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These notes will be continuously updated during the course.
The plan for this class is to cover the following topics:
I. Basic theory of Hamilton-Jacobi equations.

II. An introduction to mean-field games.
ITI. Some applications to macroeconomics.
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Chapter 1

Inviscid Hamilton-Jacobi equations

1.1 Introduction
We will consider in this chapter the Hamilton-Jacobi equations
u+ H(x,Vu) =0 (1.1.1)

on the unit torus T C R", or, sometimes, in all of R"”. As we will see, a physically reasonable
class of solutions to (1.1.1) behave very much like the solutions to a regularized problem

u; + H(z, Vu©) = eAus, (1.1.2)

with a small diffusivity € > 0. Most of the techniques for the analysis of the solutions to such
nonlinear diffusive equations rely on the positivity of the diffusion coefficient and deteriorate
badly when the diffusion coefficient is small. However, we will see that some of the bounds
may survive even as the diffusion term vanishes, because they are helped by the nonlinear
Hamiltonian H (z, Vu). Obviously, not every nonlinearity is beneficial: for example, solutions
to the linear advection equation

us + b(z) - Vu(z) =0, (1.1.3)

are typically no more regular than the initial condition ug(x) = u(0, z), no matter how smooth
the drift b(z) is. Therefore, we will have to restrict ourselves to a class of Hamiltonians H (z, p)
that do help to regularize the problem. This nonlinear regularization effect is one of the main
points of this chapter.

1.2 An informal derivation of the Hamilton-Jacobi equa-
tions
We begin by providing an informal derivation of the Hamilton-Jacobi equations. The material

of this section will reappear later in the form of the Lax-Oleinik formula for the solutions to
the Hamilton-Jacobi equations.



We start with a random walk on a lattice of size h in R™, and a time step 7. The walker
evolves as follows. If the walker is located at a position X (t) € hZ™ at a time t = m7, m € N,
then at a time ¢ + 7 it finds itself at a position

X(t+7) = X(t) + v(t)T + he(t). (1.2.1)

Here, £(t) € R™ is an R™-valued random variable such that each of the coordinates &(t),
with k = 1,...,n, are independent and take the values +1 with probabilities equal to 1/2, so
that

E(k(t) =0, E(&(t)én(t) = Skmdre, (1.2.2)

for all 1 < k,m < n and all ¢,#'. The velocity v(t) is known as a control, that the walker
can choose from a set A of admissible velocities. The choice of the velocity v on the time
interval [t,t + 7] comes with a cost L(v)7, where L(v) is a prescribed cost function. At
the terminal time 7" = N7 the walker finds itself at a position X (7") and pays the terminal
cost f(X(T)), where f(x) is also a given function. The total cost of the trajectory that starts
at a time ¢t = m7 at a position x and continues until the time 7" = N7 is

w(t,z; V) =Y L(v(kr))T + f(X(N7)). (1.2.3)

Note that the total cost involves both the running cost and the terminal cost. We have
denoted here by V = (v(t),v(t + 7),...,v((N — 1)7)) the whole sequence of the controls
(velocities) chosen by the walker between the times t = m7 and T' = N.

The quantity of interest is the least possible average cost, optimized over all choices of the
velocities:

N
ult,) = inf Efu(t,z:V)] = VéﬁfmTE(};LL(v(kr))T + f(X(NT))). (1.2.4)
Here, the expectation E is taken with respect to the random variables £(s), for all s = kt
with m < k < N that describe the random contribution at each of the time steps between ¢
and 7. The set A;r is the set of all possible controls chosen between the times ¢t = mr
and T = N7. The velocities v are viewed as not random, as they can be chosen by the
walker. The function u(t¢,x) is known as the value function and is the basic object of study
in the control theory.

As the velocities v(s) are chosen separately by the walker at each time s between ¢ and T,
and the random variables £(s) and £(s’) are independent for s # s, the function u(t,x)
satisfies the following relation:

u(t,x) = inﬁ\E [L(v)T +u(t + 7,2 + o7 + hE(t))]. (1.2.5)
ve
This is the simplest version of a dynamic programming principle, a fundamental notion of
the control theory. Here, v is the velocity chosen at the initial time ¢ and the expectation is
taken solely with respect to the random variable £(¢).

A version of the dynamic programming principle, such as (1.2.5), is a very common starting
point for the derivation of the Hamilton-Jacobi and other related types of equations that
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come from the optimal control theory. To illustrate this idea, let us assume that u(t,z) is a
sufficiently smooth function and that the time step 7 and the spatial step h are sufficiently
small. Expanding the right side of (1.2.5) in h < 1 and 7 < 1 gives

2
u(t,z) = inﬁE[L(@)T +u(t + 7,2+ o7 + h&(t)] = u(t, ) + Tup + %utt(t, )
vE

+ 52£E [L(U)T + (v + h&(t)) - Vu(t, z) + 7(vr + hE(L)) - Vuy(t, ) (1.2.6)

1 « 0*u(t, x)
+5 i;(UiT + he(8)) (o7 + hgj(t))m} + Lodt.
Note that the terms of the order O(1) in the left and the right sides of (1.2.6) cancel auto-
matically. In addition, the terms that are linear in £(¢) vanish after taking the expectation
because of (1.2.2). An interesting choice of the relation between the temporal and spatial
steps 7 and h is

h* = 2Dr, (1.2.7)

with a diffusion coefficient D > 0 (the true diffusion coefficient is, of course, 2D but we make
this normalization for convenience, as is common in the PDE literature). Then, after taking
into account the aforementioned cancellations, the leading order terms in (1.2.6) are of the
order O(7) = O(h?). Still, keeping in mind (1.2.2), we see that they combine to give the
following equation for u(t,x):

u(t, z) + ig [L(v) +v - Vu(t,z)] + DAu(t,z) = 0. (1.2.8)
Let us introduce the function

H(p) = inf [L(v) +v-p], (1.2.9)

defined for p € R™. It is usually called the Hamiltonian and is the Legendre transform of the
Lagrangian L(v). Then, (1.2.8) can be written as

wy + H(Vu) + DAu = 0. (1.2.10)

This equation should be supplemented by the terminal condition u(7,z) = f(z) that comes
simply from the definition of the value function. Recall that f(z) is the terminal cost function.
Equation (1.2.10) is backward in time. It is convenient to define the function

u(t,x) =u(T —t,x),
which satisfies the forward in time Cauchy problem:

u, = H(Vu) + DAa, t>0.
<O7 x) = f(x)7
For the sake of convenience we will focus on this forward in time Cauchy problem.

This is how the viscous Hamilton-Jacobi equations can be derived informally. Their rig-
orous derivation starting with a continuous in space and time stochastic control problem is

(1.2.11)

I~}
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not very different but requires the use of the stochastic calculus and the Ito formula. The
inviscid equations of the form
uy = H(Vu), (1.2.12)

are derived in a very similar way but the walk is taken to be purely deterministic, driven
solely by the control v, with £(t) = 0.

Exercise 1.2.1 Generalize the above derivation to obtain a spatially inhomogeneous Hamilton-
Jacobi equation of the form
u, = H(x,Vu) + DAu. (1.2.13)

Exercise 1.2.2 Show that the function H(p) defined in (1.2.9) is concave.

This exercise explains why we will often consider below the Hamilton-Jacobi equations of the
form
u + H(z,Vu) = DA, (1.2.14)

with a convex Hamiltonian H(p), either with D > 0 or D = 0.

1.3 The simple world of viscous Hamilton-Jacobi equa-
tions

As a warm-up, we are going to study the long time behavior of the solutions to the Cauchy
problem for viscous Hamilton-Jacobi equations

u—Au=H(x,Vu), t>0, ze&T", (1.3.1)

with a given initial condition w(0,z) = wuo(z). We now make some assumptions on the
nonlinearity H(z,p). First, we assume that H is smooth and 1-periodic in z. We also make
the uniformly Lipschitz assumption on the function H(x,p): there exists Cp > 0 so that

|H(z,p1) — H(x,p2)| < Cplpr — pof, for all z,p;, py € R™. (1.3.2)
In addition, we assume that H is growing linearly in p at infinity: there exist & > 0 and 5 > 0
so that

0 < a < liminf < lim sup
pl=+oo  |p| |p|—+o0 p|

< [ < +o0, uniformly in x € T™. (1.3.3)

One consequence of (1.3.3) is that H(x,p) is uniformly bounded from below. Note also that
if u(t, ) solves (1.3.1) then u(t,x) + Kt solves (1.3.1) with the Hamiltonian H (x, p) replaced
by H(x,p)+ K. Therefore, we may assume without loss of generality that there exist Cy o > 0
so that

Ci(1+|p|) < H(z,p) < Co(1 +|pl|), for all z € T™ and p € R, (1.3.4)

so that, in particular,
H(z,p) > Cy for all x € T" and p € R™. (1.3.5)

Relatively standard theory for nonlinear diffusion equations implies that these assumptions
ensure the existence of a unique smooth 1-periodic solution wu(t,z) to (1.3.1) supplemented
by a continuous, 1-periodic initial condition ug(z). In order to discuss its long time behavior,
we need to introduce a special class of solutions of (1.3.1).
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Theorem 1.3.1 Under the above assumptions, there exists a unique ¢ € R so that (1.3.1)
has solutions (that we will call the wave solutions) of the form

w(t,x) = ct + ¢(z), (1.3.6)

with a 1-periodic function ¢(x). The profile ¢(x) is unique up to an additive constant:
if wi(t, ) and wo(t, x) are two such solutions then there ezists k € R so that ¢1(x) —pa(z) = k
for all x € T™.

The constant ¢ is often referred to as the speed of the plane wave. The reason is that the
solutions to the Hamilton-Jacobi equations, apart from the optimal control theory context
that we have discussed above, also often describe the height of an interface, so that ¢ may be
thought of as the speed at which the height of the interface is moving up, and ¢(z) as the
fixed profile of that interface as it moves up at a constant speed.

Exercise 1.3.2 Give an interpretation to the profile ¢(x) and the speed ¢ in the context of
the optimal control formulation for the solutions to the Hamilton-Jacobi equations.

Exercise 1.3.3 Consider the following discrete growing interface model, defined on the lat-
tice hZ, with a time step 7. The interface height u(t,z) at the time ¢ and the position z
evolves as follows:

u(t+7,2) = = [u(t,x — h) + u(t,z + h))
(1.3.7)

N — o —

+ = [F(u(t,z + k) — u(t,z)) + F(u(t,z) — u(t,z — h))] + 0V (t,2),

with a given function F(p), and a prescribed source V' (t,z). The terms in the right side
of (1.3.7) can be interpreted as follows: (1) the first term has an equilibrating effect, leveling
the interface out, (2) the second term says that the rate of the interface growth depends on
its slope — things falling from above can stick to the interface, and (3) the last term is an
outside source of the interface growth (things falling from above). Find a scaling limit that
relates 7, h and § so that in the limit you get a Hamilton-Jacobi equation of the form

ur = Au+ H(z,Vu) + V(t,z). (1.3.8)
The large time behavior of the solution to (1.3.1) is summarized in the next theorem.

Theorem 1.3.4 Let u(t,x) be the solution to the Cauchy problem for (1.3.1) with a contin-
uous 1-periodic initial condition u(0,x) = ug(x). There is a wave solution w(t,z) to (1.3.1)
of the form (1.3.6), a constant w > 0 that does not depend on ug and Cy > 0 that depends
on ugy such that

lu(t, z) — w(t,z)] < Coe ", (1.3.9)
forallt >0 and x € T™.

We will first prove the existence part of Theorem 1.3.1, and that will occupy most of the
rest of this section, while its uniqueness part and the convergence claim of Theorem 1.3.4 will
be proved together rather quickly in the end.



1.3.1 The wave solutions
Outline of the existence proof

We first present an outline of the existence proof, before going into the details of the argument.
Plugging the ansatz (1.3.6) into (1.3.1) and integrating over T™ gives a relation

c= [ H(z,Vo¢(x))d. (1.3.10)

’]Tn

The equation for ¢ can, therefore, be written as

— A¢p =H(z,Vo(x)) — H(z,V¢(2))dz, (1.3.11)
Tn
and this will be the starting point of our analysis.
We are going to use a continuation method. As this strategy is typical for the existence
proofs for many nonlinear PDEs, it is worth sketching out the general plan. Instead of just
looking at (1.3.11) with a given Hamiltonian H(z,p), we consider a family of equations

— A¢p, = Hy(2, Vo) — H,(2,Vy)dz, (1.3.12)

T

with the Hamiltonians
H,(x,p) = (1 —o0)Hy(z,p) + cH(z,p), (1.3.13)

parametrized by o € [0,1]. At ¢ = 0, we start with a particular choice of Hy(z,p) for which
we know that (1.3.12) has a solution. Here, we take

Ho(z,p) = /1 +[p|*.
Note that ¢g(x) = 0 is an explicit solution to (1.3.12) with o = 0. At ¢ = 1, we end with

We are interested in the existence of a solution to (1.3.13) when o = 1. However, we will
actually show that (1.3.12) has a solution for all ¢ € [0, 1] and not just for o = 0 by showing
that the set 3 of o for which (1.3.12) has a solution is both open and closed in [0, 1]. This
is the continuation method — you start with a problem at ¢ = 0 for which you know that a
solution exists and then extend the existence to the case o = 1, which is the only one you are
really interested in, using a continuity argument.

Showing that ¥ is closed requires a priori bounds on the solution ¢, of (1.3.12) that would
both be uniform in ¢ € [0, 1] and ensure the compactness of the sequence ¢,, of solutions
to (1.3.12) as 0,, — o in a suitable function space. The estimates should be strong enough to
ensure that the limit ¢, is a solution to (1.3.12).

In order to show that ¥ is open, one relies on the implicit function theorem. Let us assume
that (1.3.12) has a solution ¢,(z) for some o € [0,1]. In order to show that (1.3.12) has a
solution for o + ¢, with a sufficiently small €, we are led to consider the linearized problem

8HA%V%QE%_+/'&HA4V¢J6h@)
3pj 8xj n 8pj 8zj

— Ah— dz = |, (1.3.15)
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with

f(z) = H(x,V¢,) — Ho(z,V,) — H(z,Vo,(2))dz + Ho(z, V¢, (2))dz. (1.3.16)
Tn Tn
The implicit function theorem guarantees existence of the solution ¢, ., provided that the
linearized operator in the left side of (1.3.15) is invertible, with the norm of the inverse a priori
bounded in o. This will show that the set ¥ of o € [0,1] for which the solution to (1.3.12)
exists is open.

The bounds on the operator that maps f — h in (1.3.15) also require the a priori bounds
on ¢,. Thus, both proving that Y is open and that it is closed require us to prove the a
priori uniform bounds on ¢,. Therefore, our first step will be to assume that a solution ¢, (x)
to (1.3.12) exists and obtain a priori bounds on ¢,. Note that if ¢, is a solution to (1.3.12),
then k+ ¢, is also a solution for any k& € R. Thus, it is more natural to obtain a priori bounds
on V¢, than on ¢, itself, and then normalize the solution so that ¢,(0) = 0 to ensure that ¢,
is bounded.

It is important to observe that the Hamiltonians H,(z, p) obey the Lipschitz bound (1.3.2),
with a Lipschitz constant C, that does not depend on o € [0, 1], and estimate (1.3.4) also
holds for H, with the same Cy5 > 0 for all o € [0,1]. The key bound to prove will be to
show that there exists a constant K > 0 that depends only on the Lipschitz constant of H
in (1.3.2) and the two constants in the linear growth estimate (1.3.4) such that any solution
to (1.3.12) satisfies

IVéollzee () < K. (1.3.17)

We stress that this bound will be obtained not just for one Hamiltonian but for all Hamilto-
nians with the same Lipschitz constant C, in (1.3.2) that also satisfy (1.3.4) with the same
constants C 2 > 0. The estimate (1.3.17) will turn out to be sufficient to apply the argument
we have outlined above.

An a priori L'-bound on the gradient

Before establishing the L*°-bound (1.3.17), let us first prove that there exists a constant C' > 0
that only depends on C7, in (1.3.2) and C 5 in (1.3.4) such that any solution ¢, (x) of (1.3.12)
satisfies

H,(x,V¢,)dx < C. (1.3.18)

Tn

Because of the lower bound in (1.3.4), this is equivalent to an a priori L'-bound on |V¢,|:
Voo (2)|dz < C, (1.3.19)
Tn

with a possibly different C' > 0 that still depends only on C7, and C} 5. Note that here already
the coercivity (growth at infinity) of the Hamiltonian plays an important role in the bound
on the gradient. To prove (1.3.18), we recall the following result.

Proposition 1.3.5 Let b(x) be a smooth vector field over T™. The linear equation

—Ae+ V- (eb) =0, x e T", (1.3.20)
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has a unique solution ei(x) normalized so that
leillze =1, (1.3.21)

and such that ef > 0 on T™. Moreover, for all a € (0,1), the function €} is a-Hélder contin-
uous, with the a-Hdolder norm bounded by a universal constant depending only on ||b|| oo (rn).

Exercise 1.3.6 Prove this proposition. As a first step, consider the Laplace equation
—Au=V-g(z), zeT" (1.3.22)

with a smooth function g(z). Show that there exists a constant C' > 0 that does not depend
on the function g(x) such that [u]ce(ny < C||g||Le(mm). Here, we use the notation [u]ce(rn
for the a-Hélder constant of the function u(z).

Let us first see why Proposition 1.3.5 implies (1.3.18). An immediate consequence of the
normalization (1.3.21) and the claim about the Holder norm of e, together with the positivity
of e is that

/ ej(z)dr > Ky > 0, (1.3.23)

with a constant K7 > 0 that depends only on ||b||z~. Now, given a solution ¢, (x) of (1.3.12),
set

:/01 Op, Ho (2, 7V ¢g (x))dr, (1.3.24)
so that .
b(z) - Voo (x Zb] ‘%" (2. V) — H,(x,0), (1.3.25)
and (1.3.12) can be re-stated as
= by~ bla) - Vo = Ho(,0) = | Hy(z,V6,)dz (1.3.26)

Note that while b(z) does depend on V¢,, the L>-norm of b(x) depends only on the Lipschitz
constant C7, of the function H,(x,p) in the p-variable. Let now e} be the solution to (1.3.20)
given by Proposition 1.3.5, with the above b(x). Multiplying (1.3.26) by e} and integrating
over T" yields

Oz/n et (x)H, (z,0)dz — (/ e’{(a:)da:)( 3 Hg(z,Vqﬁa)dz), (1.3.27)

hence

. Hy(z,V,)dx = </ ei(x)dx) - /n ej(z)H,(x,0)dz, (1.3.28)

and (1.3.19) follows from (1.3.23) and (1.3.4). As the constant K; in (1.3.23) depends only
on the L>®-norm of b(x) that, in turn, depends only on C}, the constant C' in the right side
of (1.3.18), indeed, depends only on Cf, and C 5.

n
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An a priori L*° bound on the gradient

So far, we have obtained an a priori L'-bound (1.3.19) for the gradient of any solution ¢,
to (1.3.12). Now, we improve this estimate to an L* bound.

Proposition 1.3.7 There is a constant C > 0 that depends only on the constants Cr, and C 2,
such that any solution ¢, to

— Apy = Hy(2,V,) — . H,(2,Vy)dz, (1.3.29)

satisfies
IV ¢ol Lo (mny < C. (1.3.30)

As a consequence, if ¢, is normalized such that ¢,(0) = 0, then we also have ||¢g||Loo(rny < C.

Proof. Let ¢, be a solution to (1.3.29) such that ¢,(0) = 0. The only estimate we have
so far is the L'-bound (1.3.19) for V¢, — the idea is to estimate the L®-norm ||V @,|| ()
solely from the L!'-norm of V¢, and the equation.

Let I'(z) be a nonnegative smooth function equal to 1 in the cube [—2,2]" and to zero
outside of the cube (—3,3)", and set ¢(x) = I'(z)¢,(x). The function (x) satisfies an
equation of the form

— AY = —9VT -V, — AT + F(z), z€R", (1.3.31)
with
Fz) = T() | H, (z, Voo () — /T H (2, V6, ())dz]. (1.3.32)

The only a priori information we have about F'(z) and the term VI'-V ¢, (x) so far is that they
are supported inside [—3, 3]" and are uniformly bounded in L'(R™) via (1.3.18) and (1.3.19).
Here, we again use the assumption (1.3.4) that the Hamiltonian H (z, p) is uniformly positive.
It helps to combine these two terms:

G(x) = F(z) — 2VI'(z) - Vo, (), (1.3.33)
with G(x) supported inside [—3, 3]", and

|G(x)|dz < C,| (1.3.34)
Rn

with a constant C' > 0 that depends only on C, and (' o, due to (1.3.18) and (1.3.19). We
also know that
|G(2)] < C(L+ |V, ()], (1.3.35)

because of (1.3.4).
Next, we use the fundamental solution F(z) to the Laplace equation in R™ to write

vle) = [ B~ 9)[6) - 6. AT (). (1:3:36)

Differentiating (1.3.36) in z gives

Vols) = | VE@-)[Gl) - 6()ATw]dy. (1.3.37)
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Exercise 1.3.8 Note that the function E(x — y) has a singularity at y = x. Show that
nevertheless one can differentiate in (1.3.36) under the integral sign to obtain (1.3.37).

The function VE(z —y) has an integrable singularity at y = z, of the order |z —y|™"™!, and is
bounded everywhere else. Thus, for all € > 0 we have, with the help of (1.3.34) and (1.3.35):

C(y)VE( — y>dy\g

/u _GW)VEG- y)dy]+

d -n
<C+Varlim) [ —Trcemn [ (Gl
|lx—y|<e |'T - y| |lx—y|>e

< Ce(1+ ||V || ) + C. (1.3.38)

[ cvEE =

Rn

The integral in (1.3.37) also contains a factor of ¢,, whereas our bounds so far deal
with V¢,. However, we have assumed without loss of generality that ¢,(0) = 0, hence for
any 0 > 0 we may write

1 5 1
00) = [ 5 Venlswds = [ y-Voolsulds+ [y Voslsy)ds
0 0 5
so that both, as |y| < 1, we have

9o (Y)] < IV | 1o, (1.3.39)

and

1
160 ()|dy < CO Vsl + / / Y1V s (sy)|dyds
T Tn

! ds L ds
< Co1enllm+C [ [ IVenldy i < OBIValen +C [
< CH||Voll= + CO™™. (1.3.40)

We used above the a priori bound (1.3.19) on ||V¢||11(mny. Combining (1.3.39) and (1.3.40),
we obtain, as in (1.3.38):

[0 ATVEE )< [l wIATWIE -yl

r—y|<e

v AT WIVEG iy < Celglim + €2 [ oty
< Ce||[Vo || pe + Ce' 0| Vo || 1o + Ce' 6™ (1.3.41)
Together, (1.3.38) and (1.3.41) tell us that
V|l < Ce(1+||Vy|lpe)+Ce' ™" +Ce||Vy || poe +Ce' 5|V by || e +Ce' 67", (1.3.42)
Next, observe that, because I' = 1 in [—2,2]" and ¢, is 1-periodic, we have
Voo = IVIT¢o) | (—11m) < IV(E@0)[[ o0 (1=3,8%) = V2] oo (1.3.43)
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Thus, if we take 0 = " in (1.3.42), we would obtain
Vool < Cel| Vol + C, (1.3.44)

with a universal constant C' > 0 and C. that does depend on €. Now, the proof of (1.3.30) is
concluded by taking € > 0 small enough. [
Going back to equation (1.3.11) for ¢:

—ANp=H(z,V¢)— | H(z,V¢)dz, (1.3.45)

TTL

the reader should do the following exercise.

Exercise 1.3.9 Use the L>*-bound on V¢ in Proposition 1.3.7 to deduce from (1.3.45) that,
under the assumption that H(x,p) is smooth (infinitely differentiable) in both variables x
and p, the function ¢(z) is, actually, infinitely differentiable, with all its derivatives of order n
bounded by a priori constants C,, that do not depend on ¢.

The linearized problem

We need one more ingredient to finish the proof of the existence part of Theorem 1.3.1: to
set-up an application of the implicit function theorem. Let ¢, be a solution to (1.3.12) and
let us consider the linearized problem, with an unknown h:

— Ah — 0, Hy(2,V5)0p 0+ | 0y, Hy(y, Vo )0, h(y)dy = f 2 € T". (1.3.46)
T
We assume that f € C1*(T") for some « € (0,1), and f has zero mean over T™:

f(x)dz = 0,
’]T’n

and require that the solution h to (1.3.46) also has zero mean:

/ h(z)dz = 0. (1.3.47)

Proposition 1.3.10 Given f € CY*(T") with zero mean, equation (1.3.46) has a unique
solution h € C3*(T™) with zero mean. The mapping f + h is continuous from the set of C1
functions with zero mean to the set of C**(T™) functions with zero mean.

Proof. The Laplacian is a one-to-one map between the set of C™"2¢ functions with zero
mean and the set of C™(T") functions with zero mean, for any m € N. Thus, we may talk
about its inverse that we denote by (—A)~!. Equation (1.3.46) is thus equivalent to

(I+ K)h=(=A)"'f, (1.3.48)

with the operator

Kh=(-A)"! (—8ijg(x, V¢s)0z,h + 0p, H(y, V(b,,)@x].h(y)dy) . (1.3.49)
’H"n
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Exercise 1.3.11 Show that K is a compact operator on the set of functions in C**(T") with
Zero mean.

The problem has been now reduced to showing that the only solution of
(I+K)h=0 (1.3.50)

with h € C3*(T") with zero mean is h = 0. Note that (1.3.50) simply says that A is a solution
of (1.3.46) with f = 0. Let e > 0 be given by Proposition 1.3.5, with

bj(x) = =0y, Hy(7,V,). (1.3.51)
That is, e} is the positive solution of the equation
— Ae] + V- (e7b) =0, (1.3.52)

normalized so that ||ef]| ze(r») = 1. The uniform Lipschitz bound on H,(z,p) in the p-variable
implies that b(z) is in L*>°(T™), and thus Proposition 1.3.5 can be applied. Multiplying (1.3.46)
with f = 0 by e} and integrating gives, as e} > 0:

/ apj Hﬂ(ya v¢a)azj h(y)dy =0.
Tn

But then, the equation for A becomes simply
—Ah +b;(2)0,;h =0, zeT",

which entails that h is constant, by the Krein-Rutman theorem. Because h has zero mean,
we get h =0. O

Exercise 1.3.12 Let Hy(z,p) satisfy the assumptions of Theorem 1.3.4, and assume that
equation (1.3.11), with H = H,:

- A¢0 = H()(ZL‘, ngo) - H()(Z, ngo)dz, (1353)

’I[‘n

has a solution ¢y € C(T"). Consider Hy(z,p) € C®(T x R™). Prove, with the aid of
Propositions 1.3.7 and 1.3.10, and the implicit function theorem that there exist Ry > 0
and gy > 0 such that if

|H(z,p)| < ey, foraxzeT"and [p| < Ry, (1.3.54)

then equation (1.3.11) with H = Hy + H;:

—A¢p=H(z,Vop) — H(z,V¢)dz, (1.3.55)

Tn

has a solution ¢.
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Existence of the solution

We finally prove the existence part of Theorem 1.3.1. Consider H(z, p) satisfying the assump-
tions of the theorem. As before, we set

H(J(map) =V 1+ ’p|2 - 17

Ha(xap) = (]' - 0)H0($7p) + O'H(l',p)’
so that Hy(z,p) = H(z,p), and consider existence of a solution to (1.3.12):

and

— Apy = Hy(z,V,) — H,(z,Vy)dz, (1.3.56)

’]1‘77,
Consider the set

Y. ={o€][0,1]: equation (1.3.56) has a solution}.

Our goal is to show that ¥ = [0,1]. We know that ¥ is non empty, because 0 € 3: in-
deed, ¢o(z) = 0 is a solution to (1.3.56) at ¢ = 0. Thus, if we show that ¥ is both open and
closed in [0, 1], this will imply that > = [0, 1], and, in particular, establish the existence of a
solution to (1.3.56) for Hy(x,p) = H(x,p).

Now that we know that the linearized problem is invertible, the openness of ¥ is a direct
consequence of the inverse function theorem, as explained in Exercise 1.3.12. Closedness of X
is not too difficult to see either: consider a sequence o,, € [0, 1] converging to & € [0, 1], and
let ¢, be a solution to (1.3.56) with H(z,p) = H,,(z,p), normalized so that

¢n(0) = 0. (1.3.57)
Proposition 1.3.7 implies that
IVl oo (rmy < C
and thus

However, this means that ¢, solve an equation of the form

— A, = Fy(z), €T, (1.3.58)
with a uniformly bounded function
F.(x) = H,, (z,Vy) —/ H,, (2,V,(2))dz. (1.3.59)
It follows that that ¢, is bounded in C1*(T"), for all a € [0, 1):
[éullcnaen < C. (1.3.60)

But this implies, in turn, that the functions F,(z) in (1.3.59) are also uniformly bounded
in C*(T™), hence ¢,, are uniformly bounded in C%*(T"):

| @nl|c2a(rny < C. (1.3.61)

Now, the Arzela-Ascoli theorem implies that a subsequence ¢,, will converge in C*(T") to a
function ¢, which is a solution to (1.3.19) with H = H,. Thus, g € X, and ¥ is closed. This
finishes the proof of the existence part of the theorem.
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1.3.2 Long time convergence and uniqueness of the wave solutions

We will now prove simultaneously the claim of the uniqueness of the speed ¢ and of the
profile ¢(z) in Theorem 1.3.1, and the long time convergence for the solutions to the Cauchy
problem stated in Theorem 1.3.4.

Let u(t, x) be the solution to (1.3.1)

ur = Au+ H(z,Vu), t>0, ze€T", (1.3.62)
with u(0,x) = ug(x) € C(T™). We also take a speed ¢ € R and a solution ¢(z) to
Ap+ H(z, Vo) = c, (1.3.63)

without assuming that either c or ¢ is unique.
We wish to prove that there exists & € R so that u(t,z) — ct is attracted exponentially
fast in time to ¢(z) + k:
lu(t,z) —ct — k — ¢(z)| < Coe ", (1.3.64)

with some Cy > 0 and w > 0, such that Cy depends on the initial condition uy but w does
not. The idea is to squeeze the solution between two different wave solutions, and show that
the difference between the squeezers tends to zero as t — 4o00.

As a simple remark, we may assume that ¢ = 0, just by setting

H(z,p) = H(z,p) = ¢,
and dropping the tilde, and this is what we will do. In other words, ¢(z) is the solution to
Ap+ H(z,V¢)=0. (1.3.65)
Let ¢ be any solution to (1.3.65), and set
ky =sup{k: u(0,z) > ¢(z)+ k for all x € T"},

and

ki =inf{k: u(0,2) < ¢(x)+k for all z € T".}

Because ¢(z) + ki solve (1.3.65) with ¢ = 0, and wu(t,z) solves (1.3.62), we have, by the
maximum principle:

d(x) +ky <u(t,r) < o(x)+ kg, forallt >0 and z € T (1.3.66)
Now, for all ¢ € N, let us set

k; =suplk: u(t=q,z) > ¢(x)+kforallz € T} = inf [u(t = q,z) — o(z)], (1.3.67)

zeTn

and

ki =inf{k: wu(t=gqz) < ¢(x)+kforallzeT"}=suplu(t=quz)—¢(). (1.3.68)

zeTn
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The strong maximum principle implies that the sequence k is increasing, whereas k" is
decreasing, and that, as in (1.3.66), we have

o(x) + k; <wu(t,z) < ¢(x)+ k), forallt > g and z € T". (1.3.69)
Hence, the theorem will be proved if we manage to show that
0< k‘; —k, < Caf, forallqg>0, (1.3.70)

with some C' € R that may depend on the initial condition uy and a € (0,1) that does not
depend on ug. In order to prove (1.3.70), it suffices to show that

kb =k < (L=ro)(kf — k), (1.3.71)

with some 79 € (0,1). This is a quantification of the strong maximum principle: by the
time ¢t = ¢+ 1 u(z) has to detach "by a fixed amount” from the respective lower and upper
bounds ¢(x) +kF that hold at ¢ = ¢. Such estimates typically rely on the Harnack inequality,
and this is what we will use.

To bring the Harnack inequality in, note that the function

is nonnegative for ¢t > ¢, and solves an equation of the form
Ow — Aw + b;(t, )0, w = 0, t>q, xe€T", (1.3.72)

with a bounded drift b(t, z) given by
1
b(t,x) = / V,H(z,(1—35)Vo(x)+ sVu(t,z))ds, (1.3.73)
0

so that
b(t,x) - [Vu(t,z) — Vo(x)] = H(x, Vu(t,x)) — H(x, Vo(x)),

and
bj(t,x)] < Cp, forallt>gqandxeT" (1.3.74)

The Harnack inequality and (1.3.74) imply that there exists 1o > 0 that depends only on C7,
such that

inf w(q+1,2) > ry sup w(q, x). (1.3.75)
e z€Tn

Exercise 1.3.13 Explain on the intuitive level why the constant in the Harnack inequality
should depend only on the L*>-norm of the vector field b(x).

Using (1.3.67) and (1.3.68), together with (1.3.75), we may write

ro sup w(q, z) = ro sup [u(q, x) — ¢(x) — k| = ro[ky —k;] < inf w(g+1,z)
zeTn zeTn zeT™ (1376)

= inf [u(g+ 1,2) — ¢(x) — k] = kg — Ky,

zeT”
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so that
ko > kg +rolk) — k. (1.3.77)

As kT

a1 <k, it follows that

kipr — kg <k =k, —ro(k] — k) < (1 —ro)(k;] — k), (1.3.78)

which is (1.3.71). This implies the geometric decay as in (1.3.70), hence the theorem, because
of (1.3.69) and (1.3.70). Note that the constant

a=1-—rg

comes from the Harnack inequality and does not depend on the initial condition uy but only
on the Lipschitz constant Cp, of H(z,p). O

Exercise 1.3.14 (i) Why does the uniqueness of ¢ and of the profile ¢(x) follow?
(ii) How is the constant w in Theorem 1.3.4 related to the constant a in the above proof?

Exercise 1.3.15 Consider a modified equation, not quite of the Hamilton-Jacobi form:

u — Au = R(z,u)\/1+ |Vul?, (1.3.79)

where R(z,u) is a smooth, positive function, that is 1-periodic in z and 1-periodic in u. You
may either assume that the Cauchy problem for (1.3.79) with u(0,z) = ug(x) is well posed
for ug € C(T™) or prove that.

(i) Prove the existence of a unique 7" > 0 such that equation (1.3.79) has solutions of the form

u(t,z) = % + o(t, x), (1.3.80)

where ¢ is T-periodic in ¢t and 1-periodic in x. We will call such a solution a pulsating wave
solution. Why is it not reasonable to expect that under the above assumptions (1.3.79) has
a wave solution of the form u(t,x) = ¢t + ¢ (z) with a 1-periodic function ¢ (x)?

(i) Show that every solution of the Cauchy problem which is initially 1-periodic in 2 converges,
exponentially fast in time, to a wave solution of the form (1.3.80). If in doubt, [lease con-
sult [111]. Note that the topological degree argument used in that reference can be replaced
by a more elementary implicit function theorem argument we have used in the existence proof
here.

1.4 A glimpse of the classical solutions to the Hamilton-
Jacobi equations

1.4.1 Smooth solutions and their limitations

We now turn our attention to first order inviscid Hamilton-Jacobi equations of the form
us + H(z, Vu) = 0. (1.4.1)
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The standard philosophy of the construction of a solution to a first order equation is to find
its values on special curves, known as characteristics, that will, hopefully, fill the whole space.
This is the strategy that is also classically used to solve (1.4.1). Consider a time ¢ > 0 and a
point € R™. In order to assign a value to u(t,z) we consider a curve 7(s), with s € [0, ],
such that v(t) = z, and set

p(s) = Vu(s,(s)).
Here, u(t,x) is the sought for solution to (1.4.1). Assuming that everything is smooth we
have, using the dot to denote the differentiation in s:

) = O, () + T LD (g

_ 0H(y(s),p(s))  OH((s),p(s)) 0*u(s,y(s)) = 0%u(s,7(s)) .
T oxy, B O, OxLO0T + OxLOT Frm(s).

(1.4.2)

We see that it is convenient to choose «y(s) that satisfies the following system of ODEs:
Y(s) = VpH(7(s), p(s))
p(s) = =V H(1(s), p(s)),

for 0 < s < t. This dynamical system is to be complemented by the boundary conditions
at s=0and s =t:

(1.4.3)

p(0) = Vuo(1(0)), (1) = . (14.4)

The system (1.4.3) has the form of a Hamiltonian system with the Hamiltonian H(z,p), and
the curves (y(s),p(s)) are called the characteristic curves. In order to solve (1.1.1), we need
to find a solution to (1.4.3)-(1.4.4), and it would be excellent to prove that such solution is
unique. The trouble is that there is no good reason, in general, for existence and uniqueness
of a solution to this boundary value problem.

Exercise 1.4.1 Consider zyp € R™ and ¢t > 0 and assume that u(¢,z) is smooth in a ball
around xzy. Prove, for instance, with the help of the implicit function theorem, that the
boundary value problem (1.4.3)-(1.4.4) has a unique solution (y(s),p(s)) as soon as t is small
enough and z is in the vicinity of xy, and that this solution is smooth in ¢ and .

Once 7(s) and p(s) are constructed, we may assign a value to u(t,z) as follows. The
function

p(s) = uls,7(s))
satisfies ' ) .
G(s) = (s, 7(s)) +9(s)Vuls, v(s)) = uels,v(s)) +4(s) - p(s)
= —H(7(s),p(s)) +¥(s) - p(s).
Integrating (1.4.5) from s = 0 to s = ¢ gives an expression for u(t, x) in terms of the curves v(s)
and p(s), 0 < s <t

(1.4.5)

u(t, x) = uo(7(0)) +/0 (= H(y(s),p(s)) +¥(s) - p(s))ds. (1.4.6)
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Exercise 1.4.2 Check that (1.4.6) indeed gives a solution to (1.4.1) such that u(0, z) = ug(z).

To see that this strategy can not always lead to smooth solutions for all times, consider what
may be the simplest nonlinear equation in one space dimension

2
Uy

u + 5 = O0fort>0and z € R, u(0,z)=uy(zx). (1.4.7)

In that case, the system (1.4.3) becomes

Y(s) = p(s) (1.48)
pls) = 0.
This system is supplemented by the boundary conditions (1.4.4)
p(0) = Vug(7(0)),  ~(t) = . (1.4.9)

The solution to the boundary value problem (1.4.8)-(1.4.9) amounts to finding v(0) solving
the equation
x = ~v(0) + tugy(v(0)), (1.4.10)

for a given t > 0 and x € R. The issue is that this equation may, or may not have a unique
solution y(0). If uj > 0, the the right side of (1.4.10) is increasing in «(0). Thus, the solution
is unique and we are on the safe side. However, if ug(z¢) < 0 at some point xq, the right side
of this equation is not increasing in v(0) as soon as

1

t>t= ——0,
sup(—ug)

and uniqueness of the solution fails for t > t..
Thus, we need a more elaborate theory to construct solutions to (1.4.1) in general. Nev-
ertheless, the characteristic curves will turn out to be extremely important, and in the rest
of this section, we wish to show the reader one interesting situation where smooth solutions
can be constructed.
Before we end this short section, let us mention, in the form of an exercise (this will be
revisited in the context of viscosity solutions), a very strong form of uniqueness.

Exercise 1.4.3 (Finite speed of propagation). Let H(x, p) be smooth and uniformly Lipschitz
with respect to its second variable. Let uy and vy be two smooth, compactly supported
initial conditions, and assume that each generates a smooth solution to the Cauchy problem
for (1.4.1), on a common time interval [0, T]. Compute, in terms of V,H, a constant K such
that, if

dist (x, supp(up — vg))) > Kt,

then u(t,z) = v(t,z). Hint: it may be helpful to solve, first, the following question: let b(¢, z)
be smooth and uniformly Lipschitz in its second variable. Let uy, be a smooth compactly
supported function, and u(¢, ) the solution to

u +0(t,x) - Vu=0, t>0xeR"

u(0,z) = up(x). (1.4.11)
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Show that if
dist(z, supp(ug)) > t|b[|o,

then u(t, ) = 0. Note that, since (1.4.11) is a linear equation, it can be solved by the method
of characteristics.

1.4.2 An example of classical global solutions

We now discuss a situation when classical smooth solutions do exist. Consider solutions to
the equation

1
up + é\wﬁ — R(z) =0, (1.4.12)
with an initial condition u(0,z) = ug(z). The Hamiltonian
2
H(z,p) = % — R(z), (1.4.13)

comes from the classical mechanics: the first term above corresponds to the kinetic energy,
and the second is the potential energy.

We assume that both ug(x) and R(x) are strictly convex smooth functions on R". That
is, there is a € (0, 1) so that, for all x € R" and all £ € R" we have:

al€? < (D*ug(a)é - €) < a7, al¢? < (D*R(2)6-€) < a2 (1.4.14)

Exercise 1.4.4 First, consider the case R = 0. Argue informally, just by looking at the
equation and using pictures that if ug(z) is strictly convex but its Hessian is uniformly bounded
then the graph of u(¢,z) should not form a corner, and if ug(z) is strictly concave but its
Hessian is uniformly bounded then it is plausible that the graph of u(¢, x) will form a corner.
It may be helpful to start by looking at u(0,z) = |x|?> and u(0,z) = —|z|*.

We now use the approach via the characteristic curves to show that a smooth solution exists

for all ¢ > 0 under the above assumptions. For the Hamiltonian (1.4.13), the characteristic
system (1.4.3)-(1.4.4) reduces to

Y(s) =p(s), b(s) = VR(1(s)),
which can be written as a second order equation
— 5%+ VR(v) =0, (1.4.15)

with the boundary conditions

3(0) = Vuo(4(0)) = 0, (1) = . (1.4.16)

To establish uniqueness and smoothness of the solution w(t,x) to (1.4.12) with the initial
condition u(0,z) = up(x), we need to prove that (1.4.15)-(1.4.16) has a unique solution (s)
that depends smoothly on ¢ and z. Then, u(¢, x) will be given by (1.4.6), which, in the present
case takes the form

u(t, z) = uo(7(0)) +/0 (= H(v(s),p(s)) +(s) - p(s))ds
: (1.4.17)

= utr)+ [ (T4 Ry o)) as.
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Existence of the characteristic curves

To construct a solution to (1.4.15)-(1.4.16), we observe that this system is the Euler-Lagrange
equation for the energy functional

[y (s)I”

Ji2(7) = uo((0)) + /Ot (T + R(fy(s))>ds, (1.4.18)

over H'([0,t]), with the constraint v(¢) = x. To see this, let us consider a minimizer (s)
of the functional J;, over all such 7. Consider a small perturbation vy(s) + d¢(s) with a
smooth 1 (s) such that ¢ (t) = 0. Then, we have

Q) = ulr(s) + 66(5)) = wo(0) + 0(0)) + [ (LI ) 45 s,
’ (1.4.19)
As v(s) is a minimizer for J; ,(7), we have @'(0) = 0. We compute
Q'(0) = Vug(7(s)) - 1(0) +/ (3(s) - ¥(s) + VR(v(s))1b(s)) ds
0 (1.4.20)

= Vug(v(0)) - ¥(0) +3(1)v (1) — 7(0)¥(0) + /0 [—3(s) + VR(y(s))]¥(s)ds.

As 9(t) = 0 and ®(s) is arbitrary, we deduce from the integral term in (1.4.20) that (s)
must satisfy

—4(s) + VR(v(s)) =0, (1.4.21)

which is (1.4.15). In addition, we see from the boundary term at s = 0 in (1.4.20) that ~(s)
satisfies the boundary condition

7(0) = Vue(+(0)), (1.4.22)

which is (1.4.16).

The reader will surely have noticed the striking similarity between the function J;,(7)
and the form of the solution in (1.4.17). The difference is, of course, that the curve 7(s)
in (1.4.17) is the solution to (1.4.15)-(1.4.16) while in (1.4.18) the curve (s) is any element
of H'([0,¢]) such that v(t) = x. This observation is strongly connected to the optimal control
formulation for the Hamilton-Jacobi equation that we have discussed earlier and that we will
revisit soon again.

Exercise 1.4.5 Verify that claim: show that if the minimizer of .J; ,(y) over the set
S={ye H0,1: 1(t) = 1}

exists and is smooth then it satisfies both (1.4.15) and the boundary condition at s = 0

in (1.4.16). Next, define what it means for v € H'[0, ] (without assuming ~ is smooth) to be

a weak solution to (1.4.15)-(1.4.16) and show that a minimizer of J;, over S (if it exists) is
a weak solution.
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As both up(x) and R(z) are strictly convex, they are bounded from below, and it is easy to
see that the functional J; , is bounded from below over S. Let us define

Jt@ = i[elg Jt,x(f)/)a (1423)

and let 7, € S be a minimizing sequence, so that J; (7, ) decreases to jtx Once again, as ug
and R are bounded from below, there exists C' > 0 so that

t
/ . () Pds < C.
0

for all n. As, in addition, v,(t) = « for all n, there is a subsequence, that we will still denote
by 7 that converges uniformly over [0,¢], and weakly in H*([0,]) to a limit 5, € S.
To prove that J; ,(9:.) = Ji, we simply observe that by the weak convergence we have

15,13 < i inf 112,
which, combined with the uniform convergence of ~, to 4, on [0,¢] implies that
— < . — ¥
Jt,x(fyt,x) = n1—1>1:1i-100 Jt,x(’Yn) Jt,$7

and thus B
Jt,:):(’_yt,x) = Jt,x-

Thus, ¥, is a minimizer in (1.4.23).

Uniqueness of the characteristic curve

To prove the uniqueness of the minimizer, we will use the convexity of ug(x) and R(x) and
not just their boundedness from below. Let 7, and 2 be two solutions to (1.4.15)-(1.4.16).
The difference

Y=7%—".
satisfies
— e+ Ai(s)7;, =0, 1<k<n, (1.4.24)
with the boundary conditions
Y:(0) = Bgiv;(0) =0, k() =0, 1<k <n. (1.4.25)

The matrices A and B are given by

[T O*R(i(s) + o(72(8) — 1(9)))
Ap;j(s) —/0 Ox10x; !

a,

and

_ [ Puo(11(0) + 0(72(0) — 1(0)))
Bkj —/0 aZL‘kaCL’J do.
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Let us take the inner product of (1.4.24) with 7, and integrate in time. This gives

/0 (7 (s)* + (A(s)7(s) - 7(s))) ds + (BF(0) - 7(0)) = 0. (1.4.26)

Using assumptions (1.4.14) on the convexity of the functions R(x) and ug(z), we deduce that
the matrices A(s) an B are strictly positive definite. Thus, (1.4.26) implies that 7(s) = 0, so
that the minimizer is unique. Hence, u(t, x) is well-defined by (1.4.17):

uttsr) = wr )+ [ (= P4 R0 +566) o))
0 ()2 (1.4.27)
—ur(0) + [ (5 + Rl (s))as
This may be rephrased as
u(t,x) = 7(11‘/1)1; (uo(v(())) + /Ot (w + R(v(s)))ds). (1.4.28)

This formula, known as the Lax-Oleinik formula, is the starting point of the Lagrangian theory
of Hamilton-Jacobi equations, and has immense implications. We will spend some time with
this aspect of Hamilton-Jacobi equations later in this chapter. We will see that we can take
it as a good definition of a solution to the Cauchy problem, at least when the Hamiltonian is
strictly convex in p.

Smoothness of the solution

Let us quickly examine the smoothness of u(t, z) in = in the set-up of the present section. We
see from (1.4.27) that it is equivalent to the smoothness of the minimizer v in . If h € R
and ¢ € {1,...,n}, consider the partial difference

i _ Veathe: (8) = Vea(s)
(3) = Jeeste)

It solves a system similar to (1.4.24), except for the boundary condition at s = ¢ that is
now i (t) = e;. The exact same integration by parts argument yields the uniform boundedness
of |7} ]|z, hence the uniform boundedness of ;. Sending h to 0 and repeating the analysis
shows that ~; converges to the unique solution of an equation of the type (1.4.24), with

A(s) = D*R(1a(s)), B = D*ug(7.0(0)).

This argument may be repeated over and over again, to yield the C'°° smoothness of v,
in t and z, as long as uy and R(x) are infinitely differentiable. Finally, using (1.4.6) we can
conclude that

u(t,z) = jt,x,

is infinitely differentiable as well.
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Exercise 1.4.6 Show that u is convex in z, for all £ > 0, in two ways. First, fix £ € R”
and get a differential equation for Q(t,z) = (D*u(t,z)¢ - €). Use a maximum principle type
argument to conclude that Q(¢,x) > 0 for all £ > 0 and x € R™. An alternative and more
elegant way is to proceed as follows.

(i) Assume the existence of k > 0 such that, for all (z,y) € R" x R™ and o € [0, 1], we
have:

ut,or + (1 —0)y) < oult,x) + (1 — o)ul(t,y) — ko(l —o)|z — y|*. (1.4.29)
Show that then the function wu(t, ) is strictly convex.

(ii) Show that there exists A > 0 such that if v, , and 7;, are, respectively, the minimizing
curves for u(t,z) and u(t,y), then

u(t,or + (1 —0)y) <oult,z) + (1 — o)u(t,y)

(1.4.30)
(1) (mm(m (O + e — %,yuipqo,ﬂ))-

Hint: use the test curve 7, = 0y, + (1 — o)y, in the Lax-Oleinik formula (1.4.28)
for u(t,ox + (1 — 0)y), together with the convexity of the functions ug(z) and R(z).

(iii) Finish the proof of (1.4.29), by noticing that
2 2 ' d 2
00) = O)F =l =9 = [ (o) = (0) P

The qualitative behavior of u(¢,z) can be investigated further, implying the large time sta-
bilization of the whole solution. We will come back to this class of questions later, when we
study the large time behavior of viscosity solutions on the torus. For the time being, we leave
the classical theory.

1.5 Viscosity solutions

We have just seen that, in order to find reasonable solutions to an inviscid Hamilton-Jacobi
equation
u + H(x, Vu) =0, (1.5.1)

we should relax the constraint that "« is continuously differentiable”. The first idea would be
to replace it by " is Lipschitz”, and require (1.5.1) to hold almost everywhere. Alas, there
are, in general, several such solutions to the Cauchy problem for (1.5.1) with a Lipschitz
(or even smooth) initial condition. This parallels the fact that the weak solutions to the
conservation laws are not unique — for uniqueness, one must require that the weak solution
satisfies the entropy condition. See, for instance, [93] for a discussion of these issues. A simple
illustration of this phenomenon is to consider the Hamilton-Jacobi equation

1
up + §u§ =0, (1.5.2)

27



in one dimension, with the Lipschitz continuous initial condition
up(z) =0 for < 0 and ug(x) = z for x > 0. (1.5.3)

It is easy to check that one Lipschitz solution to (1.5.2) that satisfies this equation almost
everywhere and obeys the initial condition (1.5.3) is

uV(t,x) =0 for z < t/2 and uM(t,2) = 2 — t/2 for z > t/2.

However, another solution to (1.5.4)-(1.5.3) is given by

2

t
u?(t,x) =0 for z < 0, u®(t,2) = ;—t for 0 <z <tandu(t,z)=x— 5 for z > t.

Exercise 1.5.1 Consider the solution v (¢, z) to a viscous version of (1.5.4):

1
uy + §(ua)2 = eus,, (1.5.4)

also with the initial condition u®(0,z) = ug(z), as in (1.5.3). Use the Hopf-Cole transform

us(t/e, )

) t’ = < N ’ )7

v (t, z) = exp 5
to show that v° satisfies the standard heat equation

.
Ut - U:cx‘

Find v°(t, z) explicitly and use this to show that
uf(t,z) = uP(t,z) as e — 0.

A natural question is, therefore, to know if an additional condition, less stringent than
the C'-regularity, but stronger than the mere Lipschitz regularity, enables us to select a unique
solution to the Cauchy problem — as the notion of the entropy solutions does for the conser-
vation laws. Exercise 1.5.1 suggests that regularizing the inviscid Hamilton-Jacobi equation
with a small diffusion can provide one such approach, but for more general Hamilton-Jacobi
equations than (1.5.4), for which the Hopf-Cole transform is not available, this procedure
would be much less explicit.

The above considerations have motivated the introduction, by Crandall and Lions [44],
at the beginning of the 1980’s, of the notion of a wviscosity solution to (1.1.1). The idea is to
select, among all the solutions of (1.1.1), “the one that has a physical meaning”, intrinsically,
without directly appealing to the small diffusion regularization, — though understanding the
connection to physics may require some additional thought. Being weaker than the notion of
a classical solution, it introduces new difficulties to the existence, regularity and uniqueness
issues, as well as into getting insight into the qualitative properties of solutions.

As a concluding remark to this introduction, we must mention that we will by no means
do justice to a very rich subject in this short section and provide just a brief glance of a still
developing subject. The reader interested to learn more may enjoy reading Barles [158], or
Lions [93] as a starting point.
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1.5.1 The definition and the basic properties of the viscosity solu-
tions

The definition of a viscosity solution

Let us begin with more general equations than (1.1.1) — we will restrict the assumptions as
the theory develops. Consider the Cauchy problem

w + F(x,u,Vu) =0, t>0, z€T" (1.5.5)

with a continuous initial condition u(0,z) = ug(z), and F € C(T" x R x R"; R).
In order to motivate the notion of a viscosity solution, one takes the point of view that
the smooth solutions to the regularized problem

u; + F(x,u®, Vu®) = eAu® (1.5.6)

are a good approximation to wu(¢,x). Existence of the solution to the Cauchy problem
for (1.5.6) for € > 0 is not really an issue since the diffusivity ¢ > 0 is positive, Hence, a
natural attempt would be to pass to the limit € | 0 in (1.5.6). It is possible to prove that
there is a unique limiting solution and that one actually ends up with a nonlinear semigroup.
In particular, one may show that, if we take this notion of solution as a definition, there
are uniqueness and contraction properties analogous to what we will see below — see [93] for
further details. Taking this limit as a definition, however, raises an important issue: there is
always the danger that the solution depends on the underlying regularization — why regularize
with the Laplacian? What if we were to regularize differently? For instance, what if we would
consider a dispersive regularization in one dimension

€ € €\ _ €
Uy + F(.CL’,U 7ur) = EUgzgs

reR, (1.5.7)

which is a generalized Korteweg-de Vries equation, and let ¢ — 0 in (1.5.7) instead?

We now describe an alternative and more intrinsic approach, instead of using (1.5.6) in
this very direct fashion of passing to the limit ¢ | 0. The idea is that the key property
that should be inherited from the diffusive regularization is the maximum principle, as it is
usually inherent in the origins of such models in the corresponding applications, be it physics,
such as motion of interfaces, or optimal control problems. There is an interesting separate
question of what happens as ¢ — 0 to the solutions coming from regularizations that do not
admit the maximum principle, such as (1.5.7). The situation is not quite trivial, especially
for non-convex fluxes F' — we refer an interested reader to [92].

Our approach will be to use the comparison principle idea to extend the notions of a sub-
solution and a super-solution to (1.5.5) and then simply say that a function u(t, z) is a solution
to (1.5.5) if it is both a sub-solution and a super-solution. To understand the upcoming
definition of a viscosity sub-solution to (1.5.5), consider first a smooth sub-solution u(t, z) to
the regularized problem (1.5.6):

ur + F(z,u, Vu) < eAu. (1.5.8)

Let us take a smooth function ¢(¢, x) such that the difference ¢ — u attains its minimum at a
point (o, ). One may simply think of the case when ¢(to, ) = u(to, xo) and ¢(t, x) > u(t, )
elsewhere. Then, at this point we have

ui(to, o) = Pi(to, x0), Vo(to, zo) = Vul(to, zo),
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and
D?¢(to, xo) > D*u(to, xo),

in the sense of the quadratic forms. It follows that

¢t(t0, Io) + F(l’o, U(to, Io), ng(to, ZE())) - €A¢(t0, .7)0) (159)
< wy(to, xo) + F(xo, ulto, xo), Vu(te, xo)) — eAu(ty, o) <0

In other words, if u is a smooth sub-solution to (1.5.6), and ¢ is a smooth function that
touches u at the point (tg,zo) from above, then ¢ is also a sub-solution to (1.5.6) at this
point.

In a similar vein, if u(¢, x) is a smooth super-solution to the regularized problem:

uy + F(z,u, Vu) > eAu, (1.5.10)

we consider a smooth function ¢(t, x) such that the difference ¢ — u attains its maximum at
a point (o, o). Again, we may assume without loss of generality that ¢(to, x¢) = u(to, xo)
and ¢(t, ) < u(t,z) elsewhere. Then, at this point we have

¢t<t0, 370) + F(QZ(), U(to, Io), V¢(t0, .’110)) - €A¢<t0, LEQ) Z 0, (1511)

by a computation similar to (1.5.9). That is, if u is a smooth super-solution to (1.5.6), and ¢
is a smooth function that touches u at (to, o) from below, then ¢ is also a super-solution
to (1.5.6) at this point.

These two observations lead to the following definition, where we simply drop the require-
ment that u is smooth, only use the regularity of the test function that touches it from above
or below, and send ¢ — 0 in (1.5.9) and (1.5.11).

Definition 1.5.2 A continuous function u(t,x) is a viscosity sub-solution to
ur + F(z,u, Vu) = 0, (1.5.12)

if, for all test functions ¢ € C'([0, +00) x T™) and all (ty, zo) € (0,400) x T such that (to, xo)
s a local minimum for ¢ — u, we have:

@i(to, xo) + F (2o, u(to, 20), VP(to, zo)) < 0. (1.5.13)

Furthermore, a continuous function u(t,x) is a viscosity super-solution to (1.5.12) if, for all
test functions ¢ € C((0,4+00) x T™) and all (ty, o) € (0, +00) x T™ such that the point (to, xo)
is a local mazximum for the difference ¢ — u, we have:

(bt(to, LIZ'()) + F(.To, 'Lb(to, Io), V(b(to, .To)) Z 0 (1514)

Finally, u(t,x) is a viscosity solution to (1.5.12) if it is both a viscosity sub-solution and a
viscosity super-solution to (1.5.12).

Definition 1.5.2 extends to steady equations of the type

F(z,u,Vu) =0 on T",
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by requiring that u(x) is a viscosity sub-solution (respectively, super-solution) to
u + F(x,u, Vu) =0,

that happens to be time-independent.

This definition was introduced by Crandall and Lions in their seminal paper [44]. The
name “viscosity solution” comes out of the diffusive regularization we have discussed above.
Definition 1.5.2 is intrinsic and bypasses the philosophical question we have mentioned above:
"Why regularize with the Laplacian?” much like the notion of an entropy solution does this
for the conservation laws. We stress, however, that it does make the assumption that the
underlying model must respect the comparison principle. Let us also note that the notion of
a viscosity solution has turned out to be also very much relevant to the second order elliptic
and parabolic equations — especially those fully nonlinear with respect to the Hessian of the
solution. There have been spectacular developments, which are out of the scope of these
notes.

The main issue we will need to face soon is whether such a seemingly weak definition has
any selective power — can it possibly ensure uniqueness of the solution? The expectation is
that it should, due to the general principle that ”the comparison principle implies uniqueness”.

First, the following exercises may help the reader gain some intuition.

Exercise 1.5.3 Show that a C' solution to
uy + F(z,u,Vu) =0, t>0, v €T, (1.5.15)
is a viscosity solution.
Exercise 1.5.4 Consider the Hamilton-Jacobi equation
u+u2 =0, z€R. (1.5.16)

(i) Which of the following two functions is a viscosity solution to (1.5.16): v(t,x) = |z| — t
or w(t,x) = —t — |z|? Hint: pay attention to the fact that at the point x = 0 a smooth
function ¢(t,x) can only touch v(¢,z) from the bottom, and w(t,z) from the top. This will
tell you something about |¢,(¢,0)| and determine the answer to this question.

(i) Consider (1.5.16) with a zigzag initial condition uy(z) = u(0, z):

B x, 0<zx<1/2,
uo(x)—{l_% 12< <1, (1.5.17)

extended periodically to R. How will the viscosity solution u(¢,x) to the Cauchy problem
look like? Where will it be smooth, and where will it be just Lipschitz? Hint: it may help to
do this in at least two ways: (1) use the definition of the viscosity solution, (2) use the notion
of the entropy solution for the Burgers’ equation for v(t, z) = u,(t, z) if you are familiar with
the basic theory of one-dimensional conservation laws.

Exercise 1.5.5 (Intermezzo: a Laplace asymptotics of integrals). Let ¢ : R® — R be a
real-valued smooth function such that there are two positive constants a and 3 such that

p(x) > alz* = B.
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For € > 0, consider the integral

]5:/ e ?@/e .
RTL

The goal of this exercise is to show that

llir(l] (—elogl.) = min o(z). (1.5.18)
Note that it suffices to assume that
Imin o(z) =0, (1.5.19)
and show that
lim ( — elogl.) = 0. (1.5.20)
e—0

Exercise 1.5.6 Let us add the term eu,, to the right side of (1.5.16), which produces a
solution wu.(t,z). Use the Hopf-Cole transformation z.(¢,z) = exp(u.(t,z)/e), solve the linear
problem for z(t, ) and then pass to the limit ¢ — 0 using Exercise 1.5.5. Study what happens
when u((x) has limits at +oo.

Basic properties of the viscosity solutions

We now describe some basic corollaries of the definition of a viscosity solution.

Exercise 1.5.7 Show that the maximum of two viscosity subsolutions to (1.5.15) is a viscos-
ity subsolution, and the minimum of two viscosity supersolutions is a viscosity supersolution.

Exercise 1.5.8 (Stability) Let Fj(x,u,p) be a sequence of functions in C(T"™ x R x R"),
which converges locally uniformly to F' € C(T™ x R x R™). Let u;(t,z) be a sequence of
viscosity solutions to (1.5.5) with F' = F}:

Owu; + Fj(x,uj, Vu;) =0, t>0, z € T (1.5.21)

and assume that u; converges locally uniformly to u € C([0, +00), T™). Show that then w is
a viscosity solution to the limiting problem

u + F(x,u,Vu) =0, t>0, z€T" (1.5.22)

Hint: if (t9,x0) is, for instance, a local minimum of the difference ¢ — u, one can turn it
into a strict minimum by changing ¢(¢,z) into ¢(z) + M((t — t0)* + |z — x0|?), without
changing ¢;(to, xo) and V¢(to, zo). In this situation, show that there is a sequence (t;, ;) of
minima of ¢ — w; converging to (to, o), and use the fact that each w; is a viscosity solution
to (1.5.21) to conclude.

The above exercise is extremely important: it shows that, somewhat similar to the weak
solutions, we do not need to check the convergence of the derivatives of u; to the derivatives
of u to know that w is a viscosity solution — this is an extremely useful property to have.
Exercise 1.5.8 asserts that one may safely “pass to the limit” in equation (1.5.5), as soon
as estimates on the moduli of continuity of the solutions are available rather than on the
derivatives.

The next proposition says that viscosity solutions that are Lispchitz continuous do satisfy
the equation in the classical sense almost everywhere.
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Proposition 1.5.9 Let u be a locally Lipschitz viscosity solution to

u + F(x,u,Vu) =0, t>0, z€T". (1.5.23)
Then it satisfies (1.5.23) almost everywhere.
This property relies on the following lemma [44].

Lemma 1.5.10 At a point of differentiability (to, xo) of u(t,x), one may construct a C* test
function ¢(t, x) such that (ty, zo) is a local mazimum (respectively, a local minimum) of ¢ —u.

Proof. For simplicity, we do not take the t-dependence into account, leaving this to the
reader, so we assume that u(z) is a function of x that is differentiable at z,. Without loss of
generality, we assume that xy = 0, u(0) = 0, and that Vu(0) = 0, so that u(z) satisfies, in
the vicinity of x = 0:

u(z) = |zle(x),  lim e(x) =0. (1.5.24)

|x|—0

Our goal is to construct a C' function ¢(z) such that ¢(z) < u(z) and ¢(0) = 0. Note
that this could be impossible for u(x) that is merely Lipschitz and not differentiable — the
simple counterexample is u(x) = —|x|. We look for a radially symmetric function ¢(z) in the
form ¢(z) = |z|¢(|x]) with a C'-function ((r) such that

(|z]) < e(x), lirr(l]C(r) =0. (1.5.25)
r—r
To this end, consider the sequence

Ep = inf e(r),
2-n—1<|r|<2- "

and produce the function ((r) < £(r) by smoothing the piecewise constant function

+o00
E €n12—"—1§r<2_”-
n=0

We can do this while ensuring that

|€n - 6n—‘,—1| + |5n - 5’r7,—1|

o , if2l<r <o (1.5.26)

C'(r)] <
As the sequence €, — 0 as n — +00, this will ensure that

) < 2,
r
with a(r) — 0 as r — 0. It follows that ¢(z) = |z|¢(|z]) is the sought C'-function. OJ
Proof of Proposition 1.5.9. The conclusion of this proposition follows essentially im-
mediately from Lemma 1.5.10 and the Rademacher theorem. The latter says that a Lipschitz
function is differentiable a.e., see for instance [57]. At any differentiability point we can con-
struct a C'-function ¢(¢, ) such that the difference ¢ — u attains its minimum at (o, o), so
that
qbt(tml’o) = Ut(tg,xo) and ng(t[),[)?o) = Vu(to, 1’0). (1527)
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The definition of a viscosity sub-solution together with (1.5.27) implies that
ui(to, xo) + H(x,u(ty, zo), Vu(te, zo)) = ¢i(to, zo) + H(x,u(to, x0), Vo(to, xo)) < 0.
Similarly, we can show that
w(to, xo) + H(x,u(ty, xo), Vu(te, x9)) > 0,

using the fact that u(¢, ) is a viscosity super-solution. This finishes the proof. [J
Warning. For the rest of this section, a solution to (1.1.1) will always be meant in the
viscosity sense.

1.5.2 Uniqueness of the viscosity solutions

Let us first give the simplest uniqueness result, that we will prove by the method of doubling
of variables. This argument appears in almost all uniqueness proofs, in more or less elaborate
forms.

Proposition 1.5.11 Assume that the Hamiltonian H(x,p) is continuous in all its variables,
and satisfies the coercivity assumption

lim H(x,p) =400, uniformly in z € T". (1.5.28)
|p|—+o0
Consider the equation
H(z,Vu)+u=0, ze&T" (1.5.29)
Let w and @ be, respectively, a viscosity sub- and a super-solution to (1.5.29), then u <1

Proof. Assume for a moment that both u and uw are C'-functions, so that we can use each of
them as a test function in the definition of the viscosity sub- and super-solutions. First, we
use the fact that @ is a super-solution to (1.5.29) and take u as a test function. Let o be a
maximum of u — %, then we deduce from the definition of a viscosity super-solution to (1.5.29)
that

H(zg, Vu(zg)) + u(xo) > 0. (1.5.30)

On the other hand, w— u attains its minimum at the same point xy, and, as u is a viscosity
sub-solution to (1.5.29), and u can serve as a test function, we have

H(zo, Vu(zo)) + u(zo) < 0. (1.5.31)

As zp is a minimum of @ — u, and u and u are differentiable, we have Vu(zg) = Vu(zy),
whence (1.5.30) and (1.5.31) imply

u(xg) < u(xg).

Once again, as u© — u attains its minimum at xy, we conclude that @(z) > u(z) for all z € T"
if both of these functions are in C'(T™). Unfortunately, we only know that u and u are
continuous, so we can not use the elegant argument above unless we know, in addition, that
they are both C!-functions.
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In the general case, the method of doubling the variables gives a way around the technical
difficulty that u(z) and @(x) are merely continuous and not necessarily differentiable. Let us
define, for £ > 0, the penalization

lz —y|?
2e2

ua(m7y) = ﬂ(l‘) - g(y) +

and let (z.,y.) € T?" be a minimum for u.(z,y) over T?".

Exercise 1.5.12 Show that
lir% |z — y.| = 0. (1.5.32)
e—

and that the family (x.,y.) converges, as ¢ — 0, up to a subsequence, to a point (g, o),
where z is a minimum for w(z) — u(x).

Consider the function | 2
_ B
Bla) = uly.) — 3
as a (smooth) quadratic function of the variable z. The difference

¢(z) —u(x) = —ue(z, ye)

attains its maximum, as a function of z, at the point z = x.. As u(zx) is a viscosity super-
solution to (1.5.29), we have

Ye — Ze
e2

H(z., ) +u(z.) > 0. (1.5.33)
Next, we apply the viscosity sub-solution part of Definition 1.5.13 to the quadratic test func-
tion )
|x€ - y’

2e2

¢(y) = E(ws) +

The difference

_ |{E5 — y|2
y) = uly) =alre) + =55 -

attains its minimum at y = y.. As u(y) is a viscosity sub-solution to (1.5.29), we obtain

u(y) = uc(ze,y)

Ye — X¢

H(ys 9 52

) + u(y:) < 0. (1.5.34)

The coercivity of the Hamiltonian and (1.5.34), together with the boundedness of u_, imply
that |z. — y.|/e* is bounded, uniformly in e: there exists R so that

|Q3€ - ys’
82

< R.
The uniform continuity of H(z,p) on the set {(x,p) : = € T" p € B(0, R)} implies that, as

consequence, we have

Ye — Te
82

Ye — X¢
H(Yye, ———) = H(z.,

= )+o(1), as e — 0.
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Subtracting (1.5.34) from (1.5.33), we obtain
u(xe) —u(ye) > o(1), as e — 0.
Sending ¢ — 0 with the help of the result of Exercise 1.5.12 implies
u(zo) — u(wo) > 0,
and, as x( is the minimum of @ — u, the proof is complete. [J

An immediate consequence of Proposition 1.5.11 is that (1.5.29) has at most one solution.

The comparison principle and weak contraction

The proof of Proposition 1.5.11 can be adapted to establish two fundamental properties for the
viscosity solutions to the Cauchy problem: the comparison principle and the weak contraction

property.

Exercise 1.5.13 (The comparison principle) Assume that H(z,p), is a continuous function
that satisfies the coercivity property (1.5.28). Let ui(¢,x) and wus(t,x) be, respectively, a
viscosity sub-solution, and a viscosity super-solution to

w+ H(x,Vu) =0, t>0, z €T (1.5.35)

with the initial conditions uq and ugg such that uig(z) < uge(x) for all x € T". Modify the
proof of Proposition 1.5.11 to show that then wu(t,z) < uq(t,z) for all ¢ > 0 and = € T".
This proves the uniqueness of the viscosity solutions.

Exercise 1.5.14 (Weak contraction) Let H(x,p) be a continuous function that satisfies the
coercivity property (1.5.28), and u; and uy be two solutions to (1.5.35) with continuous initial
conditions uig and wugg, respectively. Show that then we have

Jur(t, ) — ua(t, )|z < |luro — uaol| Lo
Hint: notice that if u(¢,z) solves (1.5.35) then so does u(t,z) + k for any & € R, and use
Exercise 1.5.13.

1.5.3 Finite speed of propagation

We are now going to prove a finite speed of propagation property, partly to acquire some
further familiarity with the notion of a viscosity solution, and partly to emphasize the sharp
contrast with viscous models: if the equation carried a Laplacian, an initially nonnegative
solution would instantly become positive everywhere. As this property makes better sense
in R™ and not on the torus, this is the case we will consider.

Proposition 1.5.15 Let H be uniformly Lipschitz with respect to its second variable:

|H(z,p1) — H(x,p2)| < CLlpr — p2|  for all x € R™ and p1,p; € R™. (1.5.36)
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Let ug and vy be two continuous, compactly supported initial conditions, and assume that each
generates a globally Lipschitz solution, respectively denoted by u(t, x) and v(t, z) to the Cauchy
problem

u+ H(z,Vu) =0, vs+H(z,Vv)=0, 0<t<T, zeR", (1.5.37)

with u(0,z) = ug(x) and v(0,x) = vo(x) for all x € R™. Then, if zo € R" and ty € [0,T]
satisfy
dist (2o, supp(ug — v))) > tCl,

then u(to, xo) = v(to, zo)-

Proof. The idea is simple: assuming that everything is smooth, the function w = u — v

satisfies the inequalities
wy < Cp|Vuw|, (1.5.38)

and

wy > —Cr|Vwl. (1.5.39)

Exercise 1.5.16 Use the method of characteristics to show that if w is a smooth function
that satisfies (1.5.38) and
dist(xo,supp(w(o, ))) > Cto, (1.5.40)

then w(to, z9) < 0, and if a smooth function w satisfies (1.5.39)-(1.5.40), then w(tg, x9) > 0.

Thus, the conclusion of this proposition follows from Exercise 1.5.16 if u and v are smooth.
Unfortunately, if v and v are not smooth, then we can not use the characteristics but only
the definition of a viscosity solution. Let us fix a point o € R™ and ty > 0 so that

dist (zo, supp(ug — v9))) > Crto, (1.5.41)

take € > 0 sufficiently small, so that
1
€< §(dist(x0, supp(up — vp))) — Crto), (1.5.42)

and let @o(r) be a C'-function equal to 1 outside of the the ball B¢, ,+-(0), and to 0 in the
ball B¢, 4, (0). The function

w(t,.f) = HUO — U()HLooQS()(’x — .To‘ + CLt) (1543)

is a smooth solution to
ow— Cr|Vw| =0, t>0, xeR", (1.5.44)

such that w(t, z) = 0 for t < 5. Moreover, because of (1.5.42), at ¢ = 0 we have
w(0,z) = ||up — vol| Lo Po(|x — xo|) > |uo(x) — vo(z)| for all x € R™. (1.5.45)
Our goal is to show this inequality persists until the time ¢:

lu(t, z) — v(t, )| <w(t,z) for all 0 <t < t; and x € R". (1.5.46)
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Indeed, using (1.5.46) at x = z¢ and t = t, would give
|U(t0,l’0) — U(t0,$0)| S ||U,0 — U()”Loogbo(CLto) = 0, (1547)

which is what we need.
The comparison principle in Exercise 1.5.13 together with (1.5.45) implies that (1.5.46)
would follow if we show that (¢, z) = u(t, x) +w(t, z) is a viscosity super-solution to (1.5.37):

07v + H(x,Vu) > 0. (1.5.48)
Observe that (1.5.48) and (1.5.45) together would imply
v(t,x) <T(t,x) = u(t,z) + wW(t,x) for all 0 <t < t; and z € R™. (1.5.49)

As the roles of u and v can be reversed, we would deduce (1.5.46).
Thus, we need to prove the viscosity super-solution property for (¢, z). Let ¢(t,z) be a
smooth test function, and (¢;, 1) be a minimum point for

u(t,z) —p(t,z) = u(t,z) + w(t,x) — (t,x) = u(t,z) — P(t, ), (1.5.50)

with a C!-function

W(t,x) = p(t,x) —w(t, ).
In other words, (¢1,21) is a minimum point for u(¢,x) — ¥(t,x). As u is a viscosity solution
to (1.5.37), it follows that

3t1/)(t1,x1) —f—H(ZL’l,Vl/}(tl,(L’l)) Z 0, (1551)
which is nothing but
Op(tr, 1) — Ow(ty, 1) + H (w1, Ve(ty, z1) — Vw(ty, z1)) > 0, (1.5.52)

Using the inequality
H(z,Vy —Vw) < H(z,Vy)+ Cp|Vuw|.

in (1.5.52) gives
Op(ty, x1) — 0w (ty, 1) + H(iL‘l, V(ty, :L‘l)) + Cp|Vw(ty, z1)| > 0. (1.5.53)
Recalling (1.5.44), we obtain
Ovp(tr, x1) + H (x1, Vo(tr, 1)) > 0. (1.5.54)
We conclude that o(¢, x) is a viscosity super-solution to (1.5.37), finishing the proof. [J
Exercise 1.5.17 (Hole filling property). Let u(t,z) be a viscosity solution to
u = R(t,x)|Vu|, t>0, z€R",

with R(t,z) > Ry > 0. Assume that (i) u(0,z) = ug(z) > dy > 0 outside a ball B(0, R), and
(i) the set R™\ (supp(ug)) is compact. Prove that there exists Ty > 0 such that u(¢,z) > 0
for all t > Tj, and all x € R™.
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1.6 Construction of solutions

So far, we have set up a beautiful notion of viscosity solutions, and we have also proved
that this works well in settling our worries about uniqueness, distinguishing them from the
Lipschitz solutions. Now, we have to prove that, as far as existence is concerned, this new
notion does better than the classical solutions, in the sense that solutions to the Cauchy
problem exist for all £ > 0 under reasonable assumptions. In this section, we will show
how these solutions can be constructed. First, we will produce wave solutions to the time-
dependent problem

O+ H(z,Vu) =0, xe€T" (1.6.1)

Next, we are going to prove that the Cauchy problem for (1.6.1) is well-posed as soon as
a continuous initial condition is specified. Eventually, we will show that the wave solutions
describe the long time behavior of the solutions to the Cauchy problem.

1.6.1 Existence of waves, and the Lions-Papanicolaou-Varadhan
theorem

Wave solutions for (1.6.1) will be sought in the same form as viscous waves, that is
v(t,x) = —ct + u(z), (1.6.2)

with a constant ¢ € R. A function v(¢,z) of this form is a solution to (1.6.1) if u(x) solves a
time-independent problem
H(z,Vu)=¢, xze€T" (1.6.3)

Exercise 1.6.1 Show that a function v(t, z) of the form (1.6.2) is a viscosity solution to (1.6.1)
if and only if u(z) is a viscosity solution to (1.6.3).

We will think of v(¢, x) as the height of an interface, and refer to the constant ¢ as the speed
of the wave, and to u(z) as its shape. Let us point out that the speed is unique: (1.6.3) may
have viscosity solutions for at most one c. Indeed, assume there exist ¢; # cq, such that (1.6.3)
has a viscosity solution u; for ¢ = ¢; and another viscosity solution uy for ¢ = ¢o. Let K > 0
be such that

ur(z) — K <wus(z) <uy(x) + K, forall z e T

By Exercise 1.6.1 the functions
va(t,x) =—ct+u(z) £ K

and
Ua(t, ) = —caot + ug(x)

are the viscosity solutions to the Cauchy problem (1.1.1) with the respective initial conditions
via(z) = w(z) £ K, 0:(0,2) = uz(z).
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By the comparison principle (Exercise 1.5.13), we have
—ct +up(z) — K < —cot +ug(z) < —cit +ug () + K, forallt >0 and z € T™.

This is a contradiction since ¢; # ¢y, and the functions u; and uy are bounded. Therefore,
the wave speed c is unique. Note that this does not address the question of uniqueness of the
shape u(z) — we leave this question for later.

The main result of this section is the following theorem, due to Lions, Papanicolaou,
Varadhan [94], that asserts the existence of a constant ¢ for which (1.6.3) has a solution.

Theorem 1.6.2 Assume that H(x,p) is continuous, uniformly Lipschitz:
|H(z,p1) — H(x,p2)| < CLlp1 — pal, for allz € T", and py, ps € R™, (1.6.4)

the coercivity condition

lim H(z,p) =+o0, uniformly in x € T". (1.6.5)
|p|—-+o00
holds, and
V. H(xz,p)| < Ko(1+ |p|), for allz € T", and p € R™. (1.6.6)

Then there is a unique ¢ € R for which
H(z,Vu)=¢, xe€T" (1.6.7)
has a solution.

It is important to point out that the periodicity assumption in x on the Hamiltonian is
indispensable — for instance, when H(x,p) is a random function (in x) on R™ x R"  the
situation is much more complicated — an interested reader should consult the literature on
stochastic homogenization of the Hamilton-Jacobi equations, a research area that is active
and evolving at the moment of this writing. We also mention that the only assumption
made in [94] is that H(z,p) is continuous and coercive. The Lipschitz condition (1.6.4) in p
and (1.6.6) in x have been added here for convenience.

The homogenization connection

Before proceeding with the proof of the Lions-Papanicolaou-Varadhan theorem, let us explain
how the steady equation (1.6.7) appears in the context of periodic homogenization, which was
probably the main motivation behind this theorem. We can not possibly do justice to the
area of homogenization here — an interested reader should explore the huge literature on the
subject, with the book [115] by G. Pavliotis and A. Stuart providing a good starting point. Let
us just briefly illustrate the general setting on the example of the periodic Hamilton-Jacobi
equations. Consider the Cauchy problem

uy + H(x,Vu®) =0, t>0, x € R", (1.6.8)

in the whole space R" (and not on the torus), with the Hamiltonian H(x, p) that is 1-periodic
in all coordinates z;, j = 1,...,n. We are interested in the regime where the initial condition
is slowly varying and large:

uf (0, 7) = e tug(ex). (1.6.9)
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Let us note that if one thinks of the solution to (1.6.8) as the height of some interface at the
position x € R™ at a time ¢ > 0, then it is very natural that if u°(0, x) varies on a scale ¢! in
the z-variable, then its height should also be of the order e~!, which is exactly what we see
in (1.6.9).

The general question of homogenization is how the "microscopic” variations in the Hamil-
tonian that varies on the scale O(1) affect the evolution of the initial condition that varies on
the "macroscopic” scale O(¢~1). The goal is to describe the evolution in purely ”macroscopic”
terms, and extract an effective macroscopic problem that approximates the full microscopic
problem well. This allows to avoid, say, in numerical simulations, modeling the microscopic
variations of the Hamiltonian, and do the simulations on the macroscopic scale — a huge ad-
vantage in engineering problems. It also happens that from the purely mathematical view
point, homogenization is also an extremely rich subject.

This general philosophy translates into the following strategy. As the initial condition
in (1.6.9) is slowly varying, one should observe the solution on a macroscopic spatial scale,
in the ”slow” variable y = ez. Since u(0,x) is also very large itself, of the size O(e™'), it
is appropriate to rescale it down. In other words, instead of looking at u°(t,z) directly, we
would represent it as

ut(t,x) = e ' (t, ex),

and consider the evolution of w®(¢,y), which satisfies
wé +eH(Z, Vur) = 0, (1.6.10)
£

with the initial condition w®(0,y) = ug(y) that is now independent of . However, we see
that w® evolves very slowly in ¢ — its time derivative is of the size O(g). Hence, we need
to wait a long time until it changes. To remedy this, we introduce a long time scale of the
size t = O(e7!). In other words, we write

w(t,y) = v°(et, y).

In the new variables the problem takes the form
’Ui—i-H(g,VUE) =0, yeR", s>0, (1.6.11)
€

with the initial condition v¥(0,y) = ug(y).

It seems that we have merely shifted the difficulty — we used to have ¢ in the initial
condition in (1.6.9) while now we have it appear in the equation itself — the Hamiltonian
depends on y/e. However, it turns out that we may now find an e-independent problem that
has a spatially uniform Hamiltonian that provides a good approximation to (1.6.11). The
reason this is possible is that we have chosen the correct temporal and spatial scales to track
the evolution of the solution.

Here is an informal way to find the approximating problem. Let us seek the solution
to (1.6.11) in the form of an asymptotic expansion

ve(s,y) = 0(s,y) + evi(s, v, g) + e20y(s, 9, §> + ... (1.6.12)
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The functions v;(s,y, z) are assumed to be periodic in the “fast” variable z but not in the
"slow” variables s and y. Inserting this expansion into (1.6.11), and collecting the terms with
various powers of €, we obtain in the leading order

5,(s,y) + H(L.9,0(s.) + Vs (5,9, 2) ) = 0. (1.6.13)
As is standard in such multiple scale expansions, we consider (1.6.13) as
Us(s,y) + H(z, Vy0(s,y) + V,.ui(s,y,2)) =0, z€T", (1.6.14)

an equation for v; as a function of the fast variable z € T", for each s > 0 and y € R" fixed.
In other words, for each pair of the ”macroscopic” variables s and y we consider a microscopic
problem in the z-variable. In the area of numerical analysis, one would call this ”sub-grid
modeling”: the variables s and y live on the macroscopic grid, and the z-variable lives on the
microscopic sub-grid.

The function o(s,y) will then be found from the solvability condition for (1.6.13). Indeed,
the terms 05(s,y) and V,0(s,y) in (1.6.14) do not depend on the fast variable z and should
be treated as constants — we solve (1.6.14) independently for each s and y. Let us then, for
each fixed p € R", consider the problem

H(z,p+V,w)=¢, zeT" (1.6.15)

The case of interest is p = V,0(s,y) and ¢ = —04(s,y) but one needs to momentarily look
at (1.6.15) for an arbitrary choice of p € R™ and ¢ € R. The Lions-Papanicolaou-Varadhan
theorem says that for each p € R™ there is a unique ¢ that we will denote by H(p) such
that (1.6.15) has a solution. We then write (1.6.15) as

H(z,p+ V,w)=H(p), =ze€T" (1.6.16)

Hence, the solvability condition for (1.6.14) is that the function o(s,y) satisfies the homoge-
nized (also known as ”effective”) equation

v+ H(V,0) =0, 9(0,y) =uo(y), s>0,yeR", (1.6.17)

and the function H(p) is called the effective, or homogenized Hamiltonian. Note that the
effective Hamiltonian does not depend on the spatial variable — the “small scale” variations are
averaged out via the above homogenization procedure. The point is that the solution v°(s, y)
of (1.6.11), an equation with highly oscillatory coefficients is well approximated by o(s,y),
the solution of (1.6.17), an equation with spatially uniform coefficients, that is much simpler
to study analytically or solve numerically.

Thus, the existence and uniqueness of the constant ¢ for which solution of the steady
equation (1.6.15) exists, is directly related to the homogenization (long time behavior) of the
solutions to the Cauchy problem (1.6.8) with slowly varying initial conditions, as it provides
the corresponding effective Hamiltonian. Unfortunately, there is a catch: not so much is
known in general on how the effective Hamiltonian H(p) depends on the original Hamilto-
nian H(x,p), except for some very generic properties. Estimating and computing numerically
the effective Hamiltonian H (p) is a separate interesting line of research.
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Exercise 1.6.3 (The one-dimensional case) Compute the effective Hamiltonian H (p) for

H(z,p) = R(x)\/1+p?, €T peR,

where R(z) is a smooth 1-periodic function.

Exercise 1.6.4 Show that for every p € R™ one can find a periodic in z function u(z;p),
x € T", p € R™ such that the function

v(t,x;p) = p-x +u(z;p) —tH(p)

is a solution to
v + H(z; Vo) = 0.

What is the function u(z;p) in terms of the approximate expansion (1.6.12)7 Explain why it
is natural that the function u(z; p) appears when we try to approximate the solution to

u; + H(z,Vu®) =0,

with an initial condition of the form u®(0,z) = e lug(ex).

The proof of the Lions-Papanicolaou-Varadhan theorem

Recall that our goal is to construct a solution to (1.6.7):
H(x,Vu)=¢, xeT" (1.6.18)

As we have already proved uniqueness of the constant ¢, we only need to prove its existence,
and, of course, construct the solution u(z). We will make use of the viscosity solution to the
auxiliary problem

H(z,Vu)+eu =0, zeT", (1.6.19)

with € > 0. Note that the regularization parameter € > 0 in (1.6.19) has nothing to do with
the small parameter € > 0 that we have used in the discussion of the periodic homogenization
theory, where it referred to the separation of scales between the scale of variation of the
initial condition and that of the periodic Hamiltonian. Unfortunately, it is common to use
the notation € in both of these settings. We hope that the reader will find it not too confusing.

We have already shown that (1.6.19) has at most one solution. Let us for the moment
accept that the solution to the regularized problem (1.6.19) exists and show how one can
finish the proof of Theorem 1.6.2 from here. Then, we will come back to the construction of
a solution to (1.6.19). Our task is to pass to the limit € | 0 in (1.6.19).

Exercise 1.6.5 Show that for all € > 0, the solution u®(z) of (1.6.19) satisfies

_IHCO)] < 1A 0o

< u®(z
€ (z) €

, (1.6.20)
for all x € T". Hint: use the comparison principle.
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Note that the fact that u®(x) is of the size e 7! is not a fluke of the estimate. For instance,
if the function H(z,p) is bounded from below by a positive constant cg, then the solution
to (1.6.19) will clearly satisfy |u®(z)| > co/e for all € T™. Therefore, one can not expect
that the solution to (1.6.19) converges as € — 0 to a solution to (1.6.18). One can, however,
hope that the solution becomes large but its gradient stays bounded, so if we subtract the
large mean the difference will be bounded. Accordingly, we will decompose u® into its mean

and oscillation:
u(x) = (u°) + v°(x), (1.6.21)

where

(u®) = /n u(y)dy. (1.6.22)

Recall that the torus T™ is normalized so that Vol(T™) = 1. We will then show that there is
a sequence €, — 0 so that the limit

c = — lim g (u*) (1.6.23)

er—0

exists, and v (x) also converge uniformly on T™ to a limit u that satisfies (1.6.18) with ¢
given by (1.6.23).

In order to pass to the limit € | 0 in (1.6.19), we need a modulus of continuity estimate
on v (and hence v¥) that does not depend on ¢ € (0, 1).

Lemma 1.6.6 There is C' > 0 independent of € such that |Lip u®| < C.

Proof. Again, we use the doubling of the independent variables. Fix z € T" and, for K > 0,
consider the function

C(y) = u(y) —u(z) — Ky — zl. (1.6.24)

Let £ be a maximum of ((y) (the point & depends on z). If £ = x for all x € T", then,
as ((x) = 0, we obtain
u (y) —u(z) < Kz —y|, (1.6.25)

for all z,y € T", which implies that u® is Lipschitz with the constant K. If there exists some x
such that & # x, then the function

Y(y) = v (x) + Ky — |

is, in a vicinity of the point y = Z, an admissible test function, as a function of y. Moreover,
the difference

Y(y) —u(y) = —C(y)

attains its minimum at y = . As u®(y) is a viscosity solution to (1.6.19), and

V(i) = K,
& — x|
it follows that .
H(:f;, K’i” — “ﬂ) +euf (@) < 0. (1.6.26)
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Since euf(x) is bounded by ||H(-,0)||z~, as in (1.6.20), we deduce that
R I —x
H(a:,KT> < | H(,0)| 1. (1.6.27)

& — x|

On the other hand, the coercivity condition (1.6.5) implies that we can take K sufficiently
large, so that
|H(-,0)|lp= < inf  H(x,p). (1.6.28)
z€Tn,|p|=K
Hence, if we take K as in (1.6.28), then (1.6.27) can not hold. As a consequence, for such K
we must have & = x for all x € T". It follows that for such K the inequality (1.6.25) holds
for all z,y € T™. This finishes the proof. [
To finish the proof of Theorem 1.6.2, we go back to the decomposition (1.6.21)-(1.6.22).
The function

satisfies
H(z, Vv©) + e(u®) + ev® = 0. (1.6.29)

/n ve(x)dx =0,

and because of Lemma 1.6.6, the family v is both uniformly bounded in L* and is uniformly
Lipschitz. As a consequence, it converges uniformly, up to extraction of a subsequence, to
a function v € C(T"), and €v° — 0. The bound (1.6.20) implies that the family (u®) is
bounded. We may, therefore, assume its convergence (along a subsequence) to a constant
denoted by —¢, as in (1.6.23). By the stability result in Exercise 1.5.8, we deduce that v is a
viscosity solution of

As

H(z,Vv) =c. (1.6.30)
This finishes the proof of Theorem 1.6.2 except for the construction of a solution to (1.6.19).

Existence of the solution to the auxiliary problem

Let us now construct a solution to (1.6.19).

Proposition 1.6.7 If H(x,p) satisfies the assumptions of Theorem 1.6.2, then for all € > 0
the problem
H(z,Vu)+eu=0, zeT" (1.6.31)

has a viscosity solution.
We will treat a solution to (1.6.31) as a fixed point of the map S[v] = u defined via
H(z,Vu)+ Mu= (M —¢e)v, zeT" (1.6.32)

with M > 0 to be chosen appropriately. The point is that if M is sufficiently large, we will
be able to prove that this map is a contraction on C'(T"), hence has a fixed point. Any such
fixed point is a solution to (1.6.31). Our first task is to prove the following lemma.
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Lemma 1.6.8 There exists My > 0 so that for all M > My and all f € C(T") there exists a
solution to

H(z,Vu)+Mu=f, xe€T" (1.6.33)

This lemma shows that the map S is well-defined for M > M. Its proof will use an explicit
construction of the solutions via a limiting procedure that will give us sufficiently strong a
priori bounds that will allow us to deduce that & is a contraction.

The proof of Lemma 1.6.8

We take a function f € C(T"), and consider a regularized problem
— AU + H(x, Vu°) + Mu"° = f(z), xeT", (1.6.34)

with 0 > 0 and v > 0, and
fy=G,~*f. (1.6.35)

Here, G is a compactly supported smooth approximation of identity:

X

Gy (z) = 7_nG<7

), G(z) >0, / G(z)dz =1,

so that f,(z) is smooth, and f, — f in C(T"). In particular, there exists K, that depends
on vy € (0,1) so that

[fllzee < [ fllzees 1 f5ller < KGNl e (1.6.36)
It is relatively straightforward to show that (1.6.34) admits a smooth solution u? for each
v >0 and § > 0. The difficulty is to pass to the limit ¢ | 0, followed by ~ | 0 to construct in

the limit a viscosity solution to (1.6.33). This will require a priori bounds on %7 summarized
in the following lemma.

Lemma 1.6.9 There exists My > 0 so that if M > M, then the solution uw? to (1.6.54)
obeys the following gradient bound, for all 6 € (0,1):

IVu (z)| < C,(1+ || fllze) for all x € T (1.6.37)

Here, the constant C., may depend on v € (0,1) but not on 6 € (0,1). There also ezists a
constant C' > 0 that does not depend on v € (0,1) or 6 € (0,1) so that

| (z)] < %(1 + I llze) for all x € T™. (1.6.38)

Proof. Let us look at the point xy where |Vu?%(z)|? attains its maximum. Note that (we
drop the super-scripts v and 0 for the moment)

Ju_u
890]- 8%8%’

0
8%2‘

(IVul*) =2
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so that, using (1.6.34), we compute

n n 9 )
\Vu\ Z ((9 5’@) Z ggj %i]u - WZZI <8z;x> + ¥|VU‘2
2 u 8H (z, Vu) Z Ou 0H(z,Vu) 0%*u du Of,
5 = Oxr; Oz 5 (Oxj  Op,  Ox;0xy 5 8% 8%

n 2 2 2
I T
2§ 0u by

Y Ox; Ox;

Thus, at the maximum g of [Vu|? we have

i 2 2 Ou OH (x,Vu) ou afv
02 A(IVul)(zo) =2 jz ((‘3@8 )+ |V "5 Z_: oz, o, Z_: Oz, O;’

(1.6.39)

Let us recall the gradient bound (1.6.6) on H(z, p):
|V.H(z,p)| < Ko(1+|pl). (1.6.40)
We see from (1.6.39) and (1.6.40) that

Q = |Vu(zg)| = sup |Vu(z)|

zeT?

satisfies

MQ@* < KoQ(1+ Q) + Q| fyller < 5Ko(1+ Q?) + K, Q|| ]| e~ (1.6.41)

We used (1.6.36) above. It follows from (1.6.41) that there exist My > 0 and C that depend
on Ky but not on v € (0,1) and C, that depends on v € (0,1) so that for all M > M, we
have

Q< Ci+ G|l fllze- (1.6.42)

This proves (1.6.37).
To prove (1.6.38) we look at the point ), where u attains its maximum over T". At this
point we have

Mu(wn) = fy(wm) + 0Au(zar) — H(war, 0) < [ Sl + [[H (- 0) e, (1.6.43)

hence o
u(ear) < L ).

A similar estimate holds at the minimum of w, proving (1.6.38). O
The Lipschitz bound (1.6.37) and (1.6.38) show that if M > M, after passing to a
subsequence d, | 0, the family u?°(x) converges uniformly in z € T, to a function u”(z).
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Exercise 1.6.10 Show that u”(z) is the viscosity solution to

H(z,Vu")+ Mu" = f,(z), xe€T" (1.6.44)
Hint: Exercise 1.5.8 and its solution should be helpful here.
The next step is to send v — 0.

Exercise 1.6.11 Mimic the proof of Lemma 1.6.6 to show that «”(x) are uniformly Lipschitz:
there exists a constant Cy > 0 that may depend on || f||z~ but is independent of v € (0,1)
and of M > M, such that

|Lip «”| < Cy. (1.6.45)

Also show that ]
[u|| e < M(IIH(-,O)IILW + 1 fllzee)- (1.6.46)

This exercise shows that as long as M > M,, the family u”* converges, along as subse-
quence v J 0, uniformly in x € T", to a limit u(z) € C(T™) that obeys the same uniform
Lipschitz and L*°-bounds in Exercise 1.6.11. Invoking again the stability result of Exer-
cise 1.5.8 shows that u(z) is the unique viscosity solution to

H(x,Vu)+ Mu= f(z), xe&T" (1.6.47)

This finishes the proof of Lemma 1.6.8. [J

The end of the proof of Proposition 1.6.7

We now explain how this construction implies the conclusion of Proposition 1.6.7. Let us
take € < M, and re-write equation (1.6.31)

H(x,Vu)+eu=0, =xeT" (1.6.48)
for which we need to find a solution, as
H(z,Vu)+Mu= (M —¢e)u, xeT" (1.6.49)

As we have mentioned, we define the map S : C(T") — C(T") as follows: given v € C(T"),
let u = S[v] be the unique viscosity solution to

H(z,Vu)+Mu= (M —¢e), zeT" (1.6.50)

We claim that S is a contraction in C'(T™). We have shown that u = S[v] can be constructed
via the above procedure of passing to the limit § — 0 , followed by v — 0 in the regularized
problem

— 0AW + H(z, Vu°) + Mu"® = (M —e)v,, x¢€T" (1.6.51)

Given vy, vy € C(T™), consider the corresponding solutions to the regularized problems (1.6.51):
— 6AU 4 H(x, Vu®) + Mu]l® = (M —e)vy,, = €T, (1.6.52)
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and

— 6AuY’ + H(z, Vul®) + Mu)’ = (M — e)vy,, x€T" (1.6.53)
Assume that the difference
w=ul? —ul?
1 2

attains its maximum at a point xy. The function w satisfies
— 6Aw + H(z, Vu]?) — H(z, Vu)®) + Mw = (M — &) (v, — v24), x€T"  (1.6.54)
Evaluating this at = = z, as Vu]*(x9) = Vul®(z,), we see that
— 0Aw(x) + Mw(xg) = (M — €)(v14(x0) — v24(20)), x €T (1.6.55)

As z( is the maximum of w, we deduce that

M —
w(zg) < c

[v17 = vayllem).

Using a nearly identical computation for the minimum, we conclude that
M—¢
M

0 0
[u?® — uy’|| ey < V1 = V25 llcerm)- (1.6.56)

Passing to the limit ¢ | 0 and ~ | 0, we obtain

M—¢
lur = wallo@n < —— v = vallecm), (1.6.57)

hence § is a contraction on C'(T"), as claimed. Thus, this map has a fixed point, which is the
viscosity solution to
H(z,Vu)+eu=0, zeT" (1.6.58)

This completes the proof of Proposition 1.6.7. [

1.6.2 Existence of the solution to the Cauchy problem

We will now construct the viscosity solution to the Cauchy problem

u+ H(x,Vu) =0, t>0, z€T",

u(0,2) = ug(x), x € T", (1.6.59)

with a continuous initial condition wuy(z). Recall that Exercise 1.5.13 implies the uniqueness
of the solution with a given initial condition, so we do not need to address that issue. We
make the same assumptions as in Theorem 1.6.2: there exists C;, > 0 so that

|H(z,p1) — H(z,p2)| < CL|p1 — pof, for all z,p;,p> € R", (1.6.60)
and
lim H(z,p) = +o0, uniformly in z € T". (1.6.61)
[p|—+o00

We will again assume the gradient bound (1.6.6):
|\V.H(z,p)| < Ko(1+ |p|), for all z € T", and p € R™. (1.6.62)
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Theorem 1.6.12 The Cauchy problem (1.6.59) has a unique viscosity solution u(t,x). More-
over, the weak contraction property holds: if u(t,x) and v(t,z) are two solutions to (1.6.59)
with the corresponding initial conditions ug € C(T™) and vy € C(T"), then

[u(t, ) —v(t, )l < [Juo — vol| Lo~ (1.6.63)

The weak contraction property is recorded here simply for the sake of completeness: we have
seen in Exercise 1.5.14 that it follows immediately from the comparison principle. Therefore,
we will focus on the existence of the solutions.

An important consequence of the weak contraction principle is that we may restrict our-
selves to initial conditions that are smooth. Indeed, suppose that we managed to prove the
theorem for smooth initial conditions, and consider uy € C(T™). Let u[()k) be a sequence of
smooth functions converging to ug in C(T") as k — +oo, and u (¢, x) be the corresponding
sequence of solutions to (1.6.59), with the initial conditions u(()k). It follows from the weak
contraction principle that

[u® = u™ | oo emny < JJuf” = ug™ | e,

ensuring that «* is a uniformly Cauchy sequence on C([0,4+00) x T™). Hence, it converges
uniformly to a continuous function u € C(Ry x T™). The stability result in Exercise 1.5.8
implies that u is a solution to the Cauchy problem (1.6.59) with the initial condition ug(z).

We are now left with the actual construction of a solution to (1.6.59), with the assumption
that ug is smooth. We are going to use the most pedestrian way to do it: a time discretization.
Take a family of time steps At — 0. For a fixed At > 0, consider the sequence ux,(z) defined
by setting u°(x) := ug(z) and the recursion relation:

n+1

My e, v —0, e (1664

that is an implicit time discretization of (1.6.59). Given u},(z), we look at (1.6.64) as a
time-independent Hamilton-Jacobi equation

H(x, Vu) + Ktuigl = AUAn € ™. (1.6.65)
It is of the type, for which Proposition 1.6.7 guarantees existence of a unique continuous

solution uxt!, as long as w7, is continuous. This produces the sequence u'%,(z), for n > 0. An

approximate solution ua; to the Cauchy problem (1.6.59) is then constructed by interpolating

linearly between the times nAt and (n + 1)At:

t — nAt
At

The help provided by the smoothness assumption on uy manifests itself in the next proposition.

une(t, ) = uk,(z) + (urt(z) — ur,(z)), t€ AL (n+ 1)AL). (1.6.66)

Proposition 1.6.13 There is C' > 0, depending on ||ug||s and Lip(ug) but not on At € (0, 1),
such that the function uay(t, x) is uniformly Lipschitz continuous in t and x on [0, +00) x T,
and the Lipschitz constant Lip(ua;) of uay both int and x, over the set [0,4+00) x T™, satisfies

Lip(uas) < C. (1.6.67)
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This ensures that there exists a sequence At,, — 0, such that the corresponding sequence una;,,
converges as n — 00 to a Lipschitz function u(¢, ) with the Lipschitz constant Lip(u) < C.
The next step will be to prove

Proposition 1.6.14 The function u(t, x) is a viscosity solution to the Cauchy problem (1.6.59):
w+ H(x,Vu) =0, t>0, x€T",

u(0, ) = up(x), €T (1.6.68)

Proof. Let us prove this claim first, assuming the conclusion of Proposition 1.6.13. Note
that the initial condition u(0,z) = wug(x) is satisfied by construction, so we only need to
check that u is a viscosity solution to (1.6.68). We will only prove that u is a super-solution,
the sub-solution property of u can be proved identically. Let o(t, x) be a C'-test function
and (to,xo) be a minimum point for the difference u — ¢. As we have seen in the hint to
Exercise 1.5.8, we may assume, possibly after subtracting a quadratic polynomial in ¢ and x
from the function ¢, that the minimum is strict. Consider the linearly interpolated time
discretization pa; of ¢: set " (z) = p(nAt,x), for n > 0, and
t — nAt
ear(t, z) = ¢"(x) + Tt(@"“(ﬂ?) —¢"(x)), forte [nAt, (n+1)At).

Note a slight abuse of notation: the function ¢a; is a linear interpolation of the function ¢,
while ua; is not the linear interpolation of the function u but rather the linear interpolation
of the solution to the time-discretized problem (1.6.64),with the time step At. Nevertheless,
as the minimum (¢, zo) of u— ¢ is strict, and ua; converges to u uniformly, for At sufficiently
small, there exists a minimum point (tas, xa;) for ua; — @ae, such that

li = .

dim (tas, wae) = (to, 2o)
In addition, because both ua; and @a; are piecewise linear in ¢, we have ta; = (n + 1)At for
some n > 0. Then we have, again, because (tas, Ta;) is a minimum for ua; — @ay:

ulkt (war) — ury(war)

At

= 0, upr((n+ 1V)At, za) < 0 par((n+ 1AL xar) = Opp(to, o) + o(1),
(1.6.69)

as At — 0. We also have, in the vicinity of (tg, zo):
o(t,z) —oai(t,r) = O(AY?), Opo(t,z) — Orpas(t, ) = O(At), as At — 0, (1.6.70)

with the slight catch here that we have to speak of the left and right derivatives of pa; at the
discrete times nAt. On the other hand, the point xa; is a minimum of

ups ' (2) = pad((n + 1)At, z)
n+1

in the z-variable. Since ux}" is a viscosity solution to (1.6.64), we have

uky! (war) — uky(@ar)

At

> —H(zay, Voar((n+ 1)At zay)) = —H (20, Vo(to, 20)) + o(1),

(1.6.71)
as At — 0. Putting together (1.6.69)-(1.6.71) and sending At to 0, we obtain

Aip(to, wo) + H(zo, Vip(to, 20)) > 0,
hence u is a super-solution to (1.6.68). This proves Proposition 1.6.14. [J
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Proof of Proposition 1.6.13

The reason behind this proposition is quite simple: if u is a smooth solution to
u + H(x,Vu) =0, (1.6.72)
then the function v(t, x) = u(t, ) solves
v+ V,H(z,Vu) - Vv =0, (1.6.73)

with the initial condition v(0,z) = —H(x, Vug(x)). It follows from the maximum principle,
or the method of characteristics for smooth solutions, that

[o(t, )z < [H(, Vuo(-)][ e (1.6.74)

Moreover, (1.6.72) and (1.6.74) together with the coercivity of H(z,p) yield the uniform
boundedness of Vu. The proof of the proposition consists in making this idea rigorous.
Let us recall that u}, is the solution to the recursive equation (1.6.64)

n+1

Ung A_t Uae | H(z,Vuit) =0, zeT" (1.6.75)

interpolated between the times of the form nAt as in (1.6.66):

t —nAt
At

une(t, x) = uk,(x) (urt(z) — ur,(z)), t€ [nAL (n+ 1)AL). (1.6.76)

The viscosity solution ufgl to (1.6.75) can be constructed using the by now familiar idea of
a diffusive regularization:

n+1,0 n,0

— AU 4 H(, Vi) 4 A IA g g e (1.6.77)

At

with ¢ > 0, and then sending ¢ | 0. As we have assumed that ug(z) is smooth, all qu(m) are
also smooth, for all 6 > 0.

Exercise 1.6.15 Show that
n+1,6 n,0
Juns e < fuiy |z + (AL H (-, 0)]| Lo (1.6.78)

Hint: look at the maximum z, of the smooth function ufgl’é over T".

Exercise 1.6.16 Use the argument in the proof of Lemma 1.6.9 and Exercise 1.6.15 to show
that there exists a constant C), a; that may depend on n and At but not on § > 0, so that

VR, (|2 < Cnoaue (1.6.79)

52



The bound (1.6.79) is quite poor as we did not track the dependence of C), o; on n or At, but
we have extra help. The differential quotient

n+1,0 n,0
o0 — Upg  — Upy
At At
satisfies
1,6 UZH’(S 1 11,6 5 UZ(S
n+1, t n+1, n, o t
—0AvVN, T+ NS + A (H(a:, Vuy, ) — H(x, VuAt)) = A (1.6.80)

for all n > 0. At the maximum zj;; and minimum z,, of the smooth function vZ’f we have
) 5 5 5
Vun " (wa) = Vupy (xa),  Vupy ™ (2,) = Vur; (€).
Using this in (1.6.80) we obtain
n+1,0

P 0,0
loar Nz < vy lpee <o <l llzee (1.6.81)

For the last term in the right side we observe that

1,6
06 _ Uar — Uo
'
satisfies, instead of (1.6.80), the equation
05, Var , 1 1,6 0
: t ,
— 5A'UAt + E + EH(CC, Vum) = EAUO (1682)
Again, the maximum principle implies
loxy Nl < [1H (-, Vo) | o + 6| Aug|| o (1.6.83)
Using this in (1.6.81), we conclude that
[ e < [H (-, Vo) oo + 6| Au| o<, (1.6.84)

for all n > 0. This bound is the reason why we have assumed that ug is smooth.
We may now pass to the limit 6 — 0 in (1.6.84) and recall the convergence of uZ’f to Uk,
to conclude that

n+1,6 n,0 n+1 n
no _ Upnp T Upy no._ Uar T UA¢
Ay = — o — Upy i= T as 0 | 0. (1-6-85)

Combining this with the uniform bound (1.6.84) , we conclude that

which is a uniform Lipschitz bound on ua; in the t-variable that we need. The reader should
compare it to the bound (1.6.74) that we have obtained easily for smooth solutions.

n+1 n
Uae T U

A L S HG Vo)l e, (1.6.86)

L
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The Lipschitz bound for u}, in the z-variable follows easily. Recall that the functions u},
satisfy (1.6.64):

1 1
H(z, Vuxi') + Eufgl = A—tuzt, x e T (1.6.87)

We know from Exercise 1.6.16 that u)x, are Lipschitz — even though we do not know if they

have a Lipschitz constant that does not depend on n or At. However, this already tells us
that w, satisfy (1.6.87) almost everywhere. We write this equation in the form

H(x, Vu) = -k, (z), x €T (1.6.88)

The uniform bound on v}, in (1.6.86) together with the coercivity of H(z,p) imply that there
exists a constant K > 0 that does not depend on n or At so that

VUit~ < K. (1.6.89)
This finishes the proof of Proposition 1.6.13. [

Exercise 1.6.17 Prove the following elementary fact that we used in the very last step in
the above proof: if u(z) is a Lipschitz function then Lip(u) = ||Vul| g~

Exercise 1.6.18 (Hamiltonians that are coercive in u). So far, we have been remarkably
silent about Hamilton-Jacobi equations of the form

u + H(x,u,Vu) =0, t>02¢eT", (1.6.90)

with the Hamiltonian that depends also on the function w itself. There is one case when the
above theory can be developed without any real input of new ideas: assume that H(x,u,p)
is non-decreasing in u, and that there exists Cy > 0 so that for all R > 0, there exists d; o(R)
such that

0< 51(R) < 52(R) < Co,

and, for all u € [—R, R], we have
01 (R)(|pl = 1) < H(z,u,p) < 0a(R)(|p| + 1) for all |u| < R, x € T" and p € R™.
Prove a well-posedness theorem analogous to Theorem 1.6.12. How far can one stretch the

assumptions on H (z,wu,p)? Hint: coercivity is really something one has to assume, one way
or another.

1.7 When the Hamiltonian is strictly convex: the La-
grangian theory

Let us recall that in Section 1.4 we considered the Cauchy problem
1 2
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with an initial condition u(0,x) = wug(x). We have shown that when both R(z) and ug(z)
are convex, this problem has a smooth solution given by the (at first sight) strange looking
expression (1.4.28)

_ L ()
u(t,r) = inf (uo(fy(O)) +/ ( + R(”y(s)))ds). (1.7.2)
y(t)=x 0 2

Moreover, this expression is well-defined even if the boundary value problem for the char-
acteristic curves may be not well-posed. Hence, a natural idea is to generalize this formula
to other Hamiltonians and take this generalization as the definition of a solution. On the
other hand, we already have the notion of a viscosity solution, so an issue is if these objects
agree. In this section, we investigate when the variational approach is possible and whether
the solution you construct in this way is, indeed, a viscosity solution. We also discuss how
the strict convexity of the Hamiltonian gives an improved regularity of the solution.

1.7.1 The Lax-Oleinik formula and viscosity solutions

In the construction of the viscosity solutions, we assumed very little about the Hamiltonian H:
all we really needed was coercivity and continuity. The other regularity assumptions we have
made are mostly of the technical nature and can be avoided. From now on, we will adopt an
even stronger technical assumption that H(x,p) is C*°(T™ x R™) smooth but more crucially we
will assume that H(z,p) is uniformly strictly convex in its second variable: there exists a > 0
so that

0*H (x,p)

apz‘apj

in the sense of quadratic forms, for all z € T™ and p € R™. Unlike the regularity assumptions,
the convexity of H(z,p) in p is essential not only for this section, but also for many results
on the Hamilton-Jacobi equations.

D>H(x,p) > od, [D2H(z,p)li; = (1.7.3)

Exercise 1.7.1 The reader may be naturally concerned that in the construction of the vis-
cosity solutions we have assumed that H(z,p) is uniformly Lipschitz:

|H(z,p1) — H(z,p2)| < Cplpy — pa| for all x € T" and py,p2 € R™, (1.7.4)
and differentiable in z:
\V.H(z,p)] < Co(1+|p|) forall z e T" and p € R", (1.7.5)

These assumptions are, of course, incompatible with the strict convexity assumption on H (z, p)
in (1.7.3). Go through the proofs of existence and uniqueness of the viscosity solutions and
show that the coercivity assumption

lim H(z,p) =+o0 (1.7.6)

Ip|—+0c0

together with the assumption that (1.7.4) and (1.7.5) hold locally in p, in the sense that for
ever compact set L C R™ there exist two constants C(K) and Cy(K) such that

|H(x7p1) - H(CE7P2)| < CL|p1 _p2| for all z € T" and P1,D2 € ’Ca

1.7.7
|V.H(x,p)| < Co(1+ |p|) forallz e T" and p € K, ( )
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are sufficient to prove existence and uniqueness of the viscosity solutions both in the Lions-
Papanicolaou-Varadhan Theorem 1.6.2 and in Theorem 1.6.12 for the solutions to the Cauchy
problem.

The Legendre transform and extremal paths

Recall that in Section 1.2 we have informally argued as follows: given a path v(s), t < s < T,
with the starting point v(t) = x, we can define its cost as

Ce)(t) = / L(3(s))ds + F((T)). (1.7.8)

Here, the function Z(v) represents the running cost, and the function f(x) is the terminal
cost. The corresponding value function is

u(t,z) = inf  C(y)(t), (1.7.9)

7 y()==
with the infimum taken over all curves v € C! such that v(t) = z. We have shown, albeit
very informally, that u(¢, x) satisfies the Hamilton-Jacobi equation

U+ H(Va) =0, (1.7.10)

with the terminal condition u(T,z) = f(z). The Hamiltonian H(p) is given in terms of the
running cost L(v) by (1.2.9):

H(p) = inf [L(v) +v-p]. (1.7.11)
It is convenient to reverse the direction of time and set
u(t,z) =u(T —t,x). (1.7.12)
This function satisfies the forward Cauchy problem
uy + H(Vu) =0, (1.7.13)
with the initial condition «(0,x) = f(x) and the Hamiltonian given by

H(p)=—H(p) = — inf [Z(v) +v-p| =sup[-p-v— L) = sup[p-v— L(v)], (1.7.14)

vER™ vERN vER™

with the time-reversed cost function
L(v) = L(—v). (1.7.15)

The natural questions are, first, if the above construction, using the minimizer in (1.7.9),
indeed, produces a solution to the initial value problem for (1.7.13) — so far, our arguments
were rather informal, and, second, how it is related to the notion of the viscosity solution.
This bring us to the terminology of the Legendre transforms. One of the standard refer-
ences for the basic properties of the Legendre transform is [123], where an interested reader
may find much more information on this beautiful subject. Given a function L(v), known as
the Lagrangian, we define its Legendre transform as in (1.7.14)
H(p) = sup(p-v— L(v)). (1.7.16)

veR”?
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Exercise 1.7.2 Show the function H(p) defined by (1.7.16) is convex. Hint: use the fact
that H(p) is the supremum of a family of linear functions in p.

This shows that if we hope to connect the Hamilton-Jacobi equations to the above optimal
control problem, this can only be done for convex Hamiltonians. Hence, our assumption (1.7.3)
that the Hamiltonian H(x,p) is convex in p.

If the function L(v) is smooth and strictly convex, then, for a given p € R", the maxi-
mizer v(p) in (1.7.16) is explicit: it is the unique solution to

p=VL({®). (1.7.17)

Exercise 1.7.3 Show that if L(v) is strictly convex, and H(p) is its Legendre transform given
by (1.7.16), then we have the duality

L(v) = sup(p-v — H(p)),

pER™

so that the Lagrangian L is the Legendre transform of the Hamiltonian H. Hint: this is easier
to verify if L(v) is smooth, in addition to being convex.

As a consequence, if a function H (p) is strictly convex, then we can define the Lagrangian L
as the Legendre transform of H. If the Hamiltonian H(xz,p) depends, in addition, on a
variable x € T" as a parameter, then the Lagrangian L(z,v) is defined as the Legendre
transform of H(x,p) in the variable p:

Liz,v) = sup (p - v — H(z,p)), (1.7.18)
pER™
with the dual relation
H(z,p) = sup(p-v — L(z,v)). (1.7.19)
veR™

We usually refer to x as the spatial variable, and to p as the momentum variable.

Exercise 1.7.4 Compute the Lagrangian L(z,v) for the classical mechanics Hamiltonian

Hap) =2 4 ),
2m
with a given m > 0. Why is it called the classical mechanics Hamiltonian? What is the
meaning of the two terms in its definition? Hint: consider the characteristic curves for this

Hamiltonian.

Exercise 1.7.5 Consider a sequence of smooth strictly convex Hamiltonians H.(p) that con-
verges locally uniformly, as ¢ — 0, to H(p) = |p|. What happens to the corresponding
Lagrangians L.(v) as € — 07
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In the context of the forward in time Hamilton-Jacobi equations, with the Hamiltonian
that depends on the spatial variable as well, the variational problem (1.7.8)-(1.7.9) is defined
as follows. For t > 0, and two points x € T" and y € T", we define the function

t
he(y, z) = inf / L(v(s),%(s)) ds. (1.7.20)
1(0)=y~ )=z Jo

Here, the infimum is taken over all paths v on T", that are piecewise C'[0,¢], and L(z,v) is
the Lagrangian given by (1.7.18). The quantity

AW%{ALW®ﬁ@»®

is usually referred to as the Lagrangian action, or simply the action. This is a classical
minimization problem, which admits the following result (Tonelli’s theorem).

Proposition 1.7.6 Given any (t,z,y) € RY x T" x T", there exists at least one minimizing
path v(s) € C*([0,t]; T"), such that

t
mi) = [ L6():4(5) ds
0
Moreover there is C(t,|r — y|) > 0 such that

[Vl 2o o,y + [l 2o o)) < O, |2 — yl). (1.7.21)

The function C' tends to 400 ast — 0 — keeping |x — y| fized. The function v(s) solves the
FEuler-Lagrange equation

L VL), 4() ~ TaL(3(5), 7(5)) = 0 (1.7.22)
We leave the proof as an exercise but give a hint for the proof. Think of how we proceeded in
Section 1.4.2 as blueprint. Consider a minimizing sequence -,,. First, use the strict convexity
of L to obtain the H'-estimates for ,, thus ensuring compactness in the space of continuous
paths and weak convergence to v € H'(]0,t]) with fixed ends. Next, show that the convexity
of L implies that ~ is, indeed, a minimizer. Finally, derive the Euler-Lagrange equation and
show that v is actually C'*°. Such a curve 7 is called an extremal.

The Lax-Oleinik semigroup and viscosity solutions

We now relate the solutions to the Cauchy problem for the Hamilton-Jacobi equations
us + H(x,Vu) =0, t >0, x € T",

o+ H( ) (1.7.23)

u(0, ) = ug(x),

with a strictly convex Hamiltonian H(x,p), to the minimization problem. We let L(z,v) be
the Legendre transform of H(x,p), and define the corresponding function h(y, x). Given the
initial condition uy € C(T™), we define the function

u(t,z) =T (t)uo(z) = yign(uo(y) + hi(y, ). (1.7.24)

The following exercise gives the dynamic programming principle, the continuous in time analog
of relation (1.2.5) in the time-discrete case we have considered in Section 1.2 .
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Exercise 1.7.7 Show that the infimum in (1.7.24) is attained. Also show that (T (t))iso is a
semi-group: for all ug € C(T™) one has

T(t+ s)ug =T ()T (s)ug, forallt>0 and s >0,

that s,
u(t,z) = inf (u(s,y) + hi—s(y, x)), (1.7.25)

yeTn

forall0 <s<t, and T(0)=1.

This semigroup is sometimes referred to as the Lax-Oleinik semigroup. Here is its link to the
Hamilton-Jacobi equations and the viscosity solutions.

Theorem 1.7.8 Given ug € C(T"), the function u(t,x) := T (t)uo(x) is the unique viscosity
solution to the Cauchy problem

us + H(z, Vu) =0,

w(0, ) = up(x). (1.7.26)

Proof. The initial condition for u(¢,z) holds essentially automatically so we only need to
check that u is the viscosity solution. We first show the super-solution property: take ty > 0
and zo € T™ and let ¢ be a test function such that (o, o) is a minimum for u — ¢. As usual,
without loss of generality, we may assume that u(to, xo) = ¢(tg, o). Consider the minimizing
point yo such that

u(to, zo) = uo(Yo) + hio (Yo, To)-

Let also v be an extremal of the action between the times t = 0 and ¢ = t;, going from vy
to zo: Y(0) = yo, ¥(to) = xo. We have, for all 0 <t < t:

ot (1) < u(t, (1) < uolyo) + /Ot L((s),4(s)) ds. (1.7.27)

The first inequality above holds because (ty, x¢) is a minimum of u—¢ and u(to, z¢) = ¢(tg, o),
and the second follows from the definition of wu(¢,~(¢)) in terms of the Lax-Oleinik semi-
group. Note that at ¢ = to both inequalities in (1.7.27) become equalities: the first one
because u(to, o) = ¢(to, To), and the second because the curve v is a minimizer for u(tq, o).
This implies

() + [ 26061 3)(6) ds = otea))|_, <o (1725
or, in other words
e(to, o) + F(to) - Vo(to, mo) — L(7(to), ¥(to)) = 0. (1.7.29)
Using the test point v = 4(tg) in the definition (1.7.19) of H(z,p), we then obtain
i (to, z0) + H (o, Vo(to, 7)) > 0. (1.7.30)

Hence, u(t, z) is a viscosity super-solution to (1.7.26).
To show the sub-solution property, consider a test function ¢(t,z), as well as t5 > 0
and xg € T™, such that the difference u — ¢ attains its maximum at (o, ), and assume,
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once again, that u(to, o) = ¢(tg,zo). Using the semigroup property (1.7.25), we obtain, for
all t <ty and any curve 7(¢) such that v(ty) = zo:

u(to, zo) < ult, (1)) + heg—1((£), 20) < G(t, (1)) + hey—t(Y(£), o). (1.7.31)
Given v € R", we take the test curve
V(s) = zo — (to — s)v
in (1.7.31), so that
v(t) = o — (tg — t)v.

Note that the curve
Y1(8) = xg — (to — t)v + sv,

can be used as a test curve in the definition of hy,_(y(t), zo) because we have v, (0) = (),
and 71 (tp — t) = x¢. Using this in (1.7.31) gives

u(t(),l’o) < ¢(t, To — (to — t)U) + /0 . L(IO — (to — t)U + SU,’U)dS
(1.7.32)

= ¢(t,xo — (to — t)v) + /to_t L(xg — sv,v)ds,
0

and, once again, this inequality becomes an equality at ¢ = ¢, since u(to, o) = ¢(to, xo). Just
as before, differentiating in ¢ at t = t( gives

gbt(to, 370) +v- V¢(t0, lL‘Q) — L(Im ’U) S 0. (1733)
As (1.7.33) holds for all v € R™, it follows that

oi(to, o) + H(xg, Vo(to, z0)) <0 (1.7.34)

Therefore, u is also a viscosity sub-solution to (1.7.26), and the proof is complete. [J

Exercise 1.7.9 Show the weak contraction and the finite speed of propagation properties,
directly from the Lax-Oleinik formula.

Instant regularization to Lipschitz

We conclude this section with a remarkable result on instant smoothing. We will show that
if the initial condition ug is continuous on T", then the solution to the Cauchy problem

w + H(x,Vu) =0, t>0, z €T

(0, 2) = () (1.7.35)

becomes instantaneously Lipschitz. The improved regularity comes from the strict convexity
of the Hamiltonian: indeed, nothing of that sort is true without this assumption, as can be
seen from the following exercise.
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Exercise 1.7.10 Consider the initial value problem

u + lug| =0, t>0, T,

1.7.36
u(0,z) = up(x). ( )

(i) Show that the solution to (1.7.36) is given by
uw(t,z) = inf wug(y). (1.7.37)

lz—y|<t

Hint: one may do this directly but also by considering a family of strictly convex Hamiltoni-
ans H.(p) that converges to H(p) = |p| as ¢ — 0, and using the Lax-Oleinik semi-group for

ui + H.(u2) =0, t>0, €T,

u® (0, ) = uo(). (1.7.38)

Exercise 1.7.5 may be useful here.
(ii) Given an example of a continuous initial condition ug(x) such that the viscosity solution
to (1.7.36) is not Lipschitz.

On the other hand, if the Hamiltonian is strictly convex we have the following result.

Theorem 1.7.11 Let H(x,p) be strictly convex, and u(t,x) be the unique solution to the

Cauchy problem
u + H(x, Vu) =0,

u(0,z) = ug(x),

with ug € C(T™). Then, the function u(t,z) is Lipschitz in t and x for all t > 0.

(1.7.39)

Let us point the key difference with Proposition 1.6.13: as can be seen from the proof of
that proposition, we used the Lipschitz property of the initial condition ug, and showed that
the solution remains Lipschitz at ¢ > 0. Here, the initial condition is not assumed to be
Lipschitz but only continuous, and the improved regularity comes from the convexity of the
Hamiltonian.

Proof. It is sufficient to consider time intervals of length one, and repeat the argument
on the subsequent intervals. Given 0 < ¢ < 1, and = € T", consider the extremal curve (s)
such that y(t) = x, and

ult, 2) = uo(1(0)) + / L(x(s),4(s)) ds. (1.7.40)

As 0 < s < 1, both v(s) and %(s) are uniformly bounded. Of course, on the torus (s)
is always bounded but it would also be bounded for 0 < s < 1 if we were considering the
problem on R". Take h € R", and define the curve

so that
71(0) =7(0), n@) =z+n. (1.7.41)



We may use the Lax-Oleinik formula for u(t, 2+ h) and (1.7.40) for u(t, z), as well as (1.7.41),
to write

u(t,z + h) = u(t,71(t) < u(n(0)) + / L(71(s), 41 (s))ds
0 (1.7.42)

— u(t, z) + / (Ln(s).3(5)) — L(7(s), 5(s))) ds.

The integral in the right side can be estimated as
)50 = L0636 ds = [ 1260+ ThA0) + 1) = L) 4] ds

< / L(sh- VeL(s), 4(5)) + B VuL(a(s),3(5)) ) ds + il

(1.7.43)
with a constant C; > 0 that may blow up as t | 0. We may now use the Euler-Lagrange
equation

%V“L(V(S)W(SD — Vo L(y(s),%(s)) =0

to rewrite (1.7.43) as

/0 (L (5).41(5)) — L(1(5),4(5)) ds

<1 [ b (sTTLOELA) + oLl (e)4(6)) ds+ Cnl (LT
= h-V,L(y(t),4(t) + Ci|h]*.
Using (1.7.44) in (1.7.42), we obtain
u(t,z + h) —u(t,r) < h-V,L(y(t),%(t)) + Cy|h|?, (1.7.45)

which proves the Lipschitz regularity in the spatial variable for all 0 < ¢ < 1, because both ~(t)
and 4(t) are bounded. Again, the boundedness of y(t) would only play a role if we considered
the problem on R"™, of course. Here, we use the fact that (1.7.45) holds for arbitrary x
and y = x + h so that the role of z and y can be switched.

In order to prove the Lipschitz regularity in time, let us examine a small variation of ¢,
denoted by ¢ 4+ 7 with ¢t +7 > 0. Perturbing the extremal curve 7 into

().
we still have
Y2(0) = 7(0), n(t+7)=9() ==

The same computation as above gives

t+7
u(t +7,2) = u(t + 7,7 + 7)) < u(72(0) + / L(72(s), 72(s))ds
0 (1.7.46)

—u(t,z) + / (La(s).32(5)) — L(7(s), 3(s))) ds + / " Lva(s). Auls))ds.
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It is now straightforward to see that there exists C; > 0 that depends on ¢ so that
u(t+7,2) - ult,x) < Cllr|.

Once again, the role of t and ¢’ = ¢t 4+ 7 can be switched, hence u(t, z) is Lipschitz in ¢ as well,
for any ¢ > 0, finishing the proof. [J

Exercise 1.7.12 (i) Where did we use the strict convexity of the Hamiltonian in the above
proof?
(ii) Consider again the initial value problem (1.7.36) with the convex but non strictly con-
vex Hamiltonian H(p) = |p| and a continuous initial condition wug(x) that is not Lips-
chitz continuous. Consider a sequence of smooth strictly convex Hamiltonians H.(p) such
that H.(p) — H(p) as € — 0, locally uniformly on R. Review the above proof and see what
will happen to the Lispchitz constant of the corresponding solution u®(¢,x) to the Cauchy
problem
ul + H(us) =0, t>0, v €T,
w0, ) = uo(x),

constructed by the Lax-Oleinik formula. Hint: again, Exercise 1.7.5 may be useful here.

(1.7.47)

Exercise 1.7.13 Take ¢ > 0 and ~y(s) an extremal such that u is differentiable at x = ().
Show that
Vu(t,z) = V,L(z,5(t)). (1.7.48)

and
u(t,x) = —H(x, Vu(t, x)). (1.7.49)

1.7.2 Semi-concavity and C! regularity

As we have mentioned, the Cauchy problem for a Hamilton-Jacobi equation
us + H(z, Vu) =0, (1.7.50)

with a prescribed initial condition u(0, x) = ug(x), may have more than one Lipschitz solution,
so it is worth asking whether the unique viscosity solution has some additional regularity when
the Hamiltonian is strictly convex, so that the solution can be constructed by the Lax-Oleinik
semigroup. A relevant notion is that of semi-concavity. Most of the material of this section
comes from [62].

Semi-concavity

We begin with the following definition.

Definition 1.7.14 If B is an open ball in R™, F a closed subset of B and K a positive
constant, we say that uw € C(B) is K-semi-concave on F if for all x € F, there is I, € R"
such that for all h € R™ satisfying v + h € B, we have:

u(z +h) < u(x) + 1, - h+ K|h]% (1.7.51)

The function u is said to be K-semi convex on F' if —u is K-semi-concave on F.
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Exercise 1.7.15 Examine the proof of Theorem 1.7.11 and check that it actually proves that
for any t > 0 there exists C; > 0 so that u(¢, x) is Cy-semi-concave in x.

The next theorem is crucial for the sequel. If u is continuous in an open ball B in R"
and F' is a closed subset of B, we say that u € C"(F) if u is differentiable in F' and Vu is
Lipschitz over F.

Theorem 1.7.16 Let B be an open ball of R™ and F closed in B. If u € C(B) is K-semi-
concave and K -semi-conver in F, then u € CH(F).

Proof. As wu is both K semi-concave and K-semi-convex, for all x € F, there are two
vectors [, and m, such that for all hA such that z + h € B we have

(z) + 1, - h+ K|h|?,
(z) +mg - h — K|h|?

u(z + h)

wlz + 1) (1.7.52)

<u
>u
which yields

(mg — 1) - h < 2K |h|*.
As this is true for all A sufficiently small, we conclude that [, = m, and, therefore, u is
differentiable at x, and

l. = my; = Vu(x).

Next, we show that Vu is Lipschitz over F. Given (z,y,h) € F x F x R", such that
both z + h € B and y + h € B, the semi-convexity and semi-concavity inequalities, written,
respectively, between x 4+ h and z, x and y, and x + h and y, give:

lu(z + h) — u(z) — Vu(x) - h| < K|h|?
u(z) — u(y) — Vu(y) - (z —y)| < Klz —y|?
lu(y) — u(z+h) + Vuly) - (x+h—y)| < K|z +h—yl*.

Adding the three inequalities above, we obtain:

|(Vu(z) — Vu(y)) - h| < 3K(|h|* + |z — y|?). (1.7.53)
Taking
o Vu(x) — Vu(y)
" S V)

in the inequality (1.7.53) gives
|Vu(z) — Vu(y)| < 6Kz —y],
which is the Lipschitz property of Vu that we sought. [J
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Improved regularity of the viscosity solutions

Let us come back to the solution u(t,z) to the Cauchy problem

us + H(z, Vu) =0,

u(0, ) = uo(x). (1.7.54)

We first prove that if v is a minimizing curve for u(¢,x), with v(t) = x, then it is also a
minimizer for u(s,7(s)) for all 0 < s <.

Proposition 1.7.17 Fizt > 0 and x € T", and a minimizing curve 7y such that v(t) = x,
and

u@@=mMW+ALm@n@w& (1.7.55)

Then for all 0 < s < s’ <t we have

/ /

(s 1) = w(O) + [ L6(0)5(0) de = u(s 1) + [ LO1{)3(0)) do (1756)
0 s
Exercise 1.7.18 Relate the result of this proposition to the dynamic programming principle.

Proof. The Lax-Oleinik formula implies that for all 0 < s < ¢t we have

(5. 7() < w0 + [ L6(0).3(0)) do

Assume that for some 0 < s < t, we have a strict inequality

u(s,7(s)) < uo(v(0)) + /OSL(V(U)W(U)) do. (1.7.57)

Then, there exists a curve 7,(s'), 0 < s’ < s, such that v,(s) = v(s), and

UMMW+KM%@ﬁMDM<MMW+AEM®M®Ma

Then, we can consider the concatenated curve v,(s) so that vo(s") = y1(s') for 0 < §" < s,
and 7, (s') = y(s') for s < s’ < t. The resulting curve is piece-wise C''[0, ], hence is an allowed
trajectory. This would give

mww»:mwm+/lwwnw»w+/LM@A@MJ
0 ¥ (1.7.58)

wmwm+4LM@mﬁ»w

which would contradict the extremal property of the curve v between the times 0 and t.
Therefore, (1.7.57) can not hold, and for all 0 < s < ¢ <t we have:

/ /

(s () = W (0) + [ L0(0).40)) do = uls26) + [ L0 3o do (17,59
This finishes the proof of Proposition 1.7.17. [J
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Definition 1.7.19 We say that v : [0,t] — T" is calibrated by w if (1.7.55) holds.

Let us define the conjugate semigroup of the Lax-Oleinik semigroup by:

T (t)ug(x) = sup (uo(y) — he(z,y)), Vuo € C(T"), t > 0. (1.7.60)

yeTn

We will denote u(t, 2) = T (t)ug(x). The following lemma is proved exactly as Theorem 1.7.11.

Lemma 1.7.20 Let ug € C(T") and 0 > 0. There is K (o) > 0 such that T (c)ug is K(o)-
semi-convez. The constant K (o) blows up as o — 0.

Given 0 < s < ¢, we define the set I'; o[ug] as the union of all points (s1,x) € [s,s'] x T",
so that the extremal calibrated by u, which passes through the point x at the time s; can be
continued forward in time until the time s’, and backward in time until the time s.

Corollary 1.7.21 Let up € C(T") and u(t,z) = T(t)up(x), and 0 < s1 < 9, then for
any € > 0, the function u € CYH(Ty, so4e N ([51, 52) x T™)).

Proof. Let us take (s,x0) € I's, s,4e, With 53 < s < s9, so that that the extremal 7 such
that xo = y(s) can be continued past the time s, until the time s, + €.

Let us first deal with the spatial regularity. As we have mentioned in Exercise 1.7.15,
there is K > 0 depending on s; such that the function u(s, z) is K-semi-concave at all z € T"
for all s > sy, in particular, at xy. Hence, we only need to argue that u is semi-convex at x,
and here we are going to use the fact that (s, xg) € I's, 5,4 Note that for all y € R™ we have,
by the Lax-Oleinik formula,

u(s2 +€,y) < u(s,2o) + hsyie—s(To, y)- (1.7.61)

In addition, the calibration relation (1.7.59) implies that if xy = v(s) and (s,z9) € L'y, syte,
then equality is attained when y = v(s2 4+ €). We conclude that in this case we have

u(s, o) = ys;g(u(& +6,4) = hoyes(®0,9)) = T(s2 + € = 8)[u(s2 + &, -)](20)-

It follows from Lemma 1.7.20 that there is a constant K depending on &, such that u(s,-)
is K-semi-convex in & on Ly, sore N ([51,52] x T™).

Theorem 1.7.16 now implies that the function u(s,-) is C*! in = on the set Ty, 4,4 for
all s < s < sy5. To end the proof, one just has to invoke relation (1.7.49) in Exercise 1.7.13
to obtain the corresponding regularity in the time variable. [

This corollary may not, at first sight, look so striking. To enjoy its scope, let us specialize
it to the solutions to the stationary equation

H(z,Vu) =0, (1.7.62)
assuming that they exist. Corollary 1.7.21 allows us to discover the following
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Corollary 1.7.22 Consider a solution u of (1.7.62), and let F' be the set of all points x € T"
such that there exists €, > 0 and a C* curve v : (—&,,&,) — T" such that v(0) = x and

ur(en) —ulo(-e) = | " L(y(s) A(s)ds. (1.7.63)

Then u € CHH(F).

In other words, u is C*! at every point through which an extremal of the Lagrangian passes,
as opposed to ending at this point.

Let us examine some further consequences of this fact, in the form of a few exercises, just
to give a glimpse of how far reaching these considerations can be. Their solution does not
need more tools or ideas than the ones already presented, but they are fairly elaborate. We
begin with an application of the finite speed of propagation property.

Exercise 1.7.23 Let u(x) be a Lipschitz viscosity solution of
H(z,Vu)=0

in a bounded open subset Q of R™. Show that, for every open subset € of  such that ; is
compactly embedded in 2, there is ¢ > 0 such that, for all ¢t € [0,¢] and = € Q; we have

u(x) =T (t)u(x).

We continue with a statement that looks surprisingly elementary. However its solution is
not.

Exercise 1.7.24 Let Q be an open subset of R" and u,, a sequence in C*(2), such that
|Vu,| =1 for all p.

Show that all uniform limits of u, are C* functions. Hint: if zy € (2, then, for small ¢ > 0, the
function w,(z) coincides, in a small neighborhood of x, with both T (¢)u, and 7:(6)%. Note
that the Hamiltonian is not strictly convex, so some care needs to be given to the definition
of the Lax-Oleinik semigroup and its adjoint. If in doubt, look at (1.7.64) below.

We end the section with two regularity properties of the distance function. Recall that,
if S is a subset of R", the distance function to S is given by

d = inf |x — v|.
s(z) = inf [z — |
It is, obviously, a Lipschitz function with Lipschitz constant 1. We can say much more, just

recalling the age-old fact that the shortest path between two points is the line joining these
two points: this makes dg a viscosity solution of |Vd| = 1, or, even better:

Vd|* = 1. (1.7.64)
We may use the previous theory for the following results.
Exercise 1.7.25 If S is a compact set, xg ¢ S and v is such that
|z — | = ds(),
then dg is C! on the line segment [v, z].
Exercise 1.7.26 If S is a convex set, then dg is C™! outside S.

If you are stuck with any of the above three exercises, see [62].
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1.8 Large time behavior in particular cases

For the rest of this chapter, we go back to the long term behavior of the solutions to the
Hamilton-Jacobi equations but unlike in Section 1.3, we now consider the inviscid case. In
this initial section, we will focus on two examples. First, we will consider equations of the
form

1
uy + §|Vu|2 = f(2), (1.8.1)
with the classical Hamiltonian ,
p
H(z,p) = |7| — f(x). (1.8.2)

This equation arises naturally in the context of classical mechanics. The strict convexity of

the classical Hamiltonian (1.8.2) will allow us to use the Lax-Oleinik formula to understand

the long time behavior for the solutions to (1.8.1), in a straightforward and elegant way.
Then, we will consider the Hamilton-Jacobi equation

u + R(z)y/1 4+ |Vul? =0, (1.8.3)

with the Hamiltonian
H(x,p) = R(x)\/1+ [p|>. (1.8.4)

The Hamiltonian in (1.8.4) is locally strictly convex in its second variable but not uniformly
strictly convex. We could also attack the problem via the Lax-Oleinik formula, with a little
extra technical argument due to the lack of the global strict convexity. We will not, however,
rely on the strict convexity in any form in the analysis of the long time behavior for the
solutions to (1.8.3). The separate arguments that we are going to display for this problem
will work, at almost no additional cost, for the important class of Hamiltonians of the form

H(:L‘,p) = ’VU’ - f(l'), (185)

which are not strictly convex even locally. The proof is inspired by the arguments in [107].
Let us mention, looking ahead, that despite the difference in the approaches to the two
cases, we will see some strong similarities in the underlying dynamics that will allow us to
address the general case in the next section. We chose to start with these examples as the
proofs here are much more concrete.
On the technical side, we will assume for (1.8.1) that the function f(z) is smooth, and
that the function R(z) in (1.8.3) is smooth and positive: there exists Ry > 0 so that

R(xz) > Ry > 0 for all z € T", (1.8.6)

and will use the notation

R =||R||p. (1.8.7)

Note that the assumptions for the Hamiltonian H(x,p) = R(z)\/1+ |p|? fall in line with
those made in Section 1.3 on the convergence to the viscous waves, and in Section 1.6 on the
existence of the inviscid waves and of the solutions to the inviscid Cauchy problem. As usual,
the smoothness assumptions on the function f(z) and R(z) can be greatly relaxed.

68



Let us first explain how equation (1.8.3) comes up from simple geometric considerations.
Consider a family of hypersurfaces $(t) of R™" moving according to an imposed normal
velocity R(y):

V. =R(y), yeR"™, (1.8.8)

the function R(y) being given and positive. Assume that, at each time ¢t > 0, the surface 3(t)
is the level set of a function v(¢,y):

Y(t) ={y e R": v(t,y) = 0}.

It is easy to see that the normal velocity V,, at the point y, at time ¢, is given by

. Ut<t7 y)
N v

so that the evolution equation for the function v(¢,y) is
vy = R(y)|Vu|  on X(t). (1.8.9)

This evolution equation is interesting in itself, and is known in the literature on the math-
ematical theory of combustion as the G-equation. It also appears in many computational
methods where it is often called the level sets equation. In particular, it allows to model
coalescence of objects in digital animation.

We are going to consider a special situation when ¥(¢) is given in the form of a graph of
a periodic function u(t,z), x € R", that is, writing y = (z, yp41), with z € T" and y,1 € R,
we have

v(t,y) = Yns1 —ult,z), x€T",

and also that R(y) is actually a function of the form R(z) — it depends only on the first n
coordinates of y. Then we obtain from (1.8.9)

u + R(x)\/1+|Vul2=0, zeT", (1.8.10)

which is (1.8.3).

We will begin with the analysis of the wave solutions to (1.8.1) and (1.8.3) — as we will
soon see, this study is essentially identical for both problems. Then, we will consider the long
time convergence to the wave solutions, and there the two analyses will diverge.

1.8.1 Counting the waves

The first step is to understand the wave solutions to (1.8.1) and (1.8.3). Note that a wave
solution to (1.8.3) satisfies

R(z)\/1+ |Vul2=¢, ze€T", (1.8.11)

an equation that can be alternatively stated as
\Vu(z)|* = g(z), =€T", (1.8.12)
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with
2

g(x) = @) L. (1.8.13)

On the other hand, a wave solution to (1.8.1) solves
1 2 n
§|Vu(x)| = f(x)+c¢, xeT (1.8.14)
that can also be re-stated as (1.8.13), but now with
g(x) =2(f(x) + ¢). (1.8.15)

Thus, in both cases, existence of the wave solutions is equivalent to the question of existence
of steady solutions to (1.8.12).

Identification of the speed
We begin with the following.
Proposition 1.8.1 A solution to an equation of the form
Vu(z)]? = f(z) +v, =T, (1.8.16)

with a smooth function f exists if and only if

7=~ min f(z). (1.8.17)
In other words, a solution to
\Vu(z)|* = f(z), €T, (1.8.18)
exists if and only if
Hel%l‘r}l f(z) =0. (1.8.19)

A consequence of this proposition is that that the only ¢ such that equation

R(z)V1+ |Vuwl? =¢, ze€T", (1.8.20)

has a solution u.(7) is ¢ = R, as seen from (1.8.12)-(1.8.13).
To understand the main idea of the proof, note that the unique « for which (1.8.16) has
a solution, can be alternatively defined as the only value of v such that each solution to the
Cauchy problem
uy + |Vul? = f(z) ++, t>0, x €T,

(0, 2) = uo(x), (1.8.21)

is uniformly bounded in time. This is an immediate consequence of the comparison principle
for the viscosity solutions.
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Exercise 1.8.2 (i) Explain this point: show that if v # ¢ then the solution to the Cauchy
problem (1.8.21) can not remain bounded as t — 400, and, conversely, if v = ¢ then it
remains bounded as ¢t — +o00.

(i) Show also that c is the unique value 7 such that there exists both a sub-solution u and a
super-solution @ to

Vul? = f(z) +7, €T (1.8.22)
Hint: solutions to (1.8.21) may be helpful here.

Proof of Proposition 1.8.1. We know from the Lions-Papanicolaou-Varadhan theorem
that for each f € C(T™) there exists some v € R such that a solution to

Vu(z)|? = f(z) +~v, z€T, (1.8.23)
exists. We need to show that
y=— m%rn f(z). (1.8.24)
zel™

As in Exercise 1.8.2(ii), we only need to construct a sub-solution and a super-solution to (1.8.23)
for v as in (1.8.24). First, observe that if

v+ min f(x) > 0, (1.8.25)

zeTn

then all constants are sub-solutions to (1.8.23).
On the other hand, a quadratic function of the form

a(z) = %|x — xof?, (1.8.26)
with some zy € T", is a super-solution to (1.8.23) if
o?lr — xo|* > f(x) +, forallze T (1.8.27)

It follows that, in particular,
f(zo) +7 <0,

hence such super-solution can exist only if

v+ m%rn flx) <0. (1.8.28)
xe mn
On the other hand, if (1.8.28) does hold, z( is a minimum of f(z), and f is smooth, as we
assume here, then (1.8.27) does hold if we choose o > 0 to be sufficiently large.

Thus, if ¥ = —minge» f(z) then we can find both a sub-solution and a super-solution
to (1.8.23), finishing the proof. O

Exercise 1.8.3 Note that the super-solution we have constructed in (1.8.26) is not periodic.
Explain why this is not an issue.
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Exercise 1.8.4 We did use the assumption that f(z) is smooth in the construction of the
super-solution in the above proof. Show that nevertheless the conclusion of Proposition 1.8.1
holds for f € C(T™). Hint: approximate f € C(T") by a sequence of smooth functions fj
that converges uniformly to f and obtain a uniform Lipschitz bound for the solutions to

Vug]* = fr(@) + 9, W= _irelqir% Ji(@),

such that ug(0) = 0. Finally, use the stability property of the viscosity solutions to show
that u, converges, along a subsequence, to a viscosity solution to

|Vul> = f(z) +7, v:=—min f(z). (1.8.29)

xeTn

A simple example of the non-uniqueness of the waves

Before proceeding with the description of the set of the solutions to

Vu(x)]* = f(z), €T, (1.8.30)
under the assumption that
m%rn f(z) =0, (1.8.31)
xeT™

let us explain why the solutions may be not unique. This is a big difference with the viscous
case

— Au+ H(z,Vu) =c, (1.8.32)

described in Theorem 1.3.1, where both the speed ¢ and the solution w are unique.
We consider a very simple example in one dimension:.

|| = f(z), =€T. (1.8.33)
Assume that f € C*(T!) is 1/2-periodic, satisfies
f(z)>0on (0,1/2)U(1/2,1), and f(0) = f(1/2) = f(1) = 0.

and is symmetric with respect to = 1/4 (and thus z = 3/4). Let w; and uy be 1-periodic
and be defined, over a period, as follows:

( x 1
: ! |t 0o,
|y 0<e<s, 0 oo
u(z) = 1 1 us(z) = f(y) dy, 1 <z< 2
[t j<ast :
”C U i é—periodic.

\

Note that u(x) is continuously differentiable but wus () is only Lipschitz: its graph has corners
at  =1/4 and = 3/4.

Exercise 1.8.5 Verify that both u; and uy are viscosity solutions of (1.8.33), and wus cannot
be obtained from u; by the addition a constant. Pay attention to what happens at x = 1/4
and x = 3/4 with us(x). Why can’t you construct a solution that would have a corner at a
minimum rather than the maximum?
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Trajectories at very negative times

The above example of non-uniqueness inspires a more systematic study of the steady solu-
tions to

Vul? = f(z), xeT" (1.8.34)

in order to understand how many steady solutions this problem may have. We assume that
the function f is smooth and non-negative:

f(x) >0 forall z € T", (1.8.35)
and
min f(z) =0. (1.8.36)

This ensures existence of a solution to (1.8.34), via Proposition 1.8.1. The smoothness as-
sumption on the function f is adopted merely for convenience, continuity of f would certainly
suffice.

An important and non-technical assumption is that the function f(z) has finitely many
zeroes xi,..., xy. We will see that an absolutely crucial role in the analysis will be played by
the set

Z=A{x: f(z) =0} ={z1,...,2n}. (1.8.37)

What follows is a (much simplified) adaptation of the last chapter of the book of Fathi [63].
As we have mentioned, the viscosity solutions to (1.8.34) exist by Proposition 1.8.1 and
our assumptions on f. The Lagrangian associated to the Hamiltonian H(x,p) = |p|* — f(x)

is

|v?]
4

Thus, the viscosity solutions to (1.8.34) satisfy the Lax-Oleinik formula: for any ¢t < 0 we

have

L(z,v) = + f(x). (1.8.38)

. )
u(z) = inf (u(fy(t)) + / ( + f(’y(s)))ds). (1.8.39)
~(0)=z ¢ 4

We know from the results of the preceding section that the infimum is, in fact, a minimum,
attained at an extremal of the Lagrangian, that we denote y,(s), t < s < 0. Note that L(z,v)
given by (1.8.38) is nonnegative and vanishes only at the points of the form (z,v) = (x;,0),
with ¢ € {1,..., N}. Hence, we expect that the minimizers in (1.8.39) should prefer to stay
near the points where f vanishes, and move very slowly around those points. To formalize
this idea, we would like to send the starting time ¢ — —oo and say that each minimizing
curve y(s) is near one of z; € Z, for s sufficiently large and negative.

Proposition 1.8.6 The function u(x) can be written as

u(z) = inf inf 0 (U(xi)+/0 <|7(j)|2 +f(7(5))>d5)’ (1.5.40)

T;€Z y(—00)=m;,y S

with the infimum taken over all curves ~y(s) such that v(0) = x and y(s) — z; as s — —oo.
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Proof. First, note that u(z) is bounded from above by the right side of (1.8.40), as follows
immediately from the Lax-Oleinik formula (1.8.39). We need to show that equality is actually
attained. Let us fix x € T", take ¢t < 0 large and negative, and consider the corresponding
minimizer ~,(s), calibrated by u, so that

u(@) = u(y(s)) +/ (|%<4 ), f(%(a))>cza, for all £ < s < 0. (1.8.41)

The uniform bounds on v;(s) and 44(s) imply that there is a sequence t, — —oo such
that v, (s) converges, locally uniformly, to a limit v(s) that is defined for all s < 0. Passing
to the limit ¢, — —oo in (1.8.41) we see that v(s) is also calibrated by w: for all s < 0 we
have

[¥(o)?

) =utz(s) + [ (2

s

+ [(35(0)) ) do (1.842)

We claim that there exists z;, € Z so that
lim ~(s) = . (1.8.43)

s—00
To see that (1.8.43) holds, take £ > 0 and consider the set
D.={yeT": |y—ux; <e for some z; € Z}.
If £ > 0 is sufficiently small, then D, is a union of N pairwise disjoint balls
BY ={yeT: |y—u| <e}

The function f(y) is strictly positive outside of D.: there exists A. > 0 so that f(y) > A. for
all y & D.. It follows from (1.8.42) that the total time that v(s) spends outside of D, is also

bounded:
2l

[{s <0: y(s) € D} < (1.8.44)

E

Exercise 1.8.7 Show that there exists p. > 0 such that if s; < so < 0, and ~(s;) € ng)
while y(s5) € B*) with k # K/, then

/s (L 4 iy 5)ds > e (1.8.45)

Hint: show that if the switch from Bék) to Bék/) happens ”quickly” then the contribution of
the first term inside the integral is bounded from below, and if this switch happens "slowly”,
then the contribution of the second term inside the integral is bounded from below.

A consequence of (1.8.44) and Exercise 1.8.7 is that there exists 7. and 1 < k < N such
that v(s) € B.(xy) for all ¢ < T.. This implies (1.8.43).
Now, we may let s — —oo in (1.8.42) to obtain

(@) = u(ay) + / (; ('7(;’)'2 + f(v(a)))da. (1.8.46)

It follows that u(z) is bounded from below by the right side of (1.8.40), and the proof of
Proposition 1.8.6 is complete. []
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Classification of steady solutions

We can now classify all solutions to
Vul? = f(z), xcT" (1.8.47)

The reader may remember that the proof of uniqueness of the waves in Theorems 1.3.1 and
the long time behavior in Theorem 1.3.4 in the viscous case relied crucially on the strong
maximum principle and the Harnack inequality for parabolic equations. It is exactly the lack
of these properties for the inviscid Hamilton-Jacobi equations that leads to the non-uniqueness
of the solutions to (1.8.88), and to different possible long time behaviors of the solutions to
the corresponding Cauchy problem.

Let us set

S(zi,x) =  inf /0 (’7(8)‘2 + f(’Y(S))>ds. (1.8.48)

Y(=0)=w; J_ 4
It may be seen as the energy of a connection between x; and x, or, in a more mathematically

precise way, as a sort of distance between x; and x. This fruitful point of view, developed
in [63], will not be pushed further here. The next theorem classifies all solutions to (1.8.47).

Theorem 1.8.8 Let {x1,...,xn} be the set of zeros of a smooth non-negative function f(x).
Given a collection of numbers {ay,...,an} there is a unique solution u(x) to (1.8.47), such
that

u(z;) =a; foralll1 <i <N, (1.8.49)

if and only iof
aj < a;+ S(x;,z;), foralll <i,j<N. (1.8.50)

Condition (1.8.50) has a simple interpretation: in order to be able to assign a value a; at the
zero x;, the trajectory v(t) = x; for all ¢ < 0, should be a minimizer.

Proof. Proposition 1.8.6 already shows that the values of u(x;) determine the value
of u(z) for all x € T", and that if a solution exists and (1.8.49) holds, then

- — inf ; i Ti)). 1.8.51
a; iE{H.l..,N} (a + S(z xj)) (1.8.51)

This implies (1.8.50).

To prove existence of a solution to (1.8.47) such that u(x;) = a; for all 1 < ¢ < N, for
given a;, i = 1,..., N, that satisfy (1.8.50), set

u(x) = inf , (a; + S(z,2)). (1.8.52)
Using the by now familiar arguments, it is easy to see that u is a solution to (1.8.47). Moreover,

we have
u(x;) = ian} (a; + S(z,25)).

This, together with (1.8.50) implies u(z;) = a;. O

Exercise 1.8.9 Apply the above theorem to the equation |u/| = f(z) on T!, with a non-
negative function f(x) vanishing at 2 or 3 distinct points. Find out how many different
solutions one may have.
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Exercise 1.8.10 Let €2 be a smooth bounded subset of R™. Assume that f is nonnegative
and vanishes only at a finite number of points and uy € C(9€2). Find a necessary and sufficient
condition on the values of ug so that the boundary value problem

Vul* = f(z), z€Q,

w(x) = ug(x), x €09, (1.8.53)

is well-posed. Count its solutions. If you have difficulty, we recommend that you read the
very remarkable study of the non-uniqueness in Lions [93].

1.8.2 The large time behavior: a strictly convex example

The above analysis for the classification of the wave solutions can be adapted to understand
the long time behavior of the solutions to the Cauchy problem

u + |Vul? = f(x), t>0, z€T"

u(0, ) = up(x). (1.8.54)

The next theorem gives an (almost) explicit form of the asymptotic limit of the solution
to (1.8.54), and exhibits again the role of the set Z in the dynamics.

Theorem 1.8.11 Let u(t,z) be the solution to (1.8.54) with a smooth non-negative func-
tion f(z) that vanishes on a finite set Z = {x1,...,xn}, and uy € C(T™). Then, the func-
tion u(t, x) is non-increasing in t on the set Z, so that for each xy € Z the limit

ar = lim wu(t,xy) (1.8.55)

t——+o00

exists. Moreover, for all x € T™ we have

lim u(t,z) = inf (ay+ S(z, ), (1.8.56)

t—+o00 TLEZ

with S(x;,x) as in (1.8.48):

S(zy,z) = inf /0 (MS)P + f(W(S))>ds. (1.8.57)

7(700):x74 —00 4

We will use throughout the proof the fact that the unique viscosity solution to (1.8.54) is
uniformly bounded and is uniformly Lipschitz: there exists C' > 0 so that for all t > 1 we
have

Jut, e < C, lua(t, )l oo + [[Vult, )| < C. (1.8.58)

The Lipschitz bound in (1.8.58) follows from Theorem 1.7.11, while the uniform bound
on u(t, z) is a simple consequence of the fact that steady solutions to (1.8.54) exist under our
assumptions on f(x). These estimates already tell us that there exists a sequence t,, — +00
such that the sequence of functions v,(¢,x) = u(t + t,,x) converges in L>°(T") and locally
uniformly in ¢, to a limit u(t, z). However, we do not know that the limit is unique, nor that
it is time-independent, nor that it is a solution to (1.8.54).
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Monotonicity on Z

We first prove that u(¢,x) is non-increasing in ¢ for x € Z. If u(t, z) were actually smooth
at xy € Z, then, as f(zy) = 0 for x; € Z, we would have

uy(t, z) = —|Vu(t, z)|> <0, (1.8.59)

as desired. However, we only know that wu(f,x) is a viscosity solution, hence we can not
use (1.8.59) directly. Instead, we fix ty > 0 and consider the function

u(t,x) = u(ty, x) + (t — to) f(2). (1.8.60)

We claim that u(t, z) is a viscosity super-solution to (1.8.54). Consider a test function ¢ such
that the difference @ — ¢ attains its minimum at (¢1,21). As (¢, z) is smooth in ¢, we have,
in particular, that

0 S Spt(tlaxl) - at(tlyxl)v

which implies
0 < @iltra1) = @ty 21) = @lte, 21) — f(21) < @elt, 21) + [Vt 21) [ — f(z1). (1.8.61)
We deduce that u(t, z) is a super-solution to (1.8.54). Moreover, at t = t, we have
u(to, x) = u(te,x) for all x € T™.

As a consequence, it follows that u(t,x) < u(t,z) for all ¢ > t, and = € T". Specifying this
at z, € Z gives
u(t, x) < u(to, zy) for all t > to,

thus u(¢, x) is non-increasing in ¢ on Z, proving the first claim of Theorem 1.8.11: the limit

ap = lim u(t, zy) (1.8.62)

t——+o0

exists for all x, € Z2,1 <k < N.

Convergence on the whole torus

The proof of the second part of Theorem 1.8.11 is similar to that of Proposition 1.8.6 but
some technical points are different. For a fixed ¢ > 0 and € T", consider the Lax-Oleinik
formula written as

_ Crle)P
u(t,z) = ﬂ/(ltl)lfm (u(s,y(s)) +/ < TR f(v(a)))da), (1.8.63)
with any 0 < s < ¢. Taking a test curve v5;(0), s < o < t such that v,,(s) = x, € Z, with
both s and ¢ large, and passing to the limit ¢, s — 400 with t —s — +00, we deduce that for
all x € T" we have

lim sup u(t, z) < xnéfz (a; + S(z4,2)), (1.8.64)

t——+00

with S(x;, x) defined in (1.8.57). We used here the existence of the limit in (1.8.62).
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The longer step is to show the reverse inequality to (1.8.64). Let y4(0), 0 < o < t, be a
minimizer in the Lax-Oleinik formula

u(t2) = inf (ua(3(0) + /0 t(”’y(zw +I3(0))do). (1.5.65)

y(t)=z

As (o) is calibrated by u, we have

u(t,z) =u(t+s,n(t+s)) + /t (M + f(%(a)))da

t+s 4
" (Pt + o)
=u(t+s,1(t+s)) +/ (T + fn(t+ J)))dO', for all —t < s <0.
) (1.8.66)
Let us introduce the path n(0) = %(t + o), —t < o <0, and write (1.8.66) as
0 2
u(t, z) = u(t + s,m(s)) +/ <w + f(nt(a)))da, for all —t < s <0. (1.8.67)

We now pass to the limit £ — +o00. The uniform a priori bounds on (o) and (o) imply
the corresponding bounds on 7,(o) and 7,(0). Hence, there exists a sequence t,, — 400 such
that 7, (o) converges as n — +o0o, locally uniformly in o, to a limit n(o), —oco < o < 0.
In addition, 7n(s) inherits the minimizing property of 7;: for any s < 0, the curve n(o) is a

minimizer of _ )
| (5 s o

over all curves v(0), s < o <0, that connect the point v(s) = n(s) to x = v(0) = n(0).
By the same token, the bounds (1.8.58)

Ju(t, ) < O, Nlua(t, )l + [[Vu(t, )|z~ < C (1.8.68)
on the function wu(t, z) imply that the sequence
(s, ) = u(t, + s, ),

possibly after extracting a subsequence, converges in L (T™) and locally uniformly in s, to a
limit v(s, z) such that

v(s,zg) = ag, forall zx € Z and s € R. (1.8.69)

The uniformity of the limits of 7,(c) and v,(s,x) and the uniform in ¢ Lipschitz bounds
on u(t,x) allow us to pass to the limit ¢, — +o0 in (1.8.67), giving

lim u(t,,z) =v(0,2) = v(s,n(s)) +/ <M + f(n(a)))da, for all —oco < s <0.

tn—>+00 4
(1.8.70)
As in the proof of Proposition 1.8.6, we deduce from (1.8.70) the boundedness of the integral

/0 (M + f(1(0)) )dor < 0.

o\ 4
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This, in turn, as in that proof, implies that there exists x; € Z such that

Using (1.8.69) together with the uniform in s Lipschitz bound on v(s, ) we may now pass to
the limit s — —oo in the right side of (1.8.70) to conclude that

. )P
tnl_lgloou(tn,x) =a; + /_Oo (T + f(n(o)))da. (1.8.71)
The minimizing property of n(o) implies that
Jm u(tn, z) = a; + 5(z;,2) > inf (ar + S(a, 2)). (1.8.72)
Comparing to (1.8.64), we see that
lim u(t,,z) = inf (ap + S(z, 7)) = u(2). (1.8.73)

tn——+00 TLEZ

On the other hand, as we have seen before, u,(x) is a solution to
V| = f(2).

The weak contraction property for the viscosity solutions implies that not only we have the
limit along a sequence t,, — +o00 but actually

m u(t, ) = us (). (1.8.74)

t——+00
This finishes the proof. [

Exercise 1.8.12 Explain how the weak contraction property is used in the very last step of
the proof.

An equation with a drift

The minimizers for the problem
w + [ Vul* = f(z),

that we have just considered, spend most of their time near one of the finitely many points
in the zero set Z of f. To illustrate a different possible behavior of the minimizers, consider
the Cauchy problem

ut+cux+ui:0, t>0, €T,

1.8.75
u(0,2) = ug(x). ( )
The Lagrangian corresponding to the Hamiltonian
H(p) = |p[* +cp (1.8.76)
is )
L(v) =sup [pv —cp —p*] = (v=c) : (1.8.77)
peER 4
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and the solution to (1.8.75) is given by the Lax-Oleinik formula:
o=t fuw) 3 [ G - o (1879
u(t,x) = in u - s) —c¢)ds]|. 8.
VO)=y, 7(H)=c L YT 0 !
It is easy to see that the minimizer v;(s; x) for (1.8.78) is a straight line v(s) = x + ¢;(s — t).
The optimal speed ¢; is given by

t
¢ = argmin, . [uo(x —ut) + Z(U - 0)2]. (1.8.79)

This is a very different behavior from that in Theorem 1.8.11: the minimizers visit every point
on the torus infinitely many times. An immediate consequence of (1.8.78) is that

u(t, ) > min ug(y). (1.8.80)
ye'I[‘n

On the other hand, if z( is a minimum of uy(y), we can take

p=2_"%0" [“; — %o —cl] (1.8.81)

in (1.8.78). Here, [£] is the integer part of £ € R. This gives
x—vt=x9+ [x—x0—ct], up(zr —vt) = up(xy), (1.8.82)

leading to an upper bound

M < ug(wo) + l = min ug(y) + l (1.8.83)

t2) < — ot
ult, v) < uolw —vt) + —— At yemn At

We deduce from (1.8.80) and (1.8.83) that

lim w(t, ) = min uy(y), (1.8.84)

t—4o00 yeTn

uniformly in z € T". Note that (1.8.84) holds even though the minimizers do not spend any
more time near the minima of uy(y) than at any other points. Thus, the specific behavior of
the minimizers we have seen in Theorem 1.8.11 is helpful but is not needed for the long time
limit of the solution to exist. We will revisit this issue in a more general setting in Section 1.9.

1.8.3 The large time behavior: without the Lax-Oleinik formula
We now turn to the long time behavior of the solutions to the Cauchy problem (1.8.3):

ur + R(x)\/1+ |Vul2=0, t>0, z€T", (1.8.85)
u(0, ) = up(x). o

Let us recall that we assume that the function R(z) is smooth and non-negative:

R(x) > Ry > 0 for all x € T, (1.8.86)
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and we use the notation )
R = ||R| p. (1.8.87)

We will assume for simplicity that the set Z where R(x) attains its maximum is finite, though
this assumption may be very much relaxed. As we have seen in the discussion following
Proposition 1.8.1, this problem admits wave solutions of the form ct + u..(x), moving with
the speed ¢ = R. Our goal will be to prove the following long time behavior result.

Theorem 1.8.13 Let u(t,x) be the solution to (1.8.85) with ug € C(T™) and assume that R(x)
is smooth, satisfies (1.8.86), and attains its mazimum on a finite set. There is a solu-

tion us(z) to
R(x)\/1+ |[Vus]2=R, x€T", (1.8.88)

such that we have, uniformly with respect to x € T":

lim (u(t,z) + tR — ux(z)) =0, (1.8.89)

t——+o00
with R defined in (1.8.87).

Note that there is no claim of uniqueness of the solutions to (1.8.88) in Theorem 1.8.13, even
up to addition of a constant. Indeed, as we have seen, uniqueness need not hold, as soon as
the function R(x) attains its maximum at more than one point. Unlike in the strictly convex
case considered in the previous section, we will not use the Lax-Oleinik formula to understand
the long time behavior, to illustrate the fact that the strict convexity of the Hamiltonian is
also not needed for the solutions to have a long time limit. Nevertheless, the set

Z={xeT": R(z)=R} (1.8.90)

will play an important role in the proof, and in the dynamics, very similar to that of the
minima of the function f(z) in the proofs of Theorems 1.8.8 and 1.8.11.
We start the proof of Theorem 1.8.13 by writing

u(t,z) = v(t,z) + tR,
which transforms (1.8.85) into
v+ R(@)\/1+|Vu2—R=0, z€T" (1.8.91)
v(0,z) = up(z). o

Our goal is to show that there is a solution u(x) to

R(z)\/1+ |[Vus|2 =R, z€T" (1.8.92)

such that
lim v(t,x) = us(z), uniformly in x € T, (1.8.93)

t——+o0

It is easy to see from the weak contraction principle that we may assume without loss of
generality that the initial condition ug € C*(T"). As a technical remark, we have seen that
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the unique viscosity solution to (1.8.91) is uniformly bounded and uniformly Lipschitz: there
exists C' > 0 so that for all ¢ > 1 we have

[o@@, )l < C, ot )l + [[Vo(t, )l < C. (1.8.94)

The uniform bound on v in (1.8.94) follows from the existence of a steady solution to (1.8.92)
and the comparison principle, and the Lipschitz bound is an implication of Theorem 1.7.11.
These bounds will be useful again when we pass to the limit ¢ — +4o00.

Note that if we can show that v(t,x) converges uniformly, as ¢t — 400, to a limit us(x),
as in (1.8.93), then the limit is a viscosity solution to (1.8.92). Indeed, in that case the
functions v, (t, x) = v(t +n, z) are solutions to (1.8.91), and converge, as n — 400, t0 U (),
in L>°(T"), and locally uniformly in t. The stability property of the viscosity solutions implies
that u. () is a steady solution to (1.8.91), and thus solves (1.8.92). Thus, it suffices to prove
that the limit in (1.8.93) exists. We will do this in two steps: first we will prove existence of
the limit for x € Z, and then show that convergence on Z implies converges on T"\ Z as well.
In other words, what happens on Z controls the behavior off Z. This is very similar to the
dynamics in Theorem 1.8.11 even though unlike in that case we will not use the Lax-Oleinik
minimizers.

Convergence on Z

To show convergence on Z, we are going to prove that v(¢, z) is non-increasing in t on Z. This
is intuitively obvious: if v(¢, z) is continuously differentiable at z € Z at some time ¢ > 0, so
that (1.8.91) holds in the classical sense, then, as R(z) = R for z € Z, we have

v(t,xr) = R(1—/1+ |Vo(t,2)2) <0,

so that v(t, z) is non-increasing in ¢. The familiar problem is that v(¢, x) is merely Lipschitz,
and not necessarily differentiable, hence (1.8.91) holds only almost everywhere, and we have
no guarantee that it holds at any given (¢, ).

To make the above simple reasoning rigorous, the argument is close to the corresponding
step in the proof of Theorem 1.8.11: consider t5 > 0 and zy € Z and set

o(t, ) = v(ty, x) + (t — to) (R — R(x)).
We claim that ¥ is a super-solution to (1.8.91) on [ty, +00) x T™, such that
U(to, ) = v(tg, x) for all z € T™. (1.8.95)

The latter follows immediately from the definition of (¢, x). To see the super-solution prop-
erty, consider a test function ¢(t, z), and let (¢1,21) € [to, +00) be a minimum point for T — .
Since v(t, ) is smooth in ¢, we have

0 < @ity z1) — 0y(t, 21) = @(t1, 71) + R(z1) — R. (1.8.96)

Hence, we have

got(tl,xl) + R(ZL’l)\/l + |Vg0(t1,[)31)|2 — R Z (pt(tl, Il) —+ R(Il) — R Z 0. (1897)
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This proves the super-solution property of v(¢, z). Together with (1.8.95), this implies

v(t,x) <o(t,x) for (t,z) € [to, +00) x T". (1.8.98)
As R(zo) = R for 2y € Z, we obtain
v(t, rg) < v(tg, ), forall t >ty and xy € Z. (1.8.99)

Since ty is arbitrary, it follows that v(t,z() is non-increasing in ¢. As a consequence, for
each x € Z the limit

Uso(T) = tEeroo v(t, x)

exists.

Exercise 1.8.14 Show that for any 0 > 0 we can find ts such that, for all x € Z, h > 0
and t > ts we have
0<o(t,x) —v(t+ h,z) <. (1.8.100)

Convergence outside of Z

The heart of the proof is to show that convergence of v(¢,z) as t — +oo on the set Z forces
the convergence off Z as well, without the use of the Lax-Oleinik minimizers. Instead, the
large time convergence of v(t, z) outside of Z will follow from the fact that a transform of v
solves a Hamilton-Jacobi equation that is more complex than (1.8.91), but that has the merit
of carrying an absorption term. We will use the Kruzhkov transform:

w(t,z) = —e Vb0, (1.8.101)

Because of the L> and gradient bounds for the Lipschitz function v, the function w is also

Lipschitz and satisfies L> and gradient bounds of the same type, and, in particular, we have
wy = |wlvy = —wv, Vw = |w|Vv =—wVo.

Moreover, because the function v — —e~
solution to

is increasing in v, the function w is a viscosity

wy + R(z)v/w? + [Vw|? = —Ruw, (1.8.102)
which can be written as
[Vuw|? 5
lw| 4+ /w? + |Vwl|?

w + R(x) — R(z))w=0, t>0, xeT" (1.8.103)

The last term in the left side of (1.8.103) is the aforementioned absorption that will eventually
save the day.

Exercise 1.8.15 Show that if z(¢, x) is a viscosity solution to
2+ H(x,Vz) =0,

and the function G(z) is increasing, then ¢ = G(z) is a viscosity solution to

1 / B
Q+WH(9;,Q (QV() =0.

Here, Q((¢) is the inverse function of G(z). Is this necessarily true if the function G is not
monotonic?
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Let Zs be the closed set of all points that are at distance at most 6 > 0 from Z. Under our
simplifying assumption that the set Z is finite, the set Zs is a finite union of closed balls. The
uniform bounds on Vv, together with the result of Exercise 1.8.14 imply that there is C' > 0
so that

lw(t,x) —w(t + h,z)| < CJ for t > t5 and x € Z;. (1.8.104)

Our task is now to extend this inequality outside of Z;. Note that there is ps > 0 such that
R — R(z) > ps for x outside Z;,

meaning that the pre-factor in the last term in the left side of (1.8.103) is uniformly positive
off Zs. Intuitively this means that the dynamics for w outside of Zs is "uniformly absorbing”.
Let us set

wi(t,x) = w(t + h,z) — C6 — |lw(ts, )||pee 0t >t5, x ¢ Z. (1.8.105)

To show that (1.8.104) holds outside of Zs, we are going to prove that w(t, z) is a sub-solution
to (1.8.103) for ¢t > t5, and = & Zs, and, in addition,

ws(t,x) < w(t,z) for (t,z) € [ts, +00) X Zs, and t = t5, x € T™. (1.8.106)
This will imply w(t,z) > wy(t, x) for t > ts and = € Zs, which, in turn, entails
w(t, ) > w(t+ h,z) — C +e P fort >ts, 2 € T" and h > 0. (1.8.107)

Since ps > 0 is positive, and § > 0 is arbitrary, this implies the pointwise convergence of w(t, x)
to a limit w.(x) as t — +o0, and, consequently, its uniform convergence that follows from
the Lipschitz bound on w(t, ). Therefore, the function v(t,z) also converges to a limit

Voo (7) = —log(—weo(2)),

as t — +o0o. Note that the absorbing nature of the dynamics for w exhibits itself in the fact
that ps > 0 outside of Z5 — this is why the Kruzhkov transform is helpful here.
Thus, to finish the proof of Theorem 1.8.13, we only need to show that w; is a sub-solution
to (1.8.103) for t > t5, and = ¢ Zj;, and check that (1.8.106) holds. We see from (1.8.104)
that
w(t,z) > ws(t,z) for t > t5 and x € Z;. (1.8.108)

At the time ¢ = t5 we have

w(ts,x) — ws(ts, x) =w(ts, ) + ||w(ts, )|z + C6 — w(ts + h,z) > C6 >0, for all z € T".
(1.8.109)
We used here the fact that w(t, ) < 0forallt > 0 and € T". Putting (1.8.108) and (1.8.109)
together, we conclude that (1.8.106) does hold.
It remains to check the sub-solution property for wg, outside of Z;5. Let ¢ be a test function
and (t1,x1) a minimum point of ¢ — wy, with z; € Zs. In other words, (¢1, z1) is a minimum
point of the function

(go(t, x)+ C + ||w(ts, -)||Looe_p5(t_t‘5)) —w(t,z+h).
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As w is a viscosity solution to (1.8.103):
Vuwl|? -
Vul .
[w| + /w? + [Vw|?

w; + R(x)

we deduce that the following inequality holds at (t1,x;):

[Vel? o
+(R—R(z1))mpw < 0. (1.8.111)
[mnw] + V/(Tw)? + [Vl

er—w(ts, )| e pse 4 R(ay)

Here, we have set m,w(t, x) = w(t + h, x). The definition of wy implies that

Thw(t,z) > wy(t,z) fort >ts and x & Z;,

so that
|Thw(t, z)| < |ws(t, x)|. (1.8.112)
Also, as B
R — R(x) > ps for x & Zs,
we have

(R = R(@))mw(t,z1) = [[w(ts, )|z ppe™ )
> (= Rl + ) = (= Rt e (1811
= (R = R(z1))[ws(t, z1) + €8] = (R — R(x1))w,(t, 71).

Using the inequalities (1.8.112) and (1.8.113) in (1.8.111) leads to

Vl|?
lws| + +/(ws)? + [Veo|?

¢r + R(z1) R — R(x1))ws <0, (1.8.114)

t (t1,x1). This is the desired viscosity sub-solution inequality for ws. Thus, ws(t, x) is,
indeed, a sub-solution to (1.8.103) for ¢t > ts, and x ¢ Zs, This finishes the proof of Theo-
rem 1.8.13. [J

Exercise 1.8.16 Carry out the same analysis for the equation
u + |Vu| = f(z), ¢t>0, zeT"

where f € C(T™) satisfies the usual assumptions of this section: continuous, nonnegative,
with a nontrivial zero set.

1.9 Convergence of the Lax-Oleinik semigroup
In this section, we prove that the solutions of

ug+ H(x,Vu) =0, ze€T",
u(0, ) = ug(x)
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converge to a wave solution as t — +o00o, under the assumptions of uniform strict convexity
of the Hamiltonian. So far, we have seen a very particular mechanism for convergence: the
dynamics on a special set dictates in turn the convergence in the area where the equation is
coercive. This was the zero set of the function f(x) in Theorem 1.8.11, and the set Z where
the function R(x) attains its maximum in the proof of Theorem 1.8.13. In both cases, the
minimizers spend most of their time near this ”controlling’ set. On the other hand, in the
example following Theorem 1.8.11, we have seen a situation where the minima of the initial
condition wug(y) dictate the long time behavior, even though the minimizing curves do not
spend any extra time near these points.

It turns out that the existence of such ”controlling” set is a general fact. For a general
Hamilton-Jacobi equation of the type (1.9.1), there is a set where the extremals associated to
the wave solutions accumulate, and which orchestrates the convergence to a steady solution.
The reader who wishes to learn more may consult [61] or [62], where their general theory
by Fathi is exposed. Our goal here is much more modest: we want to identify a set where,
following the ideas of the preceding section, the dynamics of u will dictate the behavior on
the whole torus. The following theorem is due to Fathi [61] but we present an alternative
proof inspired by [125].

Theorem 1.9.1 Let H(x,p) be smooth and uniformly strictly convez in p:
ol < DﬁH(:c,p), in the sense of quadratic forms,
and ¢ be the corresponding wave speed: there exists a solution u.(x) to
H(z,Vuy) =c¢, x € T" (1.9.2)

Then, for any given ug € C(T"), there exists a solution u.(x) to (1.9.2) such that the solution

to the Cauchy problem
w + H(x,Vu) =0, xeT",

£(0.2) = to(2) (1.9.3)

converges to Us () ast — 400:

lim ||u(t, ) + ¢t — uso(+)||ze = O. (1.9.4)

t—+00

We will assume throughout the proof, without loss of generality, that ¢ = 0. Otherwise, we
would simply replace the Hamiltonian H (z,p) by H(z,p) — c.
As usual, existence of the steady solutions implies that there exists Cy > 0 such that

lu(t,z)| < Cy, forallt>0and x € T". (1.9.5)
In addition, we have the uniform Lipschitz bound:
Lip; ,[u] < C, forallt>1and z € T (1.9.6)

Here, Lip, ,[u] is the Lipschitz constant of u both in the ¢ and x variables. These uniform
bounds show that, at least along a subsequence, the uniform limits

Uso(t, ) = lim  wu(t+ t,, ) (1.9.7)

tn——+00
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exist. Our goal is to show that there is actually a limit in (1.9.7) that does not depend on
the sub-sequence, this limit is time-independent, and is a solution to the steady equation

H(z,Viuy) = 0.

Before going directly into the proof of Theorem 1.9.1, we would like to explain the con-
struction of the set Z, and what sort of monotonicity we can use for the proof, as we did in the
proofs of Theorem 1.8.11 and Theorem 1.8.13. This will require the notion of the w-limit set
of a solution, and that is where we will start the discussion. After introducing these objects
and discussing their basic properties we will turn to the bona fide proof that will be quite
short once we have obtained the desired properties of the set Z.

The w-limit set

The w-limit set for a given initial condition uy € C(T") with respect to the Lax-Oleinik semi-
group is denoted by w(ug) C C(T"), and is constructed as follows. The uniform bounds (1.9.5)
and (1.9.6) imply that there is a sequence ¢,, — 400 such that the family v, (¢, z) = u(t+t,, )
converges :

vn(t,x) = u(t + t,, x) — v(t, x), (1.9.8)
in L>(T") and uniformly on compact intervals of ¢ € R. The function v(¢, z) is a solution to
vy + H(z, Vv) =0, (1.9.9)

defined for all ¢ € R, and not just for ¢ > 0. Sometimes such solutions are called ”entire in
time”, to indicate that they are also defined for negative times. The set w(ug) consists of
all functions ¢ € C(T™) such that there exists a sequence t,, — +o0o and the corresponding
limit v(¢, z) so that (1.9.8) holds, and

Y(r) =v(0,z) = lim u(t,, ). (1.9.10)

n—-+o0o

An important observation is that if ¢ € wp(up) then the action of the Lax-Oleinik semi-
group T (t) is defined for all ¢ € R, and not only for ¢ > 0, via

Tt)w(x) =v(t,z) = n1—1>1-il-loo T (tn + t)ug(z), forteR. (1.9.11)

Here, t,, is the sequence in (1.9.8). Note that ¢, +¢ > 0 for n large enough, so that the action
of T (t,+t) in the right side above is well-defined even for ¢ < 0. Taking the sequence ), = t,,+s
we see that if 1 € w(ug) then T (s)y € w(ug) as well, for any s € R.

Exercise 1.9.2 (i) Assume that there are two sequences t,, — +0o and s,, — +00, and the
corresponding limits

v(t,z) = lim wu(t, +t,z), w(t,z)= lim u(s, +t,x),

n—-+00 t—+00

such that v(0,z) = w(0,z) = ¢(x). Show that then v(¢t,x) = w(t,x) for all £ € R. This
shows that the above definition of 7T (¢)y does not depend on the choice of a sequence t,, such
that (1.9.8) and (1.9.10) hold.

(ii) Show that for any ¢, s € R and ¢ € w(uy) we have

TOT () =T(t+s)¢. (1.9.12)
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The claim of Theorem 1.9.1 can be now reformulated as saying that for each ¢ € w(ug)
the function v(t,x) = T (t)¢(x) does not depend on ¢, and that w(ug) contains exactly one
function . The following exercise gives a sufficient condition for this to be true.

Exercise 1.9.3 (i) Assume that ¢ € w(up) is such that v(t,z) = T (t)¢(z) does not depend
on t. Show that then v(z) is a viscosity solution to

H(z,Vv)=0. (1.9.13)

(ii) Show that if there exists ¢ € w(ug) that satisfies the assumptions of part (i), then the
limit

lim T(t)UO >

t—+00

exists, is unique, and is a viscosity solution to (1.9.13). Hint: use the contraction property
for the solutions to (1.9.3) to show that if the w-limit set of ug contains a time-independent
solution v(z) to (1.9.13), then v is the only element of w(uy).

Exercise 1.9.3 gives us a blueprint for the proof of Theorem 1.9.1: it suffices to show that
for any ¢ € w(up) the function v(t,z) = T (t)(x) does not depend on t. As in the proof
of Theorem 1.8.13, we will first identify a set Z where it is easier to show that v(¢,x) is
time-independent, and then show this outside of Z.

Monotonicity along the minimizers

Our first goal is to recycle the main idea of the proofs of Theorems 1.8.11 and 1.8.13, namely, to
find a set where convergence will hold because of some monotonicity property. The following
easy remark can be made: let ¢(x) be a steady solution to

H(z,V¢) =0, (1.9.14)

and 7 : [0,t] — T™ be an extremal path calibrated by ¢. For all 0 < s < s’ <t we have

¢@@%=¢@@»+/Suwwnw»m (1.9.15)

whereas, by the definition of the Lax-Oleinik semigroup we have

/

(s () S ulsr () + [ L), 3(0))do (1.9.16)
Subtracting, we obtain

u(s',7(s) = ¢(v(s)) < uls,7(s)) — ¢(v(s)). (1.9.17)

Thus, the difference u(s,~y(s)) — ¢(y(s) is non-increasing in s along the extremal path cali-
brated by ¢. This simple observation will bear a lot of fruit.

Exercise 1.9.4 Interpret this observation for the problem
Uy + cup +u =0, xeT

that we have considered before.
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The w-limits of paths and the set Z

We now use the monotonicity property (1.9.17) to construct a candidate for the set Z. It will
contain paths that calibrate all steady solutions but it will also do more. Let us fix a steady
solution ¢. We define Z, as the collection of all "eternal” extremal paths calibrated by ¢, the
set of all trajectories v : R — T™ such that

/

o(v(s") = o(y(s)) + /3 L(v(0),4(0))do, for all —oo < s < §' < 400. (1.9.18)

The next exercise shows that eternal extremal paths calibrated by ¢ exist, so the set Z4 is
not empty.

Exercise 1.9.5 (i) Fix x € T" and consider a family of extremal paths v(s), t < s < 0,
calibrated by ¢. Show that there is a sequence t,, — —oo such that v, (s) — 7(s), locally
uniformly in s < 0, and v(0) = z.

(i) Let y(s) be constructed as in part (i). Show that there exists a sequence s,, — —oo such
that the paths 7,(s) = (s, + ), —00 < s < s, converge, locally uniformly on R, to a
path 7(s), s € R.

(iii) Show that the path 7(s), s € R, is calibrated by ¢.

The set Z is then defined as follows: a point z € T" is in Z if there is a path o, : R — T"
that passes through z, a path v € Z,, and a sequence s,, — 400 such that
Yoo($) = lLim (s + s,), (1.9.19)
n—-+0o00

with the limit uniform on every bounded interval of R. In other words, Z is the union
of w-limits of the paths in Zy.

Exercise 1.9.6 (i) Find the set Z for the Hamiltonian H(x,p) = |p|*> — f(x) with a smooth
non-negative function f(x), z € T". Does it depend on the steady solution ¢(x) with which
you start?

(ii) Find the set Z for the Hamiltonian H(p) = |p|> + cp, p € T!, with ¢ > 0.

Exercise 1.9.7 Show that if 7,,(¢), 0 € R is in Z, then so is the time-shifted path
18(0) = yee(0 +5), o €R,

for any s € R fixed. Hint: this is because the original solution ¢, that we used to construct Z,4
and then Z, is time-independent, so that a time-shift of a path v € Z, that calibrates ¢ also
calibrates ¢, and is therefore in Z;.

Calibration by paths in Z
Let us now take a path 7,(s), s € R that lies in Z, obtained as the limit in (1.9.19), with a

given v € Z,. Writing

¢ww+am=¢w@+%»+/ Lx(0).4(0))do
s+ (1.9.20)

/

=¢w@+%»+/ﬁuwa+%xﬂa+%mw
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and passing to the limit s,, — 400, we see immediately that v, (s) is also calibrated by ¢.
The miracle is that 7. (s) is also calibrated by every other steady solution ¢ (z) to (1.9.14).
Indeed, it follows from the monotonicity property (1.9.17) used with u(¢, z) = ¢(x) that for
any path v € Z, the limit

exists. It follows that if y(s + s,) = Yo($) as s, — 400, then the two solutions differ by a
constant on 7v..:

UV (Yoo(8)) = d(V00(8)) + K(7), forall —oco < s < +o0. (1.9.21)

As v (s) is calibrated by ¢, we conclude from (1.9.21) that it is calibrated by 1 as well. We
stress that it is not true that every path in Z, is calibrated by any other steady solution —
this is only true for their w-limits that form the set Z. The following proposition shows that
we can say even more.

Proposition 1.9.8 Let y(s), s € R be a path in Z and ¢ € w(ug). There exists K(y) € R
such that v(t,x) = T (t)Y(x) satisfies

U(t, Yeo(t)) = 0(1(t)) = K(7),  forallt € R. (1.9.22)
In particular, the path vs(s), s € R, is calibrated by v(t, x).

Proof. By definition of v, there is a global extremal path ~ calibrated by ¢, and a se-
quence s, — +oo such that

Yoo(o) = lim (s, + o),
n—-+o0o
uniformly in every compact in ¢ € R. Observe that to prove (1.9.22) it suffices to find a
subsequence s, such that

lim [v(s,Y(Sn, +5)) — &(v(sn, + $))] = const, independent of s € R. (1.9.23)

k—4o0
Let u(t,z) = T (t)up(x) be the solution to

w+ H(x,Vu) =0, t>0, z €T

w(0, ) = ug(x). (1.9.24)

Since (z) = v(0,x) is in w(ug), we may also find both a sequence t;, — +oo and a subse-
quence s, — -+00 such that

v(0,2) = kgrilmu(tk + Sp,, ), uniformly in x € T,

and for all s € R we have

v(s,x) = lim u(ty + sp, +s,2), in L>(T"), (1.9.25)

k—+o0
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uniformly in every compact in s € R. Thus, for every compact set K C R and ¢ > 0 there
exists N i such that for all k > N, x we have

[v(s,7(Sn, +8)) — u(ty + S, + S, 7(n, +8))| < e forall s € K. (1.9.26)

Hence, (1.9.23) would follow if we can show that, possibly after a further extraction of a
sub-sequence k; (to avoid too cumbersome notation, we still denote the corresponding subse-
quences by t, and s,, ), we have

lim [u(ty + Sn, + 8,7(Sn, +5)) — &(V(sp + 5))] = const, independent of s € R. (1.9.27)

k—4o00

Note that, after passing to a yet another sub-sequence, we may assume that there is ¢ € w(uy)
such that
Yi() = lim u(ty,-), in L>(T"). (1.9.28)

k—4o00

Let us denote v(t,z) = T4 (z). By the weak contraction property, we have
lu(tr +t,) —0(t,)||pe < ||u(ty, ) — 1]l — 0, ask — 400, (1.9.29)
uniformly in ¢ > 0. Thus, for any € > 0 we can find NV, so that for all £ > N. we have
|u(ti + S, +5,7(sn, +5)) — 0(Sn, + 8,7(Sn, +5))| <e, (1.9.30)
locally uniformly in s € R. Hence, (1.9.27) would follow if we show that

lim [0(sn, +5,7(sn, +5)) — @(v(Sn, +5))] = const, independent of s € R.  (1.9.31)

k—4o0

However, the monotonicity property (1.9.17) along the extremals implies that the limit

(= lim (0(&+s,7(E+5)) —o(v(E+9))).

E—+o0

exists and is independent of s. It follows that

lim [0(sn, + 5, 7(Sn, +5)) — d(V(Sn, +5))] =€ forall s eR, (1.9.32)

k—+o0

finishing the proof. [J

We will also need the following proposition which says that paths calibrated by solutions
in w(ug) come arbitrarily close to the set Z — this is what eventually leads to the fact that
the behavior of the solutions on Z controls the behavior outside of Z as well.

Proposition 1.9.9 Let ¢ € w(uy) and v(t,x) = T(t)Y(z). Given any t € R, and a
path (s), defined for s < t, and calibrated by v, there exists a sequence s, — —o0 such
that dist(y(s,), Z) = 0 as n — +oo.

Proof. Let v(s), s € R be a path calibrated by v(t, z), and ¢(z) be the steady solution used
to generate Z. The Lax-Oleinik formula tells us that for any s < s’ we have

/

o) = s, (5) + [ " L(1(0).4(0))do,
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and

/

o(v(s") < o(v(s)) + /S L(~(0),%(0))do.

Subtracting we get the monotonicity relation

v(s',9(s") = o(v(s) < v(s,7(s)) — d(7(s)), forall s < s'. (1.9.33)
Hence, the limit
Jlim [o(s.7(5)) = 0(1(5)] (1934

exists. The uniform bounds on ~y(s) and 4(s) imply that there exists a sequence s, — —o0
so that the paths v,(t) = v(s + s,) converge, as n — +00, to a limit 75(s), s € R, locally
uniformly in s.

Exercise 1.9.10 Show that the path 7. (s) is calibrated by any steady solution, in particular,
by ¢.

Exercise 1.9.10 shows that v.(s), s € R, lies in Z; but we do not yet know that the
path 7. (s), s € R, is in Z. Since 7 (s) inherits the uniform bounds obeyed by ~(s) and 5(s),
we can find a sequence s/, — +o0o such that

Y8 (5) 1= Yools + 57) = Foo(5),

locally uniformly in s € R. As all fygf’“)(s) are calibrated by ¢, we know that the limiting

path (), s € R, lies in Z, by the definition of the set Z.
To finish the proof of the proposition, consider the points (s, + s/,). First, we fix m and
choose n = N, sufficiently large, so that both

g
V(SN + 51) = Yoo (Sh)| < 3

and sy,, + s, < —m. Next, we choose m sufficiently large, so that |7..(s),) — Y0 (0)| < £/2.
This gives
V(5N + $m) — Ve (0)] <&

Since Y5(0) is in Z and 7, = sy,, + s, — —00, the proof is complete. [J

Convergence on Z

After setting up the required objects, we turn to the proof of of Theorem 1.9.1. The strategy
comes from Exercise 1.9.3: we need to show that any solution to

v+ H(z,Vv) =0, teR, ze€T" (1.9.35)

with v(0,2) = 9 (z) € w(up), is time-independent. The reader has certainly guessed what will
happen: the set Z will play the same role as the zero set of the function f(z) in Theorem 1.8.11,
and the set where the function R(z) attains its maximum in the proof of Theorem 1.8.13. This
is confirmed by the following proposition, showing that such v(¢, x) is independent of ¢t € R
on the closure Z of the set Z, though we do not know yet that this happens everywhere.
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Proposition 1.9.11 If ¢ € w(ug), then v(t,x) = T (t)Y(x) does not depend on t € R for
allz € Z.

Proof. Consider an eternal extremal path 7.(s), s € R, in Z. We are going to show that
Ow(t,¥(t)) =0, for all t € R. (1.9.36)

Let ¢ be a steady solution to (1.9.35). We have shown in Proposition 1.9.8 that 7.(s), s € R,
is calibrated both by ¢ and by v. It follows then from Corollary 1.7.21 that both ¢ and v
are C! on 74, and we have

Vo(t, 7oo(1)) = Vo L(Yoo(1), oo (1)), VO () = Vi L(oo () Yoo (1)),
for all t € R, as in (1.7.48) in Exercise 1.7.13. This gives
Vou(t, 7e0(t)) = Vo(10(t)), forall t € R. (1.9.37)

This relation holds in the classical sense, as both v and ¢ are C™! on . (t). Since ¢ is a
solution to the steady equation (1.9.14):

H(z, V) =0, (1.9.38)

we deduce that
H(70o (1), Vo (t, 700 (1)) = 0.
As v is OV at (¢, 70(t)), this entails (1.9.36):

Ov(t,veo(t)) = 0, for all t € R. (1.9.39)

Consider z € Z and an eternal extremal path v, (0), o € R, in Z that passes through z,
so that v (t) = 2, with some ¢ € R. Given any s € R, Exercise 1.9.7 allows us to use (1.9.39)
with the shifted path

1(0) = Yoolo +1 = 5).
Note that
= 7u(t) = 78 (5),
and (1.9.39) applied to ~) (o) at 0 = s gives

0= (s, 7 (s) = 0v(s, Yoo (t)) = Dpv(s, ). (1.9.40)
Since s is arbitrary, we conclude that v(¢, )  does not depend on ¢ for all x € Z. The continuity
of v(t,z) implies that the same is true for Z as well. O
Convergence away from Z

To finish the proof of Theorem 1.9.1 we now show that the claim of Proposition 1.9.11 holds
also outside of Z.

Proposition 1.9.12 If i € w(ug), then v(t,z) = T(t)(x) does not depend on t € R for
all x € T™.
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Proof. Proposition 1.9.11 shows that we only need to consider ¢ Z. Using the by now
familiar arguments based on the uniform bounds on minimizers, for any x € T" and ¢t > 0
fixed, we can find a path v (o), o < t, calibrated by v, so that for any s < t we have

vlt,2) = (s, + [ Do) (o)
Proposition 1.9.9 shows that there exists a sequence 7,, — 400 such that
dist(y(—7n), Z) = 0, asn — +o0.
Hence, there exists 2 € Z and a subsequence 7,, — -+00 such that
Y(—Tpn,) — 2z as k — +oo.
Since the function v(¢, x) is Lipschitz in z, uniformly in ¢ € R, we know that
Ap(t,x) = v(=Tn,, e(—Tn,)) — v(—Tn,, 2) = 0 as k — +o0. (1.9.41)

Let us then write
t

ot 2) = v(—Tnys 2) + / Liv(0), 4(0))do + Ag(t, 7). (1.9.42)

Tny

As z € Z, by Proposition 1.9.11 we know that v(s, z) does not depend on s, so that for
any s € R we have

V(=Tny, 2) = 0(—Tn, —t+ 8, 2) = P(2),
and (1.9.42) can be written as

t

v(t,x) =v(—T,, —t+s,2)+ / L(v(0),¥%(0))do + Ak(t, x)

=v(—Tp, —t+s,2)+ / L(vi(oc+t—35),%(0c+t—s))do+ Ag(t, x)
—Tny, —t+s
=v(—Ty, —t+s,2)+ / L(ﬁt(a)ﬁt(a))da + Ag(t, x),
—Tny, —t+s
(1.9.43)

with the path
V(o) =vm(c+t—3s), o<s.
NOte that A’}/Jt(S) = ’yt(t) =z, and

Ve(=Tn, —t+8) = W(—Tn,) = 2+ 0k, 0 — 0 as k — +oc. (1.9.44)

Therefore, the Lax-Oleinik formula, together with the uniform Lipschitz property of the func-
tion v(t, x), tells us that

s

o5.2) S o=ty — s Tu-r —t 48D+ [ LG(0)Filo))do
—’7’nk—t+8

. ‘ (1.9.45)
<v(—Tp, —t+s8,2)+ / LY (0),7,(0))do + Ag(t, z) + Cy.

—Tny, —t+s
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Comparing to (1.9.43) and passing to the limit £ — +o0o we conclude that
v(s,z) <w(t,x) forallt seR. (1.9.46)

As t and s are arbitrary, it follows that v(¢,x) does not depend on ¢, finishing the proof of
Proposition 1.9.12, and thus that of Theorem 1.9.1 as well. [J

Our tour of the Hamilton-Jacobi equations ends here. One could say much more on the
organization of the steady solutions, and the reader should consult [62]. They would be,
however, outside the scope of this book. Let us just notice that the results of the present
section provide a complete parallel with the large time behavior of the solutions to viscous
Hamilton-Jacobi equations, which was the goal we wanted to achieve: the viscosity solutions
of the inviscid problem still converge to waves, although their organization, that we have
largely uncovered, is much more complicated.
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Chapter 2

Introduction to mean field games

This chapter is based on the wonderful notes by Pierre Cardaliaguet on the mean-field games,
often following them verbatim. I am very thankful to Pierre for allowing me to use them. All
errors are mine.

2.1 What is a mean-field game?

The mean-field game system consists of a backward-in-time Hamilton-Jacobi equation for
a value function u(t,z) and a forward-in-time equation for a mean-field density m(t,z). A
typical example would look like the following system

— O — vAu+ H(x, Du) = f(z,m(x,t)),
om — vAm — div (D, H (x, Du)m) = 0, (2.1.1)
m(0,z) = mo(x) , u(z,T) = G(x).

As we will see, such systems come 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 wu(t,z) for an
individual player, is coupled to that of the density m(¢,x) 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 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 (2.4.1) 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
useless: mean field game theory explains that one just needs to implement strategies based on
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the distribution of the other players. Such a strong simplification is well documented in the
(static) game community since the seminal works of Aumann [154]. However, for differential
games, this idea has been considered only very recently: the starting point is a series of
papers by Lasry and Lions [242; 243, 244, 245], 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 [262]). 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 [228, 229, 230, 231], under the name of Nash certainty
equivalence principle.

The Cardaliaguet notes we are following (copy-pasting almost 100% of the time) aim to
give a basic presentation of the topic. They are largely based on Lions’ series of lectures at
the College de France [248] and on Lasry and Lions seminal papers on the subject [242, 243,
244, 245], but also on other notes taken from Lions lectures: Yves Achdou’s survey for a
CIME course [144] and Guéant’s notes [222] (see also the survey by Gomes and Saude [212]).

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 [248] 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 [169, 191, 202] and we explain some of the ideas
in the second part of these notes. The starting point is that, as observed by Lions [248], 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 part 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 [229] and further developed in several papers
(Carmona, Delarue [184], Kolokoltsov, Li, Yang [235], etc...).

To complete the discussion on the master equation, let us finally underline that, beside
the MF'G 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 [248], by Gomes, Mohr, Souza [203, 204, 205] and Guant [220].

We now describe the mean field game system in a more precise way. The system has two
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unknowns u and m, which solve the equations

— 0w — vAu + H(x,m, Du) = 0,
om — vAm — div (D, H (z, m, Du)m) = 0, (2.1.2)
m(0,x) = mo(x), u(z,T) = G(x,m(T)).

In the above system, the diffusivity v > 0 is nonnegative so that it includes both the viscous
and inviscid cases. The first equation in (2.1.2) is backward in time: a terminal condition is
prescribed for u(¢, z), and the second one is forward in time: an initial condition is prescribed
for the function m(t, x).

There are two crucial structure conditions for this system: the first one is the convexity of
the Hamiltonian H = H (z, m, p) with respect to the last variable. This condition means that
the Hamilton-Jacobi equation (the first equation in (2.1.2)) is associated to an optimal control
problem. The solution to the first equation is interpreted as the value function associated
with a typical small player. The second structure condition is that the initial condition mg is
density of a probability measure. It follows from the structure of the Fokker-Planck equation
(the second equation in (2.1.2)) that this property is preserved for all times:

/ m(t,x)dr = mo(z)dr = 1. (2.1.3)

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

dXt = Oétdt + Vv 2VdBt.

Here, B, is a standard Brownian motion. He aims at minimizing the quantity

EUO %L(Xs,m(s),as)dS—FG(XT,m(T)) ,

where L is the Legendre transform of H with respect to the p variable. Note that the evolution
of the measure m(s, ) enters as a parameter in this cost function.

The value function of our average player is then given by the solution to (2.1.2-(i)). The
corresponding optimal control is, at least heuristically, given in feedback form by

a*(x,t) = —D,H(xz,m, Du). (2.1.4)

If all agents behave in this way and if their associated noises are independent, then by the
law of large numbers their density moves with a velocity which is due, on the one hand, to
the diffusion, and, one the other hand, to the drift term —D,H (z, m, Du). This leads to the
Fokker-Planck equation (2.1.2-(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(xz,m,p) = H(x,p) — F(x,m). The coupling between the two equations is
then via the function F'(x,m). There are two types of coupling which are appear in the
mean field game literature. First, we may take F' as nonlocal and regularizing. That is, we
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view ' = F(x,m(t)) as a map on the space of probability measures. This is typically the case
when two players who are not too close to each other can still influence themselves. Second,
F may be of a local nature. That is, F' = F(x, m(x,t)) depends on the value of the density at
the point (¢, x), meaning that the players only take into account their very nearest neighbors.
Although the second coupling can be seen as a limit case of the first one, in practice, the
proofs are more demanding in the local case. In particular, while we provide existence and
uniqueness results for nonlocal couplings both when v = 1 (the viscous case) and v = 0 (the
inviscid case), we will consider local couplings only for viscous equations. We willavoid the
inviscid case with the local coupling. This case, described in [248], is only understood un-
der specific structure conditions and requires several a priori estimates which, unfortunately,
exceed the modest framework of these notes.

Warning: the literature comments below come from the original notes by
Pierre Cardaliaguet, things have evolved since then but I am not in a position
to review them. His comments are still very much relevant. 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 [212] and in the
monograph by Bensoussan, Frehse and Yam [165]. We only provide here a few references,
without the smallest pretense of completeness.

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 (BSDESs),
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 literature
on mean field games: beside the papers by Huang, Caines and Malham already quoted, see
also Buckdahn, Li, Peng [168], Buckdahn, Djehiche, Li, Peng [168], Andersson, Djehiche
[153] (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 [184], Kolokoltsov, Li, Yang [235] (with nonlinear
diffusions). MFG models with a major player are discussed by Huang [225], while Nourian,
Caines, Malhame, Huang [255] 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 Bensoussan, Frehse [164]. Linear quadratic MFG system have also been very
much investigated: beside Huang, Caines and Malham work, see Bensoussan, Sung, Yam,
Yung [163], Carmona, Delarue [183] for probabilistic arguments, and Bardi [155] 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 (2.1.2) 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 [217, 221] (by use of Hopf-Cole transform for 2nd order of MFG systems with local
coupling), Cardaliaguet, Lasry, Lions, Porretta [180] (2nd order MFG systems with local
unbounded coupling), Bardi, Feleqi [156] (stationary MFG systems with general diffusions
and boundary conditions), Gomes, Pirez, Sanchez-Morgado [206] (estimates for stationary
MFG systems), Cardaliaguet [178] (1rst order MFG system, local coupling by methods of
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calculus of variation). Models with several populations are discussed by Feleqi [196], Bardi,
Feleqi [156], Cirant [187]. 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 [207], Gomes, Voskanyan
[208]; Santambrogio [259] discusses MFG models with density constraints; mean field kinetic
model for systems of rational agents interacting in a game theoretical framework is discussed
in [189] and [190].

Numerical aspects of the theory have been developed in particular by Achdou, Capuzzo
Dolcetta [141], Achdou, Camilli, Capuzzo Dolcetta [142], [143], Achdou, Perez [146] Camilli,
Silva [172], Lachapelle, Salomon, Turinici [237].

As shown by numerical studies, solutions of time dependent MFG systems, such as (2.1.2)
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 [203] and for continuous ones in Lions’ lectures, and subse-
quently developed by Cardaliaguet, Lasry, Lions, Porretta [180, 181] for second order MFG
game system with local and nonlocal couplings, in Cardaliaguet [177], from 1rst 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 motivated
by wireless power control problems: see Huang, Caines, Malham [226, 227]. Application to
economic models can be found in Guant [216], Guant, Lions, Lasry, [218, 246], Lachapelle
[236], Lachapelle, Wolfram [238], Lucas, Moll [249]. A price formation model, inspired by the
MFG, has been introduced in Lasry, Lions [242] and analyzed by Markowich, Matevosyan,
Pietschmann, Wolfram [250], Caffarelli, Markowich, Wolfram [171].

2.2 Nonatomic games

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 NV be a (large)
number of players. We will usually assume that the players are identical, in the sense that the
set @ of available strategies is the same for all players. We denote by F¥ = FN(zy,...,zy)
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 . ,xa(]v)) = Fy(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 — +oo.

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.

101



2.2.1 Nash equilibria in classical differential games

Here, we introduce the notion of Nash equilibria in one-shot games. We do not assume that

the players are identical. Let @q,...,Qyx be compact metric spaces — the elements of Q);

are the possible strategies of player i, and Ji,...,Jy be continuous real valued functions
N

on [, Qi

Definition 2.2.1 A Nash equilibrium in pure strategies is a N—tuple (51,...,8y) € Hfil Qi
such that, for anyi=1,..., N,

Ji(51, .-, 5n) < Ji (86, (55) ) Vs € Qi .

In other words, a Nash equilibrium is a set of strategies sy, ..., 5y such that it is ”expensive”
for a player ¢ to deviate from §; provided that all other players uses strategies sy, k # i. Let
us consider a couple of examples.

Example 2.2.2 Consider two players who can set prices p; and ps, with 0 < py,ps < 1, and
sell fractions 1 (py, p2) and x2(py1, p2) of units respectively, with

2 . .
xz(p17p2> = g(Pl —p2)7 if p1 > po, and 1‘2(1317192) = 01if p1 < po,

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

u1(p1,p2) = plxl(p17p2)7 U2(P1,P2) = P2$2(p1,p2)-

Then, given the strategy po, the optimization problem for the first player is to maximize the
function

Ul(pl) = p1$1(p1,p2),
with

2
1 =1- g(pl —p2).

A simple computation shows that the optimal value of p; (again, given p,) is
~ . 3 D2
= 1,-+=).
P1(p2) = min( g 2)
The second player optimizes us = paxa, 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 2.2.3 Let us look at a similar example but with slightly different constraints.

Again, the profits of the two players are u;(p1, p2) = p121(p1, p2) and ua(p1, p2) = pexa(p1, P2),
with x1(p1,p1) = 1 — 22(p1, p2). However, the fraction z3(py, p2) is now determined by

_x—1/2

p1=p2+1(xg), l(x) ,ife>1/2, and l(z) =0if 0 <z < 1/2.

In other words,

1 .
Ta2(p1,p2) = 5t e(p1 —p2), ifp1 > po, (2.2.1)
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and zo = 0 if p; < po, be while
1 .
r1(p1,p2) = 57 e(pr —p2), ifp1 > po, (2.2.2)

and 1 = 1 if p; < ps. Then, given po, the first player optimizes the function

p1, it p1 < po,
u(p1,p2) = pr1a1(pr, p2) = {p1(% e —p))s o> e (2.2.3)
Note that )
I%?Xul(pl7p2) = max (m, 5 €Tt 5pz>- (2.2.4)
Thus, the optimal strategy of the first player is
pip2) =p2, ifpp 2 1{2__;, (2.2.5)
and
pi(p2) =1, ifps < 1{2__;. (2.2.6)
On the other hand, for the second player we have
0, if p1 <p2,
us(p1, p2) = pawa(p1, p2) = {m(% Le(pr—p2)), ifp > pe. (2.2.7)
We see that
max Us(p1,p2) = %, (2.2.8)

and the optimal strategy of the second player is

p2(p1) = p1. (2.2.9)

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

Example 2.2.4 Consider the symmetric setting where Q; = @, = T!, and there is a func-
tion F'(xq,x2) so that Jy(zq,x2) = F(x1,22), Ja(x1,22) = F(22,21). Then a point (y;,ys) is
a pure Nash equilibrium if

0N (y1,y2)  0Ja(y1,92)

=0. 2.2.10
Oy ys ( )
This translates into OF oF
— =0and — =0. 2.2.11
8y1 (yb 3/2) an 8y1 (y27 yl) ( )

It is easy to construct a function F' such that (2.2.11) has no solutions — the only requirement
on the function 0F/0x; is that F' is periodic and

/1 8F([L'1, 1‘2)
0 8361

so the requirement that its zero set contains no two points symmetric with respect to the
line x1 = x5 can be satisfied, and then (2.2.11) has no solutions.

dry =0 for all 0 < x5 <1,
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Thus, Nash equilibria in pure strategies do not necessarily exist and, to ensure their
existence, 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()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:

i (1) = sup{ /Q fd(p=v) + [ Fllipe) < 1 and sup,eq|f(2)] <1}

Alternatively, this distance can be stated in terms of optimal transportation:

&y () = int / d(z, y)dM (z,y),
M Joxq

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

Definition 2.2.5 A Nash equilibrium in mized strategies is an N —tuple (71, ..., Ty) € Hf\il P(Q;)
such that, for anyi=1,..., N,

Ji(ﬁ'l, . ,77']\[) S Jl ((ﬁj)j;éiy 7Ti) V’ﬂ'i € P(Ql) . (2212)

where, with some abuse of notation, we set

Ji<7T1, c. ,7TN) = / Ji(Sl, c. ,SN)dﬂl(Sl) .. .d’/TN(SN) .
QuxxQu

Theorem 2.2.6 (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 := vazl P(Q;) — 275D of player i:

Ri(mn,... 7)) = {7r €P(Q) . Jl(m))ym) = _min Ji((ﬂj)#i,ﬂl)}, (2.2.13)
and define ¢(mq,...,my) = Hf\il Ri(mi,...,mn) : X — 2%, Then, any fixed point z of ¢ such
that « € ¢(x) is a Nash equilibrium of mixed strategies.

Existence of such fixed point is established using Fan’s fixed point Theorem [195]. It says
the following. Let X be a non-empty, compact and convex subset of a locally convex topo-
logical vector space. We say that a set-valued function ¢ : X — 2% is upper-semicontinuous
if for every open set W C X, the set {x € X : ¢(x) 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
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that ¢(x) is non-empty, compact and convex for all x € X. Then ¢ has a fixed point: 37 € X
with T € ¢(7).

Note that in our setting ¢ is upper semicontinuous. Indeed, let W C X be an open set
and take x = (my,...,m,) € X such that ¢(x) € W. Then for 2’ = (n},...,n,) sufficiently

rtn

close to x, the minimizers in (2.2.13) for 7T;-, j # 1 fixed, will be close to the minimizers
corresponding to 7, j # i fixed, so that ¢(z') € W. It is also easy to see that the values
¢(z) are compact, convex and non-empty. Therefore, ¢ has a fixed point, which is a Nash
equilibrium in mixed strategies by the definition of ¢. [J

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,...,5n) = Jo(s,)(Sa(1)s - - - > Se(wy) for all i and
all permutations 6 on {1,..., N}.

Theorem 2.2.7 (Symmetric games) If the game is symmetric, then there is an equilib-
rium of the form (w,...,T), where @ € P(Q) is a mized strategy.

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

o'eX

R(rm) = {UGX, Ji(oym, . ..,m) :minJl(U',ﬂ,...,ﬂ)} .

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. TJ

2.2.2 Symmetric functions of many variables

Let @ be a compact metric space and uy : Q¥ — R be a symmetric function:
un(z1,...,2N8) = un(Toq), - - -, 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 x1,...,xy the measure
1 X
N _ E:
i=1

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

[un||zoq) < C (2.2.14)
Second, uniform continuity: there is a modulus of continuity w independent of n such that
lun (X) —un(Y)| < w(di(my,my)) VX, Y €@V, VN e N. (2.2.15)
Under these assumptions, define the maps UY : P(Q) — R by

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

XeQN
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Then, by assumption (2.2.15), we have

UY(mY) = inf {un(Y)+w(di(my,m¥))} = un(X), for any X € Q.

YeQN

With this interpretation, instead of talking about the convergence of the functions uy that

are defined on different spaces (Qn that depend on N, we can talk about convergence of the
functionals U that are all defined on P(Q).

Theorem 2.2.8 [f uy are symmetric and satisfy (2.2.14) and (2.2.15), then there is a sub-
sequence uy, of uy and a continuous map U : P(Q) — R such that

lim  sup |uy, (X)—U(mi*)|=0.
k—>+ooX€QNk

Proof. [Proof of Theorem 2.2.8.] Without loss of generality we can assume that the
modulus w is concave. Let us show that the UY have w for modulus of continuity on P(Q):
if my,my € P(Q) and if X € Q" is e—optimal in the definition of UY (my):

un(z) + w(di(my, my)) < UN(my) + ¢,

then we have

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

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. TI

Remark 2.2.9 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,cgp(m) [z Which is
not continuous. Of course the convergence is not uniform.

Remark 2.2.10 If  is a compact subset of some finite dimensional space R?, a typical
condition which ensures (2.2.15) is the existence of a constant C' > 0, independent of N, such
that

sup || Daun|loe < = VN.
i=1,...N

2.2.3 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 2.2.8 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(wl,m25$j),...,F(xN,N_1 > b))

j>2 j<N-1

106



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}

EN(xl,...,xN):F<xi, L 25%) Y(zy,...,z5) € QY .

N —1 4=
J#i
Let us recall that a pure Nash equilibrium for the game (F}Y,..., FY)is (zVV,...,z8) € QN
such that
FiN(f]lV> s 7jﬁ1>yi7fﬁ-1a s >-f%) 2 F;‘N(f]lv7 ce 7:%%) vyz € Q .
We set
T
ON _ (=N ~N N o _
XY =(2),....7y) and mXN_NiZ:;(SﬁV'
Theorem 2.2.11 Assume that XN = (zVV,...,z%) is a Nash equilibrium in pure strategies
for the game FN ... FY. Then up to extraction of a subsequence, the sequence of mea-
sures mgN converges to a measure m € P(Q) such that
/ Fly,m)dm(y) = inf | Fly,m)dm(y) . (2.2.16)

Remark 2.2.12 The “mean field equation” (2.2.16) 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 (2.2.16). Conversely, if (2.2.16) holds, then choosing m = ¢, shows
that

/ F(y,m)dm(y) < F(x,m) for any x € Q.
Q
Therefore, we have

| F.m)dn(y) < iy Fam)
Q

which implies that m is supported in argmin, .o F'(y,m).
Proof. Without loss of generality we can assume that the sequence mgN converges to

some m. Let us check that m satisfies (2.2.16). Note that, by the definition of a pure Nash
equilibrium, the measure §,~ is a minimizer of the problem

1
inf Fly, —— dzv )dm(y).
mEP(Q)/Q (y N -1 ; i Jdm(y)

1 2
VED

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

inf F N d
mEI%(Q)/Q (y mxx)dm{y).

N .

as soon as N is sufficiently large, and this is true for all 7 = 1,..., N. By linearity, so is m'gy:

| Pm¥oimiw) < int | Flgmix)dm() + =

Letting N — 400 gives the result. 1

2.2.4 Limit of the Nash equilibria in mixed strategies

Theorem 2.2.11 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 Q). If the players play the mixed strategies my,...,7xn € P(Q),
then the outcome of player i (still denoted, by abuse of notation, Fj) is

1
F;N(ﬂ'l, - ,’/TN) = /N F(.Tl, N1 ;5Ij>d7r1(x1) .. .d’/TN(LEN) . (2217)
JF£i

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

Theorem 2.2.13 Assume that F is Lipschitz continuous. Let (7V,... 7N) be a symmetric
Nash equilibrium in mized strategies for the game FYN, ... F¥. Then, up to a subsequence, ™

converges to a measure m satisfying (2.2.16).

Remark 2.2.14 In particular the above Theorem proves the existence of a solution to the
“mean field equation” (2.2.16).

Proof. Let m be a limit, up to extracting a subsequence, of 7. Fix y € Q and consider
the map

~ 1
Fly,z) = F(y, mzfsxj) QYN =R
JF#i

Note that F is Lip(F)/(N — 1)—Lipschitz continuous in each coordinate x; € @, hence twe
have, by the definition of the distance d;:

’/le f(y,x)HdﬁN(xj) — /Nl ﬁ(y,x)Hdm(:vj)

J#i Q J#i

< Lip(F)dy (7", m)  VyeQ.

(2.2.18)
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Since (71, ...,7y) is a Nash equilibrium, inequality (2.2.18) implies that, for any ¢ > 0 and
if we choose N large enough, we have

| o S [Tantant) < | Flo s 3 d) []dmia)dm() + .

iAo iAo
(2.2.19)
for any m € P(Q). Note also that we have
NEIEOO v F(y, —_1 ) Hdm (x;) = F(y,m), (2.2.20)

J#i J#

where the convergence is uniform with respect to y € @ thanks to the (Lipschitz) continuity
of F. Letting N — 400 in both sides of (2.2.19) gives, in view of (2.2.20),

/F(y,m)dm(y) S/F(y,m)dm(ny vm € P(Q) ,
Q Q

which finishes the proof, since ¢ is arbitrary. 1
We can also investigate the converse statement: suppose that a measure m satisfying the
equilibrium condition (2.2.16) is given. To what extent can it be used in an N —player game?

Theorem 2.2.15 Let F' be as in Theorem 2.2.13. For any € > 0, there exists Ny € N such
that, if N > Ny, the symmetric mized strateqy (m,-,m) is e—optimal in the N—player game
with costs (F}N) defined by (2.2.17). Namely, we have

EN(m,...,m) < FN(xi, (M)jz) +¢ Vo €Q.
Proof. Indeed, as explained in the proof of Theorem 2.2.13, see (2.2.20). we have

NETOOF (i, (M) j2i) = F(x;,m)

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

N(wi, (M) jz) — F(zi,m)| <e/2 VN > Nj. (2.2.21)

7 €Q

Then, for any x; € (), we have
FM(w, (M) i) > F(xi,m) — /2> / F(yi,m)dm(y;) — /2 (2.2.22)
Q

where the last inequality comes from the mean-field equaiton (2.2.16) for m by using m = §,
Using again (2.2.21) and (2.2.22), we finally get

it

F;‘N(xh (m)ﬁél) > /QF(?/H m)dm(yz) - 5/2 = FiN(m’ Tt ,ﬁ”L) — &
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2.2.5 A uniqueness result

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

quence, if there is a unique measure m satisfying the mean-field equation (2.2.16). This is
the case under the following (very strong) assumption:

)

Proposition 2.2.16 Assume that F' satisfies
/(F(y, my) — F(y,mz))d(m; —ma)(y) >0 Ymy # mo . (2.2.23)
Q

Then there is at most one measure satisfying (2.2.16).

Remark 2.2.17 Requiring at the same time the continuity of F' and the above monotonicity
condition seems rather restrictive for applications.

Condition (2.2.23) 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

satisfies (2.2.23) 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 Q of R? another
example is given by

Um(y) if m € Poe(Q) N LA(Q)

400 otherwise

mez{

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

—Au,, =m in
Uy = 0 on 0f2

Note that in this case the map y — F(y, m) is continuous.

Proof. [Proof of Proposition 2.2.16] Let my, ms satisfying (2.2.16). Then

AF@ ) @</F@ )dma(y)

Q
and
/ F(y,ma)dms(y) < / F(y,ma)dmy(y) .
Q Q
Therefore

/Q (F(y, ) — F(y, ma))d(imn — ma)(y) <0,

which implies that m; = my thanks to assumption (2.2.23). 1T
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2.2.6 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 (m(y) it ©)
| F(m(y)) it m € Pqe
Fly,m) = { +00, 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(x,m) can be represented as the
derivative of some mapping ®(x, m) with respect to the m—variable, and if the problem

inf O(x,m)dx
meP(@Q) Jg

has a minimum 7, then the first variation tells us that
/ O (2, m)(dm —dm) >0 Ym € P(Q),
Q

SO

/ F(z,m)dm > / F(x,m)dm Ym € P(Q) ,
Q Q
which shows that m is a solution of the mean-field game equation.

For instance let us assume that
F(z,m) = {
where V' : Q — R is continuous and G : (0,+00) — 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.
where H is a primitive of G with H(0) = 0. Note that H is strictly convex with

H(s) > gs?

V(z)+Gm(z)) if m e P,(Q)

+00 otherwise

Hence the problem

et o) /Q Vi(z)m(z) + H(m(z))dz

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

/(V(ﬂf) + G(m(z)))m(z)de > /(V(x) + G(m(z)))m(z)dz
Q

Q
so that m satisfies (a slightly modified version of) the mean field equation (2.2.16). In par-
ticular, we have

V(z) + G(m(z)) = min V(y) + G(m(y)) for any x € Spt(m).
y
Let us set A = min, V' (y) + G(m(y)). Then
m(z) =G (A= V(2))4)
For instance, if we plug formally @ = R V(z) = |z[>/2 and G(s) = log(s) into the above
equality, we get m(x) = e 1e1*/2/(2m)4/2,
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2.2.7 Comments

There is a huge literature on games with a continuum of players, starting from the seminal
work by Aumann [154]. Schmeidler [260], and then Mas-Colell [251], 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 equi-
libria. Blanchet and Carlier [159] investigated classes of problems in which such equilibrium
is unique and can be fully characterized.

The variational approach described in Section 2.2.6 presents strong similarities with the
potential games of Monderer and Shapley [253].

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

(1) —0wuw — Au+ H(z,Du) = F(z,m)
(t7) Oym — Am — div(mD,H (z, Du(t,x))) =0 (2.3.1)
(2ii) m(0) =mg, u(T,z) = G(z,m(T)).

The Hamiltonian H : T¢ x R? — R is assumed to be convex with respect to the second
variable. The two equations in (2.3.1) are coupled via the functions F' and G. For simplicity,
we work with 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) = mg. Each player starting from
a position x at time ¢ = 0, has to solve an optimization problem of the form

T
inf E [/ (L(X., 00) + F(Xa,m(s)))ds + G(Xr, m(T))
« 0
where L is the Legendre transform of H with respect to the last variable:
H(p,x) = inf [L(z,v) +v-p], peR", (2.3.2)

and X is the solution to the SDE
dX, = ayds + \/§st, Xy =x.
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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 component F'(X,, m(s)) of the running cost
depends on the position X and m(s) but not directly on the control a,;. The cost associated
with the control comes only into the Lagrangian L(Xj, ay).

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, z) = ing [/t (L(Xs, a5) + F(Xs,mg))ds + G(Xp,mr))

where

dX, = ayds +V2dB,, X; = .

As we have discussed, if m; is known, then wu is a classical solution to the Hamilton-Jacobi
equation (2.3.1)-(i) with the terminal condition w(T,z) = G(x, mr). Moreover, the optimal
control parameter of each agent is given by

a*(t,x) := —D,H (z, Du(t, x)).

Hence, the best policy for each individual agent at position z at time ¢, is to "play” (use
the control) a*(t,z). Then, the actual density m(t) of agents would evolve according to
the Fokker-Planck equation (2.3.1)-(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 sys-
tem (2.3.1). This agrees with our discussion in the previous section.

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.

2.3.1 The existence theorem

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

(1) —O0wuw — Au+ H(x, Du) = F(z,m) in (0,7) x T
(i4) Oym — Am — div (m D,H(z, Du(t,z))) =0  in (0,7) x T¢, (2.3.3)
(i11) m(0) =myg , 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:

di(p,v) = sup{ ) o(z) (1 — v)(dr) st ¢ : T* — R is 1-Lipschitz continuous}. (2.3.4)
T
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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**9(T%)
and C?*#(T%) (for some 3 € (0, 1)) uniformly with respect to m € P(T4).
(iii) The Hamiltonian H : T? x R? — R is locally Lipschitz continuous, D,H exists and is
continuous on T? x RY, and H satisfies the condition

(D,H(z,p),p) > —Co(1+ |p|*) (2.3.5)

for some constant Cy > 0.
(iv) The probability measure my 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(z)dm,

Td
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
Lebesgue measure, then F(z,m) is not Lipschitz continuous in the d;-metric on P(T%), 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 (2.3.3) if u,m : R? x [0, 7] — R are continuous, of
class C? in space and C'! in time and (u,m) satisfies (2.3.3) in the classical sense. The main
result of this section is the following:

Theorem 2.3.1 Under the above assumptions, there is at least one classical solution to (2.3.3).

The proof is relatively easy and relies on the basic estimates for Hamilton-Jacobi equations
and on some remarks on the Fokker-Planck equation (2.3.3-(ii)). We give the details below.

2.3.2 On the Fokker-Planck equation

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

Oym — Am — div(mb) = 0,

m(0.2) = mo(x), (2.3.6)

as an evolution equation in the space of probability measures. We assume here that the vector
field b(¢, x) is continuous in time and Lipschitz continuous in space.
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Definition 2.3.2 We say that m € LY(T? x [0,T]) is a weak solution to (2.3.6) if for any
test function p € C®(R4 x [0,T)), we have

y o(z,0)dmg(z) — o(z, t)dm(t)(x)

Td

+/o /Td (Orp(t, x) + Ap(t,x) — (Dep(t, ), b(t, ))) dm(t)(z) = 0.

In order to analyze some particular solutions of (2.3.6), it is convenient to introduce the
following stochastic differential equation (SDE)

dX; = —b(t, X;)dt +V2dB;,  t€0,T]

2.3.7
XO — Zo. ( )

Here, the initial condition Z, € L*(€2) is possibly random and independent of the Brownian
motion B;. Under the above assumptions on b, there is a unique solution to (2.3.7). This
solution is closely related to the Fokker-Planck equation (2.3.6).

Lemma 2.3.3 If L(Zy) = my, then m(t) := L(X};) a weak solution of (2.5.6).

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

o(t, X;) = (0, Zo) + /Ot [0sp(s, Xs) — (Dp(s, Xs), b(Xs, 8)) + Awp(s, X)] ds

+/0 (Dg(s, Xs),dBs) .

Taking the expectation on both sides (with respect to the Brownian motion and the random-
ness in the initial condition) gives

B [o(t, X0] = E[(0.20) + | [l X0) = (Dol X0 b(s, X)) + Ap(s, X)) ds]

So by definition of m(t), we get

/Rd o(t, z)dm(t)(z) = /Rd (0, z)dmg(x)
+/0 /Rd [i(s,2) — (Dy(s,),b(s,x)) + Ap(s, z)] dm(s)(x)ds,

thus m is a weak solution to (2.3.6). OJ
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 2.3.4 There is a constant ¢y = co(T), independent of v € (0,1], such that

di(m(t),m(s)) < co(1 + ||b]|oc)|t — s|*? Vs, t € 10,77 .
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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) — d(Xs)] s.t ¢ is 1-Lipschitz continuous} <E[X; — Xl

Moreover, if, for instance, s < t we have
t
E[|X, - X,[] <E [/ b(Xe, 7] dr + V2| B, - BS@ < bt — 5) + /200t — 5).

This finishes the proof. [J

2.3.3 Proof of the existence Theorem

We are now ready to prove Theorem 2.3.1. We fix the initial condition mg(z) and the terminal
condition G(x,m) as in the assumptions of this theorem.
For a large constant C; to be chosen below, let C be the set of maps pu € C°([0,T], P(T9))

such that
di (p(s), u(t))
st |t —s]1/?

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 = ¥(u) € C
as follows. Let u(t, z) be the unique solution to the terminal problem

<. (2.3.8)

—Ou — Au+ H(z,Du) = F(x,u(t)) in (0,T) x T, (2.3.9)
u(z,T) = G(z,u(T)) in T

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¢, (2.3.10)

m(0,z) = mo(x) in T¢.

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

H(t,x,p) = H(:L‘,p) o F(xv:u(t))'

The theory of the viscous Hamilton-Jacobi equations shows that under our present assump-
tions, equation (2.3.9) has a unique classical solution u(t, z). Moreover, because the diffusivity
in the viscous Hamilton-Jacobi equation (2.3.9) is strictly positive, we have an estimate

[ull grarzetaorxrny < C, (2.3.11)

where @ > 0 and C' > 0 do not depend on u, because of the a priori bounds on F' we have
assumed. Recall that the bounds on F'(x,m) are uniform in the probability measure m. The
constant C' in (2.3.11) may depend on 7" though.
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Next we turn to the Fokker-Planck equation (2.3.10), that we write in the form
oym — Am — (Dm, D,H (x, Du)) —m div[D,H (z, Du)] =0 .

Since u € C**/22+([0, T] x T"), the maps (t,x) — D,H(z, Du) and (t, x) — divD,H (z, Du)
belong to C*([0,7] x T™), so that this advection-diffusion equation is uniquely solvable and
the solution m belongs to C?T1+*/2([0, T] x T™). Moreover, from Lemma 2.3.4, we have the
following estimate on m:

di(m(t),m(s)) < co(1+ ||D,H (-, Du)l|oo)|t — 3\1/2 Vs, t € 10,7,

where || D,H (-, Du)||~ is bounded by a constant C5 independent of 1, because Du is uniformly
bounded due to (2.3.11). Thus, if we choose C in (2.3.8) sufficiently large, then m belongs
to C, and the mapping ¥ : p — m = ¥U(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 (2.3.9)-(2.3.10). Note that

P 1a(t)) = (&, u(t)) and G, pn(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 C1+/21+([0, T] x T"), the functions u, are uniformly bounded in C***/22+e([0, T] x T")
so that wu, converges in C*1([0,7] x T") to the unique solution wu(t,z) of the Hamilton-
Jacobi equation with the right side F'(x, ). The measures m,, are then solutions to a linear
Fokker-Planck equation with uniformly Holder continuous coefficients, which provides uni-
form C'te/22+2 ([0, T]x]T") estimates on m,. Thus, m, converge, also in C%!([0,T]x]T"),
to the unique solution m of the Fokker-Planck equation associated to D,H (z, Du). The con-
vergence is then easily proved to be also in C°([0, 7], P(T?)). Now, the Schauder fixed point
theorem implies that the continuous map u — m = W(u) has a fixed point in C: this fixed
point (and the corresponding u) is a solution to (2.3.3).

2.3.4 Uniqueness of the solution

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

/Td(F(x,ml) — F(x,my))d(my —my)(x) >0 ¥my,my € P(TY) (2.3.12)

and

/Td(G(x,ml) — G(x,my))d(my —ms)(z) >0 Vmy, my € P(T?) . (2.3.13)

Physically, the monotonicity properties (2.3.12) and (2.3.13) mean that the cost of visiting
places with a high density of other agents is higher than staying in sparsely populated regions.
Such monotonicity properties are easier to fulfill for mappings defined on subsets of P(Q).
For instance, if @ 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

F(y,m) = { G(m(y)) if m € Pac(Q)

+00 otherwise
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satisfies (2.2.23) 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 Q of R? another
example is given by

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

+o0o  otherwise
where 1, is the solution in H'(Q) of

—Au,, =m in )
Uy, = 0 on 0f2

Note that in this case the map y — F(y, m) is continuous.
We also assume that H is uniformly convex with respect to the momentum variable:

1
EId < D2 H(z,p) < Cly, (2.3.14)

with some C > 0.

Theorem 2.3.5 Under the above conditions, there is a unique classical solution to the mean
field equation (2.3.3).

Proof. Let (u;,m;) and (ug, m2) be two classical solutions of (2.3.3), and set
a:U1—U2, m:ml_m27

then

a4 [ s — /T ((@aym + a(@m))da (2.3.15)

= /Td(—Aﬂ + H(x, Duy) — H(x, Dug) — F(x,mq) + F(x, my))mdz
+ /d w(Am + div(myDyH (x, Duy)) — div(meD,H (x, Dus)))dz.
T
Integration by parts shows that
/d —(Auw)m + u(Am)dx = 0,
T
and, from the monotonicity condition on F', we have

/Ed(—F(:z:, my) + F(x,mg))mdr = / (—F(z,m1) + F(x,mz))(my — ma)dx < 0.

Td

We now rewrite the remaining terms in the right side of (2.3.15) in the following way:
R— / (H (2, Duy) — H(z, Dus)) — (Dit, m1 D, H(z, Dux) — maDy H(x, Duy))]dz
Td

= —/ my [H(x, Dus) — H(z, Duy) — (D,H(x, Duy), Dus — Duy)] dx
Td

—/ my [H(x, Duy) — H(z, Duy) — (D,H (x, Dus), Du; — Dus)] dx.
Td
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The uniform convexity assumption (2.3.14) on H implies that

R< —/ W!Dul _ Dus|dz < 0.
Td

Putting the estimates together we get

d
2| amdz <o. 2.3.16
dt fpa S ( )

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

[y < [ aoymo)d - /OT [ b D @

Note that m(0) = 0 while, as u(T") = G(z,m1(T)) — G(x, ma(T')), we have
/Td w(T)ym(T)dx = /Td(G(:v,ml(T)) — G(z,mo(T)))(m1(T) — mo(T))dz > 0

thanks to the monotonicity assumption on G. Now, (2.3.17) implies that

/ w(T)ym(T)dx = 0,
Td
but also that
Duy = Duy in {m; > 0} (J{mza > 0}.
As a consequence, ms actually solves the same equation as my, with the same drift
D,H(x, Duy) = D,H (z, Dus),

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

2.3.5 An application to games with finitely many players
A single player strategy in an MFG soup

We now discuss the implications of the solutions of the MF'G system to games with a large but
finite number of players. Let us fix a solution u(t,x), m(t,z) to the mean field system (2.3.3)
and investigate the optimal strategy of a generic player who considers the density m(¢, x)
“of the other players” as given. In other words, the player faces the following minimization
problem

igf J(«) where  J(a) =E [/0 L(Xs,a5) + F (X, m(s)) ds+ G (Xr, m(T))}

(2.3.18)
Here, L(x,v) is a kind of Legendre transform of H with respect to the last variable:

L(z,v) := sup[—(p,v) — H(z,p)].

peR
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Let us stress that the density m(s,x) in (2.3.18) is assumed to be given and be a solution to
the MFG system (2.3.3). The process X; in (2.3.18) is given by

t
X =Xo+ / agds + \/§BS,
0

with Xj a fixed random initial condition with the law mg, independent of B;. The control «;
is adapted to the filtration F; of the d—dimensional Brownian motion B;. In this model,
the player does not have any information about the other players, and simply assumes that
they all follow the control prescribed by the solution to the MFG system, so that that their
density also evolves according to the solution m(t, z) to that system. We claim that then the
strategy a*(t,x) := —D,H(x, Du(t, x) is optimal for this stochastic control problem for the
single player. This confirms that the solution to the MFG system is, in some loose sense, a
Nash equilibrium.

Lemma 2.3.6 Let X, be the solution of the stochastic differential equation

dXt = O./*(t, Xt)dt + \/idBt
Xo=Xo

and set a(t) = a*(t, X;). Then
inf 7 () = J(a) = / w(0,7) dmo(z)
(e RN
Proof. This kind of result is known as a verification Theorem: one has a good candi-
date for an optimal control, and one checks, using the equation satisfied by the value func-

tion u(t, z), that this is indeed the minimum. Let « be an adapted control. We have, by the
[t6 formula, applied to the function u(t, X;)

E[G(Xr,m(T))] = E[U()T(T, T)]

=E |:U(O,X0) —i—/o (Oyu(s, Xs) + {ag, Du(s, Xy)) + Au(s, X)) ds}

=E {u(O,XO) + /0 (H(Xs, Du(s, Xs)) + (as, Du(s, X)) — F(Xs, m(s))) ds] :

We have used the Hamilton-Jacobi equation satisfied by (¢, ) in the last equality. Thus, by
definition of L(z,v), we have

E[G(Xr,m(T))] > E {u(O,XO) —i—/o (—L(X,, a5) — F(Xs,m(s))) ds] :
This shows that
E[u(0, Xo)] < E {/0 (L(Xs, as) + F(Xs,m(s))) ds + G(XT,m(T))] = J(a) (2.3.19)

for any adapted control . Let us replace o, by @, = —D,H (X, Du(s, X,) in the above
computations. Then, since

H(X,, Du(s, X,)) + (s, Du(s, X;)) = H(X,, Du(s, X,)) + (a"(Xy), Du(s, X))

= —L(X,,a"(X,, Du(s, X,))) = —L(X,, &)), (2.3.20)
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all the above inequalities become equalities, so that
E [u(Xo,0)] = T (@). (2.3.21)
This, together with (2.3.19) shows that J (&) < J(«) for any adapted control ag. O

A game with a large number of players

We now consider a differential game with a large but finite number of N players and ask if
the mean field game model is a good approximation for it in any sense. In this game, each
player i = 1,..., N, is controlling, through the corresponding control o, a dynamics of the
form

dX! = aldt +V/2dB.. (2.3.22)
The initial conditions X} for this system are also random and all have the same law mg. We
assume that all X! and all the Brownian motions By, i = 1,..., N, are independent. Player i
can choose its control o adapted to the full filtration F, = U{Xg, Bl s<t, j=1,...,N},

ERi

In other words, the players "know about each other”. The payoff of the player ¢ is then given

T
TN, oMY =E [/0 L(XLal) + F(X,my")ds + G(Xp,my)|

where )
Ni . _ ,
J#i
is the empirical distribution of the players X7, with j # i. Our aim is to explain that the
strategy given by the mean field game nearly gives a Nash equilibrium for this problem. More
precisely, let u(t, z), m(t, z) be a classical solution to the MFG system (2.3.3) and let us define
the control
a*(t,x) := —D,H (z, Du(t, )).

Given o*(t, ) we can define the control @ obtained by solving the SDE

dX! = o*(t, X})dt + V2d B! (2.3.23)

with random initial condition X} and setting ai = a*(t, X{). Note that this control is adapted
to the filtration F; = o(X¢, B!, s < t}, and does not use the information in the full
filtration JF; defined above — the players do not use the precise information about the other
players. That is, each player simply uses the control generated by the MFG system and
then solves the SDE (2.3.23), completely oblivious to what the other players do. Of course,
a strong assumption here is that this is what everyone does. However, as we have seen in
Lemma 2.3.6, we do know that if everyone else uses the MFG strategy, then this is also the
best strategy for a single player in such soup.

Theorem 2.3.7 Assume that F' and G are Lipschitz continuous in T¢ x P(T?). Then there
exists a constant C > 0 such that the strategy (a',...,a") is an e—Nash equilibrium in the
game JN, ..., T for e .= CN7VED : namely

TN@, . aN) < TN(@) 0, 0f) + ON Y@
for any control o' adapted to the filtration (F;) and anyi € {1,...,N}.
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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 [258], Theorem 10.2.1).

Lemma 2.3.8 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~V@+, where m} = Z 0z,

=1

Proof of Theorem 2.3.7. Fix ¢ > 0. Since the problem is symmetric, it is enough to
show that '
Jiv@at, . a™)y < V(@) e, a) + € (2.3.24)

for any control «, as soon as N is large enough. Recall that th is the solution of the
stochastic differential equation (2.3.23) with the initial condition Xg. We note that X/ are
independent and identically distributed with the law m(t) — see Lemma 2.3.3. Therefore,
using Lemma 2.3.8, we have for any ¢ € [0, T7,

E [d1<m§§j, m(t))] < ON-UV@+),

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

T
E {/ sup |F(a:,mjy;1) - F(x,m(t))|dt} +E [Sup |G(x,mg;1) — G(z,m(T))|| < CN~VH4),
0

X,
zeTd xcTd

Let now a! 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

T . .
TH(@)na’) = B[ [ (000l + PO ) ds + GG m)]

v

T
]E[/ (L(X), ol) + F (X1, m(s))) ds + G (X%,m(T))} N
> le((E@j>j7£17 dl) o CN_I/(d+4).

The last inequality comes from the optimality of & in Lemma 2.3.6. This proves the result. [J

2.3.6 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.

122



The ergodic MFG system
One may be interested in the large time average of the MFG system (2.3.3) as the horizon T'

tends to infinity. It turns out that the limit system takes the following form:
(i) A\—Au+ H(x,Du) = F(x,m) in T,

(i) — Am —div(m D,H(z, Du(x))) =0 in T (2.3.25)

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 {i / [H*(Xy, —ay) + F (X, m(t))]dt
T—+4oc0 & T 0

where X; in the solution to

dX, = a,dt + /2dB,

2.3.26
X() = X. ( )

It turns out that, if (A, u,m) is a classical solution to (2.3.25), 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

(2.3.27)

dX, = a*(t, X,)dt + v/2dB,
XO =X

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 (2.3.27).
The infinite horizon problem

Another natural model pops up when each player aims at minimizing a infinite horizon cost:
+o0o
J(r,a) =infE {/ e " (H*(Xy, —ay) + F(X;,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 a system of evolution equations in infinite horizon,
given by:
(1) —Owu+ru— Au+ H(x,Du) = F(x,m(t)) in (0, +00) x T¢
(ii) Oym — Am — div (m D,H(z, Du(t,z))) =0  in (0,+oc) x T¢ (2.3.28)
(i43) m(0) = mg in T, u(t, z) bounded.

Note that for the infinite horizon problem the terminal condition for u(t, z) above is replaced
by the requirement that u(¢, ) is bounded.
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2.3.7 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 [228], under a smallness
assumption on the coefficients or on the time interval) or by Schauder arguments (as in The-
orem 2.3.1, due to Lasry and Lions [244, 243]). Carmona and Delarue [184] 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 (2.3.12)
and (2.3.13). These conditions first appear in Lasry and Lions [244, 243].

Nash equilibria for the N—player games: the use of the MFG system to obtain e— Nash
equilibria (Theorem 2.3.7) has been initiated—in a slightly different framework—in a series of
papers due to Caines, Huang and Malham: see in particular [226] (for linear dynamics) and
[228] (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~Y/2 (instead of N=Y/(4*4) as in Theorem 2.3.7). The genuinely non
linear version of the result given above is a variation on a result by Carmon and Delarue [184].

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 MF'G 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 [245] as the limit,
when the number of players tends to infinity, of Nash equilibria in ergodic differential games.
As explained in Lions [248], 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 [188], 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 [228] and revisited by Cirant [188] (for Neuman boundary
conditions) and by Kolokoltsov, Li and Yang [235] (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 [207] and Gomes and Voskanyan[208], in which the velocity of the population is a
nonlocal function of the (repartition of) actions of the players.

2.4 Second order MFG systems with a local coupling

In this section, we consider the MFG system with a local coupling:
(i) —0wu — Au+ H(z, Du) = f(z,m(z,t)),  inT?x(0,7),
(i4) Oym — Am —div (D,H(z, Du)ym) =0  in T x (0,7) (2.4.1)
(1ii) m(0,z) = mo(z) , 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. 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 (2.4.1) 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.

2.4.1 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 my and G are C**5.

Theorem 2.4.1 Under the above assumptions, if
1
e cither the Hamiltonian is quadratic: H(x,p) = §|p|2, and the coupling f is bounded,

e or H is of the class C? and globally Lipschitz continuous,

then (2.4.1) has at least one classical solution.

Proof. We first assume that the Hamiltonian is quadratic and f is bounded. Let us
mollify f to turn the coupling into a non-local one. We take a smooth nonnegative kernel £(x)
with compact support such that

&(x)dx =1,
Rd
and define, for any m € P(T¢),
folw,m) = f(2,65xm), &(s) = %(s/e).

Now, f¢ is defined on all m € P(T?), not only measures absolutely continuous with respect
to the Lebesgue measure. As f€ is regularizing, Theorem 2.3.1 states that the system

(Z> _atU€ — Au® —+ %|DU€|2 = f€($7 m5)7 in Td % (07 T)
(ZZ) atms — Am® — div (mED’l,LE) = 07 in Td X (0’ T) (242)
(i) m*(0) = myg , u(z,T) = G(x),
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has at least one classical solution. In order to proceed, one needs estimates on this solution,
uniform in € € (0, 1). Note that, in view of the boundedness condition on f, the term f¢(x, m?)
is uniformly bounded. So, by the maximum principle, ¢ are also uniformly bounded:

[0 ]|oe < C.
Here, C' depends on || f||o and 7. We now use the Hopf-Cole transform, setting w® = e~*"/2.
A straightforward computation shows that w® solves
i) — Ow® — Aw® + w® f(x,m") =0, in T¢ x (0,7),
(i) - o ) (0.7 ois

(i) w®(z, T) = e~ C@/2,

Since u®(t,x) are uniformly bounded, so are w*(t,z). The standard estimates on the linear
equations imply the Holder bounds on w® and Dw?®:

sz + | D0l sz < C,

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

[l gaarz + ([ DU || gaarz < C. (2.4.4)

Next we estimate m®: as m® solves the linear equation (2.4.2)-(ii) that is in the divergence
form, a standard estimate implies that m® are bounded in Holder norm:

||m6||ca,a/2 S C

Accordingly the coefficients of (2.4.3) are bounded in C**/2 because f is smooth in both
arguments. Now, we can bootstrap (2.4.4) to obtain a C?**1+%/2 estimate of the solution w?,
which can be rewritten as an estimate on u°®:

||u€||02+a,1+a/2 S C. (245)

In turn, m solve an equation with Holder continuous coefficients, therefore one has C2+1+a/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 (2.4.1).

Let us now explain the proof when H is of class C? and is globally Lipschitz continuous.
The idea is basically the same: let (m®, u®) be a solution of the equation with a regularized
right side:

(1) —0w® — Au® + H(x, Du®) = f(xz,m%) in T x (0,7)
(ii) Oym® — AmF — div(m°D,H(z, Du?)) =0  in T% x (0,7) (2.4.6)
(7i1) m°(0) =mg, u(z,T) = G(x).

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 (2.4.6)-(i), which has a
right-hand side bounded in the Holder norm: this implies that the solution u° is bounded
in C?*®1+2/2  One can then conclude as before. [
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2.4.2 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, +0c0) — R for
uniqueness of classical solutions (u,m) : [0, T] x R? — R? to the local MFG system:

(1) —0wu — Au+ H(z, Du,m) =0,
(it) Oym — Am —div(m D,H(x, Du,m)) = 0, (2.4.7)
(7ii) m(0,2) = mo(z), u(T,z) = G(z) in T?,

In the above system, H = H(x,p,m) is a Hamiltonian that is convex in p and depends on
the density m, the function G : T¢ — T is smooth, and my is a probability density on R?.

Theorem 2.4.2 Assume that H(z,p,m) is a C* function, such that

1
mo:H — —mo: H
pp o' pm
> 0, for all (x,p,m) with m > 0. (2.4.8)

1
57n((i9§mH)T —OnH
Then the system (2.4.7) has at most one classical solution.

Remark 2.4.3 1. Condition (2.4.8) implies, in particular, that H(z,p,m) is uniformly
convex with respect to p and strictly decreasing with respect to m but these conditions
are not sufficient for it to hold.

2. For a separate Ij(m,p, m), of the form H(z,p,m) = H(z,p) — f(x,m), condition (2.4.8)
reduces to DipH > 0 and D,,f > 0, so that the above conditions become sufficient.

Before starting the proof of Theorem 2.4.2, let us reformulate condition (2.4.8) in a more
convenient way (omitting the = dependence for simplicity):

Lemma 2.4.4 Condition (2.4.8) implies the inequality
(H (p2, ma) — H(p1,m1))(ma—my) — (p2 —p1, ma Dy H (pa, ma) —my Dy H (p1,m1)) <0, (2.4.9)

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

Remark 2.4.5 In fact the above implication is almost an equivalence, in the sense that,
if (2.4.9) holds, then
1
2 2
mad,, H §m8pmH

v
o

1
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Proof of Lemma 2.4.4. Set p = ps — p1, m = my —my and, for 6 € [0, 1],
po=p1+0(p2—p1), mg=my+0(ma —my).
Let us consider
1(0) = (H(po, mg) — H(p1,m1))m — (p, me Dy H (pg, mo) — m1DpH (p1,mn)).
Then, we have 1(0) = 0 and

~ ~ ~ i~ ~ o~ 62H(p9 mg) ~ ~ aH(pe mg)
I'0) = ((D,H H,)m — (P, D,H) — 6 T8 g \Po, o)
( ) (< P 7@ +m m)m m<p; p > MepPrP; apkﬁp] mmepr apkam
1
| T g Ot (n)
= — 1 - .
5o 02, H)"  —0.H m
(2.4.10)

Hence if condition (2.4.8) holds and (py,m1) # (p2, ms2), then
0> I(l) = (H(pm mz) - H(pl, ml))(m2 - ml) - <p2 — D1, m2DpH(p27 mz) - m1DpH(P1, m1)>,

finishing the proof. [J
Proof of Theorem 2.4.2. Let (uy,m;) and (ug, ms) be solutions to (2.4.7). Let us set

m=mge—my, U=us —u, H=H(x, Dus, ms) — H(x, Duy, my),

div = div(meD,H (x, Dug, ms)) — div(my D, H (x, Duy,my))
Then, we have

4
dt Td

= /’]I‘d :(OtuQ — Oyuy)(mg — mq) + (us — uy)(Oyme — @ml)] dx

(ug(t) — i (t))(ma(t) —ma(t))dx

: i B (2.4.11)
_ / (—v AT+ )i+ (A + div)| do
T

:/ -]:lfﬁ— (Du,myDyH (Dusy, ms) —mleH(Dul,ml»}dx <0,
Td L

by condition (2.4.8) and Lemma 2.4.4. Due to the terminal and initial conditions we have
both uy (T, z) = us(T,x) = G(x) and my(0,2) = my(0, x) = mo(x. It follows that

T
0= [ [ ual®) — @) ma(t) = ma(e)],
Td

0

Thus, integrating (2.4.23) between 0 and T gives
T o~
/ / (H W — (D, ma Dy H (Dus, my) — my Dy H(Duy, m1)>>dxdt —0.
0o Jrd
In view of Lemma 2.4.4, this implies that Du = 0 and m = 0, so that m; = my and u; = uy. [
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2.4.3 Optimal control interpretation of an MFG system

Here, we show that the MFG system (2.4.1) can be related to two genuine optimal control
problems: the first one is an optimal control of the Hamilton-Jacobi equation and the second
one concerns the optimal control of the Fokker-Planck equation.

To motivate this discussion, let us recall that, long before we have introduced the MFG
system, we have already encountered a dynamical system that consists of two evolution equa-
tions, with the initial condition prescribed for one of them and a terminal condition prescribed
for the other, which is a salient feature of the MFG systems. This happened when we con-
sidered the optimal control problem

v(t,x) = inf {/o L(v(s),4(s))ds + up(y(0)) : ~(t) = x} (2.4.12)

In that case, the optimal trajectory 7(s), together with p(s) = Vu(7(s)) satisfied the Hamil-
tonian system

D) v, 3 (5),p15))
) ) (2.4.13)
ds = —VxH(’_)/(S),ﬁ(S»,

with the initial condition p(0) = Vuy(7(0)) for the momentum variable and the terminal con-
dition 7(t) = x for the position. Recall that the Hamiltonian H(x,p) that appears in (2.4.13)
is the Legendre transform of the Lagrangian L(x,v):

H(z,p) = sup ((p,v) — L(z,v)). (2.4.14)

The question is if we can find an optimal control problem for which the MFG system (2.4.7)

—0ww — Au+ H(x, Du,m) =0,
om — Am — div(m D,H(x, Du,m)) = 0, (2.4.15)
m(ovm) = mo(x), U(T, .1') = G(:E)a

would be the analog of (2.4.13). Of course, such optimal control problem would be infinite-
dimensional: the state space would now be not T¢ or R? but a space of functions.

We now describe two such constructions. Let us assume, without loss of generality,
that f(x,0) = 0. Otherwise we can always subtract f(x,0) from both sides of (2.4.1) and
add this term to the Hamiltonian H(x,p, m). Let us also define

F@mﬂzé f(x.p)dp, m >0,

with F'(z,m) = 0 for m < 0. We also assume that the function f(x,m) is nondecreasing with
respect to the second variable, so that F' = F(x,m) is convex with respect to m. We have
already seen that this assumption leads to uniqueness of a solution.

We denote by F*(z, ) the Legendre transform of F'(x,m) in the m-variable:

F*(z,a) = sup (am — F(x,m)) V(z,a) € T*x R. (2.4.16)

m>0
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Note that F*(z,«) is convex and nondecreasing with respect to . Convexity of F* follows
immediately from its definition as a supremum of a family of linear functions in «a, while
monotonicity is a consequence of the fact that the functions under the supremum in (2.4.16)
are increasing in « since m > 0.

We also introduce the Legendre transform H*(z, &) of H(z,p) with respect to the second
variable:

H*(z,£) = sup ((§,p) — H(z,p)).

pERA
We assume throughout this section that F* and H* are smooth enough to perform the com-
putations.
The first optimal control problem we consider is the following: the control parameter is
a function o : T¢ x [0,7] — R, and the state parameter is the function u(t,z). We fix the
functions mo(z) and G(x) and aim at minimizing the functional

T (a) = /0 ' /T P (@,a(t,2)) dodt — /T (0, 2)dmo ), (2.4.17)

over Lipschitz continuous maps a : T¢ x (0,7) — R%. Given a control a(t, z), we find u(t, z)
as the unique classical solution to the Hamilton-Jacobi equation with the prescribed terminal
condition:
— 0w — Au+ H(x, Du) = a(t, z),
w(T,x) = G(x).

This gives the value of u(0,z) and defines the terminal cost term in (2.4.17). Alternatively,
the optimal control problem can be rewritten as

(2.4.18)

T
in / / F* (2, —0u(t, z) — Au(t, z) + H(x, Du(t, z))) dedt — / w(0, 2)dmo(x), (2.4.19)
v Jo Jrd Td

under the constraint that the function u(¢,x) sufficiently smooth and satisfies the terminal

condition u(7,x) = G(x). In other words, this is an infinite-dimensional minimization prob-

lem, with the path v(s) = u(s, ) taking values in the space of functions, and the Lagrangian

defined as

L(u(s,-),u(s,-)) = /]I‘d F* (x,—u(t,z) — Au(t,x) + H(z, Du(t, z))) d. (2.4.20)

As H(xz,p) is convex with respect to the last variable and F*(z, «) is convex and increasing
with respect to the last variable, it is clear that the above Lagrangian is convex in u.

The second optimal control problem is related to the Fokker-Planck equation: the control
is now a vector valued function v : [0, 7] x T? — R? and the state is the function m(t, z). We
minimize the functional

TP (v) = /0 /Td[m(t,x)H* (x, —v(t,:E))+F(:E,m(t,x))]dxdt+/1r G(z)m(T, x)dx, (2.4.21)

d

where the trajectory m(t,-) is determiend by the control v(¢,-) as the solution to the initial
value problem for the Fokker-Planck equation

om — Am(x,t) + div(mv) = 0 in T¢ x (0, T), m(0,z) = mo(x). (2.4.22)
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This optimal control problem is also convex, 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 / /d m(x,t)H wiz, t)> + F(m,m(w,t))}dxdt—k/ G(x)m(T, z)dx, (2.4.23)

(m,w) (I’ t) Td
where the pair (m,w) solves the Fokker-Planck equation
om — Am(x,t) +div(w) = 0in T x (0,7),  m(0) = mo. (2.4.24)
This problem is convex because the constraint (2.4.24) is linear and the map
w 1
Hl(muw) = mH" (1:’ __) = msup < - _<w7p> - H(ZE,p))
m P m (2.4.25)
= sup ( - <w7p> - mH(x,p))

p

is convex in m and w as a supremum of linear functions in m and w.
Here is a very elegant observation.

Theorem 2.4.6 Assume that the functions m(t,z) and u(t, x) satisfy the initial and terminal
conditions: m(0,z) = mo(z), and u(T,x) = G(z), and m,u € C*(T¢ x [0,T]). Suppose also
that m(z,t) > 0 for any (t,z) € [0,T] x T¢. Then the following statements are equivalent:

(i) The pair (u,m) is a solution of the MFG system (2.4.1).

(ii) The control a(t,x) := f(x,m(t,x)) is optimal for T*'(a) and the corresponding solution
to (2.4.18) is given by u(t,x). That is, u(t,x) is the minimizer in (2.4.19).

(iii) The control v(t,x) := —D,H(x, Du(t,x)) is optimal for J*F, and m(t,z) is the corre-
sponding solution to (2.4.22).

Proof. The proof is by verification. We will show only the equivalence between (i)
and (ii), as the equivalence between (i) and (iii) can be established similarly, by using the
reformulation in (2.4.23).

Let us first assume that (m, u) is a solution to the MFG system (2.4.1), and set

a(t,z) = f(z,m(t, z)). (2.4.26)

Consider any Lipschitz continuous map «(t, ) and the corresponding solution u(¢, ) to (2.4.18).
Then, by (2.4.18) and the convexity of F*(x, ) in «, we have

T (a / /Td F*(z,a(t, z))dzdt — /Td (0, z)dmy(x)

2/0 /Td (F*(;I;,a(t,x))+6QF*<x,a(t,x))(oé(t,x)—@(t,x))d:ndt—/Tdu(o,x)dmo(x).
(2.4.27)
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Next, we re-write the right side as
T
T (o) = T (@) + / O F*(z,@) (=0y(u — u) — A(u — u) + H(x, Du) — H(z, Du)) dxdt
0 Td

- [ (wl0.2) = a(0,))dmo(a)
Td
(2.4.28)
The next step is to use the convexity of H(z,p) in p to bound the right side above as

T (o) > T (a / Tda W F (2, @) (=0 (u — u) — A(u — u) + (DpH (x, D)), D(u — @))) dedt

_ /T (= 1)(0, 2)dmo(a)
(2.4.29)

In order to compute the derivative d, F*(z, &) that appears in the above expression, let us go
back to (2.4.16):

F*(z,a) = sup (am — F(x,m)) V(z,a) € T*x R. (2.4.30)

m>0
The optimizer m(x, «) in (2.4.30) is determined by
Oé:Fm(.Z',m(ZE,Oé)) zf(x,m(x,oz)), (2431)

so that
F*(z,a) = am(z,a) — F(x,m(x,a)). (2.4.32)

Differentiating in o and using (2.4.31), we obtain
OuF* (2, ) = m(z, ) + adom(z, @) — Fp(x, m(z, a))0um(z, o) = m(x, a). (2.4.33)

Using this expression in (2.4.29) gives
T (a) 27" (@ / 7 (~04(w — ) — Alu— @) + (DyH(z, D)), D(u — ) duds
Td

—/ (u—u)(0, z)dmo(x).
Td

(2.4.34)
Integrating by parts we get

T () >T / /Td u—u) (Om — Am — div(mD,H (x, Du))) dxdt 045

+/ (w(T,z) — a(T, z))m(T, z)dx > T (a).
Td
The last inequality comes from the Fokker-Planck equation satisfied by m(t, z) and since

w(T,z) =u(T,x) = G(z).
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Thus, we have proved that the control a(t,x) = f(x,m(t,z)) is optimal for the minimization
problem for 77/ (o).

Conversely, let us assume that the control a(t,z) is optimal for the functional J#7(a),
and @(t, z) be the corresponding solution to (2.4.18):

— 0 — A+ H(z,Du) = a(t,r),  inT*x (0,7),

u(x,T) = G(x). (2.4.36)
We also set
m(t,x) = 0 F* (z,a(t, x)), (2.4.37)
so that
a(t,z) = f(z,m(t, z)), (2.4.38)

as follows from (2.4.31)-(2.4.33). In particular, this shows that u(t,x) is a solution to the
Hamilton-Jacobi equation (2.4.1)-(i) in the MFG system.

The main issue is to show that the function m(t, z) defined by (2.4.37) satisfies the Fokker-
Planck equation (2.4.1)-(ii) in the MFG system:

my — Am — div(mD,H (z, Du)) = 0, (2.4.39)

as well as the initial condition m(0,z) = mg(x). To this end, take a smooth function a(¢, x)
and, for h # 0, let uy(t,x) be the solution to (2.4.18) associated to the control

a(t,z) = a(t,x) + ha(t, ). (2.4.40)

That is, up(t, z) solves
— 0w — Au+ H(z, Du) = a(t, z),

2.4.41
u(T,z) = G(x). ( )
Then, the difference ratios -
wy, = “hh_ y (2.4.42)
converge, as h — 0, to some w(t, z) that solves the linearized equation
— Ow — Aw + (D, H (z, Du), Dw) = a(t, x), (2.4.43)

w(T,z) = 0.
Using the optimality of & and (2.4.37), we obtain

HI (g a T
_aJ (h +h )’ho :/0 Tdm(—ﬁtw—Aer(DpH(x, Du)),Dw>)—/Tr w(0, z)dmo(z).

d

0

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

0= /o /’H‘d w (Oym — Am — div(mD,H (z, Du))) — / w(0, z)(mo(x) —m(0,x))dz. (2.4.44)

Td

Note that if one fixes w € C® such that w(7T,z) = 0, we can always define a(t, z) by (2.4.43).
This implies that relation (2.4.44) holds for any w € C® such that w(T, z) = 0. Therefore, the
function m(t, z) is a weak solution of (2.4.1)-(ii) with the initial condition m(0,x) = my(z).
This finishes the proof. [
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2.4.4 The long time averages

In this section, we study the long time average of solutions to the MFG system (2.4.1). Let
us first recall the results on the long time behavior of the solutions to the initial value for the
Hamilton-Jacobi equations of the form

ﬂt—FH(ZE,Vﬁ) = 0,

u(0,z) = up(x). (2.4.45)
Then, we have shown that there exists A € R and a function v(z) such that
H(z,v(x))+ A =0, (2.4.46)
and
lu(t,z) — Mt —v(x)] — 0, ast — +o0. (2.4.47)

If we rephrase (2.4.45) as a terminal value problem, setting u(t,z) = u(T —t, ), then (2.4.47)
becomes
|uw(T —t,x) — Xt —v(z)| — 0, ast— +o0. (2.4.48)

Here, T" > 0 is fixed and t — 4o00. In the MFG situation, we will be interested in the
regime where T is large, while the evaluation time T — ¢ is also large but far away from the
terminal time 7. A way to reformulate a statement such as (2.4.48), if we are only interested
in times 1 < t < T, as, again, will be the case for the MFG problem, is to set t = T's and
consider the function

vl (s,2) = u(Ts, ), (2.4.49)

with 0 < s < 1. Then, (2.4.48) should "morally” become a statement of the form

0T (1 —s,2) = AT's —v(x)] = 0, as T — +oo, (2.4.50)
for 0 < s < 1 fixed, which is equivalent to

lvl(s,2) — AT(1 —s) — v(x)] = 0, asT — +oo, (2.4.51)
A weaker version of (2.4.51) is

1
TUT(S, ) —A1—-3s)] =0, as T — +oc. (2.4.52)

Our goal in this section is to obtain a similar result to (2.4.52) for the MFG system

(1) — O — Au+ H(z, Du) = f(z,m(x,t)),
(i1) Oym — Am — div (mDu) = 0, (2.4.53)
(1ii) m(0,x) = mo(x), u(T,x) = G(x).

We concentrate on the simple case H(z,p) = |p|?/2. We also suppose that the coupling f(x,m)
is bounded and strictly increasing with respect to the last variable:

of

a—m(a:, m) > 0. (2.4.54)
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As in the previous section, we suppose, without loss of generality, that f is non negative.
Moreover, we assume that the initial density mg(z) is positive and smooth. In particular,
there exists ¢y > 0 so that

mo(x) > co >0, for all x € T (2.4.55)

To emphasize that we are interested in the behavior of the solution as the horizon 7" tends
to +o00, we denote by (u?, m?) the solution to

(1) — O — Au+ %\Du!z = f(x,m(z,1)),
(17) Opym — Am — div (mDu) = 0, (2.4.56)
(i7) m(0,z) = mo(z), u(T,z)= G(z).

This system is still considered on the torus T™. The analog of the steady problem (2.4.46) for
the Hamilton-Jacobi equation, is, in the present situation, the system

- 1
(1) A\—Au+ §|Dﬂ|2 = f(z,m)
(i1) — Am —div(mDu) =0 (2.4.57)
(i17) / udr =0, mdr = 1.
Td Td
The unknowns here are (\, @, m), similarly to (2.4.46) where the unknowns are both A and u.
Let us first remark that the above system has a unique solution.

Proposition 2.4.7 Under the assumptions of this section, the system (2.4.57) on T* has a
unique classical solution (\,u,m), and

-1
m(z) = e 4@ (/ e_ﬁ(y)dy> > 0. (2.4.58)
Td

Note that relation (2.4.58) is an immediate consequence of (2.4.57)-(ii) and the normalization
for m(z) in (2.4.57)-(iii). Thus, (2.4.57)-(i) is an equation for w(x) and A alone. Their
existence essentially follows from the Lions-Papanicolaou-Varadhan theorem.

In order to understand to what extent the solution (\, @, m) to (2.4.57) drives the behavior
of (u”',m"), let us take s € [0, 1] and consider the scaled functions

vl (s,2) == u (sT,x), u'(s,x):=m"(sT,z). (2.4.59)

Theorem 2.4.8 We have the convergence

T
Y (; D) (= s)h  in LT x (0,1)), as T — +oo. (2.4.60)

Remark 2.4.9 With more estimates than presented here, one can show that u”(s,z) con-

verges to m(z) in LP(T¢ x (0, 1)), for any p < 42,
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The proof of Theorem 2.4.8 requires several intermediate steps. The starting point is the
usual estimate, which is crucial in establishing the uniqueness of the solution to (2.4.56).

Lemma 2.4.10 For any 0 <ty <ty <T we have

G —a><m m)da|”

/ / U M) 5T — Daf + (f (e, mT) — ) (T — m) dadt = 0

Proof. Since T is fixed, we simply write m and u instead of m? and u?. We first integrate
over T x (t1,t,) the equation satisfied by (u — %) multiplied by (m — m). Since

/Td(m(t, ©) — m(z))de = 0,

and u does not depend on time, we get, after integration by parts:

/b /T [(_&*“)(m —m) + (D(m —m), D(u — w)) + %(m —m)(|Dul® - \Dam] dadt

:/tQ/Td(f(a:,m)—f(x,m))(m—m)dxdt.
1 (2.4.61)

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

/t2 (/d(U—a)atm+<D(m—m),D(U—E)H—(mDu—mDﬂ,D(u—ﬂ)>>dmdt: 0. (2.4.62)

t1 T

We now compute the difference between these two equations:

/ [1](u — @)(m — m)] + (mDu — mDu, D(u - )
Td (2.4.63)

—§(m m)(|Duf? - \Da|2)+(f(m,m)—f(a:,m))(m—m)]dxdtzo.

To complete the proof we just note that

(m+m

1
(mDu — mDu, D(u — u)) — §(m —m)(|Dul* — |Dul?) = Tm)|Du — Daul*.

This finishes the proof. [

Another crucial point is given by the following lemma, which exploits the fact that (2.4.56)
has a Hamiltonian structure. Note that this is directly related to the optimal control inter-
pretation of the MFG as explained in the previous section.

Lemma 2.4.11 There exists a constant MT such that for all 0 <t < T we have
1

— [ m™(t,z) |Du’(t,z)* dx + /

5 (Du®(t,z), Dm™ (t, 7)) dx — / F(z,m"(t))de = M7,
T4 T4 Td

(2.4.64)
where F(x,m) = /0 f(z, p)dp
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Proof. We multiply (2.4.56)-(i) by d;m”(t) and (2.4.56)-(ii) by du”(t). Summing the two
equations we get

1
— (AuT)oym™ + §]DuT]2 om* — f(x,mM)om™ = (Am™)ou” + div(m” Du”)ou” (2.4.65)
Integrating with respect to z gives:

/ ((Du", 0,Dm™) + (Dm", 0, Du")) dx +/
Td

1
, |:§|DUT|2 om* +m™ (Du”, 8tDuT)] dx
T

—/ f(z,m")om"* dz = 0.
Td

This means that

d 1
—{/ (Du”, Dm™) dx + = mT|DuT|2dx—/ F(m,mT)dx} =0,
dt Td 2 Td Td

Thus, (2.4.64) holds. OJ
The next step is to show the following.

Lemma 2.4.12 There exists a constant C > 0 that depends on mo(x) and G(x), so that for
all'T"> 0 we have
|M™| +/ | Du(0, z)|2dx < C. (2.4.66)
Td
Proof. For an upper bound on M7T, note that we have, since f > 0 and u(T) = G(x), that

M7 :Ad<Du(T,x),Dm(T,x)>dx+%/Tdm(T,x)!Du(T,x)\zdl’—/TdF(%m(T))d?U

IN

— /Td(Au(T, x))m(T, z) dx + % /Jl‘d m(T, )| Du(T, z)|* dx

<(I1AG]| = + | DEI3) [m(D)l| g e = €
(2.4.67)
On the other hand, we also have

MT = /Tdu)u((), x), Dmg(z)) dz + % /Td mo(x)| Du(0, z)|* do — /Ed F(z,mg)dz. (2.4.68)

However, since my > 0, we can write

[ Dmo(x)|*

@) do.  (2.4.69)

/Td(Du(O, x), Dmy(z))dz

1
< -/ mo(2)| Du(0, 22 d +
4 Td

Note that the last integral in the right side above is finite because of the assumption (2.4.55)
on the positivity and smoothness of the initial condition mg(x). We deduce from (2.4.68)
and (2.4.69) that

1
MT > 1 mo(x)|Du(0,z)*dr — C . (2.4.70)

- Ta
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It follows from (2.4.67) and (2.4.70) that MT is bounded both from above and from below.
We also deduce from (2.4.70) and the boundedness of M* that

|Du(0,z)]*dx < C, (2.4.71)

Td

finishing the proof of (2.4.66). OJ
Combining Lemma 2.4.12 with Lemma 2.4.10 we get:

Lemma 2.4.13 There exists C > 0 so that
T T | =
/ / [(m—;m)ymﬁ — DaP + (fla,mT) — f(z,m)(m" — m)|dedt < C (2.4.72)
o Jrd

Proof. Using Lemma 2.4.10, we have

/ m +m |Du Du|2 ( ( )_ f(l',m))(mT _m> dedt
" (2.4.73)

K T<o> ma = )dz = [ ((T) = @) (T) = e

Recalling that u” (T, x) = G(x) and the bounds assumed on G, as well as the mass conservation
property of m?(t,z), we see that the last term in the right side above is bounded. If we set

(1) = /T (1, 0)dr, (2.4.74)

we can use the same mass conservation property for m(t,z) to write

/1rd u” (0, 2)(mo(x) — m(z))dr = /Td(uT(O,x) — a7 (0))(mo(x) — m(z))d
< O(“mOHOO + ||m||<>0) ||DUT(07 ')||L2(Td)‘

(2.4.75)

Corollary 2.4.12 implies that this term is bounded. This gives (2.4.72). O
Rewriting Lemma 2.4.13 in terms of v7 and u? we obtain:

Corollary 2.4.14 The map Dv”(s,x) converges to Dii(x) in L*(T? x (0,1)) as T — +o0,
while f(x, (s, x)) converges to f(x,m(x)), in LY(T¢ x (0,1)) as T — +oo0.

Proof. Since m(x) and mo(z) are bounded from below by a positive constant, Lemma 2.4.13
implies that

1
/ DV (s, 2) — Dia(x)|? dads < 2.
0 Td T

This implies the convergence of DuvT.
To prove the convergence of f(x,u”(s,z)), note that due to the strict monotonicity
of f(x,m) in m, see assumption (2.4.54), there exists § > 0 such that

%(m,m) > 6, for all (z,m) € T? x [0, 27||o0]-
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Thus, it follows from (2.4.72) and uniform bounds on both m® (¢, z) and m(x) that
C 1
72| [ s = e 0) = m(a) dods
e / / F(@, 1 (s,2)) — fl, ()| dads (2.4.76)
{nT (s,2) 22|00 }

+ 5// 1" (s, @) — m(x)| dads.
{uT (s@)<2llmlloo}

Therefore, we have

) = sl < [ G0 = i) deds

+ // ) |f(x,uT(s,:z:)) — f(:v,m(x))| dxds

{7 (s.2) <2l oo} (2.4.77)
< z, 1 (s,2)) — f(z,m(x))|deds
- //{ws,x»znmlm o 20) = S ()

}
1
// 1" (s,z) — m(z)| dzds < ¢ (1+—) :
(07 (3,2)<2|ml| 0} T 0

which implies the convergence of f(z,u”(s,z)) to f(x,m(z)) in L*. O B
Proof of Theorem 2.4.8. We now prove the convergence of v (sT,z)/T to A(1 — s).
Let us integrate the equation satisfied by v” on T? x (¢,1):

%(/T UT(S,x)d.iE—/Td G(a:)da:) +%/sl [ 1D ()P = /s1 /Tdf(x,uT(T, 2))dwdr.
(2.4.78)

We know from Corollary 2.4.14 that Dv” (s, z) — Du(x) in L? and f(z, u” (s, 2)) — f(z,m(x))
in L'. We deduce that

+ sup

0<m<2[|moo

of
om

1 1
lim —/ (s, 2)d = (1 — s)/ [——|Da!2 + f(x,m)} dr=(1—s)X,  (2479)
T—+oo T’ Td Td 2
the last equality being obtained by integrating over T¢ equation (2.4.57)-(i). Let us set
() (s) = [ (s a)de, T (s,0) = 07 (5.) = (07 5)
Td
Using the Poincaré inequality, we get
1 1
/ 77 (s, ) — a(o)|” < C’/ DV (s, 2) — D)) — 0. (2.4.80)
0 Td 0 Td

This shows the convergence of v7 (s, ) to u(x) in L? as T — +oo. In addition, (2.4.79)
implies the convergence

T
<U T>(s) 5 (1— 8)A. (2.4.81)
Together, these imply the convergence in L? of vT(s,z)/T to (1 — s)\. O

Exercise 2.4.15 Recall that we have already seen a similar situation in the construction in
the proof of the Lions-Papanicolaou-Varadhan theorem: the solution becomes large but its
gradient stays bounded. Make this connection more precise.
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2.4.5 Comments

Other existence results of classical solutions of second order MFG systems with local coupling
can be found in Cardaliaguet, Lasry, Lions and Porretta [180] (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
206, 209, 211] and Gomes and Pimentel [213]. The case of MFG system with congestion is
considered in Gomes and Mitake [214].

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 [243] and in Porretta [257].

The general uniqueness criterium given in Theorem 2.4.2 has been introduced by Lions
[248], 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 [243]. 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 2.4.4 has been
first discussed by Lions in [248] and sharpened in Cardaliaguet, Lasry, Lions and Porretta
[181]. Other results in that direction can be found in Gomes, Mohr and Suza [203] (for
discrete MFG systems), Cardaliaguet, Lasry, Lions and Porretta [180] (for MFG system with
a nonlocal coupling), Cardaliaguet [177] (for the first order MFG with a nonlocal coupling)
and in Cardaliaguet and Graber [176] (for the first order MFG with local coupling). For
second order MFG systems, the rate of this convergence is exponential (see [180, 181]).

2.5 The space of probability measures

We have already seen the important role of the space of probability measures in the mean field
game theory. It is now time to investigate the basic properties of this space more thoghroughly.
The first two parts of this section are dedicated to metric aspects of probability measures
spaces. The results are given mostly without proofs, which can be found, for instance, in
Villani’s monographs [263, 264] or in the monograph by Ambrosio, Gigli and Savar [152].

2.5.1 The Monge-Kantorovich distances

Let X be a Polish space (i.e., separable metric space) and P(X) be the set of Borel probability
measures on X. A sequence of measures p, is narrowly convergent to a measure p € P(X) if

iin_ [ f@dn @) = [ F@dae)  vE e,

n—-4o0o

where CJ(X) is the set of continuous, bounded maps on X. The Prokhorov Theorem states
that a subset K of P(X) is relatively compact in P(X) if and only if it is tight: for all ¢ > 0
there exists a compact set X. C X such that pu(X\X.) < ¢ for all p € K. In particular, for
any 4 € P(X) and any € > 0, there is a compact subset X, of X with u(X\X.) <¢e (Ulam’s
Lemma).
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There are several ways to metrize the topology of narrow convergence, at least on some
subsets of P(X). Let us denote by d the distance on X and, for p € [1,4+00), by P,(X) the
set of probability measures m such that

/ dP(xg, x)dm(x) < 400 for some (and hence for all) point zy € X.
be

The Monge-Kantorowich distance on P,(X) is given by

dy(m,m') = inf { /X Zd(x,y)pdy(x,y)}l/p (2.5.1)

yEll(m,m’)

where I, 1) is the set of Borel probability measures on X such that (A x X) = u(A) and
Y(X x A) = v(A) for any Borel set A C X. In other words, a Borel probability measure v on
X x X belongs to II(m,m') if and only if

/XQSD(“’)dV(“"’y):/X%O(@dm(l’) and /X so(y)dv(wyy)z/)(so(y)dm’(y)j

for any Borel and bounded measurable map ¢ : X — R. Note that II(x,v) is non-empty,
because for instance p ® v always belongs to IT(u, 7). Moreover, by the Holder inequality,
Pp(X) C Py(X) for any 1 <p’ < p and

dy(m,m’) < dy(m,m')  ¥Ym,m' € P,(X) .

We now explain that there exists at least an optimal measure in (2.5.1). This optimal
measure is often refered to as an optimal transport plan from m to m/.

Lemma 2.5.1 (Existence of an optimal transport plan) For anym,m’ € P,(X), there
is at least one measure y € I(m,m’) with

1/p

dytmnt) = | [ dtegyistann
X2
Proof. We first show that II(u,v) is tight. For any e > 0 there exists a compact set
K. C X such that u(K.) >1—¢/2 and v(K.) > 1 —¢/2. Then, for any v € II(u, v), we have
VKX Ke) 2 (KX X) =y (Ko x (X\K.)) = p(Ko)—v(X X (X\K.)) = 1-¢/2=v(X\K) > 1—¢.

This means that II(u,v) is tight. It is also closed for the weak-* convergence. Since the map

v—= | d(z,y)Pdy(z,y)
X2

is lower semi-continuous for the weak-* convergence, it has a minimum on II(m,m’). 1
Let us now check that d, is a distance.

Lemma 2.5.2 For any p > 1, d, is a distance on P,.
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Proof. Only the triangle inequality presents some difficulty. Let m,m’,m"” € P, and ~,7/
be optimal transport plans from m to m’ and from m’ to m” respectively. We desintegrate the
measures v and o' with respect to m": dy(z,y) = dv,(z)dm’(y) and dv'(y, z) = dr, (z)dm’(y)
and we defined the measure 7 on X x X by

/X il )i, ) = / (@, 2)dy (@)dy, (2)dm'(y)

XXxXxX

Then one easily checks that 7 € II(m, m”) and we have, by Hlder inequality,

[, e intas) "< [ ) a2y e @i )] "’

< [ _eepaaan) " [ )] "

= d,(m,m') +d,(m',m")

So d,(m,m"”) < d,(m,m') +d,(m',m"). T
We now prove that the distance d, metricize the weak-* convergence of measures.

Proposition 2.5.3 If a sequence of measures (my,) of P,(X) converges to m for d,, then
(my,) weakly converges to m.

“Conversely”, if the (my) are concentrated on a fized compact subset of X and weakly
converge to m, then the (m,) converge to m in d,.

Remark 2.5.4 The sharpest statement can be found in [263]: a sequence of measures (m,,)
of P,(X) converges to m for d, if and only if (m,,) weakly converges to m and

lirf dP(x,zo)dm,(x) = / dP(x,zo)dm(x) for some (and thus any) zo € X .

Proof. In a first step, we only show now that, if (m,,) converges to m for d,, then

lim o(x)dmy,(z) :/ o(x)dm(zx) (2.5.2)

n—-+o0o X X

for any ¢ € CP(X). The proof of the converse statement is explained after Theorem 2.5.5.

We first prove that (2.5.2) holds for Lipschitz continuous maps: indeed, if ¢ is Lipschitz
continuous for some Lipschitz constant L, then, for any optimal transport plan v, € II(m,,, m)
from m,, to m, we have

| et@yimaa) = [ ptaam

X

/X (0(2) — (1)) dalx)

< L/Xd(x,y)dyn(x) < Ld,(m,,m) .

So (2.5.2) holds for any Lipschitz continuous ¢.
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If now ¢ € C)(X), we approximate ¢ by the Lipschitz continuous map

¢°(r) = inf { (y) — éd(x,y)} Ve X .

yeX

Then it is an easy exercise to show that ¢°(x) — ¢(z) ase — 0. Moreover ¢° is (1/¢)—Lipschitz
continuous, bounded by ||¢||» and satisfies ¢° > . In particular, from Lebesgue Theorem,

lim [ ¢ (z)dm(x) —/ o(x)dm(z) .
e=0 [x X
Applying (2.5.2) to the Lipschitz continuous map ¢° we have
limsup/ o(x)dm,(z) < limsup/ o (x)dmy,(z) :/ o (x)dm(x) .
n—-+4o00o X n—-+o0o X X
Then, letting ¢ — 0, we get
lim sup/ o(z)dmy,(z) < / o(z)dm(z) .
n—+oo JX X
Applying the above inequality to —¢ also gives

lim inf /X o(z)dmn(z) > / o(z)dm(z) .

n—-+o0o X

So (2.5.2) holds for any ¢ € C?(X). T
In these notes, we are mainly interested in two Monge-Kantorovich distances, d; and ds.
The distance dy, which is often called the Wasserstein distance, is particularly usefull when
X is a Euclidean or a Hilbert space. Its analysis will be the object of the next subsection.
As for the distance d;, which often takes the name of the Kantorovich-Rubinstein distance,
we have already encountered it several times. Let us point out a very important equivalent
representation:

Theorem 2.5.5 (Kantorovich-Rubinstein Theorem) For any m,m' € P(X),

sy [ st i)

where the supremum is taken over the set of all 1— Lipschitz continuous maps f : X — R.

Remark 2.5.6 In fact the above “Kantorovich duality result” holds for much more general
costs (i.e., it is not necessary to minimize the power of a distance). The typical assertion in
this framework is, for any lower semicontinuous map ¢ : X x X — R, U {400}, the following
equality holds:

[ dwydioy) - sup / Fadm(a) + [ aty)am'(s).
~yeIl(m,m’) XxX

where the supremum is taken over the maps f € L} (X), g € L!,(X) such that

flx)+9(y) < c(z,y) for dm—almost all  and dm’/—almost all y.
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Proof. [Ideas of proof of Theorem 2.5.5.] The complete proof of this result exceeds the
scope of these note and can be found in several text books (see [263] for instance). First note
that, if f is 1—Lipschitz continuous, then

flx) = fly) < d(z,y) (r,y) € X x X .

Integrating this inequality over any measure v € II(m,m’) gives

/ f(&)dm(z / F(y)dm! () < /X ()

so that, taking the infimum over v and the supremum of f gives

sup{/f Jdm(x /f Jdm! (z }Sdl(mm')-

The opposite inequality is much more subtle. We now assume that X is compact and
denote by M (X?) the set of all nonnegative Borel measures on X x X. We first note that,
for any v € M (X?)

, [0 if v € TI(m,m’)
sup / F(z)dm(z / g(y)dm’(y)— /X XX(f(x)Jrg(y))dv(xay)—{ oo otherwise

So

dy(m,m)= inf  sup /X ()= @)=g0)dr(z.)+ /X f(@)dm(x)+ /X g(y)dm’(y)

YEM(X?) f9eC0(X)

If we could use the min-max Theorem, then we would have

di(m,m)= sup inf /X ()= @)= drz.)+ /X f(@)dm(x)+ /X g(y)dm'(y)

F,9€C0(X) TEM(X?)

where

nt [ ) = £ = gty ={ 0 L) o) S dle) Ve e X

vEM(X?2) oo otherwise

dy(m —sup / f(z)dm(z / 9(y)dm/(y)

where the supremum is taken over the maps f,g € C°(X) such that f(z) + g(y) < d(z,y)
holds for any =,y € X. Let us fix f,g € C°(X) satisfying this inequality and set f(z) =
mingex [d(z,y) — g(y)] for any x € X. Then, by definition, f is 1—Lipschitz continuous,

f > fand f(z) +g(y) < d(z,y). So

/X F(@)dm(z) + /X gly)dn(y) < /X Fw)dm(z) + /X gy)dm'(y)

So



We can play the same game by replacing g by g(y) = mingex d(x,y) — f(a:), which is also
1—Lipschitz continuous and satisfies ¢ > ¢ and f(z) + g(y) < d(z,y). But one easily checks
that g(y) = —f(y). So

[ @)+ [ gtwine) < [ Fayim) - [ Foiny

d, (m, m) <sup/f Ydm(z /f Ydm!' (y

Hence

where the supremum is taken over the 1—Lipschitz continuous maps f This completes the
formal proof of the result. TJ

Proof. [End of the proof of Proposition 2.5.3.] It remains to show that, if the (m,,) are
concentrated on a fixed compact subset K of X and weakly converge to m, then the (m,)
converge to m in d,. Note that m(K) = 1, so that m is also concentrated on K.

We now show that it is enough to do the proof for p = 1: indeed, if v € II(m,,, m), then
v(K x K) =1 because m,, and m are concentrated on K. Therefore

| oepnte = [ eepiey) < daErt [ degpaey)
XxX KxK KxK

where diam(K) denotes the diameter of K, i.e., diam(K) = max, ek d(z,y), which is
bounded since K is compact. Setting C' = [diam(K)]P~V/P| we get

1/p
amem < it o[ dwgaren)| < Cdim,m
~yEI(mp,m) KxK
and it is clearly enough to show that the right-hand side has a limit.
In order to prove that (m,,) converge to m in d;, we use Theorem 2.5.5 which implies that
we just have to show that

i sup. /f m)(z) = 0.

n—-+0o0o L1p

Note that can can take the supremum over the set of maps f such that f(zy) = 0 (for some
fixed point zg € K). Now, by Ascoli Theorem, the set F' of maps f such that f(z¢) = 0
and Lip(f) < 1 is compact. In particular, for any n, there is some f, € F such that
di(my,m) = [ fu(x)d(m, —m)(x). Let f € F be a limit of a subsequence of the (f,) (still
denoted (f,)). Then, by uniform convergence of (f,) to f and weak convergence of (m,) to
m, we have

limsup d; (m,,, m) = lim sup/ fulz)d(m, —m)(z) =0,
n n K

which proves that, for any converging subsequence of the precompact family (f,,) there is a
subsequence of the (di(m,,m)) which converges to 0. This implies that the full sequence
(dy(my, m)) converges to 0. T

In the case where X = RY, we repeatedly use the following compactness criterium:
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Lemma 2.5.7 Letr > p >0 and K C P, be such that

sup [ |z|"du(x) < 400 .
HEK JRd

Then the set K is tight. If moreover r > p, then K is relatively compact for the d,, distance.

Note carefully that bounded subsets of P, are not relatively compact for the d;, distance.
For instance, in dimension d = 1 and for p = 2, the sequence of measures u, = "7_160 + %5712
satisfies dg(pin, dp) = 1 for any n > 1 but p,, narrowly converges to d.

Proof. [Proof of Lemma 2.5.7.] Let ¢ > 0 and R > 0 sufficiently large. We have for any

we K:
|z["

uetgon < [ Bl < <)

where C' = sup,,cx [pa |7|"dp(z) < 400. So K is tight.

Let now (u,,) be a sequence in K. From the previous step we know that (u,) is tight and
therefore there is a subsequence, again denoted (i), which narrowly converges to some .
Let us prove that the convergence holds for the distance d,. Let R > 0 be large and let us set
plt =g, 0 and p := I g, 0 fp, where Ilg, ) denotes the projection onto Bg(0). Note
that

Gt < [ Magole) = aPdin(@ < [ faldu(o)
R4 (Br(0))

1 ) C
07 S

In the same way, P, p) < R” -. Let us fix ¢ > 0 and let us choose R such that Rf}p < (g/3)*.
Since the ;2 have a support in the compact set Br(0) and weakly converge to %, Proposition
2.5.3 states that the sequence (uf) converges to pft for the distance d,,. So we can choose ny

large enough such that d,(uff, u*) < /3 for n > ng. Then

dy (1", 1) < dp(ps o) + (e, 1) + () < V>

il

2.5.2 The Wasserstein space of probability measures on R?

From now on we work in X = R%. Let Py = Py(R?) be the set of Borel probability measures
on R? with a second ordre moment: m belongs to P, if m is a Borel probability on R? with
fRd ]x\Q (dz) < +00. The Wasserstein distance is just the Monge-Kankorovich distance when

1/2

do(p,v) = inf [/RQd lz — y|2dy(z,y) (2.5.3)

ye(p,v)

where TI(u, v) is the set of Borel probability measures on R* such that y(A x R?) = pu(A)
and y(R? x A) = v(A) for any Borel set A C R%
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An important point, that we shall use sometimes, is the fact that the optimal transport
plan can be realized as an optimal transport map whenever p is absolutely continuous.

Theorem 2.5.8 (Existence of an optimal transport map) If u € Py is absolutely con-
tinuous, then, for any v € P, there exists a convex map ® : RN — R such that the measure
(idga, D®)tu is optimal for do(p, v). In particular v = DP{p.

Conversely, if the conver map ® : RY — R satisfies v = D®4u, then the measure
(tdga, D®)8u is optimal for da(pu, v).

The proof of this result, due to Y. Brenier [166], exceeds the scope of these notes. It can
be found in various places, such as [263].

2.5.3 Polynomials on P(Q)

Let @ be a compact metric space and let us denote as usual by P(Q) the set of probability
measures on ). We say that a map P € C°(P(Q)) is a monomial of degree k if there are k
real-valued continuous maps ¢; : @ — R (i = 1,..., k) such that

k
= i(2)dm(z VYm )
iHl/QM) (x) ePQ)

If ) is a compact subset of R?, it is usual convenient to also assume that the maps ¢; are C*.
Note that the product of two monomials is still a monomial. Hence the set of polynomials,

i.e., the set of finite linear combinations of monomials, is subalgebra of C°(P(Q)). It contains

the unity: P(m) = 1 for all m € P(Q) (choose ¢ = 1). It also separates points: indeed, if

my1, my € P(Q) are distinct then there is some smooth map ¢ : R? = R with compact sup—

port such that [, ¢(v)dmi(z) # [, ¢(x)dms(z). Then the monomial P(m) = [, ¢(x

separates m; and my. Using Stone- Welerstrass Theorem we have proved the followmg

Proposition 2.5.9 The set of polynomials is dense in C°(P(Q)).

2.5.4 Hewitt and Savage Theorem

We now investigate here the asymptotic behavior of symmetric measures of a large number
of variables. Let us fix a compact probability metric space. We say that a measure p on
QF (where k € N*) is symmetric if, for any permutation o on {1,...,k}, m.fiu = u, where
To (1, Tk) = (To(1), - - To(k))-

For any k > 1, Let m* be a symmetric measure on Q* and let us set, for any n < k,

m’;:/ dm* (i1, .. xn) .
Q'nfk:

Then, from a diagonal argument, we can find a subsequence k' — +oo such that (m”’) has
a limit m,, as ¥’ — 400 for any n > 0. Note that the m,, are still symmetric and satisfies
fQ dmy1(p1) = my, for any n > 1. Hewitt and Savage describes the structure of such
sequence of measures.
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Theorem 2.5.10 (Hewitt and Savage) Let (m,,) be a sequence of symmetric probability
measures on Q" such that fQ dmy1(Tps1) = my for any n > 1. Then there is a probability

measure p on P(Q) such that, for any continuous map f € C°(P(Q)),

lim . f (% Z 5) dmp (21, ..., 2,) = f(m)du(m) . (2.5.4)

Moreover

Ay 5 - x Ay) = /P A (A (2.5.5)

for any n € N* and any Borel sets Ay, ..., A, C Q.

Remark 2.5.11 An important case is when the measure m,, = ®_;mg, where my € P(Q).
Then, because of (2.5.5), the limit measure has to be d,,,. In particular, for any continuous
map f € CO(P(Q)), (2.5.4) becomes

1 n
nginoo o f (E;éﬂj’) dm,(xy,...,x,) = f(mo) .

In particular, if d; is the Kantorovich-Rubinstein distance on P(Q), then

1 n
n1—1>r—lr-loo Qn dl (g;%’mO) dmn(xb‘"?xn) = 0.

Remark 2.5.12 (Probabilistic interpretation of the Hewitt and Savage Theorem) The above
result is strongly related with De Finetti’s Theorem (see for instance [234]). Let (€2, A, §) be
a probability space and (X}j) a sequence of random variables with values in (). The sequence
(X}) is said to be exchangeable if for all n € N*, the law of (Xg(l), ..., X5(n)) is the same as
the law of (X, ..., X,) for any permutation o of {1,...,n}. For instance, if the (X,,) are iid,
then the sequence is exchangeable.

De Finetti’s Theorem states that there is a o—algebra F., conditional to which the (X;)
are iid: namely

n

X1 €A ... X, €A, | Foo = [JT1X: € A | Fuo

=1

for any n € N* and any Borel sets A,..., A, C Q.

Proof.  [Proof of Theorem 2.5.10.] For any n > 1 let us define the linear functional
Ly € (C°(P(@)))" by

Lo(P) = / P(% > duJmaldys, . dy) P ECP(Q).
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We want to show that L, has a limit as n — +o00. Since the L, are obviously uniformly
bounded, it is enough to show that L, (P) has a limit for any map P of the form

P(m) = o o(x1, ... z5)dm(xy) ... dm(z;) (2.5.6)

where ¢ : (7 — R is continuous, because such class of functions contain the monomials
defined in subsection 2.5.3, and the set of resulting polynomials is dense in C°(P(Q)). Note
that, for any n > j and any y1,...,y, € Q,

PG = 3 )

where the sum is taken over the (iy,...,4;) € {1,...,n}/. So
1
Ln(P> = E gb(y“,,ylj)mn(dyl,,dyn)
i1yiy Y Q"
Since m,, is symmetric and satisfies an,j dmp(Tjt1, ..., x,) = my, if 41,...,4; are distinct we
have

¢(yi17 v 7yij)mn<dy17 e 7dyn> = ‘ (b(yl? e 7yj)dmj(x17 v 7xj) .
Qr QI

On another hand

jj{(ih s 77;j) AT ,ij dlStlnCt} = (n — ]>‘ ~n—+oco n’ )
so that

n—-+o0o

lim L,(P)= Q_qb(yl,...,yj)dmj(xl,...,xj).

This prove the existence of a limit L of L, as n — +oco. Note that L € (C°(P(Q)))*, that L
is nonegative and that L(1) = 1. By Riesz representation Theorem there is a unique Borel
measure p on P(Q) such that L(P) = fP(Q) P(m)du(m).

It remains to show that the measure p satisfies relation (2.5.5). Let P be again defined
by (2.5.6). We have already proved that

L) = [ ol pmyfon ) = [ POmutdm)
Qj P(Q)

where /p(@) P(m)u(dm) = /7>(Q) ( o o(x1, ..., x5)dm(xy) .. .dm(:cj)) p(dm)

Let now A;,..., A; be closed subsets of (). We can find a nonincreasing sequence (¢y) of
continuous functions on R? which converges to 14,(x1)...14,(z;). This gives (2.5.5) for any
closed subsets A;,..., A; of @), and therefore for any Borel measurable subset of A;,..., A;
of Q. T

The fact that we are working on a compact set plays little role and this assumption can
be removed, as we show in a particular case.
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Corollary 2.5.13 Let mq be probability measure on a Polish space X with a first order mo-
ment (i.e., mg € P1(X)) and let m,, = @ ;mq be the law on XV of n iid random variables
with law mg. Then, for any Lipschitz continuous map f € C°(P1(X)),

. IR
nl_l&loo - f (E Zzlémz> dmy,(z1,...,2,) = f(mo) .

Proof. For ¢ > 0 let K. be a compact subset of X such that ug(K.) > 1 —e. We also
choose K. in such a way that, for some fixed z € X, fX\KE d(z,z)dmg(x) < e. Without
loss of generality we can suppose that z € K.. Let us now denote by 7w the map defined by
m(x) =z if v € K., m(x) = & otherwise, and set m. = wimg and m$ = ®!_;m.. Note that
by definition mé = (r, ..., m)fm,. Since m. is concentrated on a compact set, we have, from
Theorem 2.5.10,

. 1 .
nl—l)l—ll—’loo - f (ﬁ ZZI(XEZ) dm; (z1,...,2,) = f(m.) .

On the other hand, using the Lipschitz continuity of f, one has for any n:

1 & N Ly
/ f (52%) d(m;, —m,)| < / / (EZ%) —f (Ezéﬂ'(xi)
n i=1 n i=1 =1
1 < 1<
< ; - = A
< Lip(f) /X d, (n;%n;@r(m dmy,

< Lip(f) /X\K d(xz,z) dmo(z) < Lip(f)e

dm,

In the same way,
| f(mo) — f(me)| < Lip(f)di(mo, me) < Lip(f)e .
Combining the above inequalities easy gives the result. T
Another consequence of the Hewitt and Savage Theorem is:

Theorem 2.5.14 Let ) be compact and w, : Q" — R be symmetric and converge to U :
P(Q) — R in the sense of Theorem 2.2.8:

lim  sup |u,(X)—U(m%)| =0

n——+oo XeQnr

and (my,) be a sequence of symmetric probability measures on Q™ such that fQ dmy1(Tpg1) =

m,, for all n and p be the associate probability measure on P(Q) as in the Hewitt and Savage
Theorem. Then

lim Un(T1, oy xp)dmy (2, .., Ty) = / U(m)du(m) .
P(@Q)

n—-+00 Qn

Proof. From the convergence of u,, to U we have

n—++ |~ T Ja, Ty

lim ’/ un(:vl,...,xn)dmn(xl,...,xn)—/ Ulmy, . )dmg(xy,...,2,)| =0,
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while, since U is continuous, Hewitt and Savage Theorem states that

lim Ulmy, . )dmg(z,. .., 1,) = U(m)du(m) .
nree Jon PQ)

Combining these two relations gives the result. TJ

2.5.5 Comments

The study of optimal transport and Monge-Kantorovitch distances is probably one of the
most dynamic areas in analysis in these last two decades. The applications of this analysis are
numerous, from probability theory to P.D.Es and from to geometry. The first two subsections
of this part rely on Villani’s monographs [263, 264] or in the monograph by Ambrosio, Gigli
and Savar [152]. The definition of polynomials on P(Q) comes from [248], as well as the proof
of the Hewitt and Savage Theorem (see also the original reference by Hewitt and Savage [223]
and Kingman [234] for a survey on exchangeability).
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2.6 Derivatives in the space of measures

We are now interested in the analysis of Hamilton-Jacobi equations in the space of measures.
As we shall see later, such equations provide the right framework for the study of limits of
large systems of Hamilton-Jacobi equations in finite dimensional spaces. The first part of this
section is devoted to the notion of derivative in the Wasserstein space.

2.6.1 Derivatives in the L?(R?) sense

Definition 2.6.1 We say that U : P, — RF is O if there exists a continuous map
oU
— P x T4 - RF,
om

such that, for any m,m’ € Py,

Uy = Ulm) = [ [ 31 = spm e+ sm ) don’ =)o)

Note that 6U/dm is defined up to an additive constant. To fix the idea, we always assume
that 5T
—(m,y)dy = 0.
/T L5 Mo y)dy
If U /dm is Lipschitz continuous with respect to the second variable, with a Lipschitz
constant bounded independently of m, then U is Lipschitz continuous and

1
)
U(m) — Um)| < dym,m) / = spm s’ as
o 3
< / ! .
< d(m.m')sup ||

This leads us to define, if S is of class C'' with respect to the second variable with a C*
m
norm bounded independently of m, D,,U : P; x T — R? by

oU

D, U(m,y) := Dy%(m,y)
Given a C' map U : P; — R, let us define
. oU _1 || oU oU
Llpn(%) = mSIiPnQ (dy(m1,ms)) ' %('7”117') - %('777127 ) sty a0

The following Lemma explains that D,,U is also a kind of derivative of U. We state the
result in a quantified way, since it is used under that form in the sequel.

Proposition 2.6.2 Assume that U : T? x P; — R is O and that

oU
+ Lip,, (—) < Ch.
Ont2ax On—1+2a 5m
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Fiz m € Py and let ¢ € L?*(m,R?) be a vector field. Then

| i+ ojm) ~ 0Cm) = [ (Do m). o) < (ot DI

Cn+2a

Proof. Let us first check that, for any m,m’ € P;, we have

U m,y)dm! — m)(y)

Td 3m

|t = ) - < Codi(m, )

Cn+2o¢

Indeed, for any [ € N with |/| < n and any z,2’ € T?, we have

DG = DUGem) = [ DL o = ) 1)

AU ) — DL m) [ D5t om o - m><y>>\

1
< [ | (Pt (= s+ o) - D
; 5m am
~ (DL, (L st s = DLE ) ) o =)o) ds
< sup DyDlmé—U(x, (1 —s)m+sm',y) — D,D. — ou (z,m,y)
XY om om

oU oU
— (DD (1= sy + s 3) = DyDASL ()| s )

Tom
< Lip, (g—U) & — /P m, )
m

This proves our claim.
Using this claim we obtain

| oym) ~ .m) = [ S0 ia+ ojm = mw
< Cydi(m, (id + ¢)im).

Cn+2a

Using once more the regularity of U, we obtain (omitting the dependence with respect to
(x,m) for simplicity):

/w g%(y)d id + ¢)dm(y) — /d g—Z(y)dm(y) - /wamU(y)’ ¢(y)>dm(y)‘

4 :
|

(
-~ o+ )it [ gt~ [ (a0, o)imtn)
< ol

Td
/T

o0+ 50 shdm)is ~ [ (D,U(0). 80ty

As

di(m, (id + ¢)tm) < (|97 1),
the result is proved. 1I
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2.7 The Master equation

In this section we investigate the well-posedness of the (first order) master equation:
( —0,U — AU+ H(x,D,U) —/ div, D, U(t, z,m,y) dm(y)
Td
+ / (Dl (t, 2, m, y), DyH(z, DuU))dm = F(z,m) (2.7.1)
Td

in (0,7) x T x P,
L U(T,z,m) =G(x,m) in T x P,

2.7.1 Wellposedness of the equation

Definition 2.7.1 We say that a map V : [0,T] x T? x Py, — R is a classical solution to the
Master equation if

o V is continuous in all its arguments (for the dy distance on Ps), is of class C* in x and
Ot in time,

o V is of class C* with respect to m with a derivative g—; = %(t,x,m,y) with globally
continuous first and second order derivatives with respect to the space variables.

e The following relation holds for any (t,z,m) € (0,T) x T?¢ x P,

=0V (t,x,m) — AV (t,z,m) + H(x, D,V (t,z,m)) — / div, D,V (t,z,m,y) dm(y)

Td

—|—/ (D, V(t,x,m,y), D,H(z, D,V (t,x,m)))dm = F(z,m)
Td

(2.7.2)
and V(T,x,m) = G(z,m) in T? x P,.

Throughout the section, H : T¢ x R? — R is smooth, globally Lipschitz continuous and
satisfies the coercivity condition:

I
_1—1 +d| | < D2 H(z,p) <Cl;  for (z,p) € T? x R™. (2.7.3)
p

We also always assume that the maps F, G : T% x P; — R are globally Lipschitz continuous
and monotone:

F and G are monotone. (2.7.4)

Note that assumption (2.7.4) implies that g—ri and % satisfy the following monotonicity prop-

erty (explained for F):
OF

om >
Ad Ta OM (@, m,y)pu(z)p(y)dedy > 0

for any smooth map p : T — R with [, o = 0.
Let us fix n € N* and « € (0,1/2). We set

. OF -
Lip, (5 ) := sup (di (m1,ms)) ™"

OF OF
%("mh ) - 5_m('7m2’ )

Cn+2a X Cn71+2a
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and use the symmetric notation for G. We call (HF (n)) the following regularity conditions
on F

SF(-,m,-) . OF
HF F( 2 _— L — .
wF@) s (Gl + [T Y i) < o
and (HG(n)) the symmetric condition on G:
IG(-,m,-) ) . 0G
HG(n su G(,m) || pnsze + || ——— + Lip,,(—) < oo.
( ( )> m€7131 (” ( )HC " H 5m Cn+2a><Cn+2a p <5m)

In order to explain the existence of a solution to the master equation, we need to introduce
the solution of the MFG system: for any (t,mg) € [0,7") X Pa, let (u, m) be the solution to:

—0wu — Au+ H(z, Du) = F(x,m(t))
om — Am — div(mD,H (z, Du)) = 0 (2.7.5)
w(T,x) = G(x,m(T)), m(to,-) = mo

Thanks to the monotony condition (2.7.4), we know that the system admits a unique solution.
We set
Ulto, z,mg) := m(ty, x) (2.7.6)

Theorem 2.7.2 Assume that (HF(n)) and (HG(n)) hold for some n > 4. Then the map
U defined by (2.7.6) is the unique classical solution to the master equation (2.7.2).
Moreover, U is globally Lipschitz continuous in the sense that

U (to, -, mo) — Ulto, -, m1)|| gnra < Cndi(mg, mq) (2.7.7)
with Lipschitz continuous derivatives:
| DU (to, -, Mo, -) — D U(to, .m0, ) || gntaxonra < Cpdi(mg, my) (2.7.8)
for any ty € [0,T], mg,my € P;.

The main point in the proof of Theorem 2.7.2 is to check that the map U defined by (2.7.6)
satisfies (2.7.7), (2.7.8). This exceeds the scope of these notes and we refer the reader to [?].
Once we know that U is quite smooth, the conclusion follows easily:

Proof. [Proof of Theorem 2.7.2 (existence).] Let my € C', mg > 0. Let tq > 0, (u,m) be
the solution of the MFG system (2.7.5) starting from myq at time ¢,. Then

U(tﬂ + h,l’, mO) - U(to, .’L’,mo) _ U(tO + h,ﬂ?, mO) B U(to + hv xam(to + h))
Y =

+U(t0 + h, x,m]%to + h)) — Ulto, x,my)
h

As
Oym — divim(D(In(m)) + D,H (x, Du))] = 0,

Lemma 2.7.3 below says that

155



where
®(z) := D(In(mo(x))) + D, H(x, Du(ty, x))

and o(h)/h — 0 as h — 0. So, by Lipschitz continuity of U and then differentiability of U,

U(to + h, l’,m(to + h)) = U(to + h, Z, (’Ld — h‘b)ﬁmo) + O(h)

- U<t0 _’_hax)mO) - h <DmU<t0 +h,,Z?mo,y),@(U))mo(y)dy+0<h),
Td

and therefore, by continuity of U and D,,U,

. Ulto+h,z,m(to+ h)) — U(to + h,x,mq)
lim
h—0 h

= / (DU (to, ,m0) (), D(In(mo)) + DypH (, Duto))}) mo(y)dy.

On the other hand, for h > 0,
U(to+ h,z,m(to + h)) — Ulty, x,mo) = u(to + h,x) — u(ty,x) = howu(te, z) + o(h),
so that

: U(to—i-h,ib‘,m(to—l—h)) — U(to,l',mo)
lim
h—0+ h

= Owu(to, ).

Therefore 0,U (to, x,mo) exists and is equal to

0 U (to, x,mo) = /Td(<DmU(to, ,mo,y), D(In(mo)) + DpH (x, Du(to))))mo(y)dy + du(to, x)

= — [ divy DU (to, z,mo, y)mo(y)dy
T

+ [ (DuUlto,.m0,0), DyH (e Dut)) ol
—Au(ty, ) + H(x, Du(to, z)) — F(x,my)

- _/d divy DU (to, 2, mo, y)mo(y)dy
T

+ /d <DmU(t07 X, My, y)7 DpH(xa DIU(t07 Y, mO))>m0(y)dy
T
=0 U(tg, z,mo) + H(x, D,U(to, x,mg)) — F(x,mg)

This means that U satisfies (2.7.2) at (to,x,mp). By continuity, U satisfies the equation
everywhere. 1]

Lemma 2.7.3 Let V =V (t,z) be a C' vector field, mg € Py and m be the weak solution to

m(0) = my

{ oym + div(mV) =0

Then

h—0t
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Proof. Recall that m(h) = X (h)tmo, where X®(h) is the solution to the ODE

{ %Xx(t):

V(t, X7 (1))
X*(0)

T

Let ¢ be a Lipschitz test function. Then

[ om0V )ma) = [ (GOX(0) = 6o + 1V (0.2)) o

< 1Dl [ 1X7(h) =2 = BV (0.2 ldma(2) = Dol

which proves that d;(m(h), (id + hV (0, -))tmy) = o(h). T

Proof. [Proof of Theorem 2.7.2 (uniqueness).] We use a technique introduced by in [248],
consisting at looking at the MFG system (2.7.5) as a system of characteristics for the master
equation (2.7.2). We reproduce it here for sake of completeness. Let V' be another solution
to the master equation. The main point is that, by definition of solution Diy% is bounded,
and therefore D,V is Lipschitz continuous with respect to the measure variable.

Let us fix (tg,mg). In view of the Lipschitz continuity of D,V one can easily uniquely

solve the PDE (by standard fixed point argument):

{ om — Am — div(mD,H (z, D,V (t,x,m)) =0
m(to) =My

Then let us set u(t,z) = V (t,x,m(t)). By the regularity properties of V', w is at least of class
C%! with
~ - oV _ _
ou(t,z) = OV (t,x,m(t)) + (= (t,z,m(t),-),Oym(t))c2 (c2y
= atV(t, x, ﬁl(t)) + <%(t, xZ, ﬁl(t), ‘), AT?L + le(ﬁleH<I', DxV(t, Z, Tfﬁ))>027(c2)/
_ V(e () + / div, Dy V (¢, 2, 7(t), y) df(t)(y)

Td

- / DV (1, 7(1), ), DyH (2, DLV (2, ) di(1))

Recalling that V' satisfies the master equation:

ou(t,z) = —AV(t,z,m(t))+ H(z, D,V (t,z,m(t))) — F(z,m(t))
= —Au(t,z) + H(xz, Du(t,x)) — F(z,m(t))

with terminal condition u(7,z) = V(T,z,m(T)) = G(x,m(T)). Therefore the pair (u,m) is

a solution of the MFG system (2.7.5). As the solution of this system is unique, we get that
V(to, z,mg) = Ul(to, x,mp) is uniquely defined. T

2.7.2 Comment

Most formal properties of the Master equation have been introduced and presented by Lions
in [248]. Nothing on the actual existence of solutions was really known beforeln [169], where
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a master equation is studied without the coupling term (F' = G = 0). [202] analyzes the
first order master equation in short time. [191] obtains the existence and uniqueness for the
master equation under convexity conditions on H with respect to the space variable. The
result presented in these notes is a very simplified version of [?], where the existence and
uniqueness of solutions for the master equation with common noise is established under the
monotonicity condition on the coupling terms.

2.8 Convergence of the Nash system

In this section, we consider a classical symmetrical solution (v™?) of the Nash system with a
common noise:

—0MNt — Z ijvN’i + H(z;, Dy o™

j
+Z<DpH(xja ijUN’j), ijUN’i> = F(z;,my") in (0,7) x TV (2.8.1)

[ ,
oNUT, ) = Gz, mY") in TV
. 1
where we set, for X = (zq,...,2y) € (TYY, my' = N1 dz;. Our aim is to show that

JFi
the solution (v™V¥) converges, in a suitable sense, to the solution of the master equation with
a common noise.
Throughout this part we denote by U = U(t,x,m) the solution of the master equation
built in Theorem 2.7.2 which satisfies (2.7.7) and (2.7.8). It solves

( _0,U — AU + H(z, D,U) — / div, DU dm(y)

+/Td<DmU(t,x,m,y), D,H(y, D, U(t,y,m)))dm(y) = F(xz,m) (2.8.2)

in (0,7) x T% x Py
L U(T, z,m) = G(z,m) in T x P,

Throughout the section, we suppose that the assumptions of the previous section are in force.

2.8.1 The Nash system
In this section we recall a classical interpretation of the Nash system:
— 9Nt — Z ijUN’i + H(z;, Dy ™)
J
+> (D,H(x;, Dy o™7), Dy ™) = F(z;,my")  in (0,T) x TV

J#i ,
oNUT, ) = Gz, mY") in TV

; 1
where we set, for X = (zy,...,zy) € (TN, m{"’ = N_1 Zéxj.
JF
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The game consists, for each playeri = 1,..., N and for any initial position zg = (z{, ...,z

in minimizing
Ji(t()v X, (OCJ)) = E |:/ L(XZ, Oéi) + F(XZ7 ’ITL%f) dt + G(XtZ7 mﬁ;l)
to

where, for each i =1,..., N,
dX; = aidt +V2dB;, X =}

We have set X; = (X},...,X}N). The Brownian motions (B{) are independent, but the
controls (a') are supposed to depend on the filtration F generated by all the Brownian
motions.

Proposition 2.8.1 (Verification Theorem) Let (v™%) be a classical solution to the above
system. Then the N—uple of maps (&"*)i=1.. a4 = (—DpH(z;, Dy,v™NY)iz1 4 is a Nash
equilibrium in feedback form of the game: for any i = 1,...,d, for any initial condition
(to, z0) € [0,T] x TN, for any control of adapted to the whole filtration F, one has

Ji(t0> Zo, (aj,*)) g Ji(t[)) Zo, aia (04]7*)]751)
Proof. The proof—which is standard—relies on verification argument and is left to the

reader. 1J

2.8.2 Finite dimensional projections of U

Let U be the solution to the master equation (2.8.2). For N > 2 and i € {1,..., N} we set

, , ; 1
Vit X) = U(t,z,my")  where X = (z1,...,zy5) € (TN, my' = S > 6,
J#i
Note that the u™"* are at least C? with respect to the x; variable because so is U. Moreover,
Oyt exists and is continuous because of the equation satisfied by U. The next statement
says that u™! is actually globally C'! in the space variables:

Proposition 2.8.2 Forany N >2,i € {1,..., N}, u™ is of class CY' in the space variables,

with X
ijuN,i(t,X) = ﬁDmU(t,xi,m%%) (j #1)
and o
N

Proof. Let X = (z;) be such that x; # xj for any j # k. Let ¢ := minj |x; — x4|. For
V = (v;) € (RY)N with v; = 0, we consider a smooth vector field ¢ such that

o(x) = v, if © € B(zj,¢/4).
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Then, as U satisfies (2.7.7), (2.7.8), we can apply Proposition 2.6.2 which says that, (omitting
the dependence with respect to ¢ for simplicity)

uPHX 4 V) —u(X) = U((id + 9)tmy ") — U(my”)
= [ APV ), )m (5) + Ol )
1
= mZ(D U(my", z;),v5) + 00 |vil?)
JFi JF#i

This shows that u™* has a first order expansion at X with respect to the variables (),

and that

D, u™it, X):ﬁD Ult,vml ;) (G #4).

As D,,U is continuous with respect to all its variables, u™ is C! with respect to the space

variables in [0,7] x TN, T
We now show that (u™N) is “almost” a solution to the Nash system (2.8.1):

Proposition 2.8.3 One has, for anyi € {1,..., N},
[ —ouN — Z Ay, u™' + H(z;, Dyu™)
J 2D (4 X), Dy H(ay, Dayu™ (8 X)) = Flasmy) + 1V (6 X) (g9

JFi
in (0,7) x TN

Proof. As U solves (2.8.2), one has at a point (¢, z;, my"):

O = AU+ Has D) = [ i, Dbt ) a0
']Td
+ /d <DmU(t7 Ty, mg’iy y), DpH(y, DxU(t, Y, mg’z))>dm§’l(y) — F(.Z'“ mg,Z)
T
So u™N satisfies:

_ouNi — AxiuN,i —l—H(fEi,DinN’) N —~ gdlvyD mU (1, xz,mX ,yj)
JjFu
1 . Z, ]
g 2D (4, X), DyH (, DaU (1 2y, mx"))) = F (g, my")
J#i

By the Lipschitz continuity of D,U with respect to m, we have

)DxUtxJ,mX ) — DU(t,z;,my")| < Cdy(m¥*,my7) < N1
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so that, by Proposition 2.8.2,

'—D Ut,z;,my") — Dy u™(t, X)| <

C
N -1 N2

and
1 i i
N1 > Dy ui(t, X), DpH (5, DU (t, x5, my")))
JFi

= (D, uMi(t, X), DH(x;, Dyju™i(t, X))) + O(1/N).
JFi
On the other hand,

S A = A E ST AN
J

i
where, using Proposition 2.8.2 and Lipschitz continuity of D,,U with respect to m,
Z Ay uNt = / div, Dy, U(t, z;, my", y)dmy' (y) + O(1/N) a.e.
j#i T
Therefore
— 9Nt — Z Am].uN’i + H(z;, Dy u™")
+Z L uNi(t, X), DyH (x5, Dyu™i(t, X)) + O(1/N) = F(z;,my")
J#i

which shows the result. 1

2.8.3 Convergence

We now consider a classical symmetrical solution (v™V*) of the Nash system:
—0w™ =Y " A, o™+ H(;, Dy o™
J
+3 (DpH(xj, Dy o™), Dy ™) = F(z;,my")  in (0,7) x TV (2.8.4)

JFi
oNUT, ) = Gz, mY") in TV

By symmetrical, we mean that, for any X = (z;) € TV and for any indices j # k, if X = (&)
is the N-vector obtained from X by permuting the j and k vectors (i.e., 7; = x; for | # j, k

Tj; = Tk, Ty, = x;), then
Nt X) = oNi(t, X) if i # j, k, while v™i(t, X) = oVE(E, X) if i = j.

Note in particular that the ™ are symmetrical.
Our main result says that the v™* “converges” to U as N — +oo. More precisely:
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Theorem 2.8.4 Let (v'V'%) be a symmetrical solution to (2.8.4). Firt N > 1 andi € {1,...,N}.
Given (tg, z,mg) € [0,T] x T¢ x Py, let us set

vV (tg, 2, mg) ::/ / UN7i(tQ,X)HmO(d;Tj) where X = (z1,...,zx).
Td Td by
JFi
Then

|’UN’i(t07',m0) —U(to,',mo ) S CN_l/(d+4).

)HLl(mo

where C' does not depend on ty, mg, © nor N.

The idea of the proof consists in comparing “optimal trajectories” for v™* and for uV:.
For this, let us fix ¢y € [0,T"), my € Py and let (z;) be an i.i.d family of N random variables

of law mgy. We set Z = (z;). Let also (B?) be a family of N independent B.M. which is also

Litg = Zi

{ dv;y = —DyH (254, Dpyu™i(t, X;))dt + /2dBi

and
{ dy:y = —DyH (yi, Dyyv™(1,Y,))dt + v/2dB]

Yitg = Zi

(2.8.5)

Note that, since the u™ are symmetrical, all the (x;) have the same law. The same holds for

Theorem 2.8.5 We have

E

sup |yir — xztl] < CN~Y2

te [t() ,T]

and

T
E | sup [u™'(t, X,) — o™ (t, V)] + / | De 0™ (4, Ys) = Dyu™i(t, X)|dt | < ONTY2,

te(to,T) to
(2.8.6)

where C' does not depend on ty, mg and N.

Proof. [Proof of Theorem 2.8.5.] For simplicity, we work with ¢y = 0. Let us introduce

,,,,,

by replacing x; by z (i.e, z; = z; if j # i and 7; = 2).
As (u™1) satisfies (2.8.3), we have by standard computation

T
E[UN’i(O, Z)] = F |:/ (—H(xi,h DmiU,N’i> + <DpH(ZEi,t7 Dm¢UN7i>’ DmiuN’i> (2 ] 7)
; .0.

+F (x4, m)]\g:) + rN’i) dt + G(z; 1, m%f)

162



(where u™"" is always evaluated at (¢, X;)). We now compute the variation of v™V!(¢, z;,, Y}).

Since the individual B.M. driving x;; and those driving the (y;.);.; are independent, we have,
using equation (2.8.4) satisfied by v,

va’i(t, Tit, Ytz)

= (0™ + Z%W = {Da, o™, DpH (yj4, Dayv™ (1, Y)))
J#i
—(Dy,v Ni Dy H (w14, Dy u™ (8, X0)))) dt + V2> (D 0™ dBY)

= (H(zit, Dy UNZ) (Do 0™, DyH (4, Do u™ (8, X4))))dt
—F(a:lt,myt dt—i—\/_z (D, UNl dB]>

where v is evaluated at (¢, z;,,Y}'). Taking the expectation, integrating in time and using
the terminal condition of v+ gives:

T
E[vNﬂ'(o,Z)} = E[ / (—H (2i4, Dg,v™") + (Dy, 0™, D H (254, Do,u™ (t, X;)))
0

+F(xzt,my ) dt + G(%T,mg )
So
E[u""*(0,2) — v™*(0, 2)]
) {/T H(2i4, Doo™?) — H(iy, Dyu™?) — (DyH (254, Dy, ™), Dy 0™ — Dy )
+<0F(xi¢’ my') — Fxie,my")) + NV dt + Gz, mit) — Gzir, my))

Let us set, for z > 0,

[ 2? if z € [0,1]
‘IJ(Z)—{ 2:—1 if2>1

Note for later use that WU is increasing and convex on [0, +00). By assumption (2.3.14) on H,
we have, for any Cy > 0, for any z € T? and p, ¢ € R? with min{|p|, |¢|} < C,

H(x,q) — H(z,p) — (DyH (z,p),q —p) >C"U(|]p—q|)

where C' depends only on the constant in (2.3.14) and on Cy. Therefore, as || D,,u™"|| is
bounded independently of N by a constant Cj and using the estimate |7, < CN~1,

E[u"(0, Z) — o™ (0, Z)]
> B[ [ (/001D i, V) - D X))
+<0F(xi,t, m¥Y) = Fxg,m¥) dt + Glair, mY) — Glar, mﬁg)] —_ON!
Computing in the same way the variation of the terms —u™"(t,y;;, X7) + v™V(1,Y;), we get
E[—u™"(0, Z) +v™(0, Z)]
> B[ [ (/081D ) = Dot X0
0

+<F(yi,t7 mgf) - F(yl ty th )) dt + G(yz T, mgT ) G(yi,T7 mg;)] - CNil
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Therefore

T
o 2 B[ [ (/1D 0,00, 7) = D0, X))t
0

T
+E / (1/0)‘1’(|DxivN’i(t,3ﬁ)—Dx,-uN’i(t,yi,an)l)dt}
0

T
+E / F(;Um, m%;” — F(fl?z‘,t, mgt”) — F(yzt; th ) + F(yl t TTLY ))dt:|
0

+E G(xi,T7 m;;) - G<xi7T7 mg;) - G(yl T, mXT) + G(yl T, M Nl)i| .

Let us set mY = & >~ d,.. We note that di(my",m¥) < CN~'. Hence

J
2|
+E[/ (1/C)¥(| Dy, 0N (t,Y,;)—DmiuN’Z(t,yM,Xf)])dt}
0

T

T
/(1/0 (| Do, 0™ (t, ig, Vi) — DziuN’i(t,Xt)Ddt}
0

Flaigml) — Flasnml) — F(germ) + F(yi, m%)dt}
0
[G(‘xl T mX G(xi,T7 mgq«) - G(yi,Ta mQT) + G<yi,T7 m}JYT)] :

We now sum these expressions over i. Since
Z G(Ii,Ta m%T) - G(l’z‘,T, m%) - G(yi,Ta m%T) + G(yi,Ty mﬁ;)
= N Td(G(‘T’ m%T) - G(‘r7 myT))d<m§T - myT)) 2 07

and the same holds for the terms involving F', we obtain:
C > Z]E [/ (| Dy, ™ (t, 254, Vi) — Dmqui(t,Xt)Ddt}
38 [ [ 9020030 = D XD

By symmetry of the (u™?) and of the (v"V**), the random variables
D™t w4, Vi) — Dy,u™i (¢, Xy)

have the same law for any 7. We have therefore
T .
E {/ (|Dxlv (t me’) DxiuN’Z(t,Xt)Ddt} < CN! Vie{l,...,N}
0
and, in the same way
E U U(| Dy, v™Ni (4, Y;) — Dy, ui(t, yi,t,X;)\)dt} <CN'  Vie{l,...,N}. (2838)
0
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We are now ready to estimate the difference x;; — v;;. In view of the equation satisfied
by z; and by y;, we have

’xzt_yzt| < / ’_D H<:L'187Dxlu (5 X ))"‘D H(yzs:Dmlu (5 yzsaXZ))| dS
/ | = DyH (e Dot (5, s X2)) + DyH (31 Dot (5,Y,) ds

T
< C'/ |z s — yis| ds + C’/ | Dy, ™ (5,435, X2) — Dy v™N(5,Y,)| ds
0 0

where we have used the uniform Lipschitz bound of DwiuN  in the variable z;. Note that by
convexity of ¥ and (2.8.8),

T
E {/ | D, u™ (s, 56, X1) — DI.UN’i(s,}/;)| ds]
0
U (B [ 0D (5, i X0) = Deo™i(s,Y2)]) ds| ) < wTHONT) < ONT2

So, by Gronwall inequality, we obtain

E| sup |z —yisl| <CNY2  Vie{l,...,N}. (2.8.9)

t€[0,T]

We now estimate the difference between u™ and v™": recall first that, for any ¢ € [0, 71,

T

uN7i(t’Xt) = E* |:/ (—H(ZL‘i75, DxiuN7i) + <DpH(l'i,s> DxiuN’i)a Da:iuN’i>

t
+F(x;, S,mX ) 4 V) 4N ds 4 G(xlT,mgqf)}
where E%' =E[- | Z, F;]. The symmetrical expression holds for v (¢, Y;). Hence
E [Supte[o T) |U t Xt) N’i(t,n H
<E {/ @i — yiz] + | Dayo™' (8, Y2) — Dyu™' (8, Xy)|]
0

P (i, m) = F(ymyl)| b+ |Glair, mis) = Glyaamiy)| + ON?

We estimate the various terms in the above inequality. The difference |z;; — y;,| is bounded
by (2.8.9). The second expression can be treated as above:

T
B | [ Do (6,30 - Dt X0)
0

T
<E / |DwiUN7i(t7 Y;f) - Dﬂ?iqui(t7 Lits Y;tz)| + |D$ivNﬁi(tv Lits Y?) - DmiuNyi(tv Xt)|:|
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where the last inequality is given by (2.8.8). In particular this proves the second half of

< Z |25 =y,

J?él

inequality (2.8.6). Let us proceed with the first half. As dy(my", md")

we get, by the Lipschitz continuity of F' and G,
T
E [ |F (i, my) = F(yig,my,")| dt + |Gz, my)) — G(yzt,mﬁz)l}
0

sup <|37z',t—’yz',t\+N1Z|%’,t—yj,t|>] < CN7'2

t€[0,T) i

<CE

Putting the above estimates together:

E | sup |[u™'(t,X;) — o™t Y)|| < CN~2,

t€[0,T)]

1
Proof. [Proof of Theorem 2.8.4.] From the Lipschitz continuity of U and Horowitz and
Karandikar Lemma (Lemma 2.3.8), we have, for any z; € T¢,

/ W, X) — Ut 20, mo)| [ mo(d)
Td(N—1)

JFi
B / (Ut i,my") = Ut @i,mo)| [ [ mo(da)
Td(N—1) o
<C dl(m%i,TnO)Hmo(dl’j) < CNfl/(d+4).
Td(N—1) L1
JFi

Combining Theorem 2.8.5 with the above inequality, we obtain therefore

/ / ( )vN’i(t, (7)) [ [ molday) = U (¢, i,mo)| dmi(a;)
Td | JTd(N-1 oz
<E[|[WN(t, 2) —u™(t, 2)|] + /w [N (t, X)) — U(t, 2, mo)| Hmo(dxj)

J
< CNV?4 ON~VHD < oY,

il

2.8.4 Comment

The convergence of the Nash system as the number of players tends to infinity was known in
only two cases: for ergodic mean field games (Larsy-Lions [245]), because in this case the Nash
equilibrium system reduces to a coupled system of N equations in T¢ (instead of N equations
in TV as (?7)); or in short time (Lions [248]), where the estimates on the derivatives of the
v™N'? propagate from the initial condition. The result presented here is a simplified version of

[7].
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