.21)

4.3.3 A semi-Lagrangian scheme for the forward equation

Let us now consider the second equation in system (4.1.4), expressed for the Hamil-
tonian (4.2.1) as

Oym™ — 2 Am" — div(m"q") = div(m™\(t,z)(Du"(t,z) — Du""(t,z))) in [0,T] x T?,
m™(0,z) = mo(x) in T2

(4.3.22)

Given U € B(Gy,) and Q = (Q1,Q-) € B(Gy)?, we define the discrete divergence operator

1

(diva(UQ))i; = o

(Ui-i-l,j(Ql)i-‘rl,j - Ui—l,j (Ql)i—l,j + Ui,j-i—l (Q2)i,j+1 - Ui,j—l(QQ)i,j—l) .

Let us introduce a semi-Lagrangian scheme to approximate (4.3.22).
Given Qn, Dhu”_l, Dyu™ € B(QN X Qh)2, and m" ! € B(QN X Qh), find
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m" € B(Ga: X Gy) such that

Z?]

{m%k“ = (S o)) (m™) forall k € Ix,, i,j € T, 43,23

where, for a given function f € B(G,), k € ZX, and i,j € T,

NG

1 . n— n— n
(St )" (F) = 7 2_I'f] (7 ;(Q™")) + At(divy (m" =M (Dpu M — D™ 1)), 5,

/=1

where, for every i, j € T, I*[f](y ;(Q™")) is the adjoint operator of f — I[f](y/;(Q™")).
As in (4.3.18), scheme (4.3.23) can be written in matrix form as

Mrk+l . — A(Qn,k)*M’nk + At ZFH1 k41 T Atck—s—l ke IZt’
(4.3.24)
M0 = MO’

where A(Q)* denotes the transpose of A(Q) given by (4.3.19), for every k € Z,, Z*
is (N4)? x (N,)? matrix such that

(Z5UM)isnng = (DM ) iins - (DaUM)ign,
+ (Mnﬁl’k)z'JrNhj dth(DhUk)iJrNhj for Z,] S Ih, (4325)

and C* is the vector in R(V»)* such that

(C")isnng = — (Du(M™M)in s (DRU™ )i 8,
— (M"Y, dive (DR U™ n, fori,j € I,. (4.3.26)

4.3.4 The fully discrete Newton system

The final discrete Newton iteration system is given now as the follow. Given (U"~1% pn=1k),
set Qu*F = D,U" 1k and find (U™*, M™*) satisfying

Uk = —A(QUF)U™ 1 + ADWFM™ + AtBF k € Tk,
Mn,k+1 _ _A(Qn,k)*Mn,k + AtZk+1Un’k+1 + AtC’f“ ke IZtv
(4.3.27)
U?’L,Nt — UNt
Mn,O — MO
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where A(Q™*), WkM™k  BF ZF1 and Ck*! are given by (4.3.19), (4.3.20), (4.3.21),
(4.3.25), and (4.3.26) respectively.

To establish the well-posedness of the system (4.3.27), let us represent it in matrix form.
For this purpose, we denote by U and M the vectors of RV+1DNi such that

(Un)kjvgﬂzvhﬂ = (U™)isnjs (Mn)kN,§+iNh+j = (M™)isn,; fork € Zny, i,j € Tn.

(4.3.28)
Next, we define the matrices A and W follows
TNy —A° 0 - 0 ] WY 0 0 ... 0]
0 Iy —AY - : 0 . 0
A = 0 ) : , W=At]| : : . . o
: S0 . AN 0 0 --- WNL g
0 0 Iy 0 0 - 0 0

where I, is the identity matrix of size d x d. Under Assumption (H2), £ > 0 if m > 0,
the diagonal entries of W are positive if M is positive for any n € N. We also de-
fine the matrix Z

0 0
0z 0 -~ 0
Z=At|0 0 22

P .0
0 0 -+ 0 2N

where for every k € I},, Z* is defined by (4.3.25).
Let B = At [BO, . ,BNf‘l,ﬁUNi] and C = At[ﬁMO,CO,...,CNt—l] with B* and C*
given in (4.3.21) and (4.3.26), respectively.

=1 . (4.3.29)
Mr C

Remark 4.3.1 Note that the blocks of W would be dense matrices if F(m(t,z)) is
replaced by a nonlocal operator f[m(t,-)](x): T¢ x P(T?) — R<. In this case, we use
the notation 2. T4 x P(T4) x T¢ — R for the flat derivative of f (see e.g [50]), and
assumption (H2) can be replaced by

Finally, system (4.3.27) can be written as

A -W

—7 —A*
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(H2’) The measure derivatives % is Lipschitz continuous and
/T (flm() = flm)(@)) d(m —m)(z) = 0 for all m,m’ € P(T).
A typical example is a nonlocal coupling with smoothing effect
flavm) = [ @z (pxm)(E)ple - )
where x denotes the usual convolution product in T¢, and ® : T? — R is a smooth map

which is nondecreasing with respect to the second variable, and p is a smooth, even
function with compact support. In this case, writing ® = ®(x,0), we have

Proposition 4.3.2 Assume that M™ > 0 for any n € N. Then, there exists a unique
solution (U™, M™) to the system (4.3.29).

Proof. Suppose that B = 0 and C = 0, then (4.3.29) reads as

A rrn Mn _
U —WM" =0, (4.3.30)
~ZU" -~ A*M" =0
Multiplying the first equation by A7* and the second one by U* one gets
(M) AT — (M"Y WM" =0
—(U™y*ZU™ — (U™)*A*M = 0.
Adding both equations, we obtain
(M"Y WA™ + (O™ Z 0™ = 0. (4.3.31)

Recall that, by assumption (H2), the block W* is positive definite for all k € Za,.
Moreover, Z* is positive definite for all & € Zx,, since it is the sum of a positive definite
matrix and a skew matrix and then, by [101, Remark 1], it is positive definite.

Hence, it follows from (4.3.31) that

(U")knz4ing+y =0 forallk € Iy, 4,5 € T, (4.3.32)
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and
(Mn)kNgHNhﬂ =0 forallk e Za \ {0}, 14,5 €Ty (4.3.33)

Finally, replacing (4.3.32) and (4.3.33) in (4.3.30), we get U" = 0 and M" = 0. O

4.4 A finite differences scheme

In this sections, we consider a variation of the finite difference scheme in [4] which does
not need a numerical Hamiltonian. We use an upwind scheme to discretize the first
equation in (4.1.4), and then, taking the adjoint of the resulting scheme, we construct
an approximation of the second equation in (4.1.4).

For this purpose, let us define the discrete time derivative of v € B(Ga; x Gp)

Rl gk
Dwyy= =g forallk €Iy, ij €T, (4.4.1)
and the five point discrete Laplace operator

1

(A", = =

(—41}% + varLj + Uf_Lj + vfjﬂ + vﬁj_l) foralli,j € 7. (4.4.2)

Given u"! € B(Ga; X Gy) and m™ ! € B(Gas X Gy), we define Q" € B(Ga; x Gr)?
as in (4.3.10) and we discretize the first equation in (4.1.4) using an implicit upwind
scheme, which reads

— Dy — pf (Apu™) g+ QU (Dpu™* )iy = H(Q™F) iy + V(i)
T (kL L), (4.4.3)
n,T
;s = G(i ),
for all k € I}, and i,j € Z,, where p¥, = v + 2(|( PRyl 1(Q")i5]) and, for ev-

2
ery u, i € B(Gn)

Fii (s 1) = F'(fiig) (pay — ftig) + F(fii ).
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Then, we consider the following approximation of the forward equation in (4.1.4)

DymisE — A (pkmm1), 5 — (divy (QmFmmh 1)),

= divh(mnfl’k“ (Dhu"’k — Dhunfl’k))id‘, (444)

Remark 4.4.1 Notice that the operator B(G,) > m — (—An(pm); j—(divy(Qm))i ;)i jez, €
B(Qh) is the adjOI'nt of the Operator B(Qh) > U — (—,ui,j(Ahu)M -+ Qi,j(Dhu)i’j)i,jgzh €
B(G).

Combining (4.4.3) and (4.4.4), we consider the following fully discrete upwind scheme
for the Newton iterations system (4.1.4)

(DEgmk = Ukl AW L ALBRHL for k € T5,,

(DF)* M™M= Mk 4 AtZRU™kE 4 AtCHT for k € T4,

(4.4.5)
Un,Nt — UT7
M0 = MO,
where D* corresponds to the operator
(Xig) = (Xiy — At (ARX)ij + At(DpX)i 5(Q™)i5)
and Bt CH1 e RWW® are given by
(C* ™ )ignps = =DMy (DRU™ )i
— (Mn_l’k+1)i+Nhjdth (DhUn_l’k)i+Nhj for 1,7 € 1y,
~ Qn,k i 2
(B )iiny = ™ Jes 2) i Vi(wi;)

+ F((M ) ) = FI((MP S ) (M )y ford, j € T,
Finally, define U and M e RWINi py

(0n)k1vg+uvh+j = (U"M)irn,; fork eIy, i.j e,

(Mn>kNg+z‘Nh+j = (Mn’k>z'+Nhj for k € Zat \ {0}, 1,7 € T
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In order to write system (4.4.5) in a matrix way, as in (4.3.29), we define first the matrices

(DO Iy, 0 0 (w0 o .- 0 |
0 D' —Inye - : o W 0 --- 0
F=1|0 " : , W=At| o - oo
0 _I(Nh)2
| 0 ...0 DMl | I 0 0 WNt_
and _ -
zZ% 0
0 zZ' o0
7.=At| 0
0 0 ZNe-1|

Hence, (4.4.5) is equivalent to

F W[ |OU" B
_ ol =1_l; (4.4.6)
4 =" | M" C

where B = At[Bl,...,BNt + UM “and € = At[AitMO +Cl,...,CNt]*.

Arguing as in the proof of Proposition 4.3.1, one can show the following well-posedness
result.

Proposition 4.4.1 Suppose that M" > 0 for any n € N. Then, there exists a unique
solution (U™, M™) to the system (4.4.6).

Remark 4.4.2 The finite difference scheme given by (4.4.5) exhibit a different method-
ology the one in [4]. Indeed, the approach of [4] involves discretizing the MFG system
(4.1.1) through finite differences, employing a monotone numerical Hamiltonian. Subse-
quently, Newton iterations are employed to solve the resulting discretized system.

In contrast, our methodology takes an alternative strategy. We begin the process by
considering Newton iterates for the continuous system (4.1.1) directly. Then we use a
simple finite differences scheme to discretize the linear system to be solved at each
iteration of Newton’s method.

Ahmad Zorkot| Thése de doctorat | Université de Limoges 124
Licence CC BY-NC-ND 3.0



Chapitre 4 — Newton iterations for second order mean field game systems

4.5 Numerical tests

In this section, we assess the performance of our two schemes by conducting tests
in both one and two dimensions. The Newton iteration process is stopped once
the quantities

e and [ttt — ua (4.5.1)

Im
are below a given threshold 7. Systems (4.3.29) and (4.4.6) are solved by Gauss-
Seidel iterations and stopped when the uniform norms of the difference between two
consecutive solutions are below a threshold § which is set to 10~
Additionally, we conduct a comparative analysis between our semi-Lagrangian scheme
(4.3.27) denoted Newton-SL, and the semi-Lagrangian scheme proposed in [58] solved
by a (damped) fix point method and denoted SL-FP. Furthermore, we compare the
upwind finite differences scheme (4.4.5) denoted Newton-FD, with the finite difference
schemes introduced in [4] solved via Newton iterations, denoted FD-Newton.
Algorithm 4 is designed to solve the Newton iteration system (4.1.4) either by Newton-
SL or Newton-FD.

Algorithm 4 Newton iterations for mean field games

Input: Initial guesses «°, m°, Q° and tolerance 7
Output: Solution to the Newton iterations system (4.1.4)
n<+0
repeat
Compute m™*! and u™*! by Newton-SL or Newton-FD
err(m) < |[|m"™ ™ — m"||
err(u) < |lu™™ — u"| o
Update Q" using (4.3.10)
n<n+1
until err(m) < 7 and err(u) < 7

. return m+ ittt

© 0o N o s w2

—_
— O

Remark 4.5.1 We remind that the semi-Lagrangian schemes that we consider are
explicit and do not require a CFL parabolic condition. On the other hand, the finite
difference schemes considered here are implicit, and no restriction on the time steps
are needed. For the semi-Lagrangian schemes, however, time restriction of the form
At = O(h*?) is needed because of accuracy reasons (see [77], [78] for a deeper
analysis).
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4.5.1 Dimension 1
Test 1: MFG system with reference solution.

In this test (see [33]), we consider a MFG system in the time-space domain [0, 0.05] x]0, 1]
with periodic boundary conditions, » = 0.1 and H(z,p) = @ The initial condition
is given by

4sin®(2m(z —1/4)) ifx € [1/4,3/4],
mo(z) =
0 otherwise,

and
F(m(x)) = 3mg(x) —4min(4,m), G(x)=0, forallz€]0,1].

In order to compute the errors, we compare the approximated solution with a reference
one, computed with SL-FP scheme with h = 6.67 - 10~ and At = h%/2/3. We measure
the accuracy of the scheme by computing the errors in the discrete uniform norm. The
threshold 7 for the Newton stopping iteration criteria is set to 10~*. We set At = h3/2/2
for the two SL schemes, while we set At = h/4 for the finite differences schemes.
Table 4.1 highlights the distinction between Newton-SL and the SL-FP iterations al-
gorithm presented in [58], with the same stopping criteria than Algorithm 3 and 4
(4.5.1), showing CPU time, and the number of Newton iterations. Notably, Newton-SL
demonstrates superior performance in terms of CPU time and number of iterations.
Additionally, the approximation errors for both the distribution and the value function
appear comparable between the two methods.

Table 4.2 shows the results for the same test computed with Newton-FD and FD-
Newton. Very similar performance in terms of uniform error, CPU time and iteration
count can be observed.

Comparing Tables 4.1 and 4.2, it can be seen that Newton-SL requires the minimum
computing time and shows comparable accuracy with respect to the other methods.
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Newton-SL with At = h3/2/2
h Eso(u) Es(m) Time lterations
2501072 | 5.51-1072 || 1.64-10"' | 0.61s 6
1251072 || 2.40-1072 | 1.16-107' || 2.77s 7
6.25-107% |/ 1.83-1072 || 6.61-1072 | 13.92s || 7
3.125.1073 || 4.50-10=* || 1.41.10"2 | 80.60s | 7
SL-FP with At = h3/2/2

h Eso(u) Es(m) Time lterations
2501072 | 5.75-1072 || 1.62-10~! || 8.09s 10
1251072 || 2.84-1072 | 1.11.107! | 40.79s || 10
6.25-1073 || 2.15-1072 || 5.84-1072 || 259.72s || 12
3.125.1073 || 9.50 -10~% || 6.51 -1073 || 2793.71s|| 12

Table 4.1: Errors for the approximation of solution (u, m) using Newton-SL and SL-FP.

FD-Newton with At = h/4
h Exo(u) Es(m) Time lterations
2.50 -102 1.23-107! 3.11-1072 2.23s 7
1.25.102 6.21 -1072 1.63 -102 18.32s 8
6.25 1073 3.14 -1072 8.75 1073 92.91s 8
3.125.1073 || 1.77 -1072 9.54 .1073 597.21s || 8
Newton-FD with At = h/4
h Ex(u) Es(m) Time lterations
2.50 -1072 15321071 || 3.42 -1072 1.48s 7
1.25.102 6.71 1072 1.83 102 12.27s 7
6.25 1073 3.37 -1072 9.51 1073 68.10s 7
3.125.1073 || 1.91 -102 7.38 1073 436.01s || 7

Table 4.2: Errors for the approximation of solution (u, m) using FD-Newton and Newton-FD.
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Test 2

In this test, we consider a MFG system, numerically solved in [119], in the time-space
domain [0, 0.01]x]0, 1] with periodic boundary conditions and diffusion coefficient v = 0.4
and v = 0.02. We consider the following data, showed in Figure 4.1

) = 1+ 1cos(2mz),

xr) = sin(4nx)+ 0.1cos(10mx),
)
)

Ip|? + V(x), V(z)=200cos(2mz) — 10 cos(4rx),

= mz.

The threshold 7 for the Newton stopping iteration criteria is set to 10~*. We also
set N, = 160.

(a) Initial distribution mq (b) Terminal cost G (c) Potential V

Figure 4.1: The initial data.

Diffusion coefficient v = 0.4

We first consider v = 0.4 and we solve the MFG system using Newton-SL, Newton-
FD and FD-Newton. We set At = h/4 for the two finite differences schemes, and
At = h3/%/2 for Newton-SL.
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1 2 3 4 5 6 1 2 3 4 5 6
Iterations Iterations

(a) ||mn+1 —m" s (b) ||Un+1 —u"||o

Figure 4.2: Newton errors for the three schemes.

s
Time xa0? Time

(a) Newton-SL (b) Newton-FD (c) FD-Newton

Figure 4.3: The distribution approximated with the three Newton schemes.
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(a) Newton-SL (b) Newton-FD (c) FD-Newton

Figure 4.4: The value function approximated with the three Newton schemes.

Figure 4.2 shows on the y-axis the Newton iterations errors for the schemes Newton-SL,
Newton-FD and FD-Newton in a logarithmic scale with respect to number of Newton
iterations. Figure 4.3 shows the plots in the space-time grid of the approximated
distribution, computed by the three schemes. We can observe that the distribution
concentrates, at final time, near the points where the terminal cost G, showed in Figure
4.1b, reaches its minima.
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Finally, Figure 4.4 shows the plots in the space-time grid, of the approximated value
function, computed by the three schemes.

Diffusion coefficient » = 0.02

Let us consider now a smaller diffusion term, specifically v = 0.02. Newton-SL iterations,
with At = h?, demonstrate convergence after 5 iterations showed in Figure 4.5, reaching
the associated threshold. In contrast, both Newton-FD and FD-Newton iterations
encounter breakdowns after only a few iterations. This indicates a higher robustness
offered by the Newton-SL scheme, in scenarios characterised by small diffusion terms.
Figure 4.6 shows the approximated distribution and the approximated value function
in the time-space domain.

Remark 4.5.2 In [6], the authors solve a finite difference discretization of the MFG
system by employing Newton’s method combined with a continuation method with
respect to the diffusion parameter v (see also [10], [12]). The latter is particularly useful
to deal with the case small diffusion parameters. The problem is solved first for a high
value of v and, subsequently, the authors use this solution as an initial guess to solve,
still by using Newton’s method, the discrete MFG system with a smaller viscosity. The
method proceeds in this manner until reaching the desired (small) viscosity.

As a completion on this work, a comparison between the method of continuation applied
fo our scheme and other methods will be made.

L L L
1 2 3 4 5 1 2 3 4 5
Iterations Iterations

(a) ||mn+1 _ m"Hoo (b) Hun+1 _ unHoo

Figure 4.5: Newton-SL iterations error for v = 0.02.
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(a) Evaluation of m (b) Evaluation of u

Figure 4.6: Approximated m and w.

4.5.2 Dimension 2

We consider now a MFG system in dimension 2, previously numerically studied in [119].
We set Q = [0,1]x]0,1[%, v = 1, and the following data

mo(z1,x2) = 1+ 12 cos(2mx1) + 12 cos(2mxs),
G(z1,z2) = cos(2mz1) + cos(2mxs),
H(xq,29,p) = |p|2 + V(x1,29), V(x1,22) =sin(2mxq) + sin(2wz) + cos(4drxy),
F(m) =

We set 7 = 107%, N,, = 66, and At = h?/2. Figure 4.7 shows the errors (4.5.1) in a
logarithmic scale on the y-axis with respect to number of Newton iterations on the z-axis,
Figure 4.9 shows the contour level of the approximations to «(7'/2,-) and m(7/2,-),
respectively, where we can notice easily the effect of periodic boundary conditions.
The solution m is shown in Figure 4.9 at different times. Figures 4.9b-4.9c show the
stationary state reached by the density, at intermediate time, which can be interpreted
as a turnpike effect. Turnpike phenomena for mean field games with local coupling
has been discussed in [67].
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Iterations Iterations
(a) ||mn+1 —m" s (b) ||Un+1 —u"||o

Figure 4.7: Newton-SL iterations error.
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Figure 4.8: Contours level of m(N;/2,z) and u(7/2, x).
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Figure 4.9: The approximated distribution m at times ¢ = 0, 2&f 3MAL 7,
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Approximation de jeux a champ moyen

Résumeé : Lobijectif de la théorie des jeux a champ moyen est d’étudier une classe de jeux
différentiels (déterministes ou stochastiques) comportant un grand nombre de joueurs. Etant
donné que tres peu de jeux a champ moyen admettent des solutions explicites, les méthodes
numeériques jouent un rbéle essentiel dans la description quantitative, mais aussi qualitative,
des équilibres de Nash associés. Cette these se concentrera sur des techniques numériques
utilisées pour résoudre diverses classes de jeux a champ moyen.

Mots clés : Jeux a champ moyen, contrble optimal, équations de Hamilton-Jacobi-Bellman
et de Fokker-Planck, analyse numérique des équations aux dérivées partielles.

Approxiamtion to mean field games

Abstract : The purpose of the theory of mean field games is to study a class of differential
games (deterministic or stochastic) with a large number of agents. Since very few mean
field games admit explicit solutions, numerical methods play an essential role in describing
quantitatively, and also qualitatively, the associated Nash equilibria. This thesis is focused
on numerical techniques to solve several types of mean field game problems.

Keywords: Mean field games, optimal control, optimal control theory, Hamilton-Jacobi-
Bellman and Fokker-Planck equations, numerical analysis of partial differential equations.

Univ. de Limoges, CNRS, XLIM, UMR 7252, F-87000 Limoges, France
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