Lecture notes

Lenya Ryzhik*

March 1, 2018

Abstract

These notes are a compilation of separate original notes by Jim Nolen and Pierre
Cardaliaguet, with some very small extra background material, all errors are mine.
This is not my text. Whenever ”we’ appears below, it should be understood as ” Pierre
Cardaliaguet”.

1 What is a mean-field game?

The mean-field game system consists of a Hamilton-Jacobi equation for a value function u(z, t)
and a Fokker-Planck equation for a mean-field density m(x,t):

—0wu — vAu+ H(x, Du) = f(x,m(z,t)) in R x (0,7)
om — vAm — div (D,H (x, Du)m) =0 in R x (0,7)
m(0,2) = mo(z) , u(r,T) = Glz).

(1.1)

As we will see, this system comes up in an optimization problem approximating a large number
of agents (players), where the behavior of each player is governed by the rest of the players
via the mean-field. Accordingly, the evolution of the value function u(zx,t) for an individual
player, is coupled to that of the density m(x,t) of all players. The term mean-field refers to
the fact that the strategy of each player is affected only by the average density (mean-field)
of the other players, and not by a particular stochastic configuration of the system. The
function H(x,p) is the Hamiltonian, and the function f(z,m) is a local coupling between the
value function of the optimal control problem and the density of the players. Of course, the
coupling need not be local, and we will consider non-local couplings as well.

The most unusual feature of (5.1) is that it couples the forward Fokker-Planck equation
that has an initial condition for m(0,x) at the initial time ¢ = 0 to the backward in time
Hamilton-Jacobi equation for u(¢,z) that has a prescribed terminal value at t = 7. Thus,
this is not a Cauchy problem that normally arises in PDE problems, and has novel features
compared to what we are used to see.

Mean field game theory is devoted to the analysis of differential games with infinitely
many players. For such large population dynamic games, it is unrealistic for a player to
collect detailed state information about all other players. Fortunately this impossible task is
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useless: mean field game theory explains that one just needs to implement strategies based on
the distribution of the other players. Such a strong simplification is well documented in the
(static) game community since the seminal works of Aumann [14]. However, for differential
games, this idea has been considered only very recently: the starting point is a series of papers
by Lasry and Lions [102, 103, 104, 105], who introduced the terminology in around 2005. The
term mean field comes for an analogy with the mean field models in mathematical physics,
which analyse the behavior of many identical particles (see for instance Sznitman’s notes
[122]). Here, the particles are replaced by agents or players, whence the name of mean field
games. Related ideas have been developed independently, and at about the same time, by
Caines, Huang and Malhamé [88, 89, 90, 91], under the name of Nash certainty equivalence
principle.

The Cardaliaguet notes we are following (literally copy-pasting almost 100% of the time)
aim to basic presentation of the topic. They are largely based on Lions’ series of lectures
at the College de France [108] and on Lasry and Lions seminal papers on the subject [102,
103, 104, 105], but also on other notes taken from Lions lectures: Yves Achdou’s survey for
a CIME course [4] and Guant’s notes [82] (see also the survey by Gomes and Saude [72]).

There are several approaches to the analysis of differential games with an infinite number
of agents. A first one is to look at the limit of Nash equilibria in differential games with
a large number of players and try to pass to the limit as this number tends to infinity. A
second approach consists in guessing the equations that Nash equilibria of differential games
with infinitely many players should satisfy and to show that the resulting solutions of these
equations allow to solve differential games with finitely many players.

Concerning the first approach, little was completely understood until very recently. Lions
explains in [108] how to derive formally an equation for the limit to Nash equilibria: it is a
nonlinear transport equation in the space of measures (the “master equation”). Existence,
uniqueness of solution for this equation is an open problem in general, and, beside the linear-
quadratic case, one did not know how to pass to the limit is the Nash system. Progress has
been made very recently on both questions [29, 51, 62] and we explain some of the ideas in
the second part of these notes. The starting point is that, as observed by Lions [108], the
“characteristics” of the infinite dimensional transport equations solve—at least formally—a
system coupling of a Hamilton-Jacobi equation with a Kolmogorov-Fokker-Planck equation:
this is the MFG system, which is the main object of the first chapter of these notes.

A very nice point is that this system also provides a solution to the second approach:
indeed, the feedback control, given by the solution of the mean field game system, provides
e—Nash equilibria in differential games with a large (but finite) number of players. This point
was first noticed by Huang, Caines and Malham [89] and further developed in several papers
(Carmona, Delarue [44], Kolokoltsov, Li, Yang [95], etc...).

To complete the discussion on the master equation, let us finally underline that, beside
the MFG system, another possible and natural simplification of this equation is a space dis-
cretization, which yields to a more standard transport equation in finite space dimension: see
the discussion by Lions in [108], by Gomes, Mohr, Souza [63, 64, 65] and Guant [80].

We now describe the field field game system in a more precise way. The system has two



unknowns u and m, which solve the equations

(i) —Ow —vAu+ H(x,m,Du) =0 in R? x (0,7)
(i1) Oym — vAm — div (D,H(z,m, Du)m) =0  inR% x (0,7) (1.2)
(2ii) m(0) =myg, u(z,T) = G(x,m(T))

In the above system, v is a nonnegative parameter. The first equation has to be understood
backward in time and the second one is forward in time. There are two crucial structure
conditions for this system: the first one is the convexity of H = H(x, m,p) with respect to
the last variable. This condition means that the first equation (a Hamilton-Jacobi equation)
is associated with an optimal control problem. This first equation is interpreted as the value
function associated with a typical small player. The second structure condition is that mq
(and therefore m(t)) is (the density of) a probability measure.

The heuristic interpretation of this system is the following. An average agent controls the
stochastic differential equation

dX; = audt +V2vdB,

where (B;) is a standard Brownian motion. He aims at minimizing the quantity

T

E [/ %L(Xs,m(s), as)ds + G(Xp,m(T))| ,
0

where L is the Legendre transform of H with respect to the p variable. Note that in this cost

the evolution of the measure m(s) enters as a parameter.

The value function of our average player is then given by (1.2-(i)). His optimal control
is—at least heuristically—given in feedback form by a*(z,t) = —D,H (z, m, Du). Now, if all
agents argue in this way and if their associated noises are independent, then by the law of
large numbers their repartition moves with a velocity which is due, on the one hand, to the
diffusion, and, one the other hand, on the drift term —D,H (z, m, Du). This leads to the
Kolmogorov-Fokker-Planck equation (1.2-(ii)).

The aim of these notes is to collect—with detailed proofs—various existence and unique-
ness results obtained by Lasry and Lions for the above system when the Hamiltonian H is
“separated”: H(x,m,p) = H(z,p) — F(x,m), F being a coupling between the two equations.
There are two types of coupling which are appear in the mean field game literature: either F
is nonlocal and regularizing, i.e., we see F' = F'(x,m(t)) as a map on the space of probability
measures. This is typically the case when two players who are not to close from each other
can influence themselves. Or F' is of local nature, i.e., F' = F(xz,m(z,t)) depends on the value
of the density at the point (¢,2), meaning that the players only take into account their very
nearest neighbors. Although the former coupling can be seen as a limit case of the first one,
in practice techniques of proof are more depending in this case. In particular, if we provide
existence and uniqueness results for nonlocal couplings when v = 1 (viscous case) and v = 0
(1rst order model), we consider local couplings only for viscous equations (i.e., v = 1). We
carefully avoid the case of 1rst order models (v = 0) with local coupling: this case, described
in [108], is only understood under specific structure conditions and requires several a priori
estimates which, unfortunately, exceed the modest framework of these notes.



Some comments on the literature are now in order. Since the pioneering works by Lasry
and Lions and by Huang, Caines and Malham, the literature on the MFG has grown very
fast: it is by now almost impossible to give a reasonable account of the activity on the topic.
Many references on the subject can be found, for instance, in the survey by Gomes and Saud
[72] and in the monograph by Bensoussan, Frehse and Yam [25]. We only provide here a few
references, without the smallest pretension of exhaustivity.

By nature mean field games are related with probability and partial differential equations.
Both community have a different approach of the topic, mostly inspired by the works of
Caines, Huang and Malham for the probability part, and by Lasry and Lions for the PDE
one.

Let us start with the probabilistic aspects. As the value function of an optimal control
problem is naturally described in terms of backward stochastic differential equations (BS-
DEs), it is very natural to understand the MFG system as a BSDE with a mean field term of
McKean-Vlasov type: this is the approach generally followed the probabilistic part of the liter-
ature on mean field games: beside the papers by Huang, Caines and Malham already quoted,
see also Buckdahn, Li, Peng [28], Buckdahn, Djehiche, Li, Peng [28], Andersson, Djehiche [13]
(where a linear MFG system appears as optimality condition of a control of mean field type).
Forward-backward stochastic differential equation (FBSDE) of the McKean-Vlasov type, are
analyzed by Carmona, Delarue [44], Kolokoltsov, Li, Yang [95] (with nonlinear diffusions).
MFG models with a major player are discussed by Huang [85], while Nourian, Caines, Mal-
hame, Huang [115] deal with mean field LQG control in leader-follower stochastic multi-agent
systems. Differential games in which several major players influence an overall population but
compete with each others lead to differential games of mean field type, as considered by Ben-
soussan, Frehse [24]. Linear quadratic MFG system have also been very much investigated:
beside Huang, Caines and Malham work, see Bensoussan, Sung, Yam, Yung [23], Carmona,
Delarue [43] for probabilistic arguments, and Bardi [15] from a PDE view point.

In terms of PDE, the analysis of mean field games boils down—more or less—to solve the
coupled system (1.2) with various assumptions on the coefficients. Beside Lasry and Lions’
papers, other existence results and estimates for classical MFG system can be found in Guant
(77, 81] (by use of Hopf-Cole transform for 2nd order of MFG systems with local coupling),
Cardaliaguet, Lasry, Lions, Porretta [40] (2nd order MFG systems with local unbounded
coupling), Bardi, Feleqi [16] (stationary MFG systems with general diffusions and boundary
conditions), Gomes, Pirez, Sanchez-Morgado [66] (estimates for stationary MFG systems),
Cardaliaguet [38] (1rst order MFG system, local coupling by methods of calculus of varia-
tion). Models with several populations are discussed by Feleqi [56], Bardi, Feleqi [16], Cirant
[47]. Other models are considered in the literature: the so-called extended mean field games,
i.e., MFG systems in which the HJ equation also depends on the velocity field of the players
have been studied by Gomes, Patrizi, Voskanyan [67], Gomes, Voskanyan [68]; Santambrogio
[119] discusses MFG models with density constraints; mean field kinetic model for systems of
rational agents interacting in a game theoretical framework is discussed in [49] and [50].

Numerical aspects of the theory have been developed in particular by Achdou, Capuzzo
Dolcetta [1], Achdou, Camilli, Capuzzo Dolcetta [2], [3], Achdou, Perez [6] Camilli, Silva [32],



Lachapelle, Salomon, Turinici [97].

As shown by numerical studies, solutions of time dependent MFG systems, such as (1.2)
quickly stabilize to stationary MFG systems: the analysis of the phenomenon (i.e., the long
time behavior of solutions of the mean field game system) has been considered for discrete
systems by Gomes, Mohr, Souza [63] and for continuous ones in Lions’ lectures, and sub-
sequently developed by Cardaliaguet, Lasry, Lions, Porretta [40, 41] for second order MFG
game system with local and nonlocal couplings, in Cardaliaguet [37], from lrst order MFG
systems with nonlocal coupling.

It is impossible to cover all the applications of MFG to economics, social science, bio-
logical science, and engineering—and this part is even less complete than the previous ones.
Let us just mention that the early work on large population differential games was moti-
vated by wireless power control problems: see Huang, Caines, Malham [86, 87]. Application
to economic models can be found in Guant [76], Guant, Lions, Lasry, [78, 106], Lachapelle
[96], Lachapelle, Wolfram [98], Lucas, Moll [109]. A price formation model, inspired by the
MFG, has been introduced in Lasry, Lions [102] and analyzed by Markowich, Matevosyan,
Pietschmann, Wolfram [110], Caffarelli, Markowich, Wolfram [31].

2 Hamilton-Jacobi equations

This section is an edited and expanded version of Jim Nolen’s notes.
We first recall some basic facts about the solutions of the initial (or, rather, terminal)
value problem for the Hamilton-Jacobi equations of the form

u + H(Vu,z) =0 (2.1)
w(T, x) = up(x).

In order to explain how such problems come about, and to understand why the mean-field
games with their coupling of forward and backward equations are so natural, we need to recall
some basic notions from the control theory.

2.1 Deterministic optimal control

Consider the following abstract optimization problem. Let y(s) : [t,T] — R? denote the state
of a system at a time s € [t,T], which evolves according to a system of ordinary differential
equations

y(s) = f(y(s),als)), seltT] (2.2)
y(t) = v € R

with ¢ > 0 and = € R? fixed. The function «a(s) is called a control and takes values in a
compact subset A of R™. The set of all admissible controls will be denoted by A; r:

Avr ={a(s) : [t,T] = A | a(s) is measureable} . (2.3)
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When the dependence on ¢t and T is clear from the context, we will simply use A instead. By
choosing « we have control over the course of the system y(t).

We would like to control the system in an optimal way, in the following sense. Let a
function g(z) : R — R represent a final payoff, which depends on the final state of the
system at time 7', and the function 7(z,a) : R? x R™ — R represent a running payoff or
running cost. Given the initial state of the system y(¢) = x, the optimization problem is to
find an optimal control o*(-) that maximizes the functional

Jol0”) = mas Joifa) = max, | / r(y(s),als)) ds + g(y(T))] (2.4)

Even if an optimal control does not exist, we may study the function

)= s (o) = mo | / rly(s),a(s)) ds + g(u())] (2.5)

called the value function associated with the control problem. It depends on x and ¢ through
the initial conditions defining y(s). Note that u(xz,T) = g(x), hence whatever evolution
problem in ¢ the function u(z,t) satisfies, it is natural to prescribe its terminal value at t = T
and not its initial value at ¢ = 0.

2.2 The Dynamic Programming Principle

Theorem 2.1. Let u(z,t) be the value function defined by (2.5). If t <7 < T, then

u(z,t) = max {/jr(y(s),a(s)) ds +u(y(r),7)| - (2.6)

a()eA

The relation (2.32), called the Dynamic Programming Principle, is a fundamental tool
in the analysis of optimal control problems. It says that if we know the value function at
time 7 > t, we may determine the value function at time ¢ by optimizing from time ¢ to time 7
and using u(-,7) as the payoff. Roughly speaking, this is reminiscent of the Markov property
of a stochastic process, in the sense that if we know w(z,7) we can determine u(-,t) for ¢t < 7
without any other information about the control problem beyond time 7, for times s € [, T].
More precisely, it means that u(z,t) satisfies a semi-group property. Note, however, that the
time in the semi-group property is running backwards!

Proof of Theorem 2.1: The proof of the Dynamic Programming Principle is based on
the simple observation that any admissible control a € A, is at combination of a control
in A; » with a control in A, . We will express this relationship as

Avr = Arr © Arr. (2.7)

This notation & means that if a;(s) € A;, and a.(s) € A, 7, then the control defined by
splicing «; and a, according to

os) = (04 ® ) (s) i— { a(s), s€ 1] (2.8)

a-(s), se[r,T]
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is an admissible control in A4; 7. On the other hand, if we have a € A, 1, then by restricting
the domain of « to [t, 7] we obtain an admissible control in A, ;. Similarly, by restricting the
domain of « to [r,T] we obtain an admissible control in A, .

The function w is defined as

ot = max, | [ 1(0(5)ats)) ds + (7))

a()eA
= [ | et ds+ [ " (), a(s)) ds + g(y(T»} -

Notice that the first integral on the right depends only on y and « up to time 7, while the
last two terms depend on the values of y and « after time 7. Since a control o € A, may
be decomposed as a = a3 @ ay with oy € A, and ay € A, r, we may maximize over each
component in the decomposition:

we.t) = max | [Treatas+ | Tr<y<s>,a<s>>ds+g<y<T>>}

a()eA

- ma [ rshayds + [t als)ds +gtu(r)]

a1€AL 7, a2€A, T,0=a1Daz

On the right side, the system state y(t) is determined by (2.2) with o = oy & as € A r.
Therefore, we may decompose the system state as y(s) = y; ® y» where y,(s) : [t,7] — R?
and y(s) : [7,T] — R? are defined by

yi(s) = fly(s),au(s)), selt7]
() = =z

and
Yo(s) = [f(y2(s),qa(s)), se€r,T]
ya(1) = (1) = y(7).

Here we use @ to denote the splicing or gluing of y; and y, to create y(t) : [t,T] — R%
Therefore, we have

T T
u(z,t) = max max [/ r(y1(s), a1(s)) ds + / r(y2(s), aa(s)) ds + g(yg(T))] ,
a1€ALr ap€A; 7,y2(T)=y1(T) t r

where the initial point for yo(7) is y2(7) = y1(7). Observe that y; depends only on x and ay,
not on y, or ay. Since the first integral depends only on a4 and ¥, this may be rearranged as

u(z,1) = max max V;r(yl(S),al(S))ds + /TTr(yz(S)m(S))ds +g(y2(T))]

a1 €At an€ AL 7,y2(T)=y1(T)

= [ aenas mas ([ a0+ g )]

a1 EAL - a2€A 7,y2(T)=y1(T)

— max [ /t Tr(yl(s),ozl(s))ds—i—u(yl(r),T)} (using the definition of w)

a1€A: -

~ max [ /t Tr(y(s),oz(s))ds—i—u(y(T),T)} (2.9)

a(-)eA



This completes the proof. O
Notice that in this proof we have not assumed that an optimal control exists.

2.3 The Hamilton-Jacobi-Bellman Equation

How does the value function depend on = and ¢7 Is it continuous in (x,¢)? Is it differentiable?
Does it satisfy a PDE? Unfortunately, the value function may be not differentiable, as shown
by the following simple example. Suppose that f(z,a) = «, g =0, and r(z, ) is defined by

r(z,a) = —Ip(x) = { _OT’ . :IgdliD (2.10)

where D C R? is a bounded set. Suppose that the set of admissible controls is A = {|a| < 1},
and y'(s) = a(s), so that |y/(s)| < 1. Therefore, the value function may be written as

y:[t, T] =R |y <1, y

(1) = ma [ /t L) ds} | (2.11)

Clearly u(x,t) < 0, and the optimum is obtained by paths that spend the least amount of
time in the set D. If x € R4\ D, then u(xz,t) = 0, because we could take y(s) = x for
all s € [t,T]. In this case, the system state doesn’t change, so the integral is zero, which is
clearly optimal. On the other hand, if z € D then the optimal control moves y(s) to R?\ D
as quickly as possible and then stays outside D. Since |y/(s)| < 1, this implies that the value
function is given explicitly by

u(z,t) = —min ((T' — t),dist(z, R\ D)) (2.12)

where
dist(z, R\ D) = inf — 2.13
ist(x, R\ D) yéﬁé\a’x yl, (2.13)

is the Euclidean distance from x to the outside of D. Albeit continuous, this function may
be not differentiable. Indeed, if D = {(z1,22) € R?| 23 + 23 < 1} is the unit disk, then

z—1, |z| <1
u(z, t) = { | lO, ;x} > (2.14)

fort <T—1. Thus u(z,t) is not differentiable at the origin z = (21, x2) = (0,0) for t < T —1.
So, in general, the value function may be not differentiable. However, one can still derive
a PDE satisfied by the value function. If the value function is differentiable, this equation is
satisfied in the classical sense. At points where the value function is not differentiable, one
can show that the value function (assuming it is at least continuous) satisfies the PDE in a
weaker sense. This weaker notion of “solution” is called a “viscosity solution” of the PDE. For
the moment, we will formally compute as if the value function were actually differentiable.
Let us use the Dynamic Programming Principle to formally derive an equation solved by
the value function u(z,t). The Dynamic Programming Principle does not require differentia-
bility of the value function; however, in our computations we assume that the value function is



continuous and differentiable with respect to both x and ¢, and that the optimal control a*(t)
is continuous in time. The Dynamic Programming Principle tells us that

utet) = ma, | [ r(s) a) ds + o). )] (2.15)
af-)e t
To formally derive a PDE for u, we let h € (0,7 —t) and set 7 =t + h < T, then
t+h
u(z,t) = max, {/ r(y(s),a(s))ds +u(y(t+h),t + h)} : (2.16)
af-)e t

We'll assume that nearly optimal controls are approximately constant for s € [t, ¢ + h].
First, consider the term u(y(t+h),t+ h). From the chain rule and our assumption that u
is continuously differentiable in z and ¢, we conclude that

u(y(t+ h),t +h) = u(y(t),t) + hy'(t) - Vu(y(t),t) + hu(y(t), ) + o(h)  (2.17)
= u(y(t),t) + hf(y(t), a(t)) - Vul(y(t),t) + hu(y(t), 1) + o(h)
u(z,t) + hf(z,at)) - Vu(z,t) + hu(z, t) + o(h). (2.18)

Now, plug this into (2.16):

u(z,t) = max [/t r(y(s),a(s)) ds + u(x,t) + hf(z,a(t)) - Vu(z,t) + hu(z,t) + o(h)] :

a(-)eA
(2.19)
The term u(z,t) may be pulled out of the maximum, so that it cancels with the left side:
t+h
0 = hug(z,t) + o(h) + r?)&uf4 {/ r(y(s),a(s))ds + hf(z,a(t)) - Vu(z, t)] . (2.20)
al(-)e t

Now, divide by h and let A — 0.

o t+h
0=uy(x,t) + % + Of(r.l)aéﬁ E/t r(y(s),a(s))ds + f(z,a(t)) - Vu(:v,t)] : (2.21)
If a(s) is continuous at ¢, then as h — 0,
t+h
tim [ (o), a(6) ds = r(y(0). ) = r(e,a(0) (222)

So, if the nearly optimal controls are continuous for s € [t,t + h], then by letting h — 0
in (2.21) we conclude that

u(z,t) + max [r(z,a) + f(z,a) - Vu(z,t)] =0, xRy t<T. (2.23)

This equation is called the Hamilton-Jacobi-Bellman equation. The function u(z,t) also
satisfies the terminal condition
u(z, T) = g(x). (2.24)



Notice that the HJB equation is a first-order, fully nonlinear equation, having the form
u + H(Vu,z) =0 (2.25)
where the Hamiltonian H is defined by

H(p,z) = max [r(z,a) + f(z,a)-p], pecR% (2.26)

In addition to telling us how the value function depends on x and ¢, this PDE suggests
what the optimal control should be. Suppose u(z,t) is differentiable and solves (2.24)-(2.26)
in the classical sense. Then the optimal control and the corresponding optimal trajectory are
computed by finding y*(s) and a*(s) which satisfy

a’(s) = argmax e, [r(y*(s),a) + f(y*(s), @) - Vu(y*(s), 5)]

and

y(t) = . (2.27)

Infinite Time Horizon

So far, we have considered a deterministic control problem with a finite time horizon. This
means that the optimization involves a finite time interval and may involve a terminal payoff.
One might also consider an optimization problem posed on an infinite time interval. Suppose
that y : [t,00) — R? satisfies

y(s) = fy(s),als), s elt,o0) (2.28)
y(t) =z € R

Now the domain for the control is also [t,00). We'll use A = A; o for the set of admissible
controls. For z € R?, define the value function

u(z,t) = ;2);2(4 Jei(a) = ar%})zieﬁ [/too e r(y(s), as))ds| . (2.29)

The exponential term in the integral is a discount factor; without it, the integral might be
infinite. Notice that there is no terminal payoff, only running payoff, and that the value
function depends on t in a trivial way:

u(z,t) = e Mu(x,0). (2.30)
So, to find u(z,t) it suffices to compute
u(r) = max J,(a) = max e r(y(s), a(s)) ds 2.31
() = mx ) = s | [ riy(e).a(e) 231)
where A = Ay «.
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Theorem 2.2 (Dynamic Programming Principle). Let u(x) be the value function defined by
(2.81). For any v € R? and h > 0,

h
u(r) = max [/ e r(y(s), als)) ds + e Mu(y(h)) (2.32)
a()edon | Jo
Proof: Exercise.
Using the Dynamic Programming Principle, one can formally derive the HJB equation for
the infinite horizon control problem. The equation is:

—\u + max [r(z,a) + f(z,a) - Vu] =0 (2.33)

which has the form
—Au+ H(Vu,z) =0 (2.34)

with the Hamiltonian H(p, x) defined by

H(p,x) = max[r(z, a) + f(z,a) - p] (2.35)

Exercise: Check these computations.

2.4 Brief introduction to stochastic optimal control

Thus far, we have considered deterministic optimal control in which the dynamic behaviour
of the system state is deterministic. In a stochastic optimal control problem, the state y(s)
is a stochastic process. Consequently, the controls also will be stochastic, since we may want
to steer the system in a manner that depends on the system’s stochastic trajectory. We
now suppose that the system state Y,(w) : [t,T] x Q — R? satisfies a stochastic differential
equation

dYs = f(Ys a5 8)ds+o(Yi, a5,8)dBs, s>t
Y, = z, a.s. (2.36)

where By is a n-dimensional Brownian motion defined on probability space (2, F, {Fs}s>t, P),
and o is a d X n matrix.

The control process as(w) : [t,T] x  — R™ is adapted to the filtration {Fs}s>¢. The set
of admissible controls is now

Arr ={as(w) : [t,T] x Q — A| « is adapted to the filtration {Fs}ssi}- (2.37)

The assumption that the controls are adapted means that we cannot look into the future;
the control can only be chosen on the basis of information known up to the present time.
Supposing that o and f satisfy the usual bounds and continuity conditions, the stochastic
process Y;(w) is uniquely determined by the initial condition Y; = = and the control pro-
cess ag(w).

Given a time T > t, the stochastic optimal control problem is to maximize

max J,(a(-)) = max E [/t r(Ys,as,8)ds +g(Yr) | Vi == (2.38)

OLE.Az’T OéeAt,T
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As before, the function r(y, o, s) represents a running payoff (or running cost, if 7 < 0), and g
represents a terminal payoff (or terminal cost, if g < 0). Since the system state is a stochastic
process, the net payoff is a random variable, and our goal is to maximize the expected payoff.
Again, even if an optimal control process does not exist, we may define the value function as

T
u(x,t) = max E {/ r(Ys, s, 8)ds + g(Yr)| Yy = x} (2.39)
OzG.At,T t
Notice that the value function is not random.
In (2.39) the time horizon is finite. One could also pose an optimal control problem on an
infinite time horizon. For example, one might consider maximizing

ol
D)) — —As -y
max Jei(a(:)) ?Eaj(E [/t e r(Ys,a5)ds+e h(YV)] (2.40)

where 7 is a stopping time.

2.5 Dynamic Programming Principle for Stochastic Control

For the stochastic control problem there is a Dynamic Programming Principle that is anal-
ogous to the DPP for deterministic control. Using the Markov Property of the stochastic
process Y;, one can easily prove the following:

Theorem 2.3. Let u(z,t) be the value function defined by (2.39). If t <7 < T, then

u(z,t) = max E {/ r(Ys, a5, 8)ds +u(Y,,7) | Vi == (2.41)
t

acAs -
Proof: Exercise. The idea is the same as in the case of deterministic control. Split the
integral into two pieces, one over [t, 7| and the other over [7,T]. Then condition on F, and use

the Markov property, so that the second integral and the payoff may be expressed in terms
of w(Y;, 7). O

2.6 The Hamilton-Jacobi-Bellman equation

Using the Dynamic Programming Principle, one can formally derive a PDE for the value
function wu(z,t). As in the case of deterministic optimal control, one must assume that
the value function is sufficiently smooth. Because the dynamics are stochastic, we want
to apply Ito’s formula in the way that we used the chain rule to derive the HJB equation
for deterministic control. Thus, this formal computation requires that the value function by
twice differentiable.

From Ito’s formula we see that

w(Yr, 7) —u(z,t) = = /tT [ue(Ys, s) + f(Ys, as, 8) - Vu(Ys, s)] ds

™1 4 4
+/t 5 ;izjuxixj(}/;’s)gjk<}/;7asyS>Ulk(}/;aa5,5) ds

12



N /t (Vu(Ys, $)) o (Vs ) dB, (2.42)

= / ur(Ys, s) + L%(Ys, s) ds + / (Vu(Ys, ) oYy, o, 8) dBs
t t
where L is the second order differential operator

1 , .
Lou = fly,0,8) Vuly,s) + 5D D iy, (4,5)0™ (9, 05, 5)7™ (4, s, 5)
k4

= f(y7 «, 3) : Vu(@/a 5) + %tr<D2u<y7 5)0'(3/, a, 5>UT(y7 «, 3))7 (2'43)

and D?u is the matrix of second partial derivatives. Now we plug this into the DPP rela-
tion (2.41) and use the fact the martingale term in (2.43) has zero mean. We obtain:

0 = maXE{/ r(Ys, as,s)ds + u(Yy, 7) — u(z, t) | Yt:x]
t

aEAL, -

= max E [/ r(Ys, as, s) ds —I—/ w (Y, 8) + L (Y, 8)ds | Y = x} . (2.44)
¢ ¢

acAL,r

Finally, let 7 =t + h, divide by h and let h — 0, as in the deterministic case. We formally
obtain the HJB equation

u(z,t) + max [r(z,a,t) + L(z,t)] = 0. (2.45)

acA

This may be written as

u(z, t) + max [r(a:, a,t) + %tr(DQU(a:,t)a(:v, a,t)o’ (z,a,t)) + f(z,a,t) - Vu(a:,t)} =0

ac
(2.46)
which is, in general, a fully-nonlinear, second order equation of the form

uy + H(D*u, Du,x,t) =0 (2.47)

Notice that the equation is deterministic. The set of possible control values A C R™ is a subset
of Euclidean space, and the maximum in the HJB equation (2.45) is over this deterministic
set, not over the set A.

HJB for the infinite horizon problem

Deriving the HJB for the infinite horizon problem is very similar. Let the value function be

u(z) = max B l /0 eV an) ds | Y = x] , (2.48)

acA

and o(z,a), f(y,a) and r(y, a) be independent of ¢. Then the Dynamic Programming Principle
shows that for any 7 > 0

u(x) = meach {/ e (Y, o) ds + e u(Y;) | Yo = x} : (2.49)
o 0

Using [t0’s formula as before, we formally derive the second order equation equation

—u(z) + max [r(z,a) + L(z)] =0 (2.50)

13



2.7 The basic theory of Hamilton-Jacobi equations
The Euler-Lagrange equations

We now describe the approach to the Hamilton-Jacobi equations in terms of calculus of
variations rather than optimal control. In order to conform to an earlier version of the
notes, we will consider the initial rather than terminal value problem for the Hamilton-Jacobi
equations. When the Hamiltonian is time-independent, the switch from one to another can
be made by a simple change of variables t — T" — t. If it does depend on time, the terminal
value problem is more natural in the context of optimal control but we will not try to re-write
everything for that case.

Let L(g, ) be a smooth function, ¢, z € R™ called the Lagrangian. Fix two points z,y € R"
and consider the class of admissible trajectories connecting these points:

A={w e C([0,1;R") : w(0) =y, w(t) =z},

that is w(t) are smooth paths that start at y at time zero, and end at z at time ¢. Define the
functional

The basic problem of the calculus of variations is to find the optimal curve w(t):

find I* = min I (w),
weA
and, if possible, the optimal path z(s) € A such that I(z) = I*. Let us first assume that
such z(s) exists and deduce some of its properties.

Theorem 2.4. (Euler-Lagrange equations) The function z(s) satisfies the Euler-Lagrange
equations

—%[VqL(Z(S), 2(s))] + VoL(2(s),2(s)) =0, 0<s<t. (2.51)

Proof. Let z(t) be a minimizer, and v(¢) be a smooth function such that v(0) = v(t) = 0,
and consider w,(s) = z(s) + Tv(s). Set also (1) = I(w,;). As z(s) minimizes I(w) over A
and w, € A for all 7, we have 7(0) = 0. Let us now compute 7’(7):

r(r) = /0 L(Z(s) + 10(s), z(s) + Tv(s))ds,

SO
t

(1) = /0 VoL -v(s) + VL -v(s)]ds = / [—C%VQL + V. L] - v(s)ds.

0
We integrated by parts in the second equality above, and used the fact that the boundary
terms vanish since v(0) = v(t) = 0. Since 7/(0) = 0 for all v(s) as above, we should have
d
—£VQL(2(S), 2(s)) + V. L(%(s), 2(s)) = 0,

which is (2.51). O

The above computation shows that if z(s) is a minimizer then it has to satisfy the Euler-
Lagrange equation (2.51). However, of course, it is possible that z(s) is a critical point of I(w)
but not its minimum — in that case z(s) also satisfies the Euler-Lagrange equations.

14



The Hamilton equations

There is a nice connection between the Euler-Lagrange equations and the Hamilton equations
of classical mechanics. We assume that the equation

p=V,L(g,7) (2.52)

can be solved uniquely as an equation for ¢, as a smooth function of p and x. If that is the
case, we can define the Hamiltonian

H(p,x) =p-q(p, ) — L(q(p, ), ), (2.53)

with the function ¢(p, x) defined implicitly by (2.52).
Let us now assume that z(s) is the solution of the Euler-Lagrange equations, and set

p(s) = VoL(%(s), 2(s)), (2.54)

that is,
2(s) = q(p(s), 2(s))- (2.55)

Differentiating (2.53) in p; gives

aH(p(S)v Z<S> an - oL a%’
- - L = + i = .
Ip; =l Zp —1 9q; Op; K

We used (2.54) in the last step. Using this in (2.55) gives

: OH (p(s), 2(s))
2;(s) = a, : (2.56)
j
The Euler-Lagrange equations say that
. oL
pils) = 5~ (2.57)
J

Differentiating (2.53) in x gives:
D
8% — 0x; 8% “— Jq; O Oz
Now, putting this together with (2.56)-(2.57) gives the Hamiltonian system

(s) = VpH(p(s), 2(s)), p(s) = =V:.H(p(s), 2(s)). (2.58)
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The Legendre transform

Let us now assume that the Lagrangian does not depend on the variable x: L = L(q). Then
the Hamiltonian H(p) is

H(p) =p-qlp) — L(g(p)), (2.59)
with ¢ being the solution of
p= VL) (2.60)

In order to ensure that the function ¢(p) is well-defined let us assume that the function L(q)
is convex and
L(g)

— = +00. 2.61
lal—++oc |q] (2:61)

Let us now fix p and consider the function r(q) = p-q — L(g). This function is concave
and r(q) — —oo as |¢g| — +o00. Therefore, r(¢q) attains a unique maximum at the point
where p = VL(q), which is exactly (2.60). Thus, we may reformulate (2.59) as

H(p) = sgp(p ¢ — L(q)). (2.62)

The function H(p) defined by (2.62) is called the Legendre transform of L(q), denoted
as H(p) = L*(q).

Theorem 2.5. Assume that the function L(q) is conver and (2.61) holds, then H(p) is also
conver, and
H{(p)

— = +00. (2.63)
[p|—+o00 |p|

Moreover, L(q) is the Legendre transform of the function H.

Proof. The function s(p;q) = p-q — L(q) is an affine function of p for each ¢ fixed.
Therefore, H(p) is a supremum of a family of affine functions — hence, it is convex. Indeed,
for any A € (0,1) we have

H(Apy + (1 = A)p2) = Sl;p(Apl + (1= X)p2-q) — L(q)

= Sl;p[kpl ~q—AL(q) + (1= N)p2-q— (1 = A)L(q)]

< mqlp[kpl ~q — AL(q)] + St;p[(l —AM)p2-q— (1= A)L(g)] = AH (p1) + (1 = N\ H(p2),
hence H(p) is convex.

In order to see that (2.63) holds, fix A > 0 and take ¢ = Ap/|p| in the definition of H (p),
then |g| < A, hence

H(p) > p-q— L(q) = Alp| — L(q) > Alp| — sup L(q).

lg|<A

It follows that

H
lim ﬁ > A,
|p|—+o00 |p|
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for each A > 0, thus (2.63) holds.
In order to show that L(q) is actually the Legendre transform of H(p), note that, for all
p and ¢ we have

H(p) > p-q— L(q),
whence

L(q) = p-q—H(p).
It follows that L(q) > H*(q). But we also have

H*(q) = St;p[p -q—H(p)| = sgp[p S q— szp[p y—L(y)l] = Sup irylf[p (g —y)+ L(y)]. (2.64)

As the function L(q) is convex, for each ¢ there exists s(¢q) such that the graph of L(y) lies
above the corresponding hyperplane:

L(y) > L(q) + s (y — q).

Let us take p = s(q) in (2.64):

H*(q) > igf[s (¢ —v)+ L(y)] = L(q). (2.65)

We conclude that H*(p) = L(q). O

The Hopf-Lax formula

We now relate the variational problem that we looked at to the Hamilton-Jacobi equations.
Consider the initial value problem

u+ H(Vu) =0, t>0, z€R", (2.66)
with the initial data u(0,2) = g(x). The initial data g(x) is globally Lipschitz continuous:

Lip(g) = sup lo(@) = 9(y)]| < +o00. (2.67)

z,y€R™ |JZ - y|

We assume that H(p) is convex and satisfies the growth condition (2.63). Let us define

u(t,z) = inf {/0 L(w(s))ds + g(y) : w(0) =y, w(t) ==x|, (2.68)

with the infimum taken over all C' functions w(t) that satisfy the constraint w(t) = .
Here, L(q) is the Legendre transform of the function H(p). We will show that expression (2.68)
gives a solution of the Hamilton-Jacobi equation (2.66).

Theorem 2.6. (Hopf-Lax formula) The function u(t,z) defined by (2.68) can be written as

yeRn?

u(t,z) = min [tL (%) + g(y)} . (2.69)
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Proof. First, for any y € R™ we may take a "test path”
s
w(s) =y + 2 (z—y),

leading to t
u(t, x) < /0 L(%)ds +g(y) =tL (u> +9(y).

As a consequence, we have

u(t,r) < inf {tL (g) +g(y)] .

yeR™

On the other hand, Jensen’s inequality implies that for any test path w(s) we have

%/OtL(w(s))ds > 1 G /Otw(s)ds> .
/OtL(w(s))ds > 1L (Q) ,

u(t,z) > inf {tL (g) +g(y)] .

yeR™

Therefore,

where y = w(0), and thus

Thus, we have shown that

yeR™

u(t,xr) = inf {tL (g) —I—g(y)} :

The fact that the infimum in the right side is actually achieved follows from the fact that for

each t and z fixed the function

r(y) =tL <%) +9(y)

tends to 400 as |y| — +oo. This is because L(y) is super-linear at infinity, and g is globally

Lipschitz. O

A formal computation of the Hamilton-Jacobi equation

Let us now show why we expect the function given by the Hopf-Lax formula to satisfy the
Hamilton-Jacobi equation, assuming that it is as smooth as needed. For simplicity, assume

that x € R. Let z be such that

r—Zz

u(t,z) =tL( ;

)+ 9(2).
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Then z is determined by the condition

hence we have

e P e AU C - P , =z (w—2) T2
w= D) = U E)n - E ) 4 e = () - T ()
Moreover,

u, = L'((z — 2)/t), (2.71)
hence the above can be written as
e IR (2.72)

On the other hand, in the definition of H(p) we have

H(p) = sup(py — L(y)) = pq — L(q),

yeR

with ¢ determined by the relation p = L’(q). Therefore,

H(u,) = u.q — L(q),

with ¢ such that u, = L'(¢). But (2.71) implies that then ¢ = (z — 2) /¢, and (2.72) is nothing
but the Hamilton-Jacobi equation

up + H(u,) = 0.

Exercise. Check the following fact. Let X (¢) and P(t) be the solution of the Hamiltonian
System

X(t)=V,H(X(t),P(t)), P(t) = =V H(X(t), P(t)), (2.73)

with the initial condition X(7T") = z, P(T) = Vg(z). Check that, as long as the solution of
the Hamilton-Jacobi equation

ou
E + H($v VU) =0, U(Tv :B) = g(ﬂ?), (274)

remains smooth, we have u(t,z) = g(X(¢)) and Vu(t,z) = P(t). Relate this to drift in the
Fokker-Planck equation in the mean-field game system (5.1).
The rigorous derivation of the Hamilton-Jacobi equation

Let us now verify that the Hopf-Lax formula is Lipschitz continuous.

Lemma 2.7. Let u(t, x) be defined by (2.69). Then the function u(t,x) is Lipschitz continuous
inx fort >0 and x € R", and u(t,z) — g(x) ast — 0.
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Proof. Take x1, x5 € R", and choose y so that

T -y

u(t,z) = tL( ;

) +9(y),

then, choosing z = x5 — x1 + y below, gives

u(t,z1) = u(t, z) = min {tL (Iz - Z) - 9(2)} —tL(% - )~ g(y)
< g2 — 21+ y) — g(y) < Lip(g)|z1 — 22|

Switching the roles of x; and x5 gives Lipschitz continuity in z:
|u(t, z1) — u(t, 22)| < Lip(g)|z1 — 2.
In order to verify the initial condition, note that choosing y = x gives
u(t,z) < tL(0) + g(z), (2.75)

but we also have

u(t, ) = min 1 (* y) ]>mm[ (“5) + o) = Lt

Y

= g(x) + minltL(z) — Lip(g)t|=[] = g(x) + tmin[L(=) — Lip(g)]2]].

once again, as L(z) grows super-linearly at infinity, we have
min[L(z) — Lip(g)|z|] > —o0,
hence
u(t,z) > g(x) — Ct. (2.76)

We conclude that u(t,z) — g(x) ast — 0. O
In order to show that u(t, x) is Lipschitz continuous in time, we need the following lemma
(which is essentially a version of the dynamic programming principle).

Lemma 2.8. For each x € R", and 0 < s <t we have

u(t, ) = min [(t —$)L (f - y) + u(s,y)} . (2.77)

yeR” — S

Proof. Choose z so that

Let us write
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As L is convex, it follows that

ult,x) < tL(——) + g(2) < (1 = H)LF—2) + sL(*—) + g(2)
= (t = $)L(T—2) + L") + g(2) = (£ = $)L(5—) + uls,y).

and thus
u(t,z) < inf [(t — s)L(g) + u(s,y)] :

yeR” — S

As the function u(s,y) is actually continuous in y (this follows from Lemma 2.7), and |u(s, y)]
grows not faster than linearly at infinity (that follows from (2.75)-(2.76)), the infimum in the
right side is actually attained:

u(t,x) < 516111@ [(t - S)L(l"

)+ s

t—s
In order to show the opposite inequality, choose z so that

r—z

u(t,z) =tL( ;

) +g(2),

and set s
Y = zl‘—i—(l——)z.

Then, we have
rT—y rT—2z Yy-—=z

t—s t s

hence

(t = )L(—2) +uls.y) < (¢ = $)L(——) +sL(*—) + g(=) = tL(——

This proves (2.77). O

)+ g(=) = ult, @),

Lemma 2.9. The function u(t,x) defined by (2.69) is Lipschitz continuous in t fort > 0 and
z € R™.

Proof. Combining the ideas in the proof of Lemma 2.7 (see (2.75)-(2.76)) with the result
of Lemma 2.8 gives

u(s,z) —C(t —s) <ult,z) <u(s,z)+C(t —s),

and we are done. O
Since the function u(¢, z) is Lipschitz in ¢ and z, it is differentiable almost everywhere.

Theorem 2.10. The function u(t,x) defined by (2.69) is Lipschitz continuous in t and x,
differentiable almost everywhere and solves the initial value problem

u+ H(Vu)=0, t>0, z€R", (2.78)

with u(0,z) = g(z).
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Proof. It remains only to verify that at the points (¢, ) where both u, and Vu exist, the
Hamilton-Jacobi equation (2.78) is satisfied. Fix ¢ € R", h > 0, then we have, according to
Lemma 2.8:

ha —
uw(x + hg,t + h) = min hL(w

yeRrn h ) +ult,y)| < hL(q) +ult,x).

It follows that
for all ¢ € R™. Therefore, we have

u(t, z) + H(Vu(t,x)) = u(t, ) + max(q - Vu(t,z) — L(q)) < 0. (2.79)

qeR™
Next, we show the opposite inequality. Choose z so that

r—z

u(t,z) = tL( . )+ 9(2).
Given h > 0, set
y:t_hx+(1—t_h)z:x—h($_z), (2.80)
t t t
so that
r—z y—=z
t  t—nh
We have
r—z — 2 r—z
ult, @) = ult = hyy) 2 L) +9(2) = |(t = HLE—) +9(2) | = hL(—7).
Keeping in mind expression (2.80), and letting h — 0 gives
1 _
wi(t,@) + S (@ = 2) - Vult,2) > Lt t ).

It follows that

u(t,x) + H(Vu(t,z)) = u(t,x) + max(q - Vu(t,z) — L(q)) > 0,

qeR™

which, together with (2.79) finishes the proof. O

2.8 Viscosity solutions for Hamilton-Jacobi equations

We will now consider solutions of the Cauchy problem for the Hamilton-Jacobi equations

u+ H(Vu,x) =0, t>0, zeR" (2.81)
u(0,2) = g(z).

The idea is to consider solutions of the regularized parabolic problem

u; + H(Vu®, z) = eAu®, (2.82)
u (0, 2) = g(x).

22



The idea is to show that for each € > 0 the problem (2.81) admits a regular solution, and
then pass to the limit ¢ — 0. The difficulty is that as ¢ — 0 the regularizing effect of the
Laplacian is less and less, so u°(t, z) are less and less regular, and it is not clear that the limit
of u®(t, ), if it exists, is regular, and in which sense it would satisfy the Hamilton-Jacobi
equation (2.82).

Let us for the moment assume that for some sequence €, — 0 (2.81) has a smooth solution
up(t,z) = u™(t,z), and that u,(t,z) — u(t,z) locally uniformly in R™ x [0, +o00). Let us
take a smooth test function v and suppose that u(t,z) — v(t,z) has a strict local minimum
at some point (to,zo). Then u(t, ) — v(t, ) > u(to, xo) — v(to, ¥9) in some neighborhood B
of (tg,zo). The functions u,(t,x) — v(¢,z) have to attain a local maximum inside B when n
is sufficiently large as well — simply because we have

r%%x(un(t, z) —v(t,x)) < un(to, zo) — v(to, xo).

Hence, u,(t,z) — v(t,z) attains a maximum in B. Now, if we let the radius of B go to zero,
we get a sequence of points (¢, x,) — (to, xo) such that u,(t,z) —v(t, z) has a local maximum
at (tn, z,). We deduce that Vu,(t,, x,) = Vo(t,, ©n), Uni(tn, Tn) = ve(tn, x,) and

—Auy,(ty, x,) > —Av(t,, z,).
It follows that

Ut(tna xn) + H(Vv(tn7 xn)7 In) = un,t(tna xn) + H(vun(tna xn)a xn) = E':Aun(tn7 $n)
< eAv(ty, x,). (2.83)

The function v(¢, z) is smooth, so we may let € — 0 in (2.83) to conclude that
’l]t(to, I(]) + H(Vv(to, CC()), IQ) S 0. (284)

Inequality (2.84) should hold for any smooth function v(t, z) such that u(t, z) —v(t, x) attains
a local maximum at (o, xo). Similarly, if u — v attains a local minimum at (¢y, zo) then we
should have

?}t<t0,$0> +H(Vv(t0,x0),:v0) Z 0. (285)

The above argument assumed that solutions of the regularized parabolic problem exist and
have a limit u(t, z). Let us now instead take the inequalities (2.84) and (2.85) as the starting
point and define the appropriate solution of the Hamilton-Jacobi equation purely in their
terms, forgetting everything about the parabolic problem.

Definition 2.11. A bounded uniformly continuous function u(t,z) is a viscosity solution of
the Cauchy problem (2.81) for the Hamilton-Jacobi equation if u(0,z) = g(x) for all x € R™,
and for each v € C*(]0,00) x R"™) such that uw — v has a local mazimum at a point (o, xo)
with ty > 0, we have

vt (to, xo) + H(Vu(ty, xo), z,) <0, (2.86)

while if w — v attains a local minimum at a point (ty, xo) with ty > 0, we have

v (to, xo) + H(Vu(to, x0), ) > 0, (2.87)
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We will verify that these two conditions are reasonable in the following sense.

Theorem 2.12. (Consistency) Let u(t,z) be a viscosity solution of the Cauchy problem

uy+ H(Vu,z) =0, t>0, z€R" (2.88)
u(0,z) = g().

Assume that u is differentiable at some point (to,xo) with ty > 0, then
ut(to, xo) + H(Vu(to, xo), xg) = 0. (2.89)
We begin the proof with the following lemma.

Lemma 2.13. Assume that u(z), x € R" is a continuous function and u(z) is differentiable
at xg. Then there exists a C'(R™) function q(x) such that u(xg) = v(xy) and u — v has a
strict local mazimum at xg.

Proof of Lemma. Let us set
v(x) = u(x + x0) — u(xg) — z - Vu(xg),

so that v(0) = 0, Vou(0) = 0. It follows that v(z) = |z|p(z), where the function p(z) is
continuous, and p(0) = 0. Set

p(r) = max p(),

then p(r) is continuous, non-decreasing and p(0) = 0. Finally, define

2|z|
w(z) = |z|? +/ p(r)dr.
||
Then w € C*(R"), and
w(z)] < [z]* + [z|p(2]z]),

which means that w(0) = 0 and Vw(0) = 0. However, we have

2|z 2||

p(r)dr < [alp(lal) ~ Jof? = [ plr)ar

||

o(a) = w(w) = falp(a) ~ |of* - [

||

< —|z|> < 0 = v(0) — w(0).

Therefore, the function v(z) — w(zx) attains its local maximum at x = 0, which means that
we can take
q(z) = w(r — zo) + u(zo) + (x — x0) - Vu(xy),
proving Lemma 2.13. O
Proof of Theorem 2.12. Note that if u(f,z) were C* (rather than just differentiable
at (to, o)), we could take u itself as a test function in the definition of the viscosity solution,
and conclude that hence both

wi(to, zo) + H(Vu(ty, zo), xo) < 0,
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and
w(to, xo) + H(Vu(to, zo),x9) > 0,

giving the result. Hence, what we need to do is replace u by a smooth test function without
changing u; and Vu too much. Lemma 2.13 implies that there exists a C! function v such
that u — v has a strict maximum at (xg,tg). Next, let v.(¢,z) be

1 t—s v —
Ug(t,l'): €n+1/X( c ) c y>v(say)d5dy'

Here the function x(t,z) € C*°(R"*!) is chosen so that x(¢,z) > 0, and

/X(t,x)dtdm =1.

Then the functions v, € C* for all ¢ > 0, and v. — v, v.; — v, Vu. — Vo, all locally
uniformly near (¢, o). It follows that u(t,z) — v.(t,x) has a strict local maximum at some
point (t.,z.) with (t.,z.) — (to, o) as € — 0. The definition of the viscosity solution implies
that

Ver(te, o) + H(Vu(te, z.),x.) <0.

Passing to the limit ¢ — 0 gives
vy (to, xo) + H(Vu(te, zo), x0) < 0.
Since u(t, z) is differentiable at (o, x¢) and u — v attains a local maximum at (o, (), we have
u(to, vo) = ve(to, o), Vu(to,zo) = Vu(to, xo),

hence

w(to, xo) + H(Vu(ty, zo), o) <0
Similarly, we can prove that
ve(to, xo) + H(Vu(ty, o), z0) = 0,

and we are done. O
Viscosity solution (if it exists) is unique.

Theorem 2.14. (Uniqueness) There exists at most one viscosity solution of the Cauchy
problem

w + H(Vu,z) =0, t>0, ze€R" (2.90)
u(0,2) = g(x).
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Hopf-Lax formula as a viscosity solution

Let us now show that the Hopf-Lax formula gives a viscosity solution for the Cauchy problem

u+H(Vu) =0, t>0, xze€R", (2.91)
u(0, ) = g(x),
if H(p) is convex,
H
ﬁ — +OO,
Ipl=+oo |p|

and g(z) is bounded and Lipschitz continuous. Let L be the Legendre transform of H:

L(q) = sup(p-q— H(p)),

peR?

and set
u(t, z) = min {tL(%) + g(y)] : (2.92)

yeR”™
Let us show that u(t,x) is the viscosity solution of (2.91). We already know that u(t, )
defined by (2.92) is Lipschitz continuous in ¢ and z.
Take v € C™ and assume that u — v has a local maximum at (¢y,xo). Then, we have
To— T To— X

u(to, xo) = min |(tg —t)L( —
o —

xeR” 0— t

)+u@w4§(m—ﬂL( ) + u(t, ),

for all 0 <t < tp, and = € R". Since u — v has a local maximum at (¢, zo), we also have
u(t,x) —v(t,z) < u(ty, zo) — v(to, o),

for t, x close to ty, x¢. Hence,

To— X
ty —t

v(to, zo) — v(t, x) < ulty,xo) —ult,z) < (to — t)L(

).

Let us use this relation for ¢t = tg — h and x = z¢y — hq, with some h > 0 fixed, and ¢ € R".
We get
v(to, xo) — v(to — h,xo — hq) < hL(q).

Passing to the limit h — 0 gives
vy +q - Vo(te, o) < L(q).

As this is true for all ¢, we deduce that

v (to, o) + H(Vu(to, x9)) <0
Next, suppose that v — v attains a local minimum at (o, xo). We will show that

v (to, xo) + H(Vu(ty, o)) > 0.
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If this is false, then there exists some 6 > 0 so that
u(t,z) + H(Vo(t,z)) < —0 <0,
for all t and z close to tg, xg. It follows that
v(t,z) +q- Vu(t,x) — L(q) < -6, (2.93)

for all such ¢,z and all ¢ € R”. Now, for h > 0 small enough there exists z; close to x( so

that
To — I1

u(to, o) = hL( )+ u(ty — h,x1).

Let us look at (2.93) with ¢ = (zg — x1)/h, then we get

v(wo,to) — v(t — hyx1) < h (L(IO - Ty e) .

But that means
U(flfo,to) - U<t - h,$1) < U(Jfo,to) - U(t - h7x1)'

This is a contradiction to u — v attaining a local minimum at (tg, o). O

3 Nonatomic games

We return to the Cardaliaguet notes.

Before starting the analysis of differential games with a large number of players, it is helpful
to look at this question for classical games. The general framework is as follows: let N be a
(large) number of players. We assume that the players are symmetric (identical), so that the
set @ of available strategies is the same for all players. We denote by F¥ = FN(zy,...,xx)
the payoff (or the cost) of player i € {1,..., N} given the "all-players” state (xi,...,zx).
The symmetry assumption means that

Fé\([i)(xa(lh s To(N)) = Fi(x1,...,2N)

for all permutations o on {1, ..., N}. Our goal is to analyze the behavior of the Nash equilibria
for this game as N — +oc.

For this we first recall the notion of Nash equilibria. In order to proceed with the analysis
of large population games, we describe next the limit of maps of many variables. Then we
explain the limit, as the number of players tends to infinity, of Nash equilibria in pure, and
then in mixed, strategies. This is how the mean-field game equation comes about. We finally
discuss the uniqueness of the solution of the limit equation and present some examples.

3.1 Nash equilibria in classical differential games

Here, we introduce the notion of Nash equilibria in one-shot games. Let @)1,...,Qyx be com-
pact metric spaces — the elements of (); are the possible strategies of player ¢, and Jy,..., Jy
be continuous real valued functions on Hi\il Q;.
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Definition 3.1. A Nash equilibrium in pure strategies is a N—tuple (S1,...,5y) € Hfil Q;
such that, for anyi=1,..., N,

Ji(gl,...,gN) < Jz (5i7(§j>j;£i) Vsz- < Ql .

In other words, a Nash equilibrium is a set of strategies sy, ..., sy such that it is "expen-
sive” for a player i to deviate from §; provided that all other players uses strategies s, k # 1.
Let us consider a couple of examples.

Example 3.2. Consider two players who can set prices p; and ps, with 0 < p1,po < 1, and
sell 1 (p1, p2) and x2(p1, p2) units respectively, with

2 . .
To(p1,p2) = g(pl —p2), if p1 > pa, and xa(p1,p2) = 0 if p1 < po,

and x1(p1,p1) = 1 — x2(p1, p2). The profit of the two players is

U1(p17p2) = p1331(p17p2), Uz(p17p2) = p2$2(p17p2)-

Then, given the strategy po, for the first player the optimization problem is to maximize the
function u; = px1, with

2

=1~ 5(291 —p2)-

A simple computation shows that the optimal value of p; (again, given py) is

~ . 3 D2
— min(1, > + 22).

P1(p2) = min( 1 + 2)

The second player optimizes us = paxs, subject to the constraint x5 = (2/3)(p1 — p2), so the

optimal price for him (given p;) is p2(p1) = p1/2. Then the unique Nash equilibrium is p; = 1

and py = 1/2.

Example 3.3. Let us look at a similar example but with slightly different constraints. Again,

the profits of the two players are ui(p1,p2) = p1x1(p1,p2) and us(pr, p2) = Paza(p1, p2), with
x1(p1,p1) = 1 — x2(p1, p2). However, we now have

—1/2
p1 = p2 + (xa), l(m):I 6/ ,ifx>1/2, and I(z) =0if 0 <2 < 1/2.

Then one can directly check that a pure Nash equilibrium does not exist when ¢ > 0 is
sufficiently small, according to some MIT slides that use some jargon.

Example 3.4. Consider the symmetric setting where Q; = Qo = T!, and there is a func-
tion F'(xq,x2) so that Jy(zq,x2) = F(x1,22), Jo(x1, 22) = F(22,21). Then a point (y;,ys) is
a pure Nash equilibrium if

OF

oF
—_— s = O d —_— y — 0 . 3 . 1
ayl (yl y2) an 6y1 (y2 yl) ( )
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It is easy to construct a function F' such that (3.1) has no solutions — the only requirement
on the function 0F/0z, is that F' is periodic and

1

F

/ OF(x1,22) 4 for all 0< 29 < 1,
0 6.%’1

so the requirement that its zero set contains no two points symmetric with respect to the
line x; = x5 can be satisfied, and then (3.1) has no solutions.

Thus, Nash equilibria in pure strategies do not necessarily exist and we have to introduce
the notion of mixed strategies — this means that each player uses a family of strategies with
a certain probability distribution. Let us denote by P(Q;) the space of all Borel probability
measures on ();. A mixed strategy of player ¢ will be an element of P(Q);). The set P(Q) is
endowed with the weak-* topology: a sequence my in P(Q) converges to m € P(Q) if

lim | o(x)dmy(z) = / o@)dm(z) Ve eC(Q).

Recall that P(Q) is a compact metric space for this topology, which can be metrized by the
Kantorowich-Rubinstein distance:

di(pev) = supf [ Fa(u =) ) < Land sup,eq |f(@)] < 1}
Q
Alternatively, this distance can be stated in terms of optimal transportation:

dl(:ua V) = inf d(a:,y)dM(x,y),
M Joxq

with the infimum taken over all probability measures dM (z,y) on @ x @ such that the
marginals of M (z,y) in z and y are u and v, respectively.

Definition 3.5. A Nash equilibrium in mized strategies is an N—tuple (71, ...,Tn) € Hf\il P(Q:)
such that, for anyi=1,..., N,

Ji(m1, . wN) < T ((7) i, ™) V€ P(Qi) - (3.2)

where, with some abuse of notation, we set

Ji(mi, ., mN) = / Ji(s1,...,sn)dmi(s1) ... dmy(sn) -
Q1X..XQN

Theorem 3.6 (Nash (1950), Glicksberg (1952)). Under the above assumptions, there exists
at least one equilibrium point in mized strategies.

Proof. Consider the best response map R; : X := HjV:1 P(Q;) — 2P of player i:

Ri(my, ... my) = {W €P(Qi) s Jillmj)jzinm) = min Ji((”j)#iﬂf')}a (3.3)
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and define ¢(mq,...,7y) = HZJL Ri(m1,...,mn) : X — 2%, Then, any fixed point x of ¢ such
that = € ¢(x) is a Nash equilibrium of mixed strategies.

Existence of such fixed point is established using Fan’s fixed point Theorem [55], which is
an infinite-dimensional version of the Kakutani theorem. It says the following. Let X be a
non-empty, compact and convex subset of a locally convex topological vector space. We say
that a set-valued function ¢ : X — 2% is upper-semicontinuous if for every open set W C X,
the set {z € X : ¢(z) C W} is open in X. Equivalently, for every closed set H C X, the
set {x € X : ¢(x) N H # 0} is closed in X. Assume also that ¢(x) is non-empty, compact
and convex for all z € X. Then ¢ has a fixed point: 3z € X with z € ¢(Z).

Note that in our setting ¢ is upper semicontinuous. Indeed, let W C X be an open set and
take © = (my,...,m,) € X such that ¢(z) € W. Then for 2’ = (n},...,n,) sufficiently close
to x, the minimizers in (3.3) for 7}, j # i fixed, will be close to the minimizers corresponding
to 7m;, j # 4 fixed, so that ¢(a’) € W. It is also easy to see that the values ¢(x) are compact,
convex and non-empty. Therefore, ¢ has a fixed point, which is a Nash equilibrium in mixed
strategies by the definition of ¢. O

Let us now consider the special case where the game is symmetric. Namely, we assume
that, for all i € {1,..., N}, Q; = Q and Ji(s1,...,5n5) = Jo(s;)(S0(1), - - -, Se(y) for all i and
all permutations 6 on {1,..., N}.

Theorem 3.7 (Symmetric games). If the game is symmetric, then there is an equilibrium of
the form (w,...,7), where @ € P(Q) is a mized strategy.

Proof. Let X = P(Q) and R : X — 2% be the set-valued map defined by

R(m) = {OEX, Ji(oym, ..o ) = minJl(o',W,...,W)} .

o'eX

Then R is upper semicontinuous with nonempty convex compact values. By Fan’s fixed point
Theorem, it has a fixed point 7 and, from the symmetry of the game, the N—tuple (7,...,7)
is a Nash equilibrium. O

3.2 Symmetric functions of many variables

Let @ be a compact metric space and uy : Q¥ — R be a symmetric function:
un(1,...,2N8) = un(Teq), - - -, Tom)) for any permutation o on {1,...,n}.

Our aim is to define a limit for uy — note that the number of unknowns depends on N
also, so something slightly non-standard needs to be done. The idea is to associate to the

points xq,...,xy the measure
1 X
N _ § '
i=1

Next, we interpret ux(X) as the value of a certain functional on m%. To this end, we make
the following two assumptions on uy. First, a uniform bound: there exists C' > 0 so that

|unllze@@) < C (3.4)
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Second, uniform continuity: there is a modulus of continuity w independent of n such that
lun (X) — un(Y)] < wldy(my,mY))  VX,Y € QY, VN e N. (3.5)
Under these assumptions, define the maps UV : P(Q) — R by

UN(m) = inf {un(X)+w(di(m¥,m))} Vm e P(Q) .

XeN
Then, by assumption (3.5), we have

UN(m¥) = Yian {un(Y) + w(di(m§,m¥))} = un(X), for any X € QV.
c N

With this interpretation, instead of talking about the convergence of the functions uy that
are defined on different spaces (Qx that depend on N, we can talk about convergence of the
functionals UY that are all defined on P(Q).

Theorem 3.8. If uy are symmetric and satisfy (5.4) and (3.5), then there is a subse-
quence uy, of uy and a continuous map U : P(Q) — R such that

lim  sup |uy, (X)—U(mi*)|=0.

k—+o0 XeQNk

Proof of Theorem 3.8. Without loss of generality we can assume that the modulus w is con-
cave. Let us show that the UY have w for modulus of continuity on P(Q): if my, ms € P(Q)
and if X € QV is e—optimal in the definition of U (my):

un(z) + w(di(my, my)) < UN(my) + ¢,

then we have

UN(m1) < un(X) +w(di(mk,mi)) < un(X) + w(di(mi, ma) + di(mi, ms))
< UN(my) + & + w(dy(m, ma) + di(my,ms)) — w(di(m¥,my))
< UN(my) + w(di(my,my)) + ¢,

because w is concave. Hence the family U are equicontinuous on the compact set P(Q) and
uniformly bounded. We complete the proof thanks to the Ascoli Theorem. O

Remark 3.9. Some uniform continuity condition is needed: for instance if () is a compact
subset of R and uy(X) = max; |z;], then uy “converges” to U(m) = Sup,c () [£] Which is
not continuous. Of course the convergence is not uniform.

Remark 3.10. If Q is a compact subset of some finite dimensional space R¢, a typical
condition which ensures (3.5) is the existence of a constant C' > 0, independent of N, such
that

C

su Dyun|loe < — VN.

.....
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3.3 Limits of Nash equilibria in pure strategies

Let us assume is that the payoffs FN, ..., FY of the players are symmetric. In particular,
under suitable bounds and uniform continuity, we know from Theorem 3.8 that F}¥ have
a limit, which has the form F(z,m). Here, the dependence on z is to keep track of the
dependence on i of the function F}¥. So the payoffs of the players are very close to the form

1 1
F(l’l, mZ&x]), c. ,F(Z'N, m Z (Sm])
j>2 J<N-1

In order to keep the presentation as simple as possible, we suppose that the payoffs already
have this form. That is, we suppose that there is a continuous map F': @ x P(Q) — R such
that, for any ¢ € {1,..., N}

FiN(mlv"'axN)_F<xiaﬁ25:ﬁj> \V/(le,...,l’N)eQN.

JFi
Let us recall that a pure Nash equilibrium for the game (F},..., F¥)is (z,...,z8) € QV
such that
FEN@Y, )y T, aN) > FN (Y, 2N) Yy eQ.

We set

_ 1 &

XN =@V, ..,z and mgN:NZ(Siﬁv.

i=1

Theorem 3.11. Assume that X = (zIV,...,ZY) is a Nash equilibrium in pure strategies for
the game FN ..., FY. Then up to extraction of a subsequence, the sequence of measures m%N

converges to a measure m € P(Q) such that

meP(Q)

[ Fmam(y) = it [ Ply.m)dm(y). (3.6)
Q Q
Remark 3.12. The “mean field equation” (3.6) is equivalent to saying that the support of m

is contained in the set of minima of F(y,m). Indeed, if Spt(m) C argmin, o F'(y,m), then
clearly m satisfies (3.6). Conversely, if (3.6) holds, then choosing m = ¢, shows that

/ F(y,m)dm(y) < F(z,m) for any z € Q.
Q

Therefore, we have

[ F.mydny) < iy Fam)
Q

which implies that m is supported in argmin, .o F'(y,m).
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Proof. Without loss of generality we can assume that the sequence m% ~ converges to some m.
Let us check that m satisfies (3.6). Note that, by the definition of a pure Nash equilibrium,
the measure d;~ is a minimizer of the problem

1
inf | Fly,—— Y 6.x)dm(y).
B 0y St

Since

1 2
d1<N—1;%’m§N>§N’
JF

and since F' is uniformly continuous, the measure d,~ is also e—optimal for the problem

inf [ F(y,m¥~)d
Lt | F i),

as soon as NV is sufficiently large, and this is true for all © = 1,..., N. By linearity, so is m% N

0 meP(Q) Q

Letting N — 400 gives the result. O

3.4 Limit of the Nash equilibria in mixed strategies

Theorem 3.11 is not completely satisfying because it requires the existence of a pure Nash
equilibrium in the N —player game, which does not always hold. However a Nash equilibrium
in mixed strategies always exists, and we now discuss the corresponding result.

We now assume that the players play the same game F}Y,... FY as before, but they
are allowed to play in mixed strategies — they minimize over elements of P(Q) instead of
minimizing over elements of (). If the players play the mixed strategies my,..., 7y € P(Q),
then the outcome of player i (still denoted, by abuse of notation, Fj) is

FN(ry ) = /N F (o L 306 )dmwn) - dm(a) (3.7)
£

Recall that that symmetric Nash equilibria do exist for mixed strategies, unlike for pure
strategies.

Theorem 3.13. Assume that F is Lipschitz continuous. Let (7V,...,7N) be a symmetric
Nash equilibrium in mized strategies for the game FN, ... FY. Then, up to a subsequence, ¥
converges to a measure m satisfying (3.6).

Remark 3.14. In particular the above Theorem proves the existence of a solution to the
“mean field equation” (3.6).
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Proof. Let m be a limit, up to extracting a subsequence, of 7V. Fix y € ) and consider the
map

1
F =Fly, —— ) QYT =R
(y, ) (y,N_lz%) QY —
J#i
Note that F' is Lip(F)/(N — 1)—Lipschitz continuous in each coordinate z; € @, hence twe
have, by the definition of the distance d;:

’/N_l Fy,z) [] dx" ;) _/N_1 Py, [[ ()

JFi JF

< Lip(F)dy(7V,m)  VyeqQ.

(3.8)
Since (71, ...,7y) is a Nash equilibrium, inequality (3.8) implies that, for any ¢ > 0 and if
we choose N large enough, we have

1 _ _ 1 _

for any m € P(Q). Note also that we have

lim Fly, — > 6. [T dmtey) = Fig.m) (3.10)

N—+o00 QN-1 N -1 .

where the convergence is uniform with respect to y € @ thanks to the (Lipschitz) continuity
of F. Letting N — 400 in both sides of (3.9) gives, in view of (3.10),

/ Fly, m)din(y) < / Fly,m)dm(y) +=  YmeP(@Q),
Q Q

which finishes the proof, since ¢ is arbitrary. O

We can also investigate the converse statement: suppose that a measure m satisfying the
equilibrium condition (3.6) is given. To what extent can it be used in an N—player game?

Theorem 3.15. Let F' be as in Theorem 3.13. For any € > 0, there exists Ny € N such that,
if N > Ny, the symmetric mized strategy (m,-,m) is e—optimal in the N—player game with
costs (FN) defined by (3.7). Namely, we have

FN(m,,m) < F;N(l'i,(m)j7éi)+€ VZBZ c Q

)

Proof. Indeed, as explained in the proof of Theorem 3.13, see (3.10). we have

] N . 27 L) = %7
Nl—lg-loo Fz (:El, (m)ﬁél) F(QZZ, m)

and this limit holds uniformly with respect to x; € ). So we can find Ny such that

sup ‘FiN(xi, (m)jzi) — Flz;,m)| < e/2 VN > Np. (3.11)

z;€Q
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Then, for any x; € @), we have

EN (@, (m);41) > Flaym) — /2 > /Q Fys, m)dm(y:) — /2 (3.12)

where the last inequality comes from the mean-field equaiton (3.6) for m by using m = 4,,.
Using again (3.11) and (3.12), we finally get

F;‘N(xh (m)j?fi) > /QF(yza m)dm(yz) - 5/2 = FiN(m’ S >m> - &

3.5 A uniqueness result

One obtains the full convergence of the measure m%N (or ), rather than along a subse-

quence, if there is a unique measure m satisfying the mean-field equation (3.6). This is the
case under the following (very strong) assumption:

)

Proposition 3.16. Assume that F' satisfies
/ (Fly,mn) — Fly,mo))d(my —mo)(y) >0 Vmy #mo . (3.13)
Q

Then there is at most one measure satisfying (3.6).

Remark 3.17. Requiring at the same time the continuity of F' and the above monotonicity
condition seems rather restrictive for applications.

Condition (3.13) is more easily fulfilled for mappings defined on strict subsets of P(Q).
For instance, if Q is a compact subset of R? of positive measure and P,.(Q) is the set of
absolutely continuous measures on (), with respect to the Lebesgue measure, then

o= { S0 £ <70

satisfies (3.13) as soon as G : R — R is continuous and increasing. Here, we denote by m(y)
the density of m at y.

If we assume that @ is the closure of a smooth open bounded subset © of R? another
example is given by

F(y,m) = { U (y) if m € Pue(Q) N LQ(Q)

+oo  otherwise
where u,, is the solution in H'(Q) of

—Au,, =m in
Uy, = 0 on 0f)

Note that in this case the map y — F(y,m) is continuous.
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Proof of Proposition 3.16. Let mq,my satisfying (3.6). Then

/ F(y, my)dm (y) < / F(y, ma)dms(y)
Q

Q

and
| Flma)ama() < [ Plymadmiy)
Q Q
Therefore
| ()~ Fp.maydim, —ma)) <o
which implies that m; = my thanks to assumption (3.13). O

3.6 An example: potential games

We now consider a class of nonatomic games for which the mean-field game equilibria can be
found by minimizing a functional. To fix the idea, we assume that Q C R?, and that F(x,m)

has the form .
F(y,m) _ { F(m(y)) it m € PaC(Q)

| +oo, otherwise

where P,.(Q) is the set of absolutely continuous measures on ), with respect to the Lebesgue
measure, and m(y) is the density of m at y € Q. If F(xz,m) can be represented as the
derivative of some mapping ®(z, m) with respect to the m—variable, and if the problem

inf /@(m,m)dw
meP(@Q) J g

has a minimum 7, then the first variation tells us that
/ ' (z,m)(dm —dm) >0  Vm e P(Q),
Q

SO

/QF(x,m)dm > /QF(x,m)dm Ym € P(Q) ,

which shows that m is a solution of the mean-field game equation.
For instance let us assume that

V(z)+Gm(z)) if m e P,(Q)
Fz,m) = { +00 otherwise

where V' : @ — R is continuous and G : (0,400) — R is continuous, strictly increasing,
with G(0) = 0 and G(s) > ¢s for some ¢ > 0. Then let

O(z,m) =V (x)m(z) + H(m(z)) if m is a.c.
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where H is a primitive of G with H(0) = 0. Note that H is strictly convex with

H(s) > =5

c
2
Hence the problem

@) /Q Viz)m(z) + H(m(z))dz

has a unique solution m € L?(Q). Then we have, for any m € P.(Q),

[ (V@) + Gm@)mia)ds > [ (V@) + Glmt)mads
Q Q

so that m satisfies (a slightly modified version of) the mean field equation (3.6). In particular,
we have

V(z)+ G(m(x)) = Hbin V(y) + G(m(y)) for any x € Spt(m).

Let us set A = min, V(y) + G(m(y)). Then
m(z) =G (A= V(2))4)

For instance, if we plug formally Q@ = RY, V(z) = |z|?/2 and G(s) = log(s) into the above
equality, we get m(x) = e 1*1*/2/(2m)4/2,

3.7 Comments

There is a huge literature on games with a continuum of players, starting from the seminal
work by Aumann [14]. Schmeidler [120], and then Mas-Colell [111], introduced a notion
of non-cooperative equilibrium in games with a continuum of agents and established several
existence results in a much more general framework where the agents have types, i.e., personal
characteristics; in that set-up, the equilibria are known under the name of Cournot-Nash
equilibria. Blanchet and Carlier [19] investigated classes of problems in which such equilibrium
is unique and can be fully characterized.

The variational approach described in Section 3.6 presents strong similarities with the
potential games of Monderer and Shapley [113].

4 The mean field game system with a non-local cou-
pling
This part is devoted to the mean field game (MFG) system

(i) —0w — Au+ H(xz, Du) = F(x,m)
(¢1) Oym — Am —div (mD,H (z, Du(t,x))) =0 (4.1)
(2ii) m(0) =mg, u(T,z) = G(z,m(T)).

The Hamiltonian H : T xR? — R is assumed to be convex with respect to the second variable.
The two equations in (4.1) are coupled via the functions F' and G. For simplicity, we work with
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the data which are periodic in space: although this situation is completely unrealistic in terms
of applications, this assumption simplifies the proofs and avoids the technical discussion on
the boundary conditions. Note that we have set the diffusivity to be equal to one, to simplify
the notation. We will also consider the case when the diffusivity vanishes, so the system is of
the first order.

The MFG system can be interpreted as a Nash equilibrium for a system for nonatomic
agents with a cost (or pay-off) depending of the density of the other agents. More precisely,
at the initial time ¢ = 0 the agents are distributed according to the probability density my.
We make the strong assumption that the agents also share a common belief on the future
behavior of the density of agents m(t), with, of course, m(0) = my. Each player, if he starts
from a position z at time t = 0, has to solve a problem of the form

[0}

inf E [/0 (H* (X5, a5) + F(Xs,m(s)))ds + G(Xr,m(T))

where H* is the Legendre transform of H with respect to the last variable, as in (2.26):
H(p,z) = ;gﬁ [H*(z,a) +a-p], peRY (4.2)
and X is the solution to the SDE
dX, = agds + \/§st, Xy =x.

Here, B, is a standard d—dimensional Brownian motion and the infimum is taken over
controls o : [0,7] — R? adapted to the filtration generated by B,. Note that the final
cost G(Xr,m(T)) depends not only on the final position but also on the distribution of the
other players at the final time 7', and that the running cost F'(X,,m(s)) depends on the
position X and m(s) but not directly on the control a.

As it is standard in the control theory, it is convenient to introduce the value func-
tion u(t, z) for this problem:

u(t,x) = igfIE [/t (H* (X5, ag) + F(Xs,myg))ds + G(Xr, mr))

where
dX, = asds +V2dB;, X, = .

As we have discussed, if m; is known, then wu is a classical solution to the Hamilton-Jacobi
equation (4.1)-(i) with the terminal condition w(7,z) = G(x,mr). Moreover, the optimal
feedback of each agent is given by

a*(t,x) := —D,H(z, Du(t, z)).

Hence, the best policy for each individual agent at position x at time ¢, is to play a*(¢,x).
Then, the actual density m(t) of agents would evolve according to the Fokker-Planck equa-
tion (4.1)-(ii), with the initial condition m(0) = my. We say that the pair (u,m) is a Nash
equilibrium of the game if the pair (u, m) satisfies the MFG system (4.1). This agrees with
our discussion in the previous section.
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We discuss here several regimes for the MFG system: first, the uniformly parabolic case,
for which existence of a classical solution for the system is expected to hold. When there is
no diffusion, one has to introduce a suitable notion of a weak solution. We will also have to
consider various smoothing properties of the couplings F' and G, depending on whether the
couplings are regularizing or not. This is what leads us to separate the "more regularizing”
non-local couplings from "not so much regularizing” local couplings.

4.1 The existence theorem

Let us start with the second order mean field games with a nonlocal coupling:

(i) —Ow — Au+ H(x, Du) = F(x,m) in (0,T) x T
(17) Oym — Am —div (m D,H(x, Du(t,z))) =0 in (0,7) x T (4.3)
(#3i) m(0) =mg , w(T,z) = G(x,m(T))  in T

Our aim is to prove the existence of classical solutions for this system and give some inter-
pretation in terms of a game with finitely many players.

Let us describe various assumptions used throughout the section. Our main hypothesis
is that F' and G are regularizing on the set of probability measures on T¢ in the following
sense. Let P(T?) be the set of such Borel probability measures on T¢ endowed with the
Kantorovitch-Rubinstein distance:

dy(p,v) = sup{ , o(z)(p — v)(dzw) st ¢ : T — R is 1-Lipschitz continuous}. (4.4)
T

Recall that the distance metricizes the weak-* topology on P(T?) and that P(T?) is a compact
space.

Here are our main assumptions on F', G and my:
(i) The functions F'(z,m) and G(z, m) are Lipschitz continuous in T¢ x P(T?),
(ii) Uniform regularity of F' and G in space: F(-,m) and G(-,m) are bounded in C**#(T?)
and C**8(T?) (for some 3 € (0,1)) uniformly with respect to m € P(T?).
(iii) The Hamiltonian H : T? x R? — R is locally Lipschitz continuous, D,H exists and is
continuous on T¢ x R?, and H satisfies the growth condition

(Do H (z,p),p) = Co(1+ [pl*) (4.5)

for some constant Cy > 0.
(iv) The probability measure mg is absolutely continuous with respect to the Lebesgue mea-
sure, and has a C?*# continuous density, still denoted m.

Let us comment on the Lipschitz continuity in m assumption. For example, if we fix a
Lipschitz function f and take

F(m) = [ f(@ydm.

then
[F(my) — F(ma)| < || fllzipdi (ma, ma),

thus F'(m) is Lipschitz continuous. On the other hand, if we take a function g : R — R and
define F'(z,m) = g(m(x)) for measures m that are absolutely continuous with respect to the

39



Lebesgue measure, then F(z,m) is not Lipschitz continuous in the d;-metric on P(T9), no
matter how nice g is. This is why this assumption implies that coupling is non-local.

A pair (u,m) is a classical solution to (4.3) if u,m : R x [0,7] — R are continuous, of
class C? in space and C' in time and (u,m) satisfies (4.3) in the classical sense. The main
result of this section is the following:

Theorem 4.1. Under the above assumptions, there is at least one classical solution to (4.3).

The proof is relatively easy and relies on the basic estimates for Hamilton-Jacobi equations
and on some remarks on the Fokker-Planck equation (4.3-(ii)). We give the details below.

4.2 On the Fokker-Planck equation

Let b : R? x [0,7] — R be a given vector field. Our aim is to analyse the Fokker-Planck
equation

{ Om — Am — div(mb) = 0 in T x (0,7T),

m(0,x) = mg(x),

(4.6)

as an evolution equation in the space of probability measures. We assume here that the vector
field b : T¢ x [0, 7] — R? is continuous in time and Hélder continuous in space.

Definition 4.2. We say that m € L*(T? x [0,T]) is a weak solution to (4.6) if for any test
function ¢ € C*(R? x [0,T)), we have

¢(z,0)dmo(z) — y ¢(x, t)dm(t)(x)

Td

[ [ stn et Dottt o) <.

In order to analyze some particular solutions of (4.6), it is convenient to introduce the
following stochastic differential equation (SDE)

{ dX; = —b(X;,t)dt +2dB;,  t€[0,T]

Y (4.7)

where the initial condition Z, € L'(2) is possibly random and independent of B;. Under the
above assumptions on b, there is a unique solution to (4.7). This solution is closely related to
equation (4.6):

Lemma 4.1. If L(Zy) = mog, then m(t) := L(X}:) a weak solution of (4.6).

Proof. This is a straightforward consequence of the It6 formula: if (¢, x) is smooth with
compact support, then

P(Xi, 1) —sO(Zo,O)Jr/O [0:p(Xs, 8) — (Dp(Xs, 5), b(Xs, 8)) + Ap(Xs, )] ds
+ / (D(X,.5),dB) .
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Taking the expectation on both sides (with respect to the Brownian motion and the random-
ness in the initial condition) gives

B0 0] = E[e(Z0.0) + [ [(X005) = (Do(Xe,,6Xe, ) + Al 5] 5]
So by definition of m(t), we get
[ tt.ayimo@ = [ ol 0)dmo(a)
# [ [ towss) = Dt )b, ) + o)) dims) ).
thus m is a weak solution to (4.6). 0

The interpretation of the solution of the continuity equation as the law of the corresponding
solution of the SDE allows us to get a Holder regularity estimate on m(t) in P(T%).

Lemma 4.2. There is a constant co = co(T), independent of v € (0, 1], such that
di(m(t),m(s)) < co(1+ [[blloc)|t = s['/*  Vs,t€[0,T].

Proof. We write
di(m(t),m(s)) = sup{ o(z)(m(t) —m(s))(dz) s.t ¢ is 1-Lipschitz continuous}
Td
< sup {E [0(Xy) — &(Xs)] s.t ¢ is 1-Lipschitz continuous} <E[X; — X§l].

Moreover, if, for instance, s < t we have
t
E[|X; — Xs|]] <E {/ |b(X,, )| dT + \/§]Bt — lel < o]l (t = ) + A/ 20(t — 5).

This finishes the proof. O

4.3 Proof of the existence Theorem

We are now ready to prove Theorem 4.1. For a large constant C to be chosen below, let C
be the set of maps p € C°([0,T], P(T)) such that

sup diluls) nlt)) < (). (4.8)
s [t —s|t?

Then C is a convex closed subset of C°([0,T], P(T?)). It is actually compact thanks to Ascoli’s
Theorem and the compactness of the set P(T?).

The proof is based on a fixed point theorem. To any p € C, we associate m = W(u) € C
as follows. Let u be the unique solution to the terminal problem

—Ou — Au+ H(z, Du) = F(z,pu(t)) in (0,T) x T, (4.9)
u(x, T) = G(z, u(T)) in T%.
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Then we define m = W(u) as the solution of the initial value problem for the Fokker-Planck
equation

om — Am — div(mD,H (z, Du)) =0 in (0,T) x T¢, (4.10)

m(0,x) = mo(x) in T?.

Let us check that ¥ is a well-defined and continuous map C — C. Let us set

H(t,x,p) = H(z,p) — F(a, u(t)).

The theory of the viscous Hamilton-Jacobi equations shows that under assumption (4.5)
equation (4.9) has a unique classical solution u. Moreover, we have an estimate

Hu|]02+a,1+a/z S 07 (4.11)

where @ > 0 and C' > 0 do not depend on u, because of the a priori bounds on F' we have
assumed. The constant C' may depend on 7" though.
Next we turn to the Fokker-Planck equation (4.10), that we write in the form

oym — Am — (Dm, D,H (x, Du)) — m div[D,H (z, Du)] =0 .

Since u € C*T1*+e/2 the maps (t,z) — D,H(x,Du) and (t,x) — divD,H (x, Du) belong
to C'“, so that this advection-diffusion equation is uniquely solvable and the solution m
belongs to C?t1*2/2 Moreover, from Lemma 4.2, we have the following estimate on m:

di(m(t),m(s)) < co(1+ || DyH(-, Du)||oo)|t — 5|/ Vs, t € (0,7,

where || D,H (-, Du)||~ is bounded by a constant C5 independent of 1, because Du is uniformly
bounded due to (4.11). Thus, if we choose C; in (4.8) sufficiently large, then m belongs to C,
and the mapping ¥ : yp — m = W¥(u) is well-defined from C into itself.

Let us check that ¥ is a continuous map C — C. Let us assume that g, — p in C, and
let (u,, my) and (u,m) be the corresponding solutions to (4.9)-(4.10). Note that

P 1a(t)) = (&, u(t)) and G, (T) = G, u(T),

both uniformly, over T¢ x [0, 7] and T?, respectively, thanks to our continuity assumptions
on F' and G. Moreover, as the right side of the Hamilton-Jacobi equation for u,, is bounded
in C1te1+a/2 the functions u, are uniformly bounded in C?t**®/2 g0 that u, converges
in C%! to the unique solution u of the Hamilton-Jacobi equation with the right side F(x, ).
The measures m,, are then solutions of a linear Fokker-Planck equation with uniformly Hélder
continuous coefficients, which provides uniform C?t®1*+®/2 estimates on m,,. Thus, m,, con-
verge in turn, also in C*!, to the unique solution m of the Fokker-Planck equation associated
to D,H(x, Du). The convergence is then easily proved to be also in C°([0,T], P(T%)). Now,
the Schauder fixed point theorem implies that the continuous map p — m = ¥(u) has a fixed
point in C: this fixed point (and the corresponding u) is a solution to (4.3).
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4.4 Uniqueness of the solution

Let us assume that, besides assumptions given at the beginning of the section, the following
conditions hold:

/Td(F(x,ml) — F(x,my))d(my —myo)(x) >0 ¥Ymy,my € P(TY) (4.12)

and

/ (G(z,my) — G(xz,m2))d(my —my)(z) >0  ¥my,my € P(T?) . (4.13)
Td
We also assume that H is uniformly convex with respect to the last variable:

1

Eld < D2 H(z,p) < Clg, (4.14)

with some C > 0.

Theorem 4.3. Under the above conditions, there is a unique classical solution to the mean
field equation (4.3).

Proof. Let (uy,my) and (ug, ms) be two classical solutions of (4.3), and set

ﬂ:ul—u2, m:ml—mg,

then
d _ o
— [ umdx = / [(Oyu)m + u(Oym)]dx (4.15)
dt Td Td
= / (—=Au+ H(x, Duy) — H(x, Dug) — F(x,my) + F(z,mq))mdz
Td
+/ w(Am + div(myDyH (x, Duy)) — div(meD,H (x, Dus)))dz.
Td
Note that

/d —(Au)m + u(Am)dz = 0,

and, from the monotonicity condition on F', we have
/ (=F(z,m1) + F(x,mq))mdr = / (—F(z,m1) + F(x,mz))(my — may)dx < 0.
Td Td

We now rewrite the remaining terms in (4.15) in the following way:

R— /T ((H(w, Dur) ~ H{z, Dus))m — (Dit, 1y DyH (s, Dus) — s Dy H(, Do)

= — my [H(z, Duy) — H(x, Duy) — (D,H(z, Duy), Duy — Duy)| dx
Td

—/ mg [H(z, Duy) — H(x, Duy) — (D,H (z, Dus), Duy — Dus)] dx.
Td
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The uniform convexity assumption (4.14) on H implies that

R < —/ W|Dul — Duy|?dx < 0.
Td

Putting the estimates together we get

d
— umdzx < 0. 4.16
o Tdum x < (4.16)

We integrate this inequality on the time interval [0, 7] to obtain

/Tda(T)m(T)d:c < /Td u(0)m(0)dz — /OT /w W‘Dul — Duy|*dz. (4.17)

Note that m(0) = 0 while, as a(T) = G(z,m1(T")) — G(x, m2(T)), we have

/11‘4 w(T)ym(T)dx = / (G(x,m1(T)) — G(z,m2(T)))(m1(T) — ma(T))dz > 0

Td

thanks to the monotonicity assumption on G. Now, (4.17) implies that

/ a(T)ym(T)dz = 0,
Td
but also that
Duy = Dusy in {my > 0} [J{my > 0}.
As a consequence, my actually solves the same equation as mq, with the same drift

DpH(LL', Du1) - DpH($7 D/U/Q),

hence m; = msy. Then, in turn, implies that u; and us solve the same Hamilton-Jacobi
equation, so that u; = us. O

4.5 An application to games with finitely many players

Before starting the discussion of games with a large number of players, let us fix a solu-
tion (u,m) of the mean field system (4.3) and investigate the optimal strategy of a generic
player who considers the density m “of the other players” as given. He faces the following
minimization problem

iralf J (@) where J(a)=E [/0 L(Xs,a5) + F (Xs,m(s)) ds+ G (Xr,m(T))

In the above formula, L is a kind of Legendre transform of H with respect to the last variable:

L(x,§) := sup[—(p,§) — H(x,p)].

pERC
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The process X, is given by
t
X, = Xo+ / ads + V2B,
0
with Xj a fixed random initial condition with the law mg, independent of B;, and the control
« is adapted to the filtration F; of the d—dimensional Brownian motion B;. We claim that the

feedback strategy a*(t, x) := —D,H (z, Du(t, z) is optimal for this optimal stochastic control
problem.

Lemma 4.3. Let X, be the solution of the stochastic differential equation

dX, = o*(t, X;)dt + /2d B,
XO - XO
and set a(t) = o*(t, X;). Then
inf 7 () = J(a) = / w(0,2) dmo(z)
o RN

Proof. This kind of result is known as a verification Theorem: one has a good candidate for
an optimal control, and one checks, using the equation satisfied by the value function u, that
this is indeed the minimum. Let « be an adapted control. We have, by the [t6 formula,

E[G (X7, m(T))] = E[u(X7, T)]

- E [u(O,Xo)+/O (Dyuls, X5) + (as, Du(s, X5)) + Au(s, X,)) ds}

~ E {u(& Xo) + / C(H(X., Duls, X)) + {0 Du(s, X)) — F(Xo.m(s))) ds} ,
where we have used the equation satisfied by u in the last equality. Thus, by definition of L,
EIGUXr (1) 2 B [uf0.%0) + [ (LX) — F(Xem(s) ok
This shows that
100X B [ [ (X 00) + F(Xem(s)) ds-+ G0 m(D)] = J(@

for any adapted control . If we replace a by @ in the above computations, then, since

H(X,, Du(s, X,)) + {as, Du(s, X,)) = H(X,, Du(s, X,)) + (0" (X,, Du(s, X,)))
= —L(XS,O[*(XS,DU/<S7XS))> = _L(X57ds))

all the above inequalities become equalities, so E [u(Xo,0)] = J(a). 0

We now consider a differential game with N players which is a finite number of players
approximation of the mean field game. In this game, player ¢ = 1,..., N, is controlling
through his control o a dynamics of the form

dX! = aldt +V2dB.. (4.18)
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The initial conditions X for this system are also random and all have the law mgy. We assume
that all XJ and all the Brownian motions B}, i = 1,..., N, are independent. Player i can
choose his control o/ adapted to the filtration F; = o{X], BJ, s <t, j=1,..., N} - players
"know about each other”. His payoff is then given by

T
jiN(ozl, ) =E [/ L(X;, ai) + F(X;, mﬁ’:)ds + G(Xr},mg’;) ,
0

where )
Ni ,
My, =N Z(;Xg
JFi
is the empirical distribution of the players X7, where j # i. Our aim is to explain that the

strategy given by the mean field game is almost optimal for this problem. More precisely, let
(u,m) be a classical solution to the MFG system (4.3) and let us define the feedback

a*(t,x) := —D,H (z, Du(t, z)).

With the closed loop strategy o one can associate the open-loop control &‘ obtained by
solving the SDE N N A

dX! = o*(t, X})dt + v/2d B! (4.19)
with random initial condition X¢ and setting a! = a*(t, X{). Note that this control is just

adapted to the filtration F;} = o(X{, B!, s < t}, and not to the full filtration F; defined
above — you do not need the precise information about the other players.

Theorem 4.4. Assume that F and G are Lipschitz continuous in T¢ x P(T¢). Then there ex-
ists a constant C' > 0 such that the symmetric strategy (&', ..., a") is an e—Nash equilibrium
in the game JJY,..., JY for e := CN~Y @ namely

TN@,. L aN) < TN(@) 0, o) + ON-Y@HD)
for any control o adapted to the filtration (F;) and anyi € {1,...,N}.

The Lipschitz continuity assumptions on F' and G allow to quantify the error. If F
and G are just continuous, one can only say that, for any € > 0, there exists Ny such that
the symmetric strategy (a',...,a") is an e—Nash equilibrium in the game J",..., J& for
any N > Ng.

Before starting the proof, we need the following result on product measures due to
Horowitz and Karandikar (see for instance Rashev and Riischendorf [118], Theorem 10.2.1).

Lemma 4.4. Assume that Z; are i.i.d. random variables with a law p. Then there is a
constant C', depending only on d, such that

N
E[dy(m%, u)] < CN-Y@+), where mj = Z 67,
i=1
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Proof of Theorem 4.4. Fix € > 0. Since the problem is symmetrical, it is enough to show that
Ji@t .. a") < I (@) jm.0) + e (4.20)

for any control «, as soon as N is large enough. Recall that X/ J is the solution of the stochastic
differential equation (4.19) with the initial condition XJ. We note that X are independent
and identically distributed with the law m(t) — see Lemma 4.1. Therefore, using Lemma 4.4,
we have for any t € [0, T,

E [d1<m§j, m(t))] < ON7UVd+),

By Lipschitz continuity of F' and G with respect to the variable m, we have therefore:

E {/OT sup |F(xz,mY¥") — F(z,m(t ))|dt} +E [Sup |G (2, my 1) — G(z,m(T))|| < CN~Vd4),

z€T4 Xe z€T?
Let now o' be a control adapted to the filtration F; and X/ be the solution to
dX} = aldt +v2dB}

with a random initial condition X;. We have

(@) = B[ [ (00X 0D+ FOXLmA) ds 4 GOG s

]E[/T(L(Xl o)) + F(X),m(s)) ds+ G (X%,m(T))} _ ON-Vd+)
> I ((07)j,a") = OCN7VED,

v

The last inequality comes from the optimality of & in Lemma 4.3. This proves the result. O

Remark 4.5. Although sufficient in our context, the estimate

sup E [dl(m%",m(t))dt] < NV,

t€[0,T]

is a very rough one. One can actually prove that

E | sup dl( m(t))dt| < CN~YE+),

te[0,T]

See [118], Theorem 10.2.7.

4.6 Extensions

Several other classes of MFG systems have be studied in the literature. We discuss only a
few of them, since the number of models has grown exponentially in the last years.
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4.6.1 The ergodic MFG system

One may be interested in the large time average of the MFG system (4.3) as the horizon T'
tends to infinity. It turns out that the limit system takes the following form:

{ ((7;) A —Au+ H(z,Du) = F(z,m)  in T (4.21)

it) —Am —div(m DyH(z, Du(z))) =0 in T

Here the unknown are now (A, u,m), where A € R is the so-called ergodic constant. The
interpretation of the system is the following: each player wants to minimize his ergodic cost

T
J(z,a) :=limsupinf E {1/ [H*( Xy, —ay) + F (X, m(t))]dt
T—+oo0 ¢ T 0

where X; in the solution to

dXt = Q{tdt + \/§dBt
XO =x

It turns out that, if (A, u, m) is a classical solution to (4.21), then the optimal strategy of each
tiny player is given by the feedback

a*(t,x) := —D,H(z, Du(z))

and, if & is the solution to

X():l'

and if we set ay := a*(t, X;), then J(x, @) = X is independent of the initial position. Finally, m
is the invariant measure associated with the SDE (4.22).

4.6.2 The infinite horizon problem

Another natural model pops up when each player aims at minimizing a infinite horizon cost:
+oo
J(x,a) =inf E {/ e " (H* (X, —oy) + F(Xy,m(t))) dt
@ 0

where r > 0 is a fixed discount rate. Note that there is no reason for the equilibrium for been
given by the initial repartition of the players. This implies that the infinite horizon MFG
system is not stationary. It is actually system of evolution equations in infinite horizon, given
by:
(1) —Ow+ru— Au+ H(z, Du) = F(z,m(t)) in (0, +00) x T¢
(i4) Oym — Am —div (m D,H(x, Du(t,z))) =0  in (0,+00) x T¢
(4ii) m(0) = mg in T, u bounded
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4.6.3 General diffusion

The above results can be extended in several directions. For instance, the diffusion need not
be a Brownian motion, and, for the existence part, the system need not be in “separated
form”. Namely, the existence result (i.e., Theorem 4.1) still holds (with almost the same
proof) for the system

(i) —0Ow — a;;07u+ H(z, Du,m(t)) =0 in (0,7) x T¢
(i7) Oym — 0;;(a;;m) — div (m D,H (x, Du(t,xz),m(t))) =0 in (0,7) x T
(13i) m(0) =myg, u(z,T) = G(a:,m(T)) in T¢
where we sum over repeated indices (i.e., a;05u := =y a;;0%u). In the above expression,
we assume that there exists ¢y > 0 such that

i,7=1

(CO)illd S (ai,j(t,x) S C()[d V(t, l’) I~ [O, T] X Td’

that (a;;) is continuous and uniformly Lipschitz continuous with respect to the space variable.
We also assume that the Hamiltonian H : T¢x R%x P(T¢) — R is locally Lipschitz continuous,
D, H exists and is continuous on T x R? x P(T%), and H satisfies the growth condition (4.5)
uniformly with respect to m. We finally suppose that H(-,p,m) is bounded in C**#(T%) (for
some 3 € (0,1)) locally uniformly with respect to (p,m) € R? x P(T9). The assumptions on
G are the same as before.

4.6.4 Neumann boundary conditions
When the small players have to control a process in a domain  C R? with reflexion on the
boundary of €2, the MFG system takes the form:

—O0u — Au+ H(z, Du) = F(z,m) i (0 T)><Q

(4)

) Oym — Am —div(m D,H(x, Du(t,x))) in (0,7") x

(13i) Dyu(t,z) =0, D,m(t,z) + (D,H (z, Du(t .73)) vy =0 in (0,7) x 00
) m(0) = mo, u(T,z) = Ga,m(T))  in T

where v is the unit outward normal to §).

4.6.5 MFG systems with several populations

We now assume that the system consists in several populations (say, to fix the ideas,
populations). Then the system takes the form

(1) —0w; — Au; + Hi(z, Du;) = F;(x,m(t)) in (0,7) x T¢
(it) Oym; — Am; — div (m; DpH;(x, Du;(t,z))) =0 in (0,7) x T¢

where ¢ = 1,...,1, u; denotes the value function of each player in population ¢ and m =
(my, ..., my) denotes the collection of densities m; of the population i. The coupling functions
F; and G; depend on the all the densities. Existence of solutions can be proved by fixed point
arguments as in Theorem 4.1. Uniqueness, however, is a difficult issue.
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4.7 Comments

Existence: Existence of solutions for the MFG system can be achieved either by Banach fixed
point Theorem (as in the papers by Caines, Huang and Malham [88], under a smallness as-
sumption on the coefficients or on the time interval) or by Schauder arguments (as in Theorem
4.1, due to Lasry and Lions [104, 103]). Carmona and Delarue [44] use a stochastic maximum
principle to derive an MFG system which takes the form of a system of forward-backward
stochastic differential equations of a McKean-Vlasov type.

Uniqueness: Concerning the uniqueness of the solution, one can distinguish two kinds
of regimes. Of course the Banach fixed point argument provides directly uniqueness of the
solution of the MFG system. However, as explained above, it mostly concerns local in time
results. For the large time uniqueness, one can rely on the monotonicity conditions (4.12)
and (4.13). These conditions first appear in Lasry and Lions [104, 103].

Nash equilibria for the N—player games: the use of the MFG system to obtain e— Nash
equilibria (Theorem 4.4) has been initiated—in a slightly different framework—in a series of
papers due to Caines, Huang and Malham: see in particular [86] (for linear dynamics) and
[88] (for nonlinear dynamics). In these papers, the dependence with respect of the empirical
measure of dynamics and payoff occurs through an average, so that the CTL implies that
the error term is a order N='/2 (instead of N~(*4) as in Theorem 4.4). The genuinely non
linear version of the result given above is a variation on a result by Carmon and Delarue [44].

We discuss below the reverse statement: in what extend the MFG system pops up as the
limit of Nash equilibria.

Extensions: it is difficult to discuss all the extensions of the MFG systems since the number
of papers on this subject has grown exponentially in the last years. We give here only a brief
overview.

The ergodic MFG system has been introduced by Lasry and Lions in [105] as the limit,
when the number of players tends to infinity, of Nash equilibria in ergodic differential games.
As explained in Lions [108], this system also pops up as the limit, as the horizon tends to
infinity, of the finite horizon MFG system. We discuss this convergence in the next section,
in a slightly simpler setting.

The natural issue of boundary conditions has not been thoroughly investigated up to now.
For the PDE approach, the authors have mostly worked with periodic data (as we did above),
which completely eliminates this question. In the “probabilistic literature” (as in the work by
Caines, Huang and Malham), the natural set-up is the full space. Beside these two extreme
cases, little has been written (see however Cirant [48], for Neumann boundary condition in
ergodic multi-population MFG systems).

The interesting MFG systems with several populations were introduced in the early paper
by Caines, Huang and Malham [88] and revisited by Cirant [48] (for Neuman boundary
conditions) and by Kolokoltsov, Li and Yang [95] (for very general diffusions, possibly with
jumps).

A very general MFG model for a single population is described in Gomes, Patrizi and
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Voskanyan [67] and Gomes and Voskanyan[68], in which the velocity of the population is a
nonlocal function of the (repartition of) actions of the players.

5 Second order MFG systems with local coupling
In this part, we concentrate on the MFG system with a local coupling:

(i) —O0w —vAu+ H(z,Du) = f(z,m(z,t)) in T x (0,7)
(i1) Oym — vAm — div (D, H(z, Du)m) =0  in T¢ x (0,7) (5.1)
(7i1) m(0,z) = mo(x) , u(z,T) = G(x).

Here, the Hamiltonian H : T¢ x R? — R is as before but the map f : T¢ x [0, +00) — R
is now a local coupling between the value function of the optimal control problem and the
density of the distribution of the players. We will usually set v = 1. Our aim is first to show
that the problem has a unique solution under suitable assumptions on H and a monotonicity
condition on f. Then we explain that the system (5.1) can be interpreted as an optimality
condition of two optimal control problems of partial differential equations. We complete the
section by the analysis of the long time average of the system and its link with the ergodic
MFG system.

5.1 Existence of a solution

Let us assume that the coupling f : T¢ x [0, +00) — R is smooth (say, C®) and that the initial
and terminal conditions m, and G are C**7.

Theorem 5.1. Under the above assumptions, if
1
e cither the Hamiltonian is quadratic: H(z,p) = §]p|2, and the coupling f is bounded,

e or H is of the class C? and globally Lipschitz continuous,
then (5.1) has at least one classical solution.

Remark 5.2. As we will see later, uniqueness holds if f is strictly increasing in m. Existence
of a solution actually holds for quadratic Hamiltonians without a condition on the growth
of f, provided that f is bounded below. The proof is, however, much more involved than the
one presented here (see [40]).

Proof. For simplicity we set v = 1. We first assume that the Hamiltonian is quadratic and f
is bounded. Let us fix a smooth nonnegative kernel £ : R — R with compact support such
that

| feas =1
and let us set, &.(s) = e 1£(s/e). We define, for any m € P(T?),
f(@,m) = fz,& xm)
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As f¢ is regularizing, Theorem 4.1 states that the system

(i) —OuF — Au + %|Du5\2 — Fem) T x (0,7)
(i1) Om® — Am® —div(m*Duf) =0  in T x (0,T) (52)
(i3i) m°(0) =myg , v (z,T) = G(x)

has at least one classical solution. In order to proceed, one needs estimates on this solution.
First note that, in view of the boundedness condition on f, the term f¢(x, m®) is uniformly
bounded. So, by the maximum principle, the (u°) are also uniformly bounded:

[ flee < C

(where C' depend on || f|| and T"). We now use the Hopf-Cole transform, which consists in
setting w® = e /2. A straightforward computation shows that w® solves

{ (1) —0w® — Aw® +w f*(x,m") =0 in T x (0,7)

(1) w(x,T) = e C@/2 (5.3)

Since the (u®) are uniformly bounded, so are the (w®). Then standard estimates on linear
equations (recalled in Theorem ??—take a;; = 0,5, a; = b, = fi = f =0, a = f¢(x, m?)) imply
Hlder bounds on w® and Dw*®:

[0l gaarz + [ Dw® [l gaarz < C,

where a and C depends only on the bound on f and on the C?*# regularity of G. As u® is
bounded, we immediately derive similar estimates for u°:

[ullcearz + | DUl gaarz < C.

Next we estimate m®: as m* solves the linear equation (5.2)-(ii), standard estimate (recalled
in Theorem ??—take a;; = 04, a; = u, by = f; = [ = a = 0) imply that the (m®) are
bounded in Hlder norm:

[m®[[cacr < C.

Accordingly the coefficients of (5.3) are bounded in C%%/2. Then Theorem ?? provides
C?*tel+e/2 estimate of the solution w®, which can be rewritten as an estimate on u®:

HUE ||C2+a,1+a/2 S C

In turn the m® solve an equation with Hlder continuous coefficients, therefore one has C?+1+e/2
estimates on m®. So we can extract a subsequence of the (m?, u®) which converges in C*! to
(m, u), where (m,u) is a solution to (5.1).

Let us now explain the variant in which H is of class C* and is globally Lipschitz contin-
uous. The technique of proof is basically the same: let (m®, u®) be a solution of the equation
with regularizing right-hand side:

(1) —0w® — Au® + H(x, Du®) = f*(x,m") in T x (0,7)
(ii) Oym® — Am® — div(m°D,H(z, Duf)) =0  in T x (0,7) (5.4)
(7ii) m(0) =myg , v (z,T) = G(z)
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As D,H(x, Duf) is globally bounded, m* solves a linear equation with bounded coefficients:
therefore m® is bounded in Hlder norm. Then we come back to (5.4)-(i), which has a right-
hand side bounded in Hlder norm: this implies from Theorem 7?7 that the solution w° is
bounded in C?t*1%%/2 One can then conclude as before. O

5.2 Uniqueness of a solution

We now discuss uniqueness issues. For doing so, we work in a very general framework and
exhibit a structure condition on a coupled Hamiltonian H : T¢ x R? x [0, +00) — R for
uniqueness of classical solutions (u,m) : [0,7] x RY — R? to the local MFG system:

(i) =0 —vAu+ H(z,Du,m)=0  inT¢x (0,7)
(1) Oym — vAm —div(m D,H(z, Du,m)) =0  in T x (0,T) (5.5)
(iii) m(0) = mg, u(z,T) = g(x)  inT¢

In the above system, v is positive, H = H(xz,p, m) is a convex Hamiltonian (in p) depending
on the density m, g : T — T is smooth, my is a probability density on R?.

Theorem 5.3. Assume that H = H(x,p,m) is a C? function, such that

1
2 2
m 0,,H g™ Op H
> 0 V(xz, p,m) withm >0 (5.6)
1
3" (@2,H)"  —0,H

Then system (5.5) has at most one classical solution.

Remark 5.4. 1. Condition (5.6) implies that H = H(x,p, m) is uniformly convex with
respect to p and strictly decreasing with respect to m.

2. When H is separate: H(z,p,m) = H(z,p)— f(x,m), condition (5.6) reduces to Df)pf[ >
0 and D,,f > 0.
_ 1pP?

Example 5.5. Assume that H is of the form: H(x,p,m) = 5’ where a@ > 0. Then
ma

condition (5.6) holds if and only if o € (0,2). Note however that existence of solutions is not
clear for H of the above form.

2 . . . . .
Proof. Note that H = %% is convex in p, decreasing in m if o > 0. Moreover

OmH 2 L 2 Oé]p]Q Iy o pRp
(‘T) Ot = 3 O @ O = 5 a3 ~ 7 s
alpPly  o® pep

4m2a+2 4 m2a+2

which is positive if and only if o € (0, 2). O

Before starting the proof of Theorem 5.3, let us reformulate condition (5.6) in a more
convenient way (omitting the = dependence for simplicity):
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Lemma 5.1. Condition (5.6) implies the inequality

(H( 2am2> - H( 17m1))<m2 — ml)
! _<p2 _]])717m2DpH(p2,m2) — mleH(pl,ml» >0, (5'7)

with equality if and only if (my,p1) = (M2, pa).

Remark 5.6. In fact the above implication is almost an equivalence, in the sense that, if

(5.7) holds, then
1
2 2
m 0, H g™ Oy H

Y
o

1
3™M (@2, H)"  —0.H

Proof of Lemma 5.1. Set p = ps — p1, m = mg — my and, for 6 € [0, 1], pg = p1 + 0(p2 — p1),
mg = my + 6(me —my). Let

I1(0) = (H(pg,mg) — H(z, p1,m1))m — (p, mgD,H(Dug, mg) — my D, H(Duy, my))
Then 7(0) = 0 and
mg 0 H 1 5?2 H
6 “pp me Opp, (

') =— (p" m) 2
%mg (8;mH)T —0 H

Sg =
N————

Hence if condition (5.6) holds and (p1,m1) # (p2,m2), then

0 < I(1) = (H(p2,ma) — H(p1,m1))(mg —mq) — (p2 — p1, maDpH (p2, ma) — miDypH (p1,my)).

O

Proof of Theorem 5.3. Let (u1,my) and (ug, mg) be solutions to (5.5). Let us set

m=my—my, &=uy —uy, H= H(x, Duy,ms) — H(z, Duy, my),

div = div(myD, H (x, Duy, ms)) — div(my D, H (x, Duy, m,))
Then

d
G | wa(t) = @) ma(®) = 1)
atUQ Oruy)(me — mq) + (ug — uy)(Opmag — Oymy)

—v A+ H)ym + a(vAm + div)

I
\%\%\

I:I m — D'Ll, mQD H(DUQ,mQ) mleH(Dul,m1)> S 0

o4



by condition (5.6) and Lemma 5.1. Since u;(-,T) = us(-,T) = G(-) and m4(-,0) = my(-,0) =

mo(+), we have
T

0 = | [ (walt) = 1a)omate) ~ (o)

0

Integrating i Us(t) — uq(t))(ma(t) — my(t)) between 0 and T gives
dt Td

T
/ H m — (Du, myDyH (Dug, mg) — myD,H(Duy,my)) = 0.
0o Jrd

In view of Lemma 5.1 again, this implies that Du = 0 and m = 0, so that m; = my and
U1 = Ug. O

5.3 Optimal control interpretation

Here we show that the MFG system (5.1) can be viewed as an optimality condition for two
optimal control problems: the first one is an optimal control of Hamilton-Jacobi equations
and the second one concerns the optimal control of the Fokker-Planck equation.

In order to do so, let us first introduce some assumptions and notations: without loss of
generality, we suppose that f(z,0) = 0: indeed we can always subtract f(x,0) to both sides
of (5.1). Let

>
Fla,m) = /fxpdp itm >0

otherwise

As f is nondecreasing with respect to the second variable, F' = F(x, m) is convex with respect
to m. We denote by F* = F*(z, «) its convex conjugate:

F*(z,a) = sup (am — F(z,m)) V(z,a) €T xR.
meR
Note that F* is convex and nondecreasing with respect to the second variable. We also
introduce the convex conjugate H*(x,§) of the map H = H(x,p) with respect to the second
variable:

H(2,€) = sup ((&,p) — H(r,p))  V(2,6) € T x RY.

pERA

We assume throughout this section that F* and H* are smooth enough to perform the com-
putations.

The first optimal control we consider is the following: the distributed control parameter
is a: T¢ x [0,T] — R and the state parameter is u. We aim at minimizing the criterium

T (a / /Td F* (2, oz, 1)) dxdt—/Td w(0, z)dmo(z).
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over Lipschitz continuous maps « : T¢ x (0,T) — R?, where u is the unique classical solution
to the backward Hamilton-Jacobi equation

{ —owu(z,t) — Au(z,t) + H(x, Du(z,t)) = a(z,t) in T4 x (0,T) (5.8)
u(z,T) = G(x) in T4 '

The second optimal control problem is related with Fokker-Planck equation: the (distributed
and vector valued) control is now v : [0,T] x T¢ — R? and the state is m. It consists in
minimizing the criterium

TEP () = /0 g m(z, t)H" (z, —v(z,t)) + F(xz,m(z,t)) dedt + /Td G(z)m(T, z)dx,

where the pair (m,v) solves the Fokker-Planck equation
om — Am(z,t) + div(mwv) = 0 in T¢ x (0,7, m(0) = mo. (5.9)

Theorem 5.7. Assume that (m, @) is of class C*(T* x [0,T]), with m(z,0) = my and
w(x,T) = G(x). Suppose furthermore that m(z,t) > 0 for any (x,t) € T¢ x [0,T]. Then
the following statements are equivalent:

(1) (u,m) is a solution of the MFG system (5.1).

(ii) The control a(x,t) := f(z,m(x,t)) is optimal for T/ and the solution to (5.8) is given

by u.
(i) The control v(z,t) == —D,H(x, Du(z,t)) is optimal for J¥F, m being the solution of
(5.9).
Remark 5.8. 1. The optimal control problem of Hamilton-Jacobi equation can be rewrit-
ten as
T
in / / F* (2, —Ou(x, 1) — Au(z, ) + H(z, Du(, 1)) dedt — / (0, 2)dmo ()
v Jo Jm1d Td

under the constraint that u sufficiently smooth, with u(-,7") = G(-). Remembering that
H is convex with respect to the last variable and that F' is convex and increasing with
respect to the last variable, it is clear that the above problem is convex.

2. The optimal control problem of the Fokker-Planck equation is also a convex problem,
up to a change of variables which appears frequently in optimal transportation theory:
let us set w = mwv. Then the problem can be rewritten as

inf /0 ' |t (.x,—w(:”’t)) + F(x,m(z, 1)) dedt + / G(2)m(T, z)dz,

(m,w m(:v, t) Td
where the pair (m,w) solves the Fokker-Planck equation
om — Am(z,t) + div(w) = 0 in T¢ x (0,7, m(0) = my. (5.10)

This problem is convex because the constraint (5.10) is linear and the map (m,w) —

mH" (a:, —E> is convex on T¢ x (0, +00).
m
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3. In fact the two optimal control problems just defined are conjugate in the Fenchel-
Rockafellar sense (see, for instance, [52] Ekeland).

Proof. The proof is done by verification. We will show only the equivalence between (i) and
(ii): the equivalence between (i) and (iii) can be established in a symmetrical way, by using
the reformulation given in Remark (5.8). Let us first assume that (m, @) is a solution of (5.1).
Let a be a Lipschitz continuous map and u the corresponding solution of (5.8). Then, by

T (a) = /0 /Td F* (x, —0w(z,t) — Au(x,t) + H(x, Du(x,t))) dxdt — /ﬂ‘d u(0, z)dmo(x)
> JM(a) + /0 | O (@,0) (=0u = 1) = Alu =) + (DyH (2, Da)), Dl — )
- (u—u)(0, z)dmo(z)

where, to get the inequality, we have used the convexity of the map
u— F* (z, —0w(x,t) — Au(z,t) + H(z, Du(x,t)))

which holds because F™ is convex and nondecreasing with respect to the second variable.
Now we note that, by equality a(z,t) := f(x,m(x,t)) and property of Legendre transform,
we actually have 0,F*(x,a(z,t)) = m(z,t). So

T () > T (a / Wm —0y(u —u) — A(u — u) + (DpH (x, Du)), D(u — u)))
/ (u— 1)(0, )dmo ()

Td

Integrating by parts we get

T () > T (a //Tdu—u(atm Am — div(mD,H (x, Du)))

+ /Td(u —a)(T,z)m(x, T)dx

> J%(a)

where the last inequality comes from the equation satisfied by m and the fact that u(z,T) =
u(x,T) = G(x). So we have proved that & is optimal for J#7.

Conversely, let us assume that the control @ is optimal in J#7. Let us set m(x,t) =
OuF*(z,a(x,t)), ie., a(z,t) = f(x,m(z,t)). We want to show that the pair (u,m) is a
solution to (5.1). For this, let a € CY(T9 x [0,T]) and, for h # 0, let u;, be the solution of
(5.8) associated to the control & + ha. Then (u; — @)/h converge to some w in C*', where w
solves the linearized system

{ —dw(x,t) — Aw(z,t) + (DpH(z, Du(x,1)), w(z,t)) = a(z,t)  inT? x (0,T) (5.11)

w(z,T)=0  inT¢
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Using the optimality of &, we obtain
T
0= d7" (@)(a) = / 7 (=9 — Aw + (D, H(x, D)), Dw)) — / w(0, 2)dme(x).
0 Td Td

We integrate by parts to get, as w(x,T) = 0,

0= /0 /W w (Oym — Am — div(mD,H (z, Du))) — / w(0,z)(mo(x) —m(x,0))dz. (5.12)

Td

Note that if ones fixes w € C? such that w(z,T) = 0, we can always define a in such a way
that (5.11) holds. By density, this implies that relation (5.12) also holds for any w € C? such
that w(z,T) = 0 and therefore that m is a weak solution of (5.1)-(ii) with m(z,0) = my(z).
O

5.4 The long time average

In this section we study the long time average of solutions of the MFG system (5.1). We
1
concentrate on the simple case H(x,p) = §|p|2. We also suppose that the coupling f =

f(z,m) is bounded and strictly increasing with respect to the last variable:

of
—(x,m) > 0. 5.13
o2z, m) (5.1
As in the previous section, we suppose without loss of generality that f is non negative.
Moreover, we assume that the initial density mg is positive and smooth.
To emphasize the fact that we are interested in the behavior of the solution as the horizon

T tends to 400, we denote by (u, m?) the solution to

1
(1) —O0u — Au+ §|Du|2 = f(x,m(z,t)) in T x (0,7)
(i) Oym — Am — div(mDu) =0  inT¢ x (0,T) (5.14)
(i1i) m(0) =myg , u(z,T) = G(x)
It is expected that the MFG ergodic system should play a key role in this problem. The

ergodic system, with unknowns (X, @, m), is

(1) A— Au+ %|Du|2 = f(z,m)

(1) —Am —div(mDu) =0 (5.15)
(441) udr =0, / mdxr =1
Td Td

Let us first remark that the above system is well-defined:

Proposition 5.9. Under the assumptions of this section, system (5.15) has a unique classical

solution (X, @, m). Moreover m = e "/ (/ e_ﬁ) > 0.
Td
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The proof can be established by usual fixed point arguments so we omit it.

In order to understand to what extent the solution (A, u,m) of (5.15) drives the behavior

of (u”',m"), let us introduce the scaled functions

vl (z,5) == u” (z,sT) ; ph(x,s) :=m" (z,sT) (z,s) € T x [0,1] . (5.16)

Theorem 5.10. As T — +o00, the map (x,s) — v’ (x,s)/T converges to the (space indepen-
dent) map (z,s) — (1 — s)X in L2(T? x (0,1)).

Remark 5.11. With more estimates than presented here, one can show that the map u”
converges to m in LP(T% x (0, 1)), for any p < <2,

The proof of Theorem 5.10 requires several intermediate steps. The starting point is the
usual estimate, which is crucial in establishing the uniqueness of the solution to (5.14).

Lemma 5.2. For any 0 < t; <ty <T we have

[/(uT—uxm ta]
w7 D~ a4 e~ o)t~ m) dedr =0

Proof. Since T is fixed, we simply write m and u instead of m” and u”. We first integrate
over T? x (¢, ;) the equation satisfied by (u — @) multiplied by (m — m). Since Jpa(m(t, ) —
m(x))dx = 0 and u does not depend on time, we get, after integration by parts:

[ =t =) + (D = ). Dl = @) + 5 — )1 Duf? = D)

// (2,m) — f(z,m))(m — )

In the same way we integrate over T¢ x (t1,t,) the equation satisfied by (m — m) multiplied
by (u —u):

/t2 /Td(u @) + (D(m — m), D(u — @) + (mDu — mDa, D(u — @) = 0 .
We now compute the difference between the second equation and the first one:
/tz y O(u —a)(m —m)|] + (mDu — mDu, D(u — @))
t
—%(m —m)(|Duf* = |Daf*) + (f(z,m) — f(z,m))(m —m) =0

To complete the proof we just note that

(mDu — mDu, D(u —u)) — %(m —m)(|Du|* — |Dul?) =
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Another crucial point is given by the following lemma, which exploits the fact that system
(5.14) has an Hamiltonian structure. Note that this is directly related to the optimal control
interpretation of the MFG as explained in the previous section.

Lemma 5.3. There exists a constant M"T such that
1 T T 1\)2 T T
5 [ m (t) |Du” (t)|” dx + de<Du (t), Dm* (t)) dx
Td
— Jopa F( (t))dx = MT Vit € [0,T]
where F(z,m) fo (x,p)dp.
Proof. We multiply (5.14)-(i) by dym” () and (5.14)-(ii) by dyu’(¢t). Summing the two equa-
tions we get, at (¢, z),
1
—Aulom® + §’DUT’2 om* — f(z,m")om” = AmT o™ + div(m” Du”)ou”

Integrating with respect to x gives:

/ (Du”, 8, Dm™) + (Dm™, 8, Du")) dx
Td
+ [pa [51DUT P Oym™ +m™ (D™, 0,Du”)| dx — [1, f(x,m")dym" dz =0

This means that

d 1
— / (DU, Dm™ydx + = [ m”|Du"|? dx — / F(z,m")dx y =
dt Td 2 Td Td

hence the conclusion. O

We deduce the following
Corollary 5.4. We have
(i) M7 is bounded with respect to T.
(ii) |Du”(0)] is bounded in L*(T?).
Proof. On one hand we have (since f > 0 and u(T") = G(z))

MT = /Td<Du(T),Dm(T)>d:L‘—|—%Adm(T)|Du(T)|2dx—/ F(z,m(T))dx

Td

IN

Au( )m (T)d:UJr%/Tdm(TﬂDu(T)Pda:
(1AG]ls + IDGIZ,) (T My =C.

N

On the other hand we have

1
M7 = /d<Du(0), Drmg)dz + 5 [ mo| Du(0)* dr — / F(z,mo) dz
T

Td Td
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where, since mg > 0,

1 Dmy|?
<1 [ molDu(0) da + 1Drmof” 4.

Td Td o

/T (Du(0), Do)

Hence

1
T -/ mo| Du(0)[2 dz — C
4 Td

In particular M7 is bounded both from above and from below. We also deduce from our last
inequality that

|Du(0)|*dx < C,
Td
so that |Du(0)| is bounded in L?(T9). O

Combining Corollary 5.4 with Lemma 5.2 we get:

Lemma 5.5.

/0 /Td L;m)muT — Daf’ + (f(w.m") — fw,m)(m" —m) dedt < C (5.17)

In particular

1 T
lim —/ |Du’ — Duf? dxdt =0 . (5.18)
0 Td

Proof. Using Lemma 5.2, we have
/ 3 (m” +m U ") puT — Daf® + (f(z,m") — f(z,m))(m" —m) dedt
S RGIOE u><mo— m)de — [ ("(T) = m (7) = )

Recalling that u” (7)) = G and the bounds assumed on G, the last term is bounded. If we set
u" = [1qu” dx, we have

/Td u(0)(mo —m)dz = [.(u”(0) — a@(0))(mo — m)dz (5.19)
< C (llmolloo + [1m]loo) [ Du" (0[] £2(re) (5.20)

and using Corollary 5.4 we conclude that this is bounded. Therefore, we obtain that (5.17)
holds. O

Rewriting Lemma 5.5 in terms of v7 and pu? we obtain:

Corollary 5.6. The maps (Dv) and (f(-,u*(-,-)) converge to Du and f(-,m(-)) in L*(T¢ x
(0,1)) and in L'(T¢ x (0,1)) as T — +o0.
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Proof. Since m is bounded below by a positive constant, Lemma 5.5 implies that

! C
/ |Dv" — Daul? dedt < —
0 Td T

Whence the convergence of (Dv”). From assumption (5.13), there exists § > 0 such that

of

wm)> 8 V(w,m) € T x 0.2 le]

So, from (5.17),

g /T /d(f(x’MT) — f(a,m))(u" —m) drdt

T
]] | f(z, ") = fla,m)| I dwdt+5// \u" —ml.
{pT>2||ml} {uT <2|lm|loo}
Therefore

Gy = fCom)ll
= //{MT>2||m||oo} (") = FCm H// ' <2||m] } 7] = I,

= // [ i®) = Swm)| + 3771‘ //{MT<2|m }W -

v

Vv

{uT 22l } O<m<2|lm\|oo
S QU sup of
T T\ Ml 6 o<m=o|mfa am
which implies the convergence of f(-,u”) to f(-,m) in L. O

Proof of Theorem 5.10. We now prove the convergence of v* /T to A(1 — s). Let us integrate
the equation satisfied by vT on T9 x (¢, 1):

% (/Td vl (. t)dw — /w G(x)da:) +3 [1 | DT Pdads (5.21)

= ft Jpa f( ))dxds (5.22)
where, from Corollary 5.6, Dv? — Du in L? and f(-,u”(})) — f( m) in L'. So

T—~+o00

1
lim —/ UT(x,t)dx:(l—t)/ {——|Du|2+fxm]dx— (1—1)A
T Td Td

the last equality being obtained by mtegratmg over T¢ equatlon ( .15)-(i). Using Poincaré-

Wirtinger inequality, we get, setting (v") = [, v"dx and 0" = v" — (vT)
1 ) 1
/ 5" — gc/ DT — @) — 0.
0 Jrd o Jrd
This shows the convergence in L? of o7 to u and, since <U—TT> — (1 —t)\, the convergence in
L? of LvT to (1 —t)A. 0
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5.5 Comments

Other existence results of classical solutions of second order MFG systems with local coupling
can be found in Cardaliaguet, Lasry, Lions and Porretta [40] (for quadratic Hamiltonian,
without conditions on the coupling f) and for more general Hamiltonians under various struc-
ture conditions on the coupling in a series of papers by Gomes, Pires and Sanchez-Morgado
(66, 69, 71] and Gomes and Pimentel [73]. The case of MFG system with congestion is
considered in Gomes and Mitake [74].

Even for some data, it is not known if there always exists a classical solution to the MFG
system. To overcome this issue, concepts of weak solutions have been introduced in Lasry
and Lions [103] and in Porretta [117].

The general uniqueness criterium given in Theorem 5.3 has been introduced by Lions [108],
who explains the sharpness of the condition.

The fact that the MFG system with local coupling possesses a variational structure is
pointed out in Lasry and Lions in [103]. This plays a key role for the first order MFG system
with local coupling, since this allows to build solutions in that setting.

Finally the long time behavior of the MFG system is described in section 5.4 has been
first discussed by Lions in [108] and sharpened in Cardaliaguet, Lasry, Lions and Porretta
[41]. Other results in that direction can be found in Gomes, Mohr and Suza [63] (for discrete
MFG systems), Cardaliaguet, Lasry, Lions and Porretta [40] (for MFG system with a non-
local coupling), Cardaliaguet [37] (for the first order MFG with a nonlocal coupling) and in
Cardaliaguet and Graber [36] (for the first order MFG with local coupling). For second order
MFG systems, the rate of this convergence is exponential (see [40, 41]).
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