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Abstract

Mean Field Game (MFG) systems describe equilibrium configurations in games with
infinitely many interacting controllers. We are interested in the behavior of this system as the
horizon becomes large, or as the discount factor tends to 0. We show that, in the two cases,
the asymptotic behavior of the Mean Field Game system is strongly related with the long
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time behavior of the so-called master equation and with the vanishing discount limit of the
discounted master equation, respectively. Both equations are nonlinear transport equations
in the space of measures. We prove the existence of a solution to an ergodic master equation,
towards which the time-dependent master equation converges as the horizon becomes large,
and towards which the discounted master equation converges as the discount factor tends to
0. The whole analysis is based on the obtention of new estimates for the exponential rates
of convergence of the time-dependent MFG system and the discounted MFG system.

Given a terminal time 7T and an initial measure mg, we consider the solution to the mean
field game (MFG) system

-0t — AuT + H(x, DuT) = F(x,mT) in (0,7) x T4,
oymT — AmT — div(mT H,(z, Du™)) =0 in (0,T) x T4, (1)
m™(0,-) = mg, v (T,-) = G(-,m™(T) in T4,

where T¢ is the d-dimensional flat torus R?/Z?, F,G are functions defined on T¢ x P(T4) (the
space of probability measures on T%) and H is a function, defined on T¢ x R, which is convex
in the second variable.

Let us recall that the following system appears in mean field games theory (introduced by
Lasry and Lions [18, 19, 20], and by Huang, Caines and Malhamé [15]). Mean field games are
dynamic games with infinitely many players. The first equation in (1) can be interpreted as the
value function of a small player whose cost depends on the density m(t) of the players, while the
second equation describes the evolution in time of the density of the players. Note that the first
equation is backward in time (and with a terminal condition) while the second one is forward,
with the initial condition m(0) = mg, mo being the initial repartition of the players.

The study of the long time average of the MFG system has been initiated in [21] and then
discussed in several different contexts, [2, 3, 4, 14].

In [4] the long time average of u” is investigated when H(z,p) = 1|p|? and F(z,m), G(z, m)
satisfy suitable smoothing conditions with respect to the measure m. Then it is proved that there
exists a constant A € R such that the scaled function (s,z) — u”(T's,z)/T locally uniformly
converges to the map (s,z) — —As as T — oo on (0,1) x T¢ while the rescaled measure
(s,2) — mT(sT,z) converges to a time invariant measure m in L'((0,1) x T¢). The constant
X and the measure m are characterized as solutions of the ergodic MFG system; namely, there
exists a unique triple (), u,m) which solves

A— Au+ H(x,Da) = F(x,m) in T¢
—Am — div(mH,(z, Da)) =0  in T¢ @)
m >0, m = / u=0 in T¢

Td Td

and DuT (sT,x) actually converges to Di(z). The result holds under a monotonicity condition
on F and G:

/ (F(z,m) — F(z,m"))(m —m/)(dz) >0, / (G(z,m) — G(z,m"))(m —m')(dz) > 0,
Td Td

for any m, m’ € P(T?). Moreover it is proved in [4] that the convergence holds with an exponen-
tial rate. Precisely, under some additional condition on the smoothing properties of the coupling
terms F' and G, one has

Im™ () = ]l c2+e + | DU () = D]l gara < Cle™ + 1)

for some constants C,w > 0 and « € (0,1).



This paper is devoted to the long time behavior of uT, i.e., the convergence, as T — oo, of the
map (t,z) — u’ (t,r) — A\(T —t). This question is inspired by results of Fathi [9, 10], Roquejoffre
[26], Namah-Roquejoffre [25] and Barles-Souganidis [1] for Hamilton-Jacobi equations. In that

framework, it is known that if u solves the (forward) Hamilton-Jacobi equation
Ou — Au+ H(z,Du) =0 in (0, 400) x T¢,

with associated ergodic constant \, then u(t, ) — At converges, as t — ~+00, to a solution @ of the
associated ergodic problem. One may wonder what remains of this result for the MFG system.

The convergence of the difference u”(t,-) — A(T' —t), as T — oo, has been an open (and
puzzling) question since [4]. We prove in this paper that the limit of u” (t,-) — A\(T — t) indeed
exists, although it cannot be described just in terms of the 4 component of the MFG ergodic
system (2). In order to describe this long-time behavior, we have to keep track of the initial
measure mg. To do so, we rely on the master equation, which is the following (backward)
transport equation in the space of measures:

-0U — AU+ H(x,D,U)— F(z,m) — / div(D, U (t, z,m,y))dm(y)
Td

+/ DU(t, 2, myy).Hy(t,y, DoU(t, y,m))dm(y) = 0 in (—o0,0) x T¢ x P(T?) ()
U(Ol:x,m) = G(x,m) in T4 x P(T?).

In the above equation, the unknown U = U(t,z, m) depends on time, space and measure on
the space; moreover, the notation D,,U denotes a suitable derivative with respect to probability
measures, which will be described in subsection 1.1. Note that, in contrast with the MFG system,
the master equation is a classical evolution equation, so its long time behavior may be described
in a usual form. We recall (see [21], [13], [7] and [6]) that the master equation is well-posed
under the monotonicity condition on F and G and that the MFG system (1) plays the role of
characteristics for this equation. Namely, if (u”, mT) solves (1), then

U(=T,z,mo) = u’ (0, ) v € T4

Our main result (Theorem 5.1) states that U(t,-,-) + Mt has a limit x = x(z,m) as t — —oc.
This limit solves (in a weak sense) the ergodic master equation

5= Ax(om) + iz, Daxtam) = [ div(Dyx(a,m.)dm(y)

+ | Dux(z,m,y).Hp(y, Dax(y,m))dm(y) = F(z,m)  inT? x P(T%).
Td

(4)

As a consequence, the limit u”'(0,-) — AT exists as T — oo and is equal to x(-,mg). Note that,
in general, u”'(0,-) — AT does not converge to #, since it is not always true that x(-,mg) = @
(even up to an additive constant): this is however the case if mg = m.

We are also interested in the infinite horizon MFG system

—0pu® + 6u® — Aud + H(z, Dud) = F(xz,m’(t)) in (0, +o00) x T4,
oym?® — Am® — div(m® H,(z, Du’)) =0 in (0, +00) x T, (5)
m®(0,-) = mg in x T¢, u? bounded.

In the first order stationary Hamilton-Jacobi (HJ) setting, where the equation reads

ou’ 4+ H(z, Du’) =0 in T,



Davini, Fathi, Tturriaga and Zavidovique [8] have proved the convergence of u® — 5=\ as § tends
to 0 and characterized the limit. The result has been generalized to the second order HJ setting
by Mitake and Tran [22] (see also Mitake and Tran [23] and Ishii, Mitake and Tran [16]). In the
viscous case, the result is that, if u’ solves the infinite horizon problem

ou® — Au’ 4+ H(z, Du’) =0 in T¢,
then u® — 6\ converges as § — 0 to the unique solution % of the ergodic cell problem

~At+ H(z,Da) =0  inT¢

such that / um = 0, where m solves
Td

—Am — div (mHy(z,Da)) =0  in T mZO,/7ﬂ:L
Td

Here again, one may wonder if such a result remains true for the infinite horizon MFG
system (5) (which, in contrast with the Hamilton-Jacobi case, is time dependent). As for the
time-evolution MFG problem, we rely on a master equation. Following [6], this infinite horizon
master equation takes the form:

5UafAzU5+EHL[%U%41/(ﬁWDmU%xﬂmy»Mn@)
e (6)
+ [ DUz, m,y).Hy(y, DoU°(y,m))dm(y) = F(x,m) in T¢ x P(T?).
Td

Our second main result (Theorem 6.1) is that U° — §~1\ converges to the unique solution x of
the master ergodic problem (4) satisfying x(x,m) = @, where @ is the unique solution of the
ergodic MFG system (2) for which the following (new) linearized ergodic MFG system has a
solution (7, i):

i = A0+ Hy(w, D). Do = < (w,m)(j1) in T¢,

m

—Afi — div(iH,(z, D@)) — div(inHyy(z, Da)Dv) =0 in T%
p= [ v=0,

Td Td

(the definition of the derivative g—i is explained in Section 1). This implies the convergence of
u%(0,-) — 67 X to x(-,mp) as § tends to 0. Note that if F =0, i.e., in the Hamilton-Jacobi case,
one recovers the condition de um = 0 by integrating the v—equation against the measure m.

The MFG setting is more subtle since it keeps track of the coupling between the equations.

Let us now say a few words about the method of proofs. As in the Hamilton-Jacobi setting, the
argument relies on compactness arguments and, therefore, on the regularity (Lipschitz estimates)
for the solution U to the master equation (3) and for the solution U° of the infinite horizon
master equation (6). The main difficulty comes from the fact that these equations do not satisfy
a comparison principle (in contrast to the HJ equation). Moreover, as can be seen plainly from
(3) and (6), the equations do not provide easy bounds on the derivatives with respect to m of U
and U°.

The key Lipschitz estimates come from the fact that the characteristics (1) and (5) of these
master equations stabilize exponentially fast in time to the solution of the ergodic MFG system



(2) for U and to the solution of the following time invariant infinite horizon problem

6ud — Au® + H(x, Du®) = F(x,m%)  in T,
~Am® — div(m’ Hy(z, D@®)) =0  in T,

7
/m‘szl,/ = 0. ™
’]I‘li ’I[‘d

for U? (see Theorem 2.6 and Theorem 3.7 respectively). These exponential convergence rates
were only known for system (1) when H (z,p) = |p|? (see [4]), where the argument relied on some
commutation properties which do not hold for general Hamiltonians. To prove the exponential
convergence in our setting, we use a technique developed by the second author with E. Zuazua
[24] to establish the so-called turnpike property for optimal control problems. The exponential
rate for the infinite horizon MFG system is new, but uses similar ideas.

The starting point of this analysis consists in studying the linearized MFG systems. For
simplicity, let us explain this idea for the time dependent problem, i.e., for U. In this framework,
the MFG linearized system reads

oF
—0w — Av + Hp(x, Du).Dv = 5 —(z,m)(u(t)) in (0,7) x T,
m
O — Ap — div(puHp(x, Du)) — div(mHpp(z, Du)Dv) =0 in (0,T) x T4,
1(0,-) = po, o(T,x) = §(z,m)(u(T)) T
where (u, m) is the solution of (1) and g is given. When (u,m) = (@, m), the analysis of the
above system (the exponential decay of the solutions) provides an exponential convergence of
the solution of the MFG system to (@, m)—at least, this holds true for the m component. A

very interesting point is that this linearized system turns out to be also strongly related with the
derivative of U with respect to m: indeed, as explained in [6], we have

oU

o —(0,2,mo, y)po(y)dy = v(0,z) Vo €T

Thus controlling v allows us to control the variations of U with respect to m. Once the Lipschitz
estimates for U and for U? are obtained, the construction of a corrector x (solution of the ergodic
master equation (4)) follows in a standard way: see Theorem 4.2.

However, the convergence of the solution of the time dependent master equation (3) requires
new ideas since, in contrast with the Hamilton-Jacobi setting (see Fathi [11] or Barles and
Souganidis [1]), there is no obvious quantity which is monotone in time: the reason is that the
master equation does not satisfy a comparison principle. To overcome this issue, we rely again
on the exponential convergence rate from which we derive a suitable convergence of the solution
of the master equation when evaluated at m as time tends to —oo (see Proposition 2.7). Then we
obtain the convergence of the map U by compactness argument and using again the convergence
of the characteristics.

The convergence of U?, is more subtle: the key point is that two solutions of the ergodic
master equation differ only by a constant. Thus we only have to show that U?(-,m) — 6~ '\ has
a limit for some m. The good choice turns out to be m = m°, where (@, m°) solves (7): indeed,
we have then U’(-,m°) = @’ and we expect (#°,m°) to be close to (%,m) in some sense, where
(u,m) satisfies (2). Actually a formal expansion yields to (@, m?) = (5" *A+a+0+ 60, m+dji),
where (0,0, i) solves

_ F
u+6— Av+ Hy(xz,Du).Dv = g—(ac,m)(ﬁ) in T¢,
m
—Ap — div(iH,(z, D)) — div(mHy,(x, Du)Dv) = 0 in T<,

[o-Le=o
Td Td

S
I



The rigorous justification is given in Proposition 6.5.

The paper is organized in the following way. In Section 1 we recall the notion of derivative in
the space of measures and state our main assumptions. We also recall some decay and regularity
estimates which hold separately for the two equations of the system and we provide the basic
fundamental estimates for (1) which are independent of the horizon T'. Section 2 is devoted to
the exponential convergence rate, as T — 00, of solutions of (1) towards the couple (@, m) solu-
tion of (2). To this purpose, at first we develop decay estimates in L? for the linearized system,
then we export the estimates (in stronger norms) to (u? — @, m?T — m) by using a fixed point
argument. A similar strategy is used in Section 3 for the infinite horizon discounted problem
(5); in this case we prove the exponential convergence as t — oo towards the stationary couple
(w®,m®) solution of (7). In both Section 2 and Section 3, the analysis of the linearized systems
is a crucial step, and this will also play a key role in the study of the master equations, both the
time-dependent (3) and the stationary one (6), respectively. This is the content of Sections 4-6.
More precisely, in Section 4 we prove the existence of a solution to the ergodic master equation,
obtained as the limit, when § — 0, of a subsequence of solutions of (6). The long-time behavior
of the time-dependent master equation (3) is addressed in Section 5. Finally, the limit of the
whole sequence of solutions of (6) is proved in section 6.

Acknowledgement: The first author was partially supported by the ANR (Agence Na-
tionale de la Recherche) project ANR-16-CE40-0015-01. The second author was partially sup-
ported by the Indam Gnampa project 2015 Processi di diffusione degeneri o singolari legati al
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The work was completed as the first author was visiting Universita Roma Tor Vergata. He
wishes to thank the university for its hospitality.

1 Notation, assumptions and preliminary estimates

1.1 Notation and assumptions

Throughout the paper we work on the d—dimensional torus T¢ := R?/Z?: this means that all
equations are Z%—periodic in space. This assumption is standard in the framework of the long-
time behavior. We denote by P(T?) the set of Borel probability measures on T¢, endowed with
the Monge-Kantorovich distance d;:

di(m,m’) =sup [ ¢dm—m/)  Vm,m’ € P(T?,
¢ JTd

where the supremum is taken over all 1—Lipschitz continuous maps ¢ : T¢ — R.

For a € [0, 1], we denote by C*([0, 7], P(T%)) the set of maps m : [0,7] — P(T%) which are
a—Hélder continuous if o € (0, 1), continuous if o = 0.

Next we recall the notion of derivative of a map U : P(T%) — R as introduced in [6]. We say
that U is C* if there exists a continuous map % : P(T4) x T¢ — R such that

Um')y —U(m) = /0 /Td 2_7[7]1((1 —tm+tm/,y)d(m’ —m)(y)dt Vm,m' € P(T?).

We observe that if U can be extended to L?(T%) then y +— %Y (m,y) is nothing but the rep-

om
resentation in L? of the Gateaux derivative of U computed at m. The fact that U is defined
sU

on probability measures, i.e. with the constraint of mass one, lets £~ (m,y) be defined up to a



constant. We normalize the derivative by the condition

” O (m,y)dmly) =0 vm € P(TY) ®)

oU oU
We write indifferently — (m)(u) and / —(m,y) du(y) for a signed measure p with finite
om ra OM
mass.
When the map g—% = g—gl(m, y) is differentiable with respect to the last variable, we denote
by D, U(m,y) its gradient:
oU
DpU(m,y) := Dy—(m,y).
(m,y) = Dy5—(m,y)

Let us recall [6] that D,,,U can be used to estimate the Lipschitz regularity of U in the m variable:

|U(m) —U(m")| < di(m,m") sup | D, U(m", y)]| Vm,m' € P(T?).
m”GP(Td),yGTd

For p = 1,2, 00, we denote by || - ||z» the LP norm of a map on T? (we often use the notation
I - lloo for || - ||ze=). For k € N and « € (0,1), we denote by || - || (respectively || - ||gr+a) the
standard norm on the set of maps defined on T? and which are of class C* (respectively of class
C* with a k—th derivative which is a-Hélder continuous). By || - [[(¢r+a) We mean the norm in
the dual space:

[l rsey s=sup{ | 6w Illowsa < 1.

For a map ¢ depending of two spatial variables, we denote by ||¢(-, ) || k+a,k'+a the supremum of
the a—Holder norm of the partial derivatives of order [ < k and I’ < &k’ respectively of the map
o.

Finally, if ¢ = ¢(z), we systematically denote by (¢) := [, ¢(x)dx the average of ¢.

If u:[0,7] x T — R is a sufficiently smooth map, we denote by Du(t,z) and Au(t,z) its
spatial gradient and spatial Laplacian and by dyu(t, z) its partial derivative with respect to the
time variable. We will also use the classical parabolic Holder spaces: for a € (0, 1), we denote by
C/%% the set of maps which are a—Hoélder in space and o/2—Hoélder in time and by C1+e/2.2+
the set of maps u such that d;u and D?u are in C*/%,

Assumptions. The following assumptions are in force throughout the paper.

(H) The Hamiltonian H = H (z,p) : T*xR* — Ris of class C? and the function p — D2 H (z,p)
is Lipschitz continuous, uniformly w.r.t. x, and satisfies the growth condition:

C'14< D} H(z,p) <Clg  V(x,p) € T x R% (9)
Moreover we suppose that there exists § € (0,1) and C > 0 such that
|DuwH(z,p)| < C(L+[p)'™,  |DypH(x,p)| < C(L+p)’,  V(z,p) € T xR (10)

This latter assumption is a little awkward, since it requires the quadratic part of H to be
homogeneous, but we actually need it in order to ensure uniform Lipschitz regularity of u”
(solution to (1)) and of u° (solution to (5)) independently of 7" and §: see Lemma 1.5 and
Lemma 3.6. If the same bounds were available with different arguments, then we could get
rid of this condition, since in the rest of the paper we do not use it at all.



(FG) The coupling functions F,G : T¢ x P(T¢) — R are supposed to be of class C! and their
first derivatives satisfy the following Lipschitz conditions:

(FGa) F,G are twice differentiable in the x variable and Fy,(x,m), Gy, (x, m) are bounded
uniformly in T? x P(T9).

(FGD) %(z, m,y), %(x, m,y) are differentiable with respect to (x,y) and Lipschitz contin-
uous in T% x P(T4) x T< (i.e. globally Lipschitz in the three variables).

Even if this will not be strictly needed, an extra regularity condition is assumed in order
to access to smooth solutions of the master equation as stated in [6]. Namely we assume
that:

(FGc) For any a € (0,1), F(-,m) and 2£(-,m,-) are of class C*** in all space variables,
uniformly in m, and % is Lipschitz continuous in m with respect to C?*? in space.

The same holds for G in norm C3+2.

(FGd) The maps F and G are assumed to be monotone: for any m € P(T?) and for any
centered Radon measure pu,

oF 0G

/m o b (& V@) ly)ddy 20, /11‘01 | 5 @ yu(@)uly)dady 2(01-1)

Let us comment upon our assumptions.

The regularity of H as well as the uniform convexity with respect to the second variable
are standard in MFG theory. Here these assumptions are all the more important that we make
a systematic use of the duality inequality (see [20]) which provides uniqueness and quantified
stability for the MFG system under this strong convexity assumption.

The regularity assumption on £ (and on g—G) allows for instance inequalities of the form:
m m

5
oF
—(: <C 2y
|5 < Clldien
for any m € P(T?) and any distribution z on T¢.

The monotonicity assumption (11) implies (and, under our regularity assumptions, is equiv-
alent to) the more standard one:

/Ed(F(x, m) — F(x,m'))d(m —m')(z) >0, /Ed(G(x, m) — G(z,m'))d(m —m’)(z) > 0,

for any measures m, m’ € P(T4). This condition ensures the well-posedness of the MFG system
(1) for large times intervals and the well-posedness of the ergodic MFG system (2). Without
this assumption, these MFG systems may have several solutions and the long time average (and
a fortiori the long time behavior) of the MFG system (1) is not known.

Let us stress that, in the following, we will denote generically by C' possibly different constants
appearing in the estimates which depend on the data F, G and H through the above assumptions.
In particular, those constants will depend on the sup-norm of Fy,, G, (which are bounded
uniformly w.r.t. z and m from (FGa)), the Lipschitz constants of 2£ 9€ and the conditions

dm’ om
(9)-(10), respectively.



1.2 Preliminary estimates

We will use repetitively the following estimates on linear equations which are independent of
the time horizon. The first one is about linear equations in divergence form (see [4, Lemma 7.1,
Lemma 7.6]).

Lemma 1.1. Let V be a bounded vector field on (0,T) x T4, B € L*((0,T) x T?) and let j1 be
the solution to

{atu — Ap+ div(uV) = div(B) in (0,T) x T¢ 12)

1(0) = o in T,

with [1q 1o = 0.
There exist constants w > 0 and C > 0, depending only on ||V, such that

t 1/2
||u<t>||L2scewtnmnww[ / ||B<s>||12ds} |

If B =0, we also have, for any 7 > 0,
()l < Cre™ ol VE =,
where the constant C. depends on T and ||V only.

The second Lemma is about a viscous transport equation (see [4, Lemma 7.4] and [4, Lemma
7.5]).

Lemma 1.2. Let V be a bounded vector field, A € L?((0,T) x T?) and v be the solution to the
backward equation

—Ow—Av+V-Dv=A  in(0,T)x T (13)

There exist constants w > 0 and C > 0, depending only on ||V, such that
T
Jol6) = @O} 22 < CemT Do) = w(T|zs +C [ 00 A() 2
t

and, if A € L>((0,T) x T%),
T
[o(t) = (Nl < Ce™T=I[u(T) = (u(T))| L~ + C/t eI A(s) || o ds,

where (¢p) = [1a ¢ for any map ¢. Moreover, for any 0 <t <ty <T,

(to—t)IDv()][ L2 < Clto—t+1) ([v(to) — (wto))llz2 + 1Al L2((t,t0)xa) + 10 = (V)| 2((,20) x 7)) -
We note for later use a simple consequence of Lemma 1.1:
Corollary 1.3. Let V and B be (time-independent) vector fields. Then any L? solution of
—Ap +div(pV) =div(B)  inT¢

with de w =0, satisfies
lullm < ClIBllre,

where C' depends only on ||V s



Proof. Tt is enough to apply Lemma 1.1:
lull 2 < Ce™* ||l 2 + C|| B p2t'/2,
Choosing t large enough, this gives
lullz < OBl Lz
Then, multiplying the equation by u, the standard energy estimate gives
[DpllLz < IV ol ll L2 + 1B 2]
which gives the result. |

We conclude this Section with a further bound for the solutions of the Fokker-Planck equation.

Lemma 1.4. Let V be a bounded vector field on (0,T) x T¢ with bounded space derivatives and
u be a weak solution to (12) with B =0. Then, for any T > 0,

el < Cre™ | uollzray Yt =T,
where w is given by Lemma 1.1, a € (0,1) and C. > 0 depends on |V||pe, |DV| L~ and 7.
Proof. Let 7 > 0 and v be the solution to the transport equation

—0w—Av+V-Dv=0 in (0,7) x T4
(1, x) = v (x) in T

where v, is in C°°(T%). One easily checks that

sup [[v(t)l[zz + [1Dvl|2((0.r) <12y < Cllorllre,

where C' depends on ||V]|« and 7 only. Standard parabolic regularity (Theorem III.11.1 of [17])
then implies that
||DU||C“/2'“([O,T/2]XTd) < Cllvr|l L2

for some a and C' depending on ||V« and 7 only. For any ¢ € {1,...,d}, the derivative vy,

solves
—0Vg, — Avg, +V - Dvg, + Vg, - Dv =0 in (0,7/2) x <,

By parabolic regularity (Theorem II1.11.1 of [17]), we infer that
I D?v]| caszia(fo,r jajxray < CIlDV|| oo (0,7 /2) xmay < Cllvz |2

for some o and C' depending on ||V, ||DV||s and 7 only. We have, by duality,

/’]I‘d vrp(T) = /Td v(0)dpo ().

So taking the supremum over v, such that ||v,||z2 <1, we infer that
l(DllL2 < Cx llpollc2rey V7 > 0.

We can then derive the conclusion by Lemma 1.1. [l
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1.3 Regularity of the MFG system

The aim of this section is to provide additional basic estimates on the solution to the MFG
system
—Ou+ X\ — Au+ H(x, Du) = F(x,m) in (0,7) x T¢
Om — Am — div(mHp(z, Du)) =0 in (0,7) x T¢ (14)
m(0,:) =mo, u(T, ) =g in T4

where mg € P(T9). Let us recall that A € R is the unique ergodic constant and (@, m) the unique
solution to the ergodic MFG system (2).

The following estimates are mostly well-known since [4], but we collect them for the sake of
completeness. The whole point is to get estimates which are independent of the time horizon or
of the discount rate. To this purpose we rely on conditions (9)-(10) as well as on the smoothing
assumption (FGa) for the couplings.

Lemma 1.5. For any M > 0, there exists a constant C > 0 such that for any horizon T > 0, if
(u,m) is the solution to the MFG system (14) and ||g|c2(rey < M, then

[Duljee < C.

Proof. As in Lemma 3.2 in [4], the proof relies on the uniform semi-concavity of the solution.
Let us recall that, for any smooth map ¢ € C>°(T9), we have

|Dolloc < d/?  sup (D?*p(x)z - 2)s. (15)

z€T4, |2|<1

Let & with [¢] < 1 be a direction for which Cy := sup; ,y D*u(t,z)§ -  is maximal (and thus
nonnegative). We set w(t,z) = D?u(t, )¢ - € = uge(t, x). Then w solves

—Oyw—Aw+Hee (x, Du)+2Hep(x, Du)-Dug+Hpp(x, Du) Dug-Dug+Hy(x, Du)-Dw = Fee(x, m(t)).
If the maximum of w is reached at T', then

Co < max D2g(x)¢ - € < M.
reTd

Otherwise, one has at the maximum point (¢, ) of w:
Hee(x, Du) + 2Hep(z, Du) - Duge + Hpp(x, Du)Dug - Due < Fee(x, m(t)),
where by our standing assumptions on H we have

Hee(x, Du) > —C (1 + | Dul)*+?
H,p,(x, Du)Dug - Dug + 2Hep(x, Du) - Due > C~'[Dug|®> — C(1 4 |Du|)?.

Since (15) implies that || Dullo < d2 Cp, we deduce that
—C(1+Co)" —C (A +Cp)* +CHDue> < C

and since |Dug| > Cp at the maximum point of w(t,x), being 6 < 1 we conclude that Cp is
bounded. By (15), we infer the Lipschitz estimate for w. O
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Remark 1.6. Thanks to Lemma 1.5, the drift Hp(z, Du) in the Fokker-Planck equation is
uniformly bounded. As a consequence, as it is well-known, the solution m satisfies the following
Holder continuity estimate in time:

di(m(t),m(s)) <Clt—s|>  Vtse(0,T):[t—s <1, (16)
for some constant C independent of T'.

Next result exploits the stability of the system which stems from the monotonicity of F' and
the convexity of H (see [20]). In particular, whenever H is uniformly convex, as is assumed in
(9), the following estimate holds for any couple of solutions (uj, m1) and (uz,m2) of the system
(14):

-1 2 d
C /Td(ml + m2)|D(u1 - ’LLQ)| S 7@ Td(U1 - u2)(m1 - m2) (17)

Lemma 1.7. For any e > 0 and M > 0, there exists times T>7>0 (depending only on e,
M and the data of the problem) such that, if T > T and if (u,m) be the solution to the MFG
system (14) and ||g||c2(ray < M, we have, for some a € (0,1),

lm(t) — m||ce + ||Du(t) — Di|lca < e Vte [r,T —7].

Proof. We follow closely the argument of Lemma 3.5 of [4] (in the case H = |p|?) and, for this
reason, we only sketch the proof. By Lemma 1.5, u is uniformly Lipschitz continuous in space,
with a Lipschitz constant depending only on the regularity of H, F and on ||Dgl/oc + || D?g]|co-
So, by Lemma 1.1, we have

sup [m(t)]lo < C,

t>1

where C' depends only on || Hp(:, Du(+))||co, and thus only on the data. Applying (17) to (u,m)
and (@,m), and using m > 0 in T?, we have

t to

e [T 1ptt) ~ a)id <~ | [ wo) - o - m)
Thus .
| 1)~ aliar < c.

because w is uniformly Lipschitz continuous in space and m(t) and m are probability measures.
In particular, if T' > 37}, there exists times t; € [1,e7 ], to € [T — =1, T] such that

|D(u(t;) — @) g2 < Ce/?  fori=1,2. (18)

Coming back to the duality relation, we infer by Poincaré’s inequality that

T*l/E to
Cil/ ID(u(t) — a)||72dt < Cil/ ID(u(t) - @)||7-dt

1/e t1
<D (u(tr) = @)l 2 m(ts) = ml g2 + [|D(ults) = @) 2 |m(ta) — M| 2 < Ce'/2.

As p :=m — m satisfies

O — Ap — div(pHp(z, Du)) = —div(m(Hy(x, Da) — Hy(x, Du))), (19)
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and still using the fact that Du is bounded, we have from Lemma 1.1 that, for any ¢t € [1/e,T —

1/¢],

=

IN

Im(t) =2 < Cem“*"Ym(1/e) —ml|r2 +C

T—1/e
/ | D(u(t) —a)||3-dt

/e

< C(e—w(t—l/a) +51/4).

So we can choose 7 large enough (depending only on ¢, on the data and on M) such that the
right-hand side is less than Ce'/*if t € [r — 1,T — 1/¢].

Let us now upgrade this inequality into an L estimate for the interval [7, T — 1/¢]. For this,
we recall from (19) that u solves a parabolic equation of the type

Oipe — Ap — div(pb+ B) =0,

where b is bounded in L* and B is bounded in LP for any p > 2 since

/;_; IBOIZ < C/;_i /T ID(u(t) — )P < c/;_i /T ID(u(t) — )| < Ce

where we used the global bound for Du(t). Since we already know that [|u(t)||,> < Ce7, by
choosing p sufficiently large we deduce (see e.g. [17, Theorem II1.8.1 p. 196]) that u is bounded
in C*/%< for some a € (0,1) and

=

1 1
[p()]loe < C( ( sup )HM(S)HL? + |B||LP((%7T—%)><T'1)> < Cfet +e%)
se 'rfl,Tfi

for any ¢ € [1,T — 1/¢]. This concludes the bound for ||m(t) — m||ca. In order to prove the
estimate for u, let us note that v = u — @ satisfies

—0w —Av+V - Dv = F(x,m(t)) — F(xz,m),

where V is the bounded vectory field V (¢, z) = fl H,(z, \Du(t,z)+(1—X)Du(z))dX. By Lemma

1.2 we have, for t € [1/e,T — 1/¢], ’
() = (v)lloo < (T —1/e) - <¥(E/; 1/e))lloce T
+c/ e V| F(z,m(t)) — F(z,m)|ods
< (e ).
Choosing 7 > 1/¢ large enough then implies that
lo(t) — W(t))|loo < Ce® Wt e [1,T 1.

Finally, we can replace the left-hand side by || Duv(t)||c« by using again Lemma 1.2. Indeed,
whenever v satisfies

—Oww—Av+V - -Dv=A
with V', A being bounded, we estimate, for any interval [¢,¢ + 1],

[Dv(t)llce <C sup [fJu(s) = (v(s))]loc + [[A(8)[loc + [|Dv(s)]| 2]
s€(t,t+1/2)

<C sup (fu(s) = (0(s))]loo + [|A(8)]co] -
sE(t,t+1)

Since A = F(x,m(t)) — F(x,m), the previous estimates give the conclusion. O
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2 Exponential rate of convergence for the finite horizon
MFG system

In this section we provide several convergence results with an exponential rate of convergence
for finite horizon MFG systems. The results of this section extend to general Hamiltonians the
main results of [4] (though requiring slightly stronger assumptions on the coupling F). If the
results are interesting for themselves, they are nevertheless motivated by the rest of the paper,
in which they play a central role.

The method of proof for these exponential rates differs completely from [4], where it relied
on an algebraic structure of the linearized system. We start with the linearized systems and
first get a crude estimate on the solution. Using the monotonicity assumption, the duality
method shows that a suitable quantity is monotonous in time and bounded (thanks to the
rough estimate). A compactness argument, borrowed from [24], then shows that the limit of this
quantity must vanish. We then use the linearity property of the system to get an exponential rate
of convergence. The non linear equations are treated as perturbations of the linear ones. Note
that the key argument is inspired by [24], where the long time behavior of optimality systems
is analyzed by using the stabilizing properties of the Riccati feedback operator. However, in
contrast with [24], our system does not come from an optimal control problem in general, which
makes a substantial difference.

2.1 Estimates for the linearized system

In this subsection we study the linearized MFG system around the stationary ergodic solution
(@, m), namely

—0w — Av + Hy(z, Du).Dv = ( x,m)(u(t)) in (0,7) x T
Bpt — Ap — div(pH, (z, Da)) — (m (2, D@)Dv) =0 in (0,T) x T¢ (20)
p0,) =po,  o(Tx) = g0 (x,m) (1)) +vr(x) T
with de Ho = 0.
Thanks to the assumptions made upon gfl and , and to the smoothness of (@, m), problem

(20) can be considered in a standard framework of weak solutions with finite energy, i.e. v,m €
L%((0,T); H'(T)). Solutions will eventually be more regular, but we are not considering this
issue here; our main purpose, which is the following result, is to show the L? decay estimates for
p and Dv, assuming the same regularity on the initial-terminal conditions.

Proposition 2.1. There exists Co > 0, A > 0 such that, if (v,u) is a solution to the MFG
linearized system (20) with [, po = 0, then we have

l®)llzz + Do)z < Co (7 +e>T=) (luollze + | Dorllzz) Ve € [0,T].

Let us start the proof with a Lemma which explains that the solution is uniformly bounded,
with a bound depending on ||uo||z2 only.

Lemma 2.2. There is a constant Cy > 0, depending only on the data, such that, if (v, p) is a
solution of the linearized problem (20), then

T
/0 1DvllZ: + sup ([ln(®)ll72 + 1Dv(B)]Z2) < Co (luolZz + [|DvrlZ2) - (21)

te[0,T)

14



Proof. Note that [, pu(t) = 0 for any ¢. By standard duality techniques, we have, for any
0<t <t <T,

/ /mw 5, (@M y)u(t, y)ult, :c)dydxdt+/ / mHpyp(z, Du(z))Du(t, ) - Du(t, ) dzdt

L,

so that, by monotonicity of F' and G (see assumption (11)),

T
et [ upeoliadr < [ w0) = @O0~ [ (wor — (or)u(r) )
< C(IDV(O) 2 ol + | Dor 2 (D)l 22),

thanks to Poincaré inequality. Using Lemma 1.1, we have

t 1/2
Ce=oll s + C [ / ||mep<-,Du>Dv||%z}

()2 <
T 1/2
< Ce s +C / | Do2,
0
—w 1/2 1/2 1/2 1/2
< Cepollz2 + C(Do(0) 5 kol 2 + 1 Doz || () 1)

For t = T, we get, after simplification,

1) lzz < € (lmollzz + Do) lloll 5 + 1 Dvrllzz )
from which we deduce that

1/2 1/2
e Ol < C (llollz2 + IDvO)] ol s + 1 Dvrllss ) - (23)
S

Note that the derivative v,, of v satisfies

F
—04g; — Avg, + Hp - Dvg, + Dy, [Hp] - Dv = Dmig—(m,m)(u(t)) in (0,T) x Td, (24)
m 24
Vg, (T, x) = Do, _;SG (@, m)(u(T)) + Dy,or(z)  inT?
m

where, to simplify the notation, we have set H, = Hp(z, Du), etc... Then Lemma 1.2 gives, in

view of our assumptions on 2£ and &
om om?
L2)

(T G, _
e Bl < CeT-0 (anmz+HDI%<-,m><u<T>>

T SF
+C [ e 1Dz, [Hy] - Dol s + | Do =) (u(®)) | ) ds
t L2
T
< Ce T (|| Durl| + HM(T)||L2>+C/ e (| Dol g2 + 1t 12) ds
t1/2
<

T
Ce ™ T=D| Dug|| g2 + C </ |DU||i2> + nglt) ()]l 12 -
t s=
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Combining this with (22) and with the estimate for x4 in (23), we find, for any t € [0, T,

1/2 1/2
IDu®llz < C (luollzs + IDoO) ol s + 1Dvrlzz) -
In particular, for t = 0, we get, after simplification:
1Dv(0)[| 2 < C ([|poll 2 + |1 Dvr|L2)

which jointly with (22) and (23) gives the desired statement. O

Remark 2.3. The above Lemma also provides an argument for proving the existence of a solution
(v,m) to (20). Indeed, the a priori estimate (21) allows for a standard application of Schaefer’s
fized point theorem by freezing p in the right-hand side as well as in the final value of the equation

of v.
Proof of Proposition 2.1. For T > 0, let us set

p(r) = sup
T,t,po,v1

[ ne0nto)

where the supremum is taken over T' > 27, t € [7,T — 7|, |lpollz2 < 1 and ||Dur| 2 < 1, the
pair (v, ) being the solution to (20). According to Lemma 2.2, p(7) is bounded for any 7, since,
using that p has zero average, one has for any ¢

VT “(t)“(t)‘ < C )|z [| Do)l 2

by Poincaré inequality. By definition, the map p is non increasing (since we take the supremum
over a set indexed by 7 which decreases for the inclusion as 7 increases). Let us denote by peo
the limit of p(7) as 7 — +00. The key step consists in proving that p,, = 0.

Let 7, = +00, T), > 27y, tn € [T, Tn — Tn), pf with |ufllr2 < 1 and v% with || Do 2 <1

be such that
[t e)] = e~ 1/
’]I‘d

We set

At x) = p"(ty +tx), 0t x) = v (t, +tx) — (0" (tn)) YVt E [ty Tn —t,], 2 € T
By the estimates of Lemma 2.2, the (2", i) are locally bounded in L?. By parabolic regularity
(from [17, Theorem II1.8.1 p. 196] combined with [17, Theorem III1.10.1 p. 204] and [17, Theorem
III.11.1 p. 211]), the " and D™ are locally bounded in C®/2“ while the ™ are bounded in
C/2e for some a € (0,1). So the pair (", i) locally uniformly converges to some (v, 1) which
satisfies the linearized MFG system on R x T¢. Moreover, we have

= Poo-

/T d ,u(())v(O)’ ~ lim

n

e e

On the other hand, for any ¢t € R and for n large enough, we have that ¢, +¢ € [r, — |t|, T, —
(1 — |t])], so that

/T d u(t)v(t)‘ ~ lim

n

[t 0+ t)\ < lim p(rn — [t) = poo.
Td n
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The duality equality implies that, for any t; < t5, we have

t2 t2
C*l/ |Dv||3. < — [/ uv] . (26)
t1 Td t1

Therefore the map t — [, u(t)v(t) is non increasing, with a derivative bounded above by
—[|Dv(0)||2, at t = 0, while the map ¢ — | [, s(t)v(t)| has a maximum pe at ¢ = 0: this implies
that Dv(0) = 0. As [, v(0) = 0, we can infer that

/w u(O)v(O)’ ~0.

We now prove that p(t) converges to 0 with an exponential rate. Let T' > 0 and (v, ) solution
of the MFG linearized system with ||(0)||2 <1 and ||[Dor||z2 < 1. Using Lemma 1.1 and (26),
we have, for 7 >0 and t € [7,T — 7]

Poo =

t

T

1/2
()] 2 < Ce= =D u(7/2)|| 2 + C ( U ‘“’} ) < Cem 24 O 2p(r/2))'?,
Td /2

because  is uniformly bounded in L? (Lemma 2.2). Thus

swp [0l < € (772 + (olr/2)2) (27)

te[r,T—1

Coming back to (25), we have, for all ¢t € [27,T — 27],

T—1 1/2
IDu®l2 < €T ODUT ~ e+ C ([ ||Dv||22> O (o)
t selt, T'—1
T—1 1/2
< ce—w+c(— [/ u(s)v(sﬂ +C sup (s
Td t set,T—]

< CemT 4 Cp'2(r) + C (e + (p(r/2)) %),
(28)
because Dv is uniformly bounded in L? (Lemma 2.2). In view of (27) and (28), we can fix 7 > 0

large enough so that, for any T' > 47 and any (v, ) as above, one has

sup  ([[p@) Lz + [|Dv(®)]|22) < 1/2.
te[2r,T—27]

Notice that, by definition, this also implies that p(27) < 1. Now we can iterate the previous
estimate. Indeed, for T' > 47, the restriction to [27,T — 27] of (v, ) is a solution of the linearized
MFG system (20) on [27,T — 27| with boundary conditions ||u(27)||rz < 1/2 and ||Dv(T —
27)||L2 < 1/2. As the problem is invariant by time translation, we deduce that

IS

sup  ([[u(t)l[L2 + (| Du(t)|[L2) < 1/4,

te[dr, T—4r1]
and similarly p(47) < Z). By a standard iteration, this shows that there exists A such that
P 1

lu@® 2 + 1Do(t)l|rz < Cle™™ +e M=) i e [0,77.
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Proposition 2.4. Let \ be as in Proposition 2.1. There exists C1 such that, if B = B(t,x)
satisfies
IB(#)]|r2 < e e XT0, (29)

and if (v, p) is a solution to the MFG linearized system

—0w — Av + Hp(x, Du).Dv = g—F(z, m)(u(t)) in (0,7) x T¢
m

Bupt — Ay — div(uH, (2, D)) — div(mHyy(z, D&)Dv) = div(B)  in (0,T) xT¢  (30)
1(0,-) =0, v(T,z) =0 in T4

then
Iz + 1Du(t) 12 < C1 (L4 1) e+ 1+ T)e X)) e e [0,7)

Proof. Let us first prove that (v, ) is bounded. The duality relation gives, for any 0 < t; < t5 <

T
to 2 ta
C’fl/ HD’UH%zdt < — [/ vu] —/ / B - Dv.
t1 T4 t1 t1 T

Thus, by Young’s inequality,

to 2 ta
0*1/ | Dv||32dt < — [/ W] +/ || B||32ds.
t1 Te t1 t1

Using the homogeneous boundary conditions at t = 0, ¢ = T', we obtain the bound

T T
/HDvH%zdtSC/ 1B ds.
0 0

This implies, with the same arguments as in Lemma 2.2,

)

- 1/2
sup ||p(®)[[L2 + [[Do(B)]| > < C / IBllZ-| <,
te[0,T 0
where the last inequality comes from (29).
For 7 > 0, we set
p(r) = sup ([[u(®)ll2 + [[Do(B)]]2) (31)

where the supremum is taken over any T' > 27, t € [1,T — 7] and any B satisfying (29), the pair

(v, ) being the solution to (30). In view of the previous discussion, p(7) is bounded for any 7.
The restriction (9, i) of (v, u) to [7,T — 7] can be written as

(0, 1) = (01, fi1) + (D2, fiz),

where (91, fi1) solves the homogeneous MFG linearized system (20) with boundary conditions
01(T —7) =v(T — 1) and fi1(7) = (1) while (02, fiz) solves the linearized MFG system (30) on
the time interval [7, T — 7] with homogeneous boundary conditions.

From Proposition 2.1, we have, for any ¢ € [7,T — 7],

[ (@)llz> + | Do (B)]] 2

IN

Co (7077 4+ e XT=7=0) (|u(7)l| 12 + | Du(T = 1) 2)
C (e—x(t—r) n e—A(T—T—t)) _

IN
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Note that the restriction of B to [r,T — 7] satisfies
HB(t)||L2 < e—/\T e—/\(t—r) +e—z\(T—T—1§) ]
So by the linearity and the invariance in time of the equation, we get
2(t)ll2 + Do) |12 < e Np(t —7) Ve [r, T —7l.
Putting together the estimates of (¥1, fi1) and (02, fi2), we obtain, for any t > T,

sup  ([lu(s)l|z2 + [[Dv(s)llz2) < sup  O(eM7) e ATTT) e p(s — 7)
s€[t+1,T—1—t] s€t+1,T—7—t]

< Qe Miype ™M p(t).
Taking the supremum over (v, 1) and multiplying by M) gives
e/\(tJr‘r)p(t + 7_) < Ce™ + e)‘tp(t),

from which we infer that
p(t) < C(1+t)e .

By definition of p in (31), this implies the conclusion when choosing 7 =t if ¢ € [0,7/2] and
7 =T —t otherwise. O

Collecting the above Propositions we finally obtain:

Theorem 2.5. Let A be as in Proposition 2.1. There exists Cy > 0 such that, if A = A(t,x)
and B = B(t,x) satisfy

JA@lzz + 1B 12 < M (e 4 eXT0), (32)

and if (v, p) is a solution to the MFG linearized system
B oF _ . d
—0w — Av+ Hp(z,Du) - Dv = %(z m)(p(t)) + A(t,x) in (0,7) x T,
Ot — Ap — div(pHp(z, D)) — div(mH,y(z, Du)Dv) = div(B) in (0,T) x T¢, (33)
1(0,-) = po, o(T,x) = §&(z,m)(W(T)) +or(z)  inT

with [ pio =0, we have:
@)z + Do)z < Co ((1+ )™ + (1 +T)e > T=) (| Dugllzz + ol 2 + M)

for any t € [0,T].
Proof. Let © be the solution to

—O0 — AV + Hp(x, Du).Do = A(t,z)  in (0,T) x T¢,
(T, ) =0  inT%

Note for later use that, assuming A < w, we have

| Do(t)]| > < CM (e 4 e 2T, (34)
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Indeed, using Lemma 1.2, we have
T
[9(t) = (@)= < C / e G0 A(s)|| p2ds < CM (e + e MT=0),
¢

Then the regularizing property of the equation leads to (34).
The pair (v1, p1) := (v — 7, 1) solves

F
—0w — Avy + Hy(x, Du).Dvy = g—(a:, m)(u(t)) in (0,7) x T¢,
m
Optr — Apy — div(ps Hy(x, Da)) — div(mHpp(z, Da) Do)
= div(B + mH,p(x, D@)D?) in (0,T) x T,
Ml(oﬂ') = Mo, ’Ul(Ta‘T) = %(,@,m)(ul(T)) +’UT($) in Tda

where, by (32) and (34),
IB(t) + imHyy(z, DG)Di(t)|| 12 < CM (e_)‘t + e_’\(T_t)) .
Using Propositions 2.1 and 2.4, we get:
()l 22 + [[Dvi ()]l 22 < C© ((1 +t)e M+ (1+ T)efA(T*t)) (IDvr)lz2 + llpollze + M)

for any ¢ € [0,T]. Recalling the definition of (v1, 1) and using again inequality (34) gives the
result. O

2.2 Estimates for the nonlinear system
Now we consider the nonlinear MFG systems. For the finite horizon problem, we have:

Theorem 2.6. There exists v > 0 and C > 0 such that, if (u,m) is the solution of the MFG
system with initial condition my € P(T4):
-0 — Au + H(z, Du) = F(z,m(t)) in (0,7) x T¢
om — Am — div(mHp(z, Du)) =0 in (0,7) x T¢ (35)
m(0, ) = mo, u(T,z) = G(x,m(T)) in T9
then, for some a € (0,1),
|Du(t) — Dif|grsa < C (wt + w(T*ﬂ) vt € [0,T]

and
[m(t) —mllca <C (e*“ + e*”<T*t>) vt € [1,T].

In particular,
sup lu(t,z) —a(x) — MT —t)| < C.
(t,2)€[0,T]x T4
Proof. We use a fixed point argument. Let us start with the proof for initial and terminal
conditions which are sufficiently close to m and u respectively. Let K > 0 be small enough and
v € (A/2,\), where X is given by Proposition 2.1. Let E be the set of continuous maps (v, 1) on
[0, 7] x T? such that Dv is also continuous and

Do)z + u(®)]l e < K (77 4 e77T=0)
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We suppose that K is such that
m(z) > K  VreTd

We also assume that the initial condition mg and the terminal condition ur are close to m and
@ (plus constant) respectively, namely that pg := mg — m and vr := ur — 4 satisfy

lnoll o= + | Dozl < K. (36)

We may suppose further that o and Dvr belong to C%(T4) for some « € (0,1).
For (v, ) € E, we consider the solution (¥, i) to the linearized system

F
-0 0 — AV + Hy(z, Du) - Db = g—(m,m)(ﬂ(t)) + A(t,x) in (0,7) x T¢
m
Ofi — Afi — div(Hy(x, D@)) — div(mH,y,(x, Di)D%) = div(B)  in (0,T) x T¢

w(0,-) = po, (T, x) = vr(zx) in T9
with
A(t,xz) = —H(z, D(a+v))+ H(z, Da) + Hy(z, Du) - Dv+ F(z,m+p) — F(z,m) — g—i(x, m)(p)
and

B(t,x) = (7 + p) Hy(z, D(@ +v)) = mH,(z, D7) — iHy(x, DW) — iH,y (w, D) Do.
We note that m + p > 0 on [0,7] x T¢ and
JA@z= + [B@z= < CR? (7" 4 7T}

Here we used that m +— 2 (z,m,y) is Lipschitz (uniformly with respect to (x,y)) and the

om
Lipschitz character of H,, as well.

From Theorem 2.5 we have, as v € (A\/2, \),
|2 + 1D3(0) 22 < CR (14 8)e™™ + (14 T)e>T=0).

We upgrade the previous estimates to L°° norms with our usual arguments: from Lemma 1.2 we
have

15(6) = (0 = < CeT=Do(T) = (o(T)
T
0 [ S ) ) o + A s
< CK? ((1 +t)e M 4 (14 T)e—A(T—t)) :

Then, in any interval [t,t + 1], we have

[Do(t)]|oc <€ sup [[[0(s) = (0(s))lloo + Hg—i(%m)(ﬂ(S))lle + | A(s)lloo] »
SE(t,t+1)

and this concludes the estimate for ||Do(t)|| . Now, using the bound for Do and B, we have

Al < C sup t)[llﬁ(S)llLZ + 1D6(s)l| Lo + [ B(5)lloc]
se(t—1,
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and we conclude the estimate for ||fi(t)||c. Notice that the above bounds hold up to ¢ = 0 and
t =T by using the condition (36) assumed on py and vy. Eventually, we obtained that

||ﬂ(t)||L°° + ||D’L~)(t)||Loo < CKQ ((1 + t)e—)\t + (1 + T)e_A(T_t)) .
Since v < A, for K small enough we infer that
()] L + | Do) ||~ < K (e—vt H_w(T_t))

and (0, 1) belongs to E. In addition, fi and @ — (0) solve linear parabolic equations with bounded
coefficients, so classical parabolic estimates ([17, Theorem I11.8.1 p. 196], [17, Theorem II1.10.1
p. 196] and [17, Theorem TI1.11.1 p. 196]) imply that j and D4 are locally bounded in C®/2 for
some « € (0, 1), with bounds that only depend on the L* norm of the coefficients. In particular,
the map (v, ) — (9, i) is compact and it has a fixed point (v, ). Then (u,m) := (@, m) + (v, 1)
is a solution to (35) with terminal condition ur and which satisfies the decay

| Du(t) — Du(t)[|ca + [Im(t) — mlloa < K (e*” + e*7<T*t>) .

We now remove the smallness and regularity assumptions on the initial condition mo and the
terminal condition ur. Let (u, m) be the solution to (35). From Lemma 1.7 there exists 0 < 7 < T’
such that, if T > T', then the solution to (35) satisfies, again for some « € (0, 1),

Im(¢) = mlce + || Du(t) = Diee < K*  Vt€[r,T —7]. (37)
From the first step we conclude that
|m(t) — m||ca + || Du(t) — Diljce < K (eﬂ(t*ﬂ + e*%T*T*ﬂ) vt e [r,T —7].

Using Lemma 1.1 and changing the constant if necessary, we can extend this inequality for m to
the time interval [1, T]. Moreover, Du(t) — Da also satisfies a parabolic equation with uniformly
bounded coefficients. Thus it is bounded in C1*+/2.1+e (for some possibly different a, depending
on the data only) and we can improve the above inequality for u into

| Du(t) — Difrsa < C (e*” + eﬂ(T*”) vt € [0,7].

We finally prove the last bound on v :=u — @ — A(T — t). Note that v satisfies
—Ow — Av = A(t, x)

where

A(t,z) = —(H(x, Du) — H(z, Du)) + F(z,m(t)) — F(z,m),

so that
[A®)|[= < C (e*”t - e*WT*”) vt € [0, 7).

Thus, by standard heat estimate,

T
lo@llz~ < Ce T o(T)| = + C / e (0| A(s) | pds < C.
t
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Let us stress that the above proof provides an explicit smallness estimate on D(u — @) and
m — m for initial-terminal data which are correspondingly small. This allows us to derive the
convergence of u”(0,z) as the time horizon tends to infinity, for the special case with initial
measure my = m. This result is a first key argument in the analysis of the long time behavior of
the general MFG system and of the master equation (Theorem 5.1 and Corollary 5.2).

Proposition 2.7. For any T > 0, let (u®,m™) be the solution to

—0pu” — Au' + H(x, Du”) = F(:I: m?(t)) in (0,7) x T4,
om® — Am” — div(m” H,(z, Du™)) =0 in (0,7) x T¢, (38)
m?(0,-) = m, uT(T,z) = G(z,m(T)) in T<.

Then there exists a constant ¢ such that

lim o’ — N =1 c
om u (0,z) = A u(z) + ¢,

where the limit is uniform in x € TY.

Proof. The proof consists in showing that the quantity u”(0,2) — AT — @(x) is Cauchy in T in
the uniform topology and converges to a constant. In a first step, we show that there exists
7 > 0 large enough such that u7 (T — 7) and u” (I" — 7) are close in L™ for T, T’ > 2r. Then
we use Theorem 2.6 (and its proof) to extend this proximity up to time ¢ = 0.

Let us fix € > 0 small. Theorem 2.6 states that

|DuT (t) — Ditl| it + [mT(t) — i~ < C (e—vt + e—%T-t)) Vte[1,T]  (39)
for some constant C' independent of T'. Fix 7 large enough and let T, 7" > 27. If we consider

@, mT(t, x) == @7, mT)(t+T,z) and (a7 ,mT (¢, z) := (@7 ,mT)(t + T, x), those are both
solutions of the MFG system in (—7,0), so the energy inequality gives

Cc- /_ 5 mT + T D@ET — a7 < — Md(aT(t) — a7 () (T () —mT

where we used that (a7 — 47" )(0) = G(z,mT(0)) — G(z,m" (0)) and the monotonicity of G.
Using (39) and the fact that 7', 7" > 27 we deduce that

/ (" +m™)[D@" —a")? < e,
—7 JTd

where C is independent of T', 7’. Now we apply Lemma 1.1 and (39) to T —m7" in the interval

(—7,0) and we get
oy =it o+ ([ [ o pipar - ampar)

< Ce .

1/2

i (t) — T (t)]| 2

IN

In particular, by the assumptions on F, G, there exists C' > 0 such that

S I (@, " (8) = Fx, i (£)) ]2 + |Gz, " (0) = Gla,m™ (0)) ]| < Ce™ 7.
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By comparison principle between 47 and 4% in (—7,0), we conclude that
[aT (=) — 4T (~7)]loc < C(A+ 7).
Hence we can choose 7 sufficiently large such that
[u™(T = 7) =™ (T = 7)o < & (40)

for any T, T’ large enough.
Now we extend the proximity of u? and u?" up to time ¢ = 0. Recalling that, by (39),
|Du™ (T — 1) — Dii||oo < ¢ for any T large enough, there exists & (T") such that

|luT (T — 7) — @ — & (T)|| < Ce. (41)

Note that (40) implies that (¢o(T")) is Cauchy as T' — +oo and thus converges to a limit ¢. Let
v > 0 be defined in the first step of the proof of Theorem 2.6; since (u”,m”) satisfy (36) with
K =¢Y 2, we can choose € small enough so that the fixed point argument of Theorem 2.6 applies.
Then, the restriction of (u?, m?”) to [0,T — 7] satisfies:

| Du” (t) — Diil|p~ + [|[mT (t) — o < e/? (e_7t + e—WT—T—t)) Vte [0, T —7]. (42)
Integrating in space the equation satisfied by u” — @, we get
[0 (=) - A=)
. T—1
<

_/ \H(z, Du") — H(z, DA)| + |F(w,mT () — F(z,m)| dzdt < CeV/2.
0 Td

Using (42) (at time ¢ = 0 and at time ¢ = T' — 7) and Poincaré inequality, we infer therefore that
[u” (0) = u” (T —7) = NT = 7)o < Ce'/2. (43)
Combining (40), (41) and (43), we conclude that, for any 7', 7" large enough,
[u(0) = & — 2o(T) = A(T — 7)||oe < Ce'/2.

From this we can deduce that (u”(0,7) — AT) converges uniformly to @(z) + ¢ as T tends to

0. |
We also deduce from Theorem 2.6 crucial estimates for the linearized system around any

solution (u,m) of (35).

Corollary 2.8. There exists v > 0 and C > 0 such that, if (u,m) is the solution of the MFG

system (35), and if (v, ) is the solution to the linearized MFG system

F
—0w — Av + Hy(x,Du) - Dv = 6—(:1:, m)(p) in (0,T) x T4,

m
Oept — Ap — div(pH,(x, Du)) — div(mH,,(x, Du)Dv) =0 in (0,T) x T%

p(0.) = oy o(T) = 52 (em(T)(u(T)) T,

with fW wo = 0, we have

l@)llz2 + [Du(t) 22 < € (77 4+ 77 T=0) gl (44)
and, for some o € (0,1) depending only on the data,
sup [[vllcz+e < Cllpoll(c2+ey- (45)
te[0,T]
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Proof. We first need a priori estimates on (v, ). To this purpose we assume that po € L?(T%),
and we proceed exactly as in Lemma 2.2 obtaining

T
/ m|Dvf” + sup ([u(®)l|Z2 + [Dv(t)][72) < CollpollZ-- (46)
0o J1e t€[0,T)
Next we note that (v, ) is the solution to (33) with
_ oF _
A= —(Hp(x, Du) = Hy(w, D)) - Do+ —(x,m(t))(u(t)) — = (z,m)(u(t)),

om
B = p(Hy(w, Du) — Hy(w, D)) + (mHyp(, D) — it Hyp (s, D)) Do

and
0G 0G _
vr(z) = %(%m(T))(M(T)) - %(xam)(M(T))‘
Note that
[A®)]|L2 < Cl|Du — Dif|oo|[Dvl| 2 4+ C dy(m(t), m) [|u(t) ] 2
while
[B(t)||r2 < Cl[Du — Do ||pu(t)|| 22 + C(d1(m(t), m) + || Du(t) — Diil|oo) | Dv(t)]| 2

and

[vr|l < Cdi(m(T), m) ||u(T)]| 2
Here we used once more the Lipschitz character of m — g—fl(x,m,y), m — %(m,m,y) and
p — Hyp(x,p).

Using Theorem 2.6 and (46), we deduce:
JA®Ilzz + I B®llz < Cluollzz (77 +eT=0) .
Then Theorem 2.5 (used with A = v) and the bounds (46) imply that
Ol 2 + D022 < € (L D™ 4+ (L4 T)e ) g o
So we deduce (44), possibly for a smaller value of ~.
Now we upgrade the above estimate by using weaker norms for py and stronger norms for v.

For this, we use Lemma 2.9 below which states that
@)z < Cllpoll(cz+ay-
Applying our previous estimate (44) to the time interval [1,T], we find that, for any ¢ > 1,
t)l2 + [1Du(O) 22 < € (767D 4+ T=E=DY ()]
< C (7 4+ e T g ey
Lemma 2.9 also states that

sup ||v(t) = (v(t))llcz+e + sup [lu(t)]l(c2rey < Cllpollc2rey (47)
t€[0,T] t€[0,T]
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so that we also have

sup [[Do(®)]z2 + sup [[u(t)llczray < Clluollcaroy.
tel0,1] t€[0,1]

Integrating in space the equation for v and using the above bounds on Dv and p then implies
that
)] < C lloll ey VE€ [0,T].

We can the deduce (45) from (47) and the above inequality. O

Lemma 2.9. Under the assumptions of Corollary 2.8, there exists a constant C > 0 (independent
of T', mg and pp) such that

sup.[o(t) — ((Ollase + sup_Nu(t)llcarey + l(Dllze < Cluollcavey
t€[0,T] t€[0,T]

Proof. The duality estimate gives

t T
c/ m|Dv|* < / / mHp,(x, Du)Dv - Dv < / v(0) o , (48)
o Jrd o Jrd Td

where we used that %(z, m(T)) is a nonnegative operator. By duality, we also have

¢
[uwg== [ [ mt(Dwpe-Do+ [ w0
T 0 Jrd Td
where 1 solves (for some smooth terminal condition £ at time ¢):

—0p — AY + Hy(x, Du) - Dy =0 in (0,¢) x T%,
P(t,) =& in T

Since, by Lemma 1.2, [|1(s) — (¥(s))||2 < ce < =9)||¢| 12, we have by standard estimates:

t t
2 2 _ 2 2
/Ofwww s||£||2+c/0 /wa (W2 < O]

Therefore,

[, ne=<c ( / /, m|Dv|2> €l + 16(0) — ((O)) e lollrrey
From (48) we deduce
[, 06 < € (100 = (o lcase ol rvey) * €]+ [9(0) = O cose Lol carey - (49)

To estimate last term, we note that, if ¢ < 1, we have by Schauder estimates that

14(0) = (@ (0))lcz+a < Cl€ll 2o,

while, if t > 1, we have, by Schauder interior estimates:

[9(0) = (@ (0)lcz+e < CllYp(1) = (1))l L2 < Cll€ll > < Cll€ll e (50)
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Coming back to (49) and taking the supremum over the £ with [|£]|g2+e < 1, this implies that:

1/2 1
i Ju®lczrey < (I10(0) = WO w it ooy + ltolo2eer ) . (51)
€0,

Similarly, from (49) and (50) we also estimate

(Ulzs < € (11000) = @O Il ey + ltollcvey) (52)

We now have to estimate v(0) — (v(0)). First we have, by Lemma 1.2, that for any ¢ € [0, T:

[o(8) ~ (ot < €T 2 o m(T))u(T) o + / e 0T () () e s
< C sup [a(®)[i2rey
(0,7
(53)
SF §6G

where we used the C?T® character of S5 5 With respect to y. We also estimate Dv in L? in

terms of the same quantity due to Lemma 1.2. Next, the regularizing property of the equation
for v — (v) (Theorem IV.9.1 of [17]) implies that, for any ¢ € [0,7 — 1/2] and any S € (0, 1),

[o(t) = (EDllcrs < ot +1/2) = ((E+1/2))]loc + C PR la(s)ll (c2tey

<C'sup [lu(s)]| sy
[0,7]
(where the constant depends on ). Then considering the equation for v,, (for i € {1,...,d})

and using the uniform C? regularity of u as well as the C? regularity of D, 2L in the y variable
as in (53), we obtain in the same way, for any ¢t € [0,T — 1]:

[0z, (D)l cr+s < [lvz, (¢ +1/2)[Jo0 + C ( sup [|Dv(s)[lo +  sup ||M(S)||(C2+a)'>
seft,t+1/2] s€[t,t+1/2]

< Csup [[u(s)l|(czray -
(0,77

Choosing 8 = «, we have proved therefore that

sup  [[v(s) = (v(s))|lcz+a < C sup |[|u(s)||(cz+ay-
5€[0,7—1] s€[0,T)

Using this inequality for ||v(0) — (v(0))|| g2+« into (51) then gives

sup _||u(t)|[(c2+ey < Cllpoll(c2tay,
te[0,7]

which in turn implies that

sup [[o(s) = (v(s))llc2te < Cllpollcorey-
te(0,7—1]

Note that we can extend this inequality to the time interval [T — 1,T] by using the regularity
of the equation satisfied by v on this interval, the regularity of the terminal condition and the
bound on ()|l (c2ra):-

In the same way, from (52) we obtain

Il 2 < Cllpoll(cz+ey-
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Remark 2.10. In order to estimate v in the C?- norm, we have used in Lemma 2.9 the reqularity
condition (FG3) on the couplings. However, by only using condition (FG2), we could similarly
obtain a milder estimate as

sup [[o(t) = (v(®))ller + sup [[u(®)ll(cry < Cllpollcry - (54)
t€[0,T] te[0,T]

Indeed, a similar estimate as (53) would hold in terms of ||u(t)|[(c1y by using condition (FG2),
since

(D)) o+ [ € () ) )

< C sup [|u(®)llcry
[0,7]

lo() = () oo < e=*T1

where we only used that g—f;, % are C' and globally Lipschitz w.r.t. to y. Under the same
condition the estimate for Dv in L* would follow. Fventually, with the same strategy as in the

above proof, by using C*, rather than C**%, estimates on v, we would get at (54).

3 Exponential rate of convergence for the infinite horizon
MFG system

Throughout this section we study the infinite horizon discounted problem and show an exponen-
tial convergence towards a stationary solution. The existence of this solution is new, as well as
the convergence rate towards this solution. The method of proof is close to the one employed in
the previous Section for the finite horizon.

3.1 The stationary solution of the infinite horizon problem

Proposition 3.1. There exists 6o > 0 such that, if § € (0,00), there is a unique solution (@°,m®)

to the problem
ou’ — Au® + H(x, Du’) = F(z,m°)  inT¢
—Am® — div(m® Hy(x, D@®)) =0  in T¢

/m5:1,/a5:0.
Td Td

Moreover, for any 6 € (0,dp),

(55)

D@ |6 + 8]|7°]| 00 + [|772°]|00 < C' and m(x) > C~t Vo e T,
for some constant C > 0.

Proof. The existence of a solution can be achieved by a standard fixed point argument, so we
omit it. In the same way, the regularity of 4 and m? is standard. The strong maximum principle
implies that m% is bounded below by a constant independent of §. For proving the uniqueness,
we argue as usual by duality: let (u1,m1) and (u2, m2) be two solutions. By duality argument
and Poincaré’s inequality, we have

C7H|D(ur — ug)|7> < 5/d(u1 —ug)(m1 —ma) < CO||D(ur — uz)||p2l|m1 — mal|L2.
T
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Thus
ID(us — us)llzs < Collmy — msl| 2. (56)

On another hand, by Corollary 1.3, we have
[m1 —ma|[L2 < CHp(, Dur) — Hy(, Dug)|[r2 < C||D(ur — ug)l|z> (57)

For ¢ small enough, we deduce from (56)—(57) that m; = mg and Du; = Dus, whence u; =
ug. O

We now note that the solution (@, m?) is close to (@, m), where (A, @,m) is the solution of
the ergodic problem (2):

Proposition 3.2. We have
162° = Moo + | D(@° = @)l 2 + |m® = m| L2 < C5/2.
Proof. We use again the duality argument to get
CHD@@ —a)2. < / (67° — N)(m° —m) < C8|| D@’ || < C6.
Td

Thus
D@0 —a)|| 2 < Co/2.

By Corollary 1.3, we have
|m® — |2 < C|D(@° —a)|| 2 < C8Y2.

The estimate between 67 and A then comes from the comparison principle. [l

3.2 Exponential rate for the linearized system
Let (@, m?) be the solution to (55). We consider the linearized discounted problem around this
solution:

—0w + dv — Av + H,(z, D@’) - Dv = g—F(z, m?) (u(t)) in (0, 400) x T¢,

Orpt — Ap — div(uH, (x, Du’)) — div(mgﬁpp(x, Da)Dv) =0 in (0, +00) x T, (58)
w(0,-) = po in T4, v bounded,

with de 1o = 0. As in Section 2.1, the existence of a solution to (58) can be proved for pg €
L?(T?) by using fixed point arguments and relying on the conditions enjoyed by g—i and the
smoothness of (@®,m%). In particular, one can first solve the system in a finite horizon t € (0,7)
with terminal condition v(n) = 0, and then obtain a solution to (58) by letting n — co. Since
0 > 0, here ||§—,ZHOO §~1 is a uniform bound with respect to n and leads to a bounded v in (58).
In the rest of this paragraph, we are going to show that v actually enjoys a bound which is
uniform in 6 and that u, Dv decay exponentially in L? as ¢t — oo, uniformly with respect to 4.

Lemma 3.3. Let (v, ) be a solution to (58). Then we have

/ W) >0 WE>0
Td
and there exists a constant Cy > 0, independent of pg and §, such that, for anyt > 0,

lu(®) ]2 + 1 Do)l 2 < Collpol r2e/.
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—ot

Proof. We consider the duality between e~ °"v and p; using properties of (4s, ms) from Proposi-

tion 3.1 we get

tz t2
C’_l/ e O Du(t)||22dt < — |:€_6t/ v(t)u(t)] . (59)
t1 Td ty
Next we claim that
0_1/0 e~ | Do(t)[|72dt < /Td 110v(0) < Cl|ptol[r2[lv(0) = (v(0))]| 2 (60)

This inequality is obvious from the duality inequality if we know that the limit e =% [, v(t)u(t)
vanishes as t — +o00. For this we need a first rough bound on x. By Lemma 1.1 we have

t 1/2
||u<t>||psce-wtuuoumc[ / IIDU(S)H%st] |

By (59), we get

1/2

IN

t
@l < Ce=tlpolls + Ce? { / 6_65"])“(5)”%”5]

ot/2 e )

IN

Ce™ ! 2 + Ce™ 2ol % [l 127 +

so that
[u(t)|z < Cse’'/?

where C5 depends on pg and §. This inequality then implies that

lim e~ % /W u(t)v(t) =0

t— o0

and (60) holds. Note that (59) implies that the map ¢ — e~ [, u(t)v(t) is nonincreasing, and
we just proved that it has limit 0 as ¢ — +o0o0. Thus it is nonnegative.

In the light of (60) we revisit the estimate of u. We have

t 1/2
ez < Ce ol 2 + Ce®/? / ”SIIDU(S)II%‘“}
0
< CemY| o rz + Ce® 2| o157 [0(0) — (w(0)) 1147

We plug this inequality into the usual estimate for v: for any 0 <t < ¢4,

o) = @O}1e < Cemlo(ts) = (o) zs +C [ e ()l s
< Cem e el
+C / T (&7 ol e+ Ce™ ol 4 10(0) — () 1147 ds
< ceen t3||v<t1> (v(t1) 22 + Clpol 2~

1/2 1/2
+Clol[32 10(0) — (w(0)) ]| 1472,
Letting t; — 400 gives

[o(t) — ()2 < Cllpollzze™ + Clluoll )5 [10(0) — (v(0))[|}57¢%/2.
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Choosing t = 0 and rearranging we find

[0(0) = (O ll2 < Cllpolz>-

So we have for any ¢ > 0

@2 + o) = wE) 2 < Cliollz2e™/>.
We can then conclude by Lemma 1.2. .

Proposition 3.4. Let (a’,m?) be the solution to (55). There exist 5o, Co, A > 0 such that, if
(v, 1) is the solution to (58) associated with (u®,m?) and [p. po =0, and if § € (0,60), then

| Do)z + (O]l > < Colluollzze™ vt > 0.

In particular,
o]l e < C.

Proof. Let us set

0 = sup e % v
p°(t) == sup /Tdu(t) (t),

Ho

where the supremum is taken over ||po||z2 < 1 and where (v, 11) is the solution to (58) with initial
condition y(0) = . In view of the duality identity, the map p° is non increasing. Moreover,
Lemma 3.3 states that p° (t) is bounded independently of § and nonnegative. Then we set

p(t) = limsup p° ().
6—0

Note that p is also nonincreasing, nonnegative and bounded. We denote by p. its limit as
t — 400. We claim that po, = 0.
Indeed, let ¢, — +00, §, — 0, and p§ with ||u{]/L2 < 1 be such that

6_6"t"’/ w ()™ (tn) = poo — 1/n.
Td
We let, for s € [—t,, +00),
671(8) — e—éntn/Q (’U"(tn + S) _ <’U"(tn)>), ﬁn(s) _ 6_6”’t”'/2un(tn + S).

From Lemma 3.3 we know that ", Do"™ and " are locally bounded in L2, As the pair (3", i")
satisfies an equation of the form (58), standard regularity estimates for parabolic equations with
bounded coefficients (Theorem I11.10.1 of [17]) imply that ™, D™ and @™ are locally bounded
in CP/28 for some 8 € (0,1). Therefore, up to a subsequence, denoted in the same way, (")
converges to ¥ and (") converges to fi locally uniformly, where by linearity (9, i) solve
~ ~ _5 L OF s . d
—00 — AU+ Hp(x,Du’) - Db = 6—(z,m )((t)) in (—00,0) x T
m
Ofi — Aji — div(fiH, (x, Da’)) — div(m® Hyp(z, Da®)D3) =0 in (—00,0) x T¢

For any s < 0 and any 7 > 0, we have, for n large enough,

/ fi"(s)0"(s) = e Onfn / (1" (4 )" (tn 4 8) < €2 p (8, + 5) < €%pn (1),
T T
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so that

[ i)t < ot

Letting 7 — 400, we find therefore

/Td fi(s)0(s) < pos =/ a(0)5(0), Vs <0.

Td

However [, fi(s)o(s) is non increasing, so we also have the reverse inequality, and we deduce
that this quantity must be constant in (—oo,0]. The duality relation then implies that Do = 0
for any ¢t < 0, which gives po = 0.

Next we claim that there exists v > 0, C > 0 and dy > 0 such that, for § € (0,dp), one has
PPt) <Ce™ ™ Vt>0. (61)
Indeed, let € > 0 small to be chosen later and let Ty > 0, §g > 0 be such that
Pt)y<e  Vt>Tp, 6e(0,0). (62)
Fix § € (0,0p) and let (v, 1) be a solution to (58). Inequalities (59) (combined with the fact that

Jpa vp is nonnegative) and (62) imply that

to
[ IDu s < Cellpole Vtrsta > To, 5 € (0,60)

t1

Revisiting the estimate for u, we have, for any t; > 0,
To+t1 1/2
[14(To + t1) || 2 < Ce™ " | u(To)| 2 + C / [Do(s)[Z2ds|
To

so that, using Lemma 3.3 and the above estimate on Du,

To-+t1

(T4 t)lls < Cem eI g+ CedTrion2 | [
To

C|| o] 2 € Tott0)/2 (e—(w+6/2)t1 n 51/2) _

1/2
6_68”D’U(S)H%2d5‘|

IN

We choose t; large enough (independently of ¢ and 6 € (0,w)) so that Ce~“" < 1/4 and ¢ so
small that Ce'/? < 1/4. Setting 7 := Ty + t1, this yields to

la()lze < 27 uol 2™/, (63)

Fix (v,u) a solution to (58). The pair (7, /) := (v(T + ), u(7 + -)) is also a solution of (58)
with initial condition f1(0) = p(7). The equation being linear in o and the quantity [, u(t)v ()
being homogenous of degree 2, we have therefore

e / () < (200 V>0,
Td

where

o0t /11‘d fi(t)o(t) = om0 / p(t + T)u(t + 7).

Td
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This implies that
) [ e+ ol +7) < O 0
Recalling estimate (63) and taking the supremum over ||uo||z2 < 1, we find
PPt+7)<p’()/2  VE>0.

This easily implies (61).

We can now come back to the estimates of y and v for a given solution (v, ) of (58) with
d € (0,60). For t > 0, we have, using Lemma 3.3, (59) and (61) successively:

‘ 1/2
lu@®)llze < Ce™*2|lu(t/2)] 12+ C // |Dv<s>||%2ds]
t/2
. 1/2
< Ce B gl 2 + Ce/ l/ 6‘*”Dv<s>|izd4
t/2
<

Ol o 12 (e—wt/2+6t/2 " eét/2—7t/4) .
For § small enough, this implies that
@)z < Clluollpze™™ VWt >0,
for some A € (0,w). Thus, by Lemma 3.3 applied on the time-interval [t/2, +00),
Do)l 2 < Cllu(t/2)] g2/
< Clpol| Lze™

for some possibly different A > 0. The bound on ||v||_ follows directly from the equation for v

and our regularity assumption on % which implies that

OF _
|5 emue)| <Ol < Clalie™  vizo,

o0

In the next step we study a perturbed discounted linearized problem.

Proposition 3.5. Let (v, 1) solve

F
—0yv + 0v — Av + Hy(x, Da®) - Dv = g—(x,m‘s)(u(t)) + A(t, x) in (0, 400) x T¢

Oep — Ap — div(uH, (z, D@°)) — div(m® Hyp(x, D@’ ) Dv) = div(B(t, x)) in (0, 400) x T¢
w(0,-) = o in T, v bounded.

(64)
with [1q 10 =0, ||poll2 <1 and assume that, for some v >0,
[A@®)lz2 + Bl <e™™ ¥t >0. (65)
If § € (0,60), then
ln@)llzz + [ Do(t)l|z2 < C(1+t)e™ (66)

where 0 := vy A X and g, A > 0 are defined in Proposition 3.4.
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Proof. Using Proposition 3.4 and the linearity of the equation, we can assume, without loss of
generality, that po = 0. We first assume that A = 0. Throughout the proof, the constant C' can
depend on 7.

Let us start with preliminary estimates. The duality identity here implies:

ta ta to
[T e ipuads < - e [ wout)] e [T e aas
t1 Td t1 t1
One can check, exactly as for the proof of Lemma 3.3, that

lim e~ /Td w(t)u(t) = 0.

t—+oo
Then the duality inequality and our assumption on B imply that

“+o0
/ =03 Do (s)||Zads < C.
0

Arguing as before we derive for p that

IN

¢ 1/2
a2 < C [/O IDu(s)1Z2 + 1B(s)]I dS]

IN

t 1/2
Cedt/? UO 6_65(|Dv(s)||%2+|B(s)|%2)d5] < Ce'/2.

Thus, applying Lemma 1.2 (with 7' — o) to e~%*v, we deduce

+oo
e lo(t) — (v)2 < C e u(s) || p2e " ds

t
< 616—515/27

which gives
[o(t) = (u(®)l| 2 < C 2.

We set
pO(t) = sup [ ()2 + llv(t) = ()l z2)] ,

where the supremum is taken over the B that satisfy (65) and where (v, u) solves (64) (with
A =0 and po = 0). Fix (v, ) solution to (64) with A = 0 and o = 0 and let us consider its
restriction to a time interval [7, +00). We can write

(v, 1) = (v1, 1) + (v2, p2)

where (v1, 1) solves on [r, +00) the homogeneous equation (58) with initial condition u(7) =
(1) and (v, u2) solves on [1,4+00) the inhomogeneous equation (64) with pa(7) = 0 and A = 0.
By Proposition 3.4 we have, for 6 € (0, do),

i (7 + )|z + 1 Dvr (7 + )22 < Coe™ u(r)|lz2 < Coe™ ™™™/ ¥t 20,
while, as the restriction of B to [r, +00) satisfies

|B(T +1)||p2 < e 7Tt vt >0,

34



we have
l2(r + )l > + o2 (T + 1) = (va(7 + 1) |2 < e 7P (1) ™ VE>0.

So
l(r + )2 + lo(r + 1) = ((r + )| 2 < Ce M2 4777 p° ()e.

Multiplying by e~®***7) and taking the supremum over B leads to
P (T4 1) < CeOFIt L o= 4T o),

Setting 6 := v A X\ and considering the inequality satisfied by e®*9)tp9(¢), we then obtain the
exponential decay of p°:
P() < C(1+1)e O+,

which implies, by definition of p?(t), that

sup ([lu(®)llzz + flot) = B)llz2) < €A+ t)e="".

Once more we observe that, by Lemma 1.2, we can estimate ||Dv(t)||z2 in terms of ||u(t)|| 2 and
[lo(t) — (v(t))||2. Hence (66) is proved when A = 0.
It remains to consider the case where A # 0. Let v; be the unique bounded solution to

—0v1 + dv1 — Avy + Hy(z, Dﬁa) - Dvy = A(t, x) in (0, 400) X T,

ot

Using as before Lemma 1.2 for e °*v; and with T' — oo, we estimate

[01() = (w1 (®))ll2 < C/ e”HIETD | As) || p2ds < Ce™ ™,
t

Finally, using again Lemma 1.2 gives
HD'Ul(t)HLZ < Ce .

Note that, if (v, p) is the solution to (64), then (v — vy, u) solves (64) with A = 0 and B’ =
B+ m‘sprDvl, so that, applying the above estimate gives

@)z + [1Dv(B)]| 2 < C(1+ t)e™"

where 6 := v A A\ O

3.3 Exponential rate for the nonlinear system

We now consider the infinite horizon discounted nonlinear MFG system (5). Let us recall that
this system is well-posed and that we have Lipschitz estimates:

Lemma 3.6. Under our standing assumptions, for any § € (0,1) there exists a unique solution
(u®,m?) to (5). Moreover, for any a € (0,1), there exists a constant C > 0, independent of &,
such that

||DU6||C(1+Q)/2,1+Q + sup Hmé(t)”oo S C.
te(l,00)

35



Proof. Existence and uniqueness of the solution rely on standard arguments (see [21]). Since the
solution is unique, it can be obtained as limit of solutions in horizons T,, — oo with the terminal
condition u(7T},,) = 0; this way one can prove, exactly as in Lemma 1.5, that Du? is uniformly
bounded, and one also has a uniform bound for ||0u’||.. As a consequence, m® is uniformly
bounded in [1,+00) thanks to Lemma 1.1 and is (uniformly) Holder continuous in time with
values in P(T?), see estimate (16). Finally, by considering the equation of (u°),,, namely

7875(’“6)961' + 5(’“6)11 - A(ua)ﬂﬁl + HIi + HP ’ D(ua)zz = in )

the parabolic regularity applied in any interval (¢,¢+ 1), jointly with the uniform bound already
found for ||(u?),,||o0, implies the desired estimate upon Du®. More precisely, by only using that
F,(z,m) is uniformly bounded, and the bound on H, and H,, we deduce a bound for (u%),, in
C+a)/21%+e for any a € (0,1). O

The main result of this part is the following exponential convergence of the discounted prob-
lem.

Theorem 3.7. Let (u®,m®) be the solution to the discounted MFG system (5). There eist
7,00 > 0 and C > 0 such that, if § € (0,dp), then

D@ (t) — a)|| e < Ce™™  VE>0

and
|m?(t) — |~ < Ce ™ Vt>1.

Proof. The proof is very close to the proof of Theorem 2.6. Let
E:={(v,p), Do) = + [ln(t)l|z= < Ke '}
where K > 0 and v > 0 are to be chosen below. We assume that K is small enough so that
n® > K.
We also assume that the initial condition is close to m®, namely pg := mg — m°® satisfies
oz < K.

We consider the solution (7, i) to (64) with initial condition Z(0) = o,
A(t,x) = —H(x, D(@’+v))+H (z, Da®)+H,(x, Dua®)-Dv+F (x,m° +u)—F(x,m°) — < (z,m°) (1)
and

B(t,) = (P + ) Hy(z, D(@ +v)) — i Hy (, D) — pH (v, Da) — i Hyp (i, D) Do,

We note that .
JA() ||z~ + [|BE) ||z < CKZe™ .

From Proposition 3.5 we have
1)z + 1DT(B) ]| 2 < CK>(1 + t)e ™"

where 6 := 2y A A. Using the smoothing properties of g—f; and the parabolic regularity of the
equation satisfied by ¢ — (0}, exactly as in Theorem 2.6 we can upgrade the above estimate into:

1) se + 1 D3(t)l|oc < CK(1+t)e™"".
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So if one chooses v € (0, A), we infer that
@)l + | D3(t)]| e < CKZe".

For K small enough, this implies that (9, i) belongs to E. Note that o, D& and i are bounded
in C*/2: because they solve parabolic equations with bounded coefficients. So the map (v, p) =
(0, f1) is compact (say in W1 x L) and thus has a fixed point (v?,u?). Then (u’,m°) :=
(@®,m®) + (v?, u%) is a solution to (5) which satisfies the decay

lm® () = 0’| + [ D(u’ () = @°)||oo < Ce™™ Yt >0.

It remains to remove the assumption on the initial condition mg. For this we only need to
show that there exists a time T > 0 such that, for any mg € P(T%), the solution (u’,m?) of (5)
satisfies ||[m®(T) — m’||e < K?2. Indeed, we can then apply the previous result to the restriction
of (u?,m?) to the time interval [T, +00).

By the duality relation, we have

C‘l/ i e D (t) — @0)||2.dt < — [e_6t /Td (ul (t) — @®)(m(t) — m?) 2 . (67)

t1

Thus N
c—l/ D) — @)|adt < / (w*(0) — @) (mo —m®) < C (68)
0 Td
because u’ is uniformly Lipschitz continuous in space (see Lemma 3.6). As p’ := m°® — m’
satisfies

Oep’ — Apl — div(p’ Hy(z, Du®)) = div(m® (H,(x, Da®) — Hy(x, Du®))),
and still using the fact that Du’ is bounded, Lemma 1.1 implies that, for any t > t; > 1,
t
Im® () = || 2 < Ce™ = [m (t1) — m®|| 2 + Ce/2 U e[ D(u’(s) — @) 72ds
t1
Choosing t; = 1 (say) and recalling that m? is bounded in L> (Lemma 1.1), we find
|m®(t) —m|| 2 < Ce? vt >1.

Let T > 2 to be chosen below. Coming back to (68), there exists ¢; € [1,7T] and t3 € [3T + 1,47
such that
e O Dl (t;) — @®)||%. < C/T.

Then from (67) we deduce

ta
[T IDED — ) ade < e D (1) — 1) 1) = 7
ty
+e 72| D(u’ (ta) — @) 2 |m® (t2) — m°|| 2 < C T2,
Then, as t; <T < 3T+ 1 <ty < 4T, we have, for any ¢ € [2T, o],

1/2
[m? (t) — m|| 2

IN

to

C e CT=t)1m () — m®|| 12 + Cet2/? U e YDl (t) — a?)||2.dt
t1

< Ce—wTeéT/Q +Ce26TT_1/4.

(69)
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Notice that, by choosing T large, and then § small, the above inequality implies that m?(t) — m?
is sufficiently small for any ¢ € [27,3T]. In order to conclude, we only need to upgrade this
estimate to the L°°-norm.

To this purpose, recall that w® := u®

— @’ solves the equation
—0w’ 4 6w’ — Aw® + V° - Duw’ = F(z,m’(t)) — F(z,m°)

where V0 = fol H,(x, Du® + s D(u’ — u’))ds is uniformly bounded. Since we have, by Poincaré’s
inequality,
e’ w’ (t2) — (W' (t2))[[ 72 < Ce™ | Du’ ()]} < O/T,

applying Lemma 1.2 to e~%*w® we deduce that, for t € [2T, 2T + 2],
w5 (2) ~ G () t
2
< Cef‘*’(trt)Hw‘;(tg) - (w‘s(tg)>||Lze‘s(t7t2) + C/ ef"’(sft)Hm‘;(s) - m5||L265(t75)ds
t

S(t—t2/2
< Gttt U

t
- b O (=T efT/2 +€26TT71/4)/ ? mw(s—t) i(t-s) g
T

t

where we also used (69). Recalling that ¢ € [27,2T+2] and to € [3T+1,4T], we have t—t5/2 > 0,
so if § is small enough compared to w we conclude that

|\w5(t) _ <w6(t)>||L2 <C (efwT/Q + 625TT71/4) )
We apply once more Lemma 1.2 to estimate Dw?(t) in (27,27 + 1): we deduce that
HD(u‘S(t) _ ﬂé)”L? <C (e—wT/2 + 626TT—1/4)

for every t € (27,27 + 1). In fact, since D(u®(t) — @’) is bounded, a similar estimate actually
holds in LP for all p < oo:

|\D(u5(t) — ﬁ5)||Lp <C (e—wT/p + 646T/pT—1/(2p))

Recalling the estimate (69), by parabolic regularity used for the equation of % in the interval
(2T,2T + 1), we conclude that the L>®-norm of u’ satisfies a similar estimate for, say, ¢t €
(2T +1/2,2T + 1). In particular, we can fix T large and dp > 0 small such that in this interval
we have |[m®(t) — m0|| g~ < K2 for any & € (0, 8). O

Let us underline the following consequence of our estimates on the solution to the linearized
system

F
—0yv + 6v — Av + Hy(z, Du’).Dv = g—(x,m‘s(t))(u(t)) in (0, 4-00) x T¢
Orp — Ap — div(puH, (x, Du®)) — div(m® Hpy(z, Du®)Dv) = 0 in (0, 400) x T¢ (70)
w(0,-) = o in T, v bounded.

Notice that the system has been now linearized around the pair (u®, m?) which solves the dis-
counted MFG system (5).
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Corollary 3.8. There exist 0,59 > 0 and a constant C > 0 such that, if 6 € (0,0¢), then the
solution (v, p) to (70) with [1. po = 0 satisfies

[Do(t)[|2 < Ce™"||pollL= VE=>0

and
()2 < Ce™luoll2 VE>1.

In addition, for any o € (0,1), there is a constant C (independent of § € (0,0¢)) such that

sup Jo(®)[l¢z+e < Clluollczsay-
t>0

Proof. As in the proof of Lemma 3.3, we have a preliminary estimate:
ln(@)llzz + [Dv(®)]| 22 < Collpoll ¢,
We rewrite system (70) in the form (64) with

At x) := — (Hp(:c, Dua) — Hp(z, Dﬂ‘s)) -Dv + g—g(x,ma(t))(u(t)) — —(x,ma)(u(t))

and
B(t,x) := —pu(Hy(x, Du®) — Hy(z, D@’)) — (m° Hpp(2, Du’) — i’ Hpy (2, D@’)) Do.
From Theorem 3.7, we have, for § small enough,

[A@®lz2 < Ce™ (| Dvllrz + |u(t)2)
< Cem U |poll 2 < Ce o 2.

In the same way,
1Bz < Ce™ o]l 2

Then Proposition 3.5 implies that
ln(@)llzz + [Do(®)] 2 < O+ 1)e™"2||jo| -

The above estimates combined with the maximum principle imply that v is bounded in L> by

sup |[o(t)]loc < Cllpo]|z2-
t€[0,7]

In order to change the left-hand side ||v(t)]|co into ||v(¢)||c2+« and the right-hand side ||po]| L2
into [|uo||(c2+a), one can proceed as in Corollary 2.8. O

4 The master cell problem

In this section we study the master cell problem:

A~ Apx(a,m) + H(z, Dyx(z,m)) — / div,y (Dyx(z, m, y))dm(y)
T (71)
+/, Dix(z,m,y).Hy(y, Dux(y,m))dm(y) = F(z,m)  in T x P(T%).
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We prove that this equation is well defined in a suitable sense: there is a unique constant A for
which the master cell problem has a “weak” solution in T x P(T%). Moreover we prove that
A is also the unique constant for which the ergodic mean field game system (2) has a solution
(A, @, m).

Let us stress that a weak solution of (71), according to our next definition, is not necessarily C'*
with respect to m, so that (71) is not formulated classically. Instead, the equation is interpreted
as it is often done with transport equations, by requiring somehow that the value of the solution
is obtained through the characteristic curves. By considering weak solutions, we avoid some
lengthy and involved estimates which are needed to achieve the C'! character with respect to m.
The reader is referred to [6] for this issue. For our purposes, the context of weak solutions is
enough to characterize the ergodic limit.

Definition 4.1. We say that the pair (\,x), with A\ € R and x : T¢ x P(T?) = R a map, is a
weak solution to the master cell problem (71) if x and D,x are globally Lipschitz continuous in
T x P(T4) and if x satisfies the following two conditions:

(i) x is monotone:

/Ed(x(x,m) —x(z,m"))d(m —m')(z) >0 VYm,m' € P(T?),

(ii) for any mo € P(T?), and any T > 0, whenever we consider the unique solution (u,m) to

—Owu+ A — Au+ H(xz,Du) = F(x,m) in (0,7) x T¢
oym — Am — div(mH,(z, Du)) =0 in (0,7) x T¢ (72)
m(0,-) = mo, u(T,-) = x(x,m(T)) in T9

then we have x(x,mo) = u(0,x) for any v € T?.

Let us make some comments about the above definition. Firstly, the monotonicity condition
on x ensures the uniqueness of the solution (u,m) to (72). Secondly, if x = x(z,m) is a weak
solution, then x is actually C? in the space variable = because so is the solution u of (72) at time
t = 0. Thirdly, condition (ii) implies that in (72) one actually has x(x,m(t)) = u(t,z) for any
(t,z) € [0,T] x T¢, so that m solves the McKean-Vlasov equation

Oym — Am — div(mHp(z, Dx(xz, m(t)))) =0, m(0,-) = mo. (73)
The Lipschitz continuity of D, x ensures that this equation has a unique solution.

Theorem 4.2. There is a unique constant A € R for which the master cell problem (71) has a
weak solution. The constant \ is also the unique constant for which the ergodic MFG problem (2)
has a solution. Besides, if x is a solution to (71), then x(-,m) is of class C? for any m € P(T%)
and

D, x(x,m) = Du(z) Vo € T¢,

where (u,m) is a solution to (2)

The proof requires several steps. As usual, we build the solution through the discounted
problem, for which we have to show uniform regularity estimates (independent of the discount
factor).
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4.1 Estimates for the discounted master equation

In order to build a solution to the cell problem, we consider, for § > 0, the discounted master
equation (6). Let us recall (see [6]) that U° can be built as follows: for any mg € P(T9), let
(u®,m®) be the solution to (5). Then

U°(z,mo) = u®(0,z). (74)
The next Lemma collects standard estimates on U?.

Lemma 4.3. Let U° be the solution to (6) and (u®,m®) be a solution to (5). Then, for any
a € (0,1), there is a constant C, independent of mo and §, such that

16U°(,m)||  + |1D=U°(,m)|| pria <C - Vm € P(TY).
Proof. As u® is a bounded solution to the first equation in (5), it is well-known that

wwp |5t a)| < sup [H@ O+ swp  [Fz,m)|
(t,z)€[0,400) x T4 z€eTe (z,m)€TexP(Te)

This yields the uniform estimate on ||0U?||«. From Lemma 3.6, we know that Du® is bounded
in CU+®)/214a for any o € (0,1): this implies the same bound on D,U?®. O

The next result states that U? is uniformly Lipschitz continuous with respect to m.

Proposition 4.4. Let U° be the solution to (6). Then, for any a € (0,1), there exists a constant
C, depending on « and on the data only, such that

1DmT (o)1 < € (75)

In particular, U%(-,-) and D, U’(-,-) are uniformly Lipschitz continuous.

Proof. Let us fix mg € P(T?), (u®, m®) be the solution to (5). We use the following representation
formula (see [6]): for any smooth map po, we have

sU°

<, (@m0, y)no(y)dy = v(0, z), (76)
Td m

where (v, 1) is the unique solution to the linearized system

F
—0yv + 0v — Av + Hy(z, Du®).Dv = g—(x, m® () (u(t)) in (0, +o0) x TY,
Orpt — Ap — div(uH, (x, Du®)) — div(m® Hyp(x, Du®)Dv) =0 in (0, +00) x T, (77)
w(0,-) = o in T, v bounded.

If we suppose that de wo = 0, Corollary 3.8 states that

sup [[v(t)||oz+e < Cllpoll(cz+ay
t>0

for any o > 0. By (76) and

D 5—U6(xm ) = D, U°(2,mo,y)
y Sm. ,To,Y) = m , Mo, Y),
we infer exactly as in [6] that
1DmT (1m0, )| 140 < C
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Remark 4.5. We stress that the uniform Lipschitz continuity of U(-,-) and D,U°(-,-) would
require milder assumptions than those needed to prove (75). Indeed, by only using condition
(FG2) on the couplings, we can replace the conclusion of Corollary 3.8 with the estimate

sup [lv()]lcr < Cllpoll oy
>0

which would follow as explained in Remark 2.10. With this latter estimate in hand, using (76)
with po = Dyyp(y) (for ¢ smooth), it follows

)

oU
Dy Dy~ (2, mo, y)¥(y)dy < Clollcry < C ¢l 1
Td m

which yields
| Dy DU (,1m0)]| 00 < C'.
Since DC%ZUS(JC, m) is estimated from Lemma 4.8, this would imply the Lipschitz uniform bound
for DLU(-,-).
In the following, we actually only use this information in order to prove the existence of a
weak solution to the master equation and the convergence of the ergodic limit.

We finally establish that U° is monotone:
Lemma 4.6. For any 6 > 0 the map U® is monotone.

Proof. Fix mg,mj € P(T9). Let us recall that U°(x,mo) = u’(0,z) where the pair (u®,m°)
solves (5) with initial condition mg. We denote by (u’,m’) the solution of (5) with initial
condition my. Then by duality, we have

d

Ee_‘st /’]I‘d (Wl (t,z) — ' (t,z))(m® (t, ) — m'(t,z))dx <0,

where, as u’ and u/ are bounded and m® and m’ are probability measures,

t—+oo

lim e_ét/ (W’ (t, ) —u'(t,z))(m°(t,z) — m/(t, z))dz = 0.
Td
This proves that

/ (U (&, mo) — U (r, miy) (o — mi) (x) = / (W (0,2) — (0, 2))d(mo — mi)(x) > 0.
Td Td

4.2 Existence of a solution for the master cell problem

Proof of Theorem 4.2. Let us start with the proof of the existence of the solution to the
master cell problem. The proof of the uniqueness of the ergodic constant is given in Proposition
4.7 below.

For § > 0, let U°® be the solution to the discounted master equation (6). We have seen in
Lemma 4.3 and Proposition 4.4 that U® and D,U? are uniformly Lipschitz continuous and that
§U? is bounded. We set W (z,m) = U°(z,m) — U°(0,m). Then W? is bounded and uniformly
Lipschitz continuous on the compact space T x P(T4), so that it converges, up to a subsequence,
to a continuous map y : T% x P(T?¢) — R. Since D,W? is also bounded in Lipschitz norm, we
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deduce that D, is Lipschitz continuous (in T¢ x P(T?)). Moreover (6U°(0,m)) converges (along
the same subsequence, without loss of generality) to some constant A.

Next we prove that x is a weak solution to (71). We already know that y and D,x are
Lipschitz continuous with respect to both variables. In addition, x is monotone thanks to
Lemma 4.6. Let T > 0, mg € P(T?) with a smooth density and (w®,m®) be the solution to

—Ogw® + dw® + 6U°(0,m) — Aw’ + H(z, Dw®) = F(x,m?) on (0,T) x T4,
oym?® — Am® — div(m®Hy(z, Dw®)) =0  on (0,T) x T,
m?(0,-) = mo, w(T,-) = W(x,m%(T)) on T¢.

By definition we have W (x, m?(T)) = U°(x,m?(T))—U®(0,m) and we know that U°(z, m°(t)) =
ud(t, z) for all t, where u° is a solution to (5). Hence we deduce that

w‘s(t,x) = u‘s(t, x) — U5(0,m) = W‘S(x,m(t))

for all (t,z) € (0,7) x T¢. In particular, by Lemma 3.6, w’ is uniformly bounded in C*+/2.2+
for some a € (0, 1) while m? is uniformly bounded and uniformly continuous on [0, 7] with values
in P(T?). So there exists a subsequence, still denoted for simplicity by (w®,m?), such that w’
converges in C*? to a map w and m® converges in C°([0, 7], P(T%)) to a map m. The pair (w, m)
is a solution to

—Ow + A — Aw + H(z, Dw) = F(z,m) in (0,7) x T4,
oym — Am — div(mH,(z, Dw)) =0  in (0,T) x T¢,
m(0,-) = mo, w(T,-) = x(z,m(T)) in T

As the solution to this equation is unique (because x is monotone), we derive that (w,m) is
the unique solution to (72). Moreover, as w’(0,z) = W?(x,mg), we also have at the limit
w(0,x) = x(x,mp). This proves that y is a weak solution to (71). O

Let us now come back to the ergodic MFG problem (2). We denote by (X, @, m) the solution
to this equation.

Proposition 4.7. Let (), x) be a solution of the ergodic master equation. Then we have A = X
and Dyx(z,m) = Du(x).

Proof. Let us fix T > 0 and let (u,m) be the solution to
-0+ A — Au+ H(x,Du) = F(z,m) in (0,T) x T4,

Oym — Am — div(mHy(z, Du)) =0 in (0,7) x T4, (78)
m(0,-) =m, u(T,-) = x(z,m(T)) in T

We have already noticed that m is the solution to the McKean-Vlasov equation
atm —Am — diV(me(ZL', DIX(xv m(t)))) = 05 m(Ov ) = TT’L,

which has a unique solution because D, is Lipschitz continuous. This means that m is defined
independently of the horizon T. As we know that u(t,z) = x(x,m(t)), the same holds for u.
Then, from the usual energy inequality applied to (u—a, m—m), we have, forany 0 < t; <ty < T,

2]

t2 —
/ "2 Du - Daf < —C U (u—a)(m —m)| . (79)
t1 Td Td t1
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The right-hand side is bounded because u(t, ) = x (-, m(t)) and @ are bounded, so that

T
/ m|Du — Daf? < C. (80)
o Jre
By Lemma 1.4 we have
sup ||m(t) —m| 2 < C. (81)
(0,17

As m is bounded below, (80) implies that there exists t7 € [T/2,T] such that [, |Du(tr) —
Diul? < 2C/T. In particular, for T large enough, we have, by (79) applied with ¢; = 0 and
t2 = tT}

/ |Du — D> < / : |Du — Dul> < =C [ (u(tr) —a)(m(tr) — m)
o Jrd 0 Jre T4

< _c / (ultr) == {ultr) = w)(m(tr) —m)

< C||Dultr) - Dil|» < CT™V?,

by Poincaré’s inequality, (81) and our choice of tr. Letting T — oo we can conclude that
Du = Dii on [0,1] x T¢. Therefore, m satisfies

drm — Am — div(mH,(x, Du(x))) = 0 on (0,1) x T¢, m(0,) = m.
But this equation has 1 as a unique solution, which shows that m(t,z) = m(z) on [0,1] x T
The McKean-Vlasov equation (73) being autonomous, we finally have m(t) = m and Du(t,z) =
D.x(z,m) = Diu(z) for any (t,z) € [0,T] x T¢ and, as a consequence, A\ = \. O

5 The long time behavior

We now fix a solution x to the master cell problem and, given a terminal condition G : T¢ x
P(T?) — R satisfying our standing assumptions (see Subsection 1.1), we consider the solution
to the backward equation

—0,U(t,w,m) — AgU(t,,m) + H(w, DyU(t, ,m)) —/ div(DpU (¢, &, m, y))dm(y)
Td

+/ Dy U(t,x,m,y).Hp(y, DU (t,y, m))dm(y) = F(z,m) in (—00,0) x T x P(T7),
Td

U(0,2,m) = G(x,m) in T¢ x P(T?).
(52)
We recall that the existence of a unique classical solution to (82) was proved in [6]. Here is our
main convergence result.

Theorem 5.1. Let x be a weak solution to the master cell problem (71). Then, there exists a
constant ¢ € R such that -
. lim U(t,x,m) + At = x(z,m) + ¢,
——oco
uniformly with respect to (x,m) € T¢ x P(T?).
Moreover, we also have that D, U(t,z,m) — Dyx(x,m) as T — oo, uniformly with respect
to (z,m).

Theorem 5.1 implies the convergence of the solution of the MFG system as T' — +o0.
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Corollary 5.2. Let ¢ be the constant given in Theorem 5.1. For T > 0 and mg € P(T?), let
(uT,mT) be the solution to (1). Then, for anyt >0,

Tl_i}rfoo ul (t,x) — MT —t) = x(z,m(t)) + ¢,

where the convergence is uniform in x and m solves
Om — Am — div(mHy(z, Dyx(z,m))) =0, m(0) = myo. (83)
Moreover, for any § € (0,1),

lim u? (0T, z) — (1 — AT = x(z,m) +c,
T—+o00

where (u,m) solves (2) and where the convergence is uniform in x.

In particular, when t = 0, we get

lim u”(0,2) — XT = x(z,mo) + c.
T—+o00

Proof of Corollary 5.2. We know that u”(t,z) = U(t — T,2,m”(t)) and that m” solves the
McKean-Vlasov equation

om* — Am™* — div(m™ H(z, D,U(t — T, x,m))) = 0, mT(0) = my.

As & — D, U(t,x,m) is bounded in C* (see Proposition 5.3 below), we know from Theorem 5.1
that, as T — +o0, (D,U(t—T,-,-)) converges uniformly to D, . So, for any t > 0, m’ converges
in C°([0,¢], P(T%)) towards m solution of (83). Then again by Theorem 5.1, we have

lim w(t,2) + Xt —T)= lim Ut —T,z,m"(t)) + Xt —T) = x(z,m(t)) +c.
T—~+oco T—+oco

Let us now fix § > 0. From Theorem 2.6, we have that m7 (§T) converges (exponentially
fast) to m. Hence, by Theorem 5.1 again, we have

lim v (6T, 2) — (1 =HAT = lim U(—(1—= 8T, z,m” (6T)) — (1 — H)AT = x(z,m) + c.

T—~+oco T—~+oco

O

The proof of Theorem 5.1 relies on estimates on U(t, -, ) (independent of ) developed in the
next section.

5.1 Lipschitz estimates of the solution U

We collect here the main estimates satisfied by the solution of (82). They actually follow from
the estimates developed in Section 2.2 for the solution (u,m) of the MFG system.

Proposition 5.3. Let U be a solution to the master equation (82). Then there exists a constant
C such that

sup ||U(t"’m)+5‘t||02+a + HDWU(ta'ama')HQ-‘ra,l-i-a <, (84)
<0, meP(T4)

while

sup \U(t,z,m) — U(s,z,m)| < C|t — s|2 Vs,t <0, |s—t| < 1.
(z,m)€ETexP(T4)
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Proof. Let us recall that, for any to < 0 and mg € P(T%), one has U(tg, x, mo) = u(to, ), where
(u, m) is the solution to the MFG system

—0yu — Au+ H(x,Du) = F(z,m) in (ty,0) x T,
oym — Am — div(mH,(z, Du)) = 0 in (t,0) x T,
m(to,-) = mo, u(0,-) = G(z,m(0)) in T

By Lemma 1.5, we have the Lipschitz bound || Du||~ < C, uniform with respect to the horizon tg.
This proves that ||D,U||cc < C and, in turn, that m is uniformly Hélder continuous in time with
values in P(T?), see (16). Furthermore, from Theorem 2.6 we get an estimate for U(t — T, x, m)
at time ¢ = 0; namely, that there exists a constant C, independent of 7', such that

| DU (=T, -, mp)|cr+a < C

and
HU(—T,:I:,mO) - XTHOO <C.

Therefore, we deduce that

sup |U(t,-,m) + At||cora < C.
<0, meP(T)

Following [6], the derivative of U with respect to m can be represented as

oU

ra %(to,x,mo,y)uo(y)dy = U(th x)a (85)

where, for any smooth map po : T — R, (v, ) solves the linearized problem
oF ) d
—0w — Av + Hy(z, Du).Dv = 5—(m,m)(,u) in (tg,0) x T¢,
m
Oupt — Ap — div(uHy(x, Du)) — div(mH,y,(z, Du)Dv) = 0 in (t,0) x T,
0G .

plto,) = pio, (0,) = £ (2, m(0)) (u(0)) in T

Our aim is to provide estimates on v in order to show the uniform Lipschitz regularity of U with

respect to m. We assume that de o = 0 since we are only interested in D,,U = Dyg—g. Then
Corollary 2.8 states that

for any smooth map o with [, o = 0. Therefore, as in [6], we obtain

sup_[u(t) oz < Cllpollcrrey-
te[0,T)

This proves that

oU

—(to, -, mo, y)po(y)dy

<C ayr
- < Clpollicasey

C2ta

||DmU(t07'7m05')||2+a,1+a <cC (86)

It remains to check the time regularity of U. As U(t,x,m(t)) = u(t,z) and U is uniformly
Lipschitz continuous in m, we have, for tg < s <tg+1,

|U(S,1‘,m0) - U(thxamO)l < Cdl(mOaZn(s)) + |U(s,x,m(s)) - U(ﬁo,l‘,?’rlloﬂ
< Cls—to]2 + |u(s,z) — u(to,x)| < Cls —tol?,

where we used the uniform regularity of m in time (since H,(-, Du) is bounded) for the second
inequality, and the uniform regularity of w in the last one. [l
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Remark 5.4. We stress that if we only use the regularity condition (FG2) on the couplings,
then we can replace the conclusion of Corollary 2.8 with the first order estimate (54) and obtain,
rather than (86), the milder estimate | D, D,U(t,x,m)||,, < C. This is actually enough to
conclude with the uniform Lipschitz bound for U and D,U, which is what is only needed in the
proof of Theorem 5.1.

5.2 Proof of Theorem 5.1

We are now ready to prove our main result.

Proof of Theorem 5.1. Let x be a weak solution to the master cell problem (71). For T > 0, let
us consider

UT(t,x,m)=U(t — T,z,m) for (t,z,m) € (—oo,T] x T¢ x P(T?).
Then UT solves

—0,UT — A UT + H(x,D,U) — / div(D,, U (t, 2, m,y))dm(y)
Td

[ Dl 6 ) By (DU 4, ) dm(y) = Flz,m) i (~oe,T) x T P(T),
Td
UT(T,z,m) = G(x,m) in T? x P(T%).

By the Lipschitz regularity of U and D, U and the bound in (84) (Proposition 5.3), the family
{UT(-;-,) + A(- = T)}r is relatively compact in C°(R x T x P(T%)). Let T,, — +oc be any
sequence such that (t,z,m) — UT»(t,x,m) + \(t — T},) locally uniformly converges to some
V(t,z,m). Then V is a weak solution to

—OV 4+ A=AV +H(z,D, V) — / div(D,, V (t, z,m,y))dm(y)
Td

+ [ D,V (t,x,m,y).Hy(y, D;U(t, y,m,y))dm(y) = F(z,m) inRx T x P(T?).

Td
(87)
in the sense that V satisfies similar requirements as in Definition 4.1. Namely, V and D,V are
uniformly Lipschitz continuous in « and m, 1/2—Holder continuous in the time variable, V' is
monotone in m and satisfies that, for any t; < t3 and if (u,m) solves the MFG system:

—Ou+ A — Au+ H(z,Du) = F(x,m) in (t;,ts) x T%,
om — Am — div(mHy(z, Du)) = 0 in (t1,t2) x T¢, (88)
m(tl, ) = my, ’u(tg, ) = V(tg,.%‘,m(tg)) in Td,

we have V(t1,2,mo) = u(ti,z) (and so V(t,z,m(t)) = u(t,x) for any ¢ € [t1,t2]).

Our goal is to show that V(¢,z,m) — x(x,m) is constant. Let us recall that Proposition 2.7
implies that U7 (0,2,m) — AT — @ converges to a constant ¢ as T — +o0o. Hence V(0,z,m) =
u(x)+¢. Since x(z,m) = @, this shows that, if V (¢, 2, m)—x(z, m) will be proved to be constant,
then this constant will be equal to ¢, and independent of the subsequence (T},).

Let us fix mg € P(T?). Let T > 0 be large and (u, m) be the solution to the MFG system
(88) with t; = 0 and t; = T. We note that m is the unique solution to the McKean-Vlasov
equation

{atm — Am — div(mHy(x, D,V (t,z,m))) =0 on [0,7] x T, (89)

m(0) = mg n T,
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In particular, since V and D,V are globally Lipschitz in m, this implies that m and u are defined
independently of the horizon T' (meaning that, for ¢t € [0,T], u(t,-) := V(t,-,m(t)) and m(t,-)
do not depend on 7).

In the same way we define (@, m) to be the solution to the MFG system

—Ott + A — At + H(z, Dii) = F(z,m) in (0,T) x T4,

oy — Am — div(mH,(z, Dii)) = 01in (0,T) x T4,

ﬁL(O, ) = Mo, ’&(Tv ) = X(SC,T;L(T)) in T4,
As before we note that (@,m) does not depend on the horizon T, that @(t,z) = x(x,m(t)) for
any ¢ € [0,T] and that m is the unique solution to the McKean-Vlasov equation

Ovm — Am — div(mHy(z, Dyx(z,m)) = 0 on [0,T], m(0) = mo. (90)

Using the result of Theorem 2.6 with both G(x,-) = V(T z,-) and G = x(x, -), we have (changing
winto u + A(T —¢) and @ into @ + A\(T —t)):

[m(t) = mlloo + () = Mlloc < Cle™™ +e7T70), e [LT],

where (@, m) is the solution to the ergodic MFG system (2). But since m and m do not depend
on the horizon T, here we can let first T — oo, and then ¢ — oo, so we conclude that both m(t)
and m(t) converge to m as t — +00.

Applying once more the standard estimates on the MFG systems, we have

T
/ / (m 4 m) |Du — Da|®
0 Td

since m(0) = m(0) = mo. As u and @ are uniformly Lipschitz continuous in space and m(7T) and
m(T) have the same limit m as T — 400, we deduce that

T

o | [ = wm - 0

~C [ (T = &(D)m(T) = (1)

IN

T
lim / / (m + 1) |Du — Daf* = 0.
T—+o00 0 Td

In particular, as m (and m) are regular and bounded below by a positive constant on intervals
of the form [, T] with € > 0, we deduce that Du = D@ on [¢,T] and thus on [0,T]. Therefore
m and m solve the same equation, which implies m(t) = m(t) for any ¢ > 0. Coming back
to the equations satisfied by v and @ gives J;u = 0y@, so that there is a constant ¢ such that
u(t,z) = a(t,x) + ¢. In other words

V(t,z,m(t)) = x(z,m(t)) +¢c  Vt>0.

Notice that the above conclusion holds for any given mo € P(T¢) and the constant ¢ could
depend on myg at this stage. But we are going to show that this is actually not the case.

Indeed, let us choose mg = m. Then Proposition 4.7 says that m(t) = m(t) = m. We
denote by ¢ the constant found above, i.e. u(t,z) = @(t,x) + & By definition, this implies that
V(t,z,m) = x(z,m) + & Now, for any my € P(T?), we recall that the solution m(t) = m(t)
converges to m as t — 4oc0. By the uniform Lipschitz continuity of x and V' with respect to m
(uniform in (¢, z)), this implies that

[V (t,z,m(t)) — V(t,x,m)| + |x(z,m(t)) — x(xz,m)|] =0 as t — oo.
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Since
lc—c| = |[V(t,z,m(t)) — x(z,m(t)) — (V(t,z,m) — x(z,m))],

by letting ¢ — oo we deduce that ¢ = ¢. In particular, we have proved that
V(0,2,mo) = x(x,mo) +¢  Vmg € P(T?).

Finally, we can apply the above reasoning to the translation V(- + ¢, 2z, m), for any ¢ty € R.
It turns out that ¢ = tlim V(t + to,z,m(t)) — x(x,m(t)), which is clearly independent of .
—00

Therefore we conclude that
V(to, z,mo) = x(x,mo) +&  Y(to,,mo) € R x T¢ x P(T?),
and the proof is complete. [l

Let us point out that any weak solution of the ergodic master equation solves (87). So the
above proof actually shows that two solutions of the ergodic master equation differ only by a
constant:

Corollary 5.5. If x1 and x2 are weak solutions of the ergodic master equation (71), then there
exists a constant ¢ such that

xz2(z,m) = x1(x,m) + ¢ V(x,m) € T x ’P('H‘d).

6 The discounted problem

In this section we investigate the behavior, as § — 01, of the solution U? of the discounted
master equation (6). Our main result is:

Theorem 6.1. Let U° be the solution to the discounted master equation (6) and (\,u,m) the
solution of the ergodic problem (2). Then, as § — 0%, U% — \/§ converges uniformly to the
solution x to the master cell problem (71) such that x(z,m) = @(x) + 0, where  is the unique
constant for which the following linearized ergodic problem has a solution (v,f):

i F
u+6— Av+ Hy(x,Du).Dv = g—(ac,m)(ﬁ) in T¢,
m
~Afi — div(iaH,(z, Da)) — div(mH,y,(z, Da)D5) = 0 in T, (91)
deﬂ:deﬂio-

Let us comment a bit more on the normalization condition x(z,m) = @(x) + 6 which selects
the unique limit of the discounted master equation (6), according to the above result. As we
shall see in the next section, given any (not necessarily normalized with zero average) solution
to

A —Au+ H(z,Da) = F(x,m)  inT?, (92)

there is a unique constant § for which (91) admits a solution. However, since % is unique up
to addition of a constant, the sum @ + 6 will be uniquely determined. Indeed, by changing %
through addition of a constant, the value § will be translated accordingly. In other words, one
can say that the limit of U% — \/§ is the solution x of the master cell problem (71) such that
x(x,m) coincides with the unique solution of (92) for which the constant # vanishes.

Exactly as for the time dependent problem, we can infer from Theorem 6.1 the limit behavior
of the solution of the discounted MFG system:
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Corollary 6.2. Let mg € P(T%) and, for § > 0, (u®,m®) be the solution to the discounted MFG
system (6). Then -

lim «°(0,z) — A\/& = x(z,m0),

6—0

uniformly with respect to x, where x is the solution of the ergodic cell problem (71) given in
Theorem 6.1.

6.1 An additional ergodic system

Given a solution @ of the MFG ergodic problem (2), we investigate the ergodic problem (91).
The heuristic justification of (91) is that we expect the solution (@°,m°) of (55) to be of the
form

2 _
@~ S ha 0408, m ~mtop, (93)

and, in view of (55), the equation satisfied by (, v, 1) should be (91).
We start the proof of the existence for (91) as usual, by a discounted problem:

Lemma 6.3. Let A,B € L*(T%). For 6 > 0 small, there is a unique solution (v°,u°) €
Wheo(T4) x L°(T?) to the discounted system

F
{ a+ 000 — Av’ + Hp(z, Du).Dv’ = g_m(xv m)(u’) + A in T, (94)

—Ap’ — div(p’ Hy(z, Da)) — div(mH,,(z, Da)Dv®) = div(B)  in T¢,
with fW p® = 0. Moreover, there is a constant C > 0 (independent of §, A and B) such that
160° (oo + [[D0° oo + (|1 |oe < C (1 + [|Alloo + [1Blloo) -

Proof. Existence of a solution runs with a standard fixed point, so we omit it. The duality
relation gives (using Poincaré’s inequality)

CHDY|2, < /W(ﬁJrév“ — A’ + B-Dv°

N

(1Dl £z + 8] D[l 2 + [[Allz2) [l ]| 22 + | Bll 2| D 12,

so that U s s
10012 < C (DL + NI I + 816122 + 1Bl 22)

By Corollary 1.3, we have
Illz2 < CUD |12 + 1Bllz2) < € (1Dl + 1A I + 8ullss + IBllz)
So, for § > 0 small enough, we obtain
1% 22 < C (| Dall 2 + [|All 2 + || Bl 2) -
This implies the same bound for Dv? and, by the maximum principle, the estimate
160°lloc < C(ll@ll L= + | Dallzz + | Bl 2 + | All L=)-

Moreover, considering the equation satisfied by w := v® — (v?), we have by local regularity for
weak solutions (Theorem 8.17 of [12]) and Poincaré inequality:

[0 = () loo < C(L+[[0° = (°)][z2) < C(L+[DV°||12) < C (1 + [allwroe + [[All L= + || Bl|z2) -
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Then by classical elliptic regularity (Theorem 8.32 of [12]), we have, for any « € (0,1),
[0° = (@)llcra < C (1 + [@llwrs + Al + Bl 2) -

We can now apply the local regularity for weak solutions to u’ (Theorem 8.17 of [12]) and infer
that
lnlloe < CUIDY floo + | Blloo) < C (lallwr. + [|All e + | Bllze)

O

Proposition 6.4. Let (\, %, m) be a solution of the ergodic system (2) and (v°, u®) be the solution
to (94) for A and B satisfying
[Alloe + 1 Blloe < €9,

for some constant C. Then, as § — 07,
e R G () Y.
where (0,0, i) is the unique solution to (91).

Proof of Proposition 6.4. Passing to the limit in (94) (up to a subsequence) provides a constant
6 (limit of 6(v°)), a map © € W1 (limit of v® — (v?)) and a map i € L> (limit of x°) which
solve (91). Uniqueness of Do (and hence of ) and of i can be established by a standard duality
argument. Then @ is unique by the equation. The full convergence of (6(v°),v? — (v°), u°) holds
by uniqueness of the limit. O

6.2 Proof of Theorem 6.1

The proof of Theorem 6.1 consists mostly in showing that the heuristic relation (93) holds.

Proposition 6.5. Let (\, @, m), (a®,m°) and (0,7, i) be respectively solutions to (2), (55) and
(91). Then

by _
lim [|@° — % — @ — 0)|oo + ||M° — |00 = 0.
§—0t 1)

Proof. The argument is very close to the proof of the exponential rate (see Theorem 2.6). Let
E = {(v,p) € WH(T) x L(T?), [|6v]loc + | Dvl|oo + [l < €,

where (' is to be chosen below. For (v, ) € E, we consider the solution (4, i) to (94) with

A(z) == 6 ' (=(H(z,D(a+ 6v)) — H(z, D) — §Hy(x, Du) - Dv)
+F(z,m+ 0p) — F(z,m) — 63£ (z,m) (1)),

B(z) := 0~ ((m + op)Hy(x, D(@ + 6v)) — mH,(z, Du) — SuH,(z, D@) — 6mH,,(x,m)Dv) .

14]lse + | Blloo < CC%6,

we have, by Lemma 6.3 (and for § small enough),
168100 + [ DDloo + [0 < C (14 [[A]loo + |Blloe) < C(1 + C36).

We can choose C' such that, for § small enough, the right-hand side is less than C. Then
we can easily conclude that the map (v,u) — (0,/) has a fixed point (v?,u?). Note that

o1



(% + @+ 6v°,m + du°) solves (55) and therefore is equal to (@, m®). Hence, by Proposition 6.4,
we deduce

D N _
[ 5 U bllw = 160° = 8] oo
<16(0° = (@)oo + [6(2°) — 8] = 0 as § — 0,
which completes the proof. O

Proof of Theorem 6.1. Recall that we have uniform Lipschitz estimates on U° and on D,U?
(Lemma 4.3 and Proposition 4.4) and that any converging subsequence is a weak solution of
the ergodic master equation (proof of Theorem 4.2). Therefore, we only need to show that
U9 — 6=\ has a limit when evaluated at some value. For this, let (a‘s,m‘s) be the solution to
(55). As (@®,m?%) is also a stationary solution to (5), we have

U (z,m°) = @°(x) vz € T

We have seen in Proposition 6.5 that, as § — 0, md converges to m while @ — §~'\ converges
to @ + 0. This completes the proof. (|
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