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LONG TIME BEHAVIOR AND TURNPIKE SOLUTIONS IN MILDLY
NON-MONOTONE MEAN FIELD GAMES

MARCO CIRANT! AND ALESSIO PORRETTA®*

Abstract. We consider mean field game systems in time-horizon (0,7, where the individual cost
functional depends locally on the density distribution of the agents, and the Hamiltonian is locally
uniformly convex. We show that, even if the coupling cost functions are mildly non-monotone, then
the system is still well posed due to the effect of individual noise. The rate of anti-monotonicity
(i-e. the aggregation rate of the cost functions) which can be afforded depends on the intensity of the
diffusion and on global bounds of solutions. We give applications to either the case of globally Lipschitz
Hamiltonians or the case of quadratic Hamiltonians and couplings having mild growth. Under similar
conditions, we investigate the long time behavior of solutions and we give a complete description of
the ergodic and long term properties of the system. In particular we prove: (i) the turnpike property
of solutions in the finite (long) horizon (0,T), (ii) the convergence of the system from (0,7) towards
(0, 00), (iii) the vanishing discount limit of the infinite horizon problem and the long time convergence
towards the ergodic stationary solution. This way we extend previous results which were known only
for the case of monotone and smoothing couplings; our approach is self-contained and does not need
the use of the linearized system or of the master equation.
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1. INTRODUCTION

The theory of mean field games was initiated by Lasry and Lions since 2006 [24-26] in order to describe Nash
equilibrium configurations in multi-agents strategic interactions. Similar ideas appeared in [21], at the same time.
Mostly peculiar to the approach suggested by Lasry and Lions is to describe the equilibria through solutions of
a forward-backward system of PDEs involving a Hamilton-Jacobi-Bellman equation for the value function of a
single agent and a Kolmogorov-Fokker-Planck equation for the distribution law of the whole population. The

Keywords and phrases: Mean field games, turnpike property, long time behavior, ergodic limit.

1 Dipartimento di Matematica, Universita di Padova, Via Trieste 63, 35121 Padova, Italy.
2 Dipartimento di Matematica, Universita di Roma Tor Vergata, Via della Ricerca Scientifica 1, 00133 Roma, Italy.

* Corresponding author: porretta@mat.uniroma2.it

© The authors. Published by EDP Sciences, SMAI 2021

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/cocv/2021077
https://www.esaim-cocv.org
mailto:porretta@mat.uniroma2.it
https://creativecommons.org/licenses/by/4.0

2 M. CIRANT AND A. PORRETTA

simplest form of this kind of system is the following

—u; — kAu + H(x, Du) = F(x,m(t)), te (0, T
my — kAm — div(mH,(z, Du)) = 0, te(0,T) (1.1)
m(xz,0) = mo(x), u(z,T) = G(z,m(T))

where u(t, z) represents the optimal value for a player at time ¢ in state z, while m(¢, x) represents the density
of the distribution law of the controlled dynamical state. The typical interpretation of the system is that any
single player controls his/her dynamical state (in a standard probability space where a given d-dimensional
Brownian motion is defined)

qu- = Td 2 dBT '
{X ardr + 2k u(t,x) = {inf}E {/ [L(X;, o) + F(X:,m;)] + G(XT’mT)}
t=2T o '

where k > 0 and L, F,G represent different costs depending on the control process {a,} as well as on the
measures {m, }. Here m enters as an exogeneous datum and stays fixed in the agents’optimization; so defining
the Hamiltonian H(x,p) := sup,[—q - p — L(z,q)], under suitable convexity and smoothness conditions the
value function satisfy the first equation in (1.1) and o, = —H,(X;, Du(t, X)) is the optimal feedback control.
Assuming consistency with the agents’ rational anticipations, at equilibrium it happens that the distribution law
of the optimal controlled process coincides with the family of measures m; used in the individual optimization.
Thus m satisfies the second equation as the law of the optimal process, where a corresponds to the optimal
feedback strategy. We refer to [6] for an extended introduction to mean field games systems.

In all the above presentation, the state space could be differently chosen, together with possibly boundary
effects (reflection or absorption effects at the boundary, for instance) but we will assume here the simplest, yet
instructive case of periodic setting. This means that o belongs to the flat torus T¢ = R%/Z4.

This is a typical setting to investigate ergodic properties and long time behavior of the controlled dynamics.
This kind of question is very natural in control theory and quite popular in applications. Many economic models,
for instance, expect that if the time horizon is long then the optimal strategies are nearly stationary for most
of the time. This is referred to as the turnpike property of optimal control problems, according to a terminology
introduced by P.A. Samuelson in 1949 (see [15]). Even if the turnpike theory is a longstanding topic in optimal
control, it has attracted an increasing renovated interest in the last years from both theoretical and applicative
viewpoint: it is impossible here to mention all contributions in this direction, we refer e.g. to [14, 30, 32, 33]
and references therein.

When coming at mean field game systems as in (1.1), the long time behavior was investigated in several
papers under the assumption that the cost functions F, G are nondecreasing in m. It is well established in the
theory that this monotonicity condition gives uniqueness and stability of solutions; under the same condition the
turnpike property and the convergence of solutions towards the stationary ergodic state have been first proved in
[3, 4] for quadratic Hamiltonian (i.e. H(x,p) = |p|?). Milder statements (time average convergence) or stronger
statements (exponential pointwise decay estimates) were obtained according to different sets of assumptions.
The case of discrete time, finite states system was analyzed in [17]. Later on, the long time behavior was
completely described in [5] in case of smoothing couplings and uniformly convex Hamiltonian, and in [29] for
the case of local couplings and globally Lipschitz Hamiltonian. We also point out that the turnpike pattern is
clearly shown in many numerical simulations, see e.g. [1].

The purpose of this paper is twofold. On one hand we wish to show that the monotonicity of the couplings
F, G can be relaxed to some extent, using the diffusive character of the equations. Otherwise said, we show that
the Brownian noise in the individual dynamics can compensate, to some extent, the lack of monotonicity so that
mildly aggregative cost functions F, G may not affect the uniqueness of solutions and their stability, even in long
time. This was already suggested by P.-L. Lions in the early stages of the theory ([27]) although we could not
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find any further development of this issue in the literature. On another hand, still in the context of monotone
or mildly non-monotone couplings, we revisit both the long time behavior of solutions and the ergodic limits
in order to clarify the full picture: turnpike estimates for solutions in (0,7), pointwise limit of the system as
T — oo, vanishing discount limit in the infinite horizon problem.

The above issues are somehow related. In fact, the complete characterization of the long time behavior,
namely the convergence of u”(t) — A\(T — t) and m7 (t) at any time ¢, was previously obtained in [5] as a
byproduct of the long time convergence of the master equation. The master equation is an infinite dimensional
equation (defined on time, space and the Wasserstein space of probability measures) which gives the value
function u as a feedback of the measure m. This equation is not easy to handle and plays a similar role as
the Riccati equation for the feedback operator in control systems. Establishing the long time behavior of the
master equation allows one to completely describe the behavior of the system but is actually a hard result which
requires much stronger conditions, starting from the smoothness of the functions F, G. In addition, what is more
relevant here, when the couplings are not monotone, the master equation can not be properly used, since no
satisfactory notion of solution has been developed so far outside the monotone case. Therefore, motivated by a
setting of mildly nonmonotone cost functions F, G, we refine and develop some of the arguments introduced in
[5] in order to study the long time convergence — as well as the vanishing discount limit — without any use of the
master equation. The approach that we propose here is actually simpler and only relying on the PDE system;
this seems to be much more flexible and it is actually promising for many other situations where the master
equation still looks untractable (e.g. the case of state constraint problems, congestion models, etc...).

Let us mention that other nonmonotone mean field games have been considered in several works previously:
for example, second-order problems have been analyzed in [9, 12, 13], while [7, 18] deal with first-order systems.
The works by Ambrose (see [2] and references therein) show the existence of solutions to second-order systems
under smallness conditions on the coupling, though these conditions seem to be depending on the time horizon T
Tran considers in [31] a setting which is nonmonotone in a broader sense: the coupling in the system is increasing,
but the Hamiltonian is not convex. Though he does not address the long-time analysis, his uniqueness results
are closer to ours, as he obtains uniqueness under smallness conditions on H, which are independent of the time
horizon.

Let us now summarize a bit more precisely our results, with reference to the content of the next Sections.

— In Section 3, we first show that, for given L*°- bounds in (0,7") on m and Du, there is some v (depending
on the diffusion constant k, but not on 7T') such that if F'+ ym and G 4+ ym are nondecreasing then the
system (1.1) has a unique solution. See Theorem 3.1.

A similar result is also proved for the stationary ergodic problem

A — kAt + H(x, Du) = F(x,m),
—kAm — div(mH,(z, D)) = 0, (1.2)
Jram =1, [r.u=0.

We suggest two sets of assumptions under which this kind of result can be applied, assuming for simplicity that
the final cost is a given function up(x):

(A) the case of globally Lipschitz (and locally uniformly convex) Hamiltonian.
This corresponds to typical control problems with smooth, uniformly convex, Lagrangian cost and controls
in a compact set. Thanks to the global Lipschitz bound of H, in this case the growth of F' can be arbitrary,
for instance one can take F' = —ym®. Then the system (1.1) is well-posed if v is not too large (see also
Rem. 3.6).

(B) the case of superlinear, uniformly convex, Hamiltonian, with quadratic-like growth, and cost function F'
which satisfies 0 > F(x,m) > —ym® with a < %.
The threshold % for the growth of the coupling is not new in the context of mean field game systems with
quadratic Hamiltonian (see e.g. [12, 13, 19]), and we comment this issue in Remark 3.10.
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Let us stress that, in the aforementioned results, the admissible threshold 7 of anti-monotonicity depends on
the diffusivity constant x and on the initial datum (through ||mg||o). This latter fact explains very well why
the master equation is hardly usable, in this context; indeed, there is no general feedback policy of u in the
space of probability measures (unless we reduce to the case of monotone couplings).

— In Section 4 we show that, in the same context given above, the solutions (u?,m7T) of (1.1) satisfy an
exponential turnpike property. More precisely, if ||Du’|| is bounded in (1,7 — 1) independently of 7T,
then there exists w > 0 and M (independent of T') such that

Im™ (t) = mlloe + [ Du” (t) = Dit]log < M(e™" +e7T7Y)  Vte (1,T -1),

where (@, m) is a stationary state. See Theorem 4.1 and Corollary 4.4.

In particular, this result applies to the examples (A), (B) mentioned above. It is to be noted that this result
is independent of initial and terminal conditions, as is customary in turnpike theory.

— In Section 5, we describe the convergence of u”'(t), m” (t) at any time scale t. This is now influenced by
both initial and terminal conditions (which we assume to be fixed). Namely, we prove that, given mg €
L>®(T?),u(T) € WH*°(T4) and, for instance, a globally Lipschitz, locally uniformly convex, Hamiltonian,
there exists v > 0 such that, if F' + ym is nondecreasing, then

WTtz) = NT—t) = v(t,z), mT(tz) = ut )
locally uniformly in [0, 00) x T%, where (v, ) is one particular solution of the infinite horizon problem

—vy + A — kAv + H(z, Dv) = F(z,p), t € (0,00)
pe — kAp — div(p Hy (2, Dv)) =0, t € (0,00) (1.3)
w(0) =mgy, ve L®((0,00) x T?), Dv € Du+ L?((0,00); L?(T%)).

Notice that the convergence is not just for subsequences, but for the whole sequence (u”,mT)

Theorem 5.3.
— In Section 6, we describe the vanishing discount limit for the (discounted) infinite horizon problem

. See

—uy + du — kAu + H(x, Du) = F(xz,m)
my — kAm — div(m H,(xz, Du)) =0
m(0) = mo, u € L*=((0,00) x T?).

Under similar conditions as before, we prove that the solution (ugs,ms) satisfies

6—0

ugs(t,x) — 6301)(75,95) ; ms(t,x) = p(t, )

| >

locally uniformly in [0, 00) x T9, where (v, ;1) is again one particular solution of (1.3).
Once more, the convergence occurs for the whole sequence; we prove that actually the particular solution
selected in the limit satisfies

t—00

v(t,z) = a(z)+0

where 6 is itself a specific ergodic constant of a linearized problem. See Proposition 6.4 and Theorem 6.5.
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In the end, the results in Section 6 establish the commutation property between the limit as ¢t — oo and
the limit as § — 0 in the discounted infinite horizon problem. Let us point out that m is the unique invariant
measure of problem (1.3); indeed, in this problem g is uniquely determined (while v is unique up to addition of
constants) and satisfies

w(t, x) 20 m(x) uniformly in T¢.

To conclude, we recall that the results described in the above items and contained in Sections 4-6 were previously
proved in [5] for the case of smoothing and monotone couplings F, G, using the long time convergence of the
master equation. Even if we rely on many ideas contained in [5], we develop here a simpler program to achieve
those results, which avoids both the use of the master equation and the explicit use of the linearized mean
field game system. The main benefit of this approach is that it is much less demanding on the functions F,G
(say, much cheaper in terms of the required smoothness) and more case-sensitive in terms of initial conditions.
We give evidence of this fact by extending the results of [5] to the case of couplings which are local and even
possibly non-monotone.

Let us point out that even the case of non local mildly non-monotone couplings could be dealt with in a
similar way but we did not pursue this extension here for the sake of simplicity.

2. STANDING ASSUMPTIONS

Let = belong to the flat torus T¢. We denote by #(T?) the space of probability measures on T¢. Throughout
the whole paper, we suppose that H(z,-) is locally Lipschitz continuous and locally uniformly convex on R
Namely, p — H(z,p) is a C? function which satisfies

VK >0, 3Lk >0: |Hy(z,p)| < Lx  Y(z,p) € T*xR?: |p| < K (2.1)
and
VK >0, Jak,Bk >0: axlI < Hp(z,p) < Bxl Y(z,p) € T xR : p| < K. (2.2)

The couplings F, G are real valued functions defined on T? x [0, 00); we suppose, as a standing condition, that
they are locally bounded and Lipschitz continuous with respect to m:

F < v Td "eR:
VK >0, Jex, b >0 : 4 FE@mIS e, veR e (2.3)
|F(z,m) — F(z,m")| < lg|m —m/ [ml, |m'| < K
and similarly for G(z,-):
. G <é Vo € T¢ "eR:
VK >0, 3k, I >0 4 1G@MI< ey A rEeR M e (2.4)
|G(z,m) — G(z,m")| < lx|m —n/| Iml, |m/| < K

The dependence of H, F, G with respect to x is only assumed to be measurable; as it is commonly said, they
are Carathéodory functions (measurable in x for any p, or m, accordingly), and the above conditions (2.1)—(2.4)
are meant to hold almost everywhere for z € T¢. We stress that H, F could depend on t as well (in a measurable
way) without additional difficulty, unless for results in which the long time behavior is concerned, where this
dependence could change drastically the picture, of course.
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3. UNIQUENESS FOR THE MFG SYSTEM

In a first result, we show that the MFG system admits a unique solution if the rate of anti-monotonicity does
not exceed some threshold, depending on the global L°°-bounds of m, Du.
To this purpose, we consider the set of (classical) solutions (u, m) to (1.1) which satisfy

sup m <M, sup |Du|<U (3.1)
[0,T)x T4 [0,T]x T4

for some 171, U > 0.
Theorem 3.1. Let us set

X = {(u,m) € L=((0,T); W (T%)) x L*>°((0,T) x T?) satisfying (3.1)}.

There exists v > 0, only depending on k, 1M, U (in particular through the constants Ly, oy, Pu in (2.1)-(2.2)),
such that if

F(z,m) +~ym, G(x,m) +ym are nondecreasing, for m € [0,M],z € T?,

then (1.1) admits at most one solution (u,m) in X.

Proof. Let (u1,m1) and (uz,m2) be two solutions to (1.1) which belong to the set X. Convexity of H and the
usual duality identity give

d

-3 /ﬂ‘d(U1 —ug)(my —ma) > /’er mo{H (z, Duy) — H(z, Dus) — Hp(z, Dus)D(u1 — us)}

+ | mai{H(x,Dus) — H(z,Duy) — Hy(x, Du1)D(uz — u1)} —|—/ [F(z,m1) — F(xz,m2)][m1 — ma).
Td Td

Integrating on (0,7, using (2.2) and the monotonicity assumption on F(m), G(m), we have

ay /OT /Td(ml +my)|Duy — Duy|? < W/OT /Td(m1 —my)? +W/Td(m1(T) —ma(T))>. (3.2)

The equation for p := m; — mo reads
pr — kAp — div(pHy(z, Duy)) = div(mg (Hp(x, Duy) — Hy(z, DUQ))), te (0,T)

with p(0) = 0. Thus Lemma A.2 applies and yields, by Lipschitz regularity of H,
T T
/ / (m1 - TfLQ)2dt S Cﬂ%l/ / (m2)2|Du1 - DUQ|2dt
o Jrd 0 J1d

T
< cg%,m/ /d ma|Duy — Dusg|*dt
0 T

for some constant C' only depending on x and Ly given by (2.1).
Similarly, using (A.3) in Lemma A.2 we have

T
/ (ml(T) - mQ(T))2 S Cﬂi m/ mg\Dul - DU2|2dt
Td 0 Td
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Plugging those informations into (3.2) we obtain

T T
/ / ma|Duy — DU/2|2 < 2706121 a{,lm/ / ma|Duy — Duz\zdt,
0 T4 0 Td

and therefore Du; = Duy whenever v < oy (2C 83 111) ! (note that ms is bounded away from zero on (0, 7)) by
the strong maximum principle). The equalities u; = ug and m; = my then follow by uniqueness of solutions of
the Fokker-Planck equation and of the (backward) Bellman equation. O

Remark 3.2. The constant « does not depend directly on the time horizon 7', but only on 771, U. In particular,
if those bounds are independent of T, then so is v as well. Note also that v depends on the diffusion coefficient k,
and it must vanish as k vanishes. Indeed, using bifurcation arguments as in [9], it is possible to prove the existence
of multiple solutions (having comparable Lipschitz bounds) for large T' and arbitrarily small anti-monotonicity
degree, i.e. I’ ~ —k. Therefore, the constant C' in the previous proof must explode as k — 0.

Remark 3.3. Of course the constant v depends on the L*°-norm of the initial datum, because ||mg||oo < M.
A similar result can be proved to hold for the stationary ergodic problem (1.2).
Theorem 3.4. Let us set
X = {(u,m) € W-(T%) x L=(T?) : || Dullec < U, |[m|lec < M}

There exists v > 0, only depending on r, N, U (in particular through the constants Ly, oy, By in (2.1)+(2.2)),
such that if

F(x,m) + v m is nondecreasing, for m € [0,1],x € T¢,

then (1.2) admits at most one solution (\,u,m) in X.

Proof. The proof follows the lines of Theorem 3.1. If (Ay,uy,m;) and (A2, ug, ms) are two solutions to (1.2)
which belong to X, we consider the duality between the equations of u; — us and m; — my. Since m; — mo has
zero average, the term with A\; — Ay disappears if integrated against m; — msy. Then one gets

g mo{H (z, Duy) — H(z, Dus) — Hp(z, Dus)D(u1 — us)}

+ » mi{H (z, Dug) — H(x, Du1) — Hy(x, Duy)D(us — u1)}
+ /Td[F(x,ml) — F(x,ms)][m; —ms] <0
which yields
Qg /[rd ma|Duy — Dus|?* < 7o /’ﬂ‘d |my — mal|? (3.3)
Using Corollary 1.3 of [5] for the equation of m; — ms, we have, for some C only depending on k, Ly,

lm1 = mal|72(pay < Cllma(Hy(x, Dur) — Hy(2, Duz))|[72(gay < C M BE|/ma(Duy — Dus)||7spay
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Plugging this information into (3.3) gives that Duj; — Duy = 0 if 7 is sufficiently small, only depending on
K, Li;, oqp, By Since Duy = Dug it follows that my = mgy (from the second equation) and u; = ug from the
prescribed normalization condition. Finally, the first equation gives A1 = Ao. O

We now give two examples of applications of the previous results, namely two settings where the global
bounds (3.1) are proved to hold.

(A) Globally Lipschitz Hamiltonians

The simplest case where a global bound in ensured for m, Du is when the Hamiltonian is globally Lipschitz.
This is for instance the case when the set of controls of the individual agents lies in a compact set. For simplicity,
we assume here that the final datum G is m-independent, i.e.

G(x,m(T)) = ur(zx) € WH(T9). (3.4)
Corollary 3.5. Assume conditions (2.2)—(2.3), and in addition suppose that H(x,p) satisfies
3L>0: |Hy(z,p)| <L  Y(x,p)cT? xR (3.5)
Assume also that G satisfies (3.4).
For any mgo € L>(T4), there exist a constant My, only depending on k, L, |mg||sc and another constant o,

depending on K, L, |mo||oo, [|[ur (@) |lw1.0c (ray and on the functions F, H (through the constants in (2.2)~(2.3) for
a value of K depending on k, L, [|[mo||oo, [ur (2)|lw1.(re)) such that if

F(z,m) + yom is nondecreasing, for m € [0, M),z € T¢, (3.6)

then the MFG system (1.1) has a unique solution.

Proof. Since ||Hp(z, Du)|lcoc < L due to (3.5), by standard parabolic regularity we know that there exists 1M,
only depending on k, L, ||mg||oc such that

[lmleo < M.

Using (3.4) and parabolic regularity, there exists a constant g, depending on &, L, ||ur ||y 1,00 (7a) and on the
regularity of F'(z,m) for |m| < My, such that

[Dulloe < U -

Since the bounds above are true for all solutions, by Theorem 3.1 there exists vy, depending on «, 1y, Uy,
such that if (3.6) holds then there is a unique solution of the MFG system. This concludes the proof of the
statement, because 11y, Uo only depend on , L, [mo||oc, [[uz (%)[|w1, (r4) and on the local behavior of F, H on
related compact sets. [

Remark 3.6. It is possible to quantify a bit more precisely the dependence of 7y on the functions F, H. Assume
that H satisfies (3.5) and

co(1+ \p|)_IId < Hp, < calld Y(z,p) € T¢ x R?

for some ¢y > 0. Let for simplicity G = 0, and suppose that F(x,m) ~ —ymP, with |F,,(x,m)| ~ ymP~! for
some 7y > 0.
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If L is given by (3.5), then one has
Imllee <M = C(k, L)|mol|
for a constant C' only depending on &, L (and the dimension d). Therefore ||F(xz, m)||s < v MP, hence
[Dulloc < U = C(k, L)y NM*

for a possibly different constant C' still depending only on x, L,d. Coming back to the proof of Theorem 3.1,
with oy ~ %, 8v = cal we need to require

1 1
< <
VNCumwcympH'

Hence we can estimate
% S C(r, L) [[mo|| 2P/
for some C only depending on &, L,d. It is also easy to check that C'— 0 as kK — 0, so we have
Y — 0 as k = 0 or ||mollec — 0.

One may guess at this point that g vanishes as the diffusion x vanishes because norms of solutions are uncon-
trolled. In fact this seems related to subtler issues, involving the deterioration of the exponential decay of
the heat semigroup as k — 0. Indeed, as we already observed in Remark 3.2, one can find multiple solutions
with controlled norms whenever F’' ~ —k. Hence, even though one assumes bounds U, 71 on solutions, it is
mandatory to require smaller 7y as k becomes smaller. Note also that bifurcation methods allow to construct
solutions that are periodic in time; therefore, not only uniqueness fails, but also the turnpike property that will
be addressed in the next section, at least for selected families of solutions. See also [18] for the failure of long
time stabilization (due to existence of traveling waves) in deterministic mean field games with anti-monotone
couplings.

In a similar way, using the elliptic regularity, there is existence and uniqueness of solutions for the stationary
problem, provided the rate of anti-monotonicity of F' is not too large. We skip the proof which follows the same
lines as in Corollary 3.5.

Proposition 3.7. Assume that p — H(x,p) is a C? function which satisfies (2.2) and (3.5), and that F(x,m)
satisfies (2.3).

Then there exists vo > 0, only depending on L,k and on the functions F, H (through (2.3), (2.2) for some K
only depending on L, k), such that if F(z,s) + vos is nondecreasing, then the stationary ergodic problem (1.2)
admits a unique solution (\,a,m).

(B) Quadratic Hamiltonians and couplings with mild growth

Our second example includes the case of superlinear Hamiltonians, having quadratic-like growth in the
gradient. Namely, we assume that H € C*(T¢ x R?) is nonnegative and satisfies, for some co > 0:

Cglfd < Hpp(z,p) < co 1y,
o 2|p|* < Hy(x,p) - p— H(z,p),

061|Hp(x7p)‘2 S Hp(xap) i 2 H(l’,p),
|H(l’,p) - H(yap)| S €o (1 + |p‘)7
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for all z,y € T?, p,q € R
In order to have global bounds, we need here to restrict the growth of the coupling term. Thus, we suppose
that F satisfies, for some o < % and cp > 0,

—cpm® < F(x,m) <0 vYm > 0. (3.8)

Note that it is sufficient that ' be bounded from above. Then, one can assume that it is nonpositive by adding
a term Ct, for suitable C, to u. We also assume here that the final datum G is more regular, i.e.

G(xz,m(T)) = ur(x) € C*(TY). (3.9)

Theorem 3.8. Assume that (3.7), (3.8) and (3.9) are in force. Then, there exist 1M, U depending on
K, Co, CF, ||Molloo Such that (3.1) holds for all classical solutions to (1.1). Moreover, assuming in addition
the local Lipschitz assumption (2.3), there exists another constant vy (depending also on y in (2.3)) such that

if
m + F(z,m)+yom is nondecreasing, for m € [0,1],z € T,

then the MFG system (1.1) has a unique solution.
We divide the proof of the estimate (3.1) in several steps. The uniqueness statement is then a straightforward
consequence of Theorem 3.1.

Step 1. Estimates on the oscillation of u(t). Denote, as usual, oscrau(t) = max,epa u(x,t) — mingeqa u(x, t).
We claim that there exists Cy > 0 depending on cg, cp, d, o such that

oscrau(T — n) < oscraur + 2C Vn € N. (3.10)

The estimate will be a consequence of the following “oscillation decay” inequality
1
oscrau(T — k) < ioscwu(T —k+1)4+C Vk € N. (3.11)

Indeed, given (3.11), by induction

n—1
1
oscpau(T —n) < Q—nosc-ﬂ-duT + Cy ,;) ok < oscraur + 2Cy,

which is (3.10). We now turn to (3.11). It will be sufficient to prove it for T — k = 0, being the case T'— k # 0
identical; it suffices indeed to perform a time-shift, which is allowed by the following crucial observation: since
S m(t) =1 for all ¢, by (3.8)

[ E(sm(, )| po(ray < cr, p= (3.12)
To obtain the oscillation estimate, we will argue by duality. For a review of the so-called adjoint method and
its application to mean field games, see [19] and the recent developments in [11].

For a smooth probability density py € C*(T?) let p be the classical solution to the Fokker-Planck equation

(3.13)

pt — Ap —div(pHpy(z, Du)) =0, te (0,1)
p(x,O) = po(l‘).
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Then, as p’ = E < d%‘lz, by means of Lemma A.3 there exists C. depending on ¢, d, a (but independent of py)
such that

1 1
11l 21 ((0,1): 20" (may) < 5/0 /Td |H,(x, Du)|*p + C. < 600/0 /Td[Hp(a:,Du) -Du— H(xz,Du)lp+ C.. (3.14)

for £ > 0 that will be chosen below; the second inequality is just a consequence of the third assumption (3.7)
on H.

We may now add a constant to u so that maxys u(x,1) = 0. Note that by the maximum principle, u(x,t) < 0
for all t < 1, z € T?. Using the duality between the equations of u and p, and estimate (3.14), we obtain

/01 Ad[Hp(w,Du)Du_H(x,Du)]pz/Td u(O)Po—/Tdu(l)p(l)—/Ol/Td F(z,m)p

< oscrau(l) + HF(xvm)HLOC((O,l);LP(’]I‘d))”p”Ll((O,l);LP’(’]I‘d))

1
< oscpau(l) + cocFe/ / [H,(x, Du) - Du— H(z, Du)]p + crCe.  (3.15)
o Jra
Thus, choosing € = (2cocr) ™, we get
1
/ / [Hy(z, Du) - Du — H(z, Du)]p < 2o0scrau(l) + Co. (3.16)
Td

Pick now zg,yo € T¢ such that oscrau(0) = u(y,0) — u(xo,0) and let z = yg — x¢. Setting p(z,t) = p(x —
(1 —1t)z,t), p solves

pr — Ap — div(pHy(z — (1 — t)z, Du(x — (1 — t)2,t))) — div(pz) =0, t € (0,T)
p(z,0) = po(z — 2).

Testing the equation of p by u and the equation of u by p and integrating by parts we obtain

/ /T — (1= t)2, Du(w — (1= t)2,1)) - Du(a, t) — = - Du(w,t) + H(w, Du(w, £)|p(z, 1)

:—/Tdu(xﬂ)po(x—z)—k/u //Td (z,m)p.

Denote for simplicity y = « + (1 — t)z. After the change of variables  — (1 — t)z — x, add (3.15) to get

/ /Td (x, Du(z,t)) - (Du(y,t) — Du(z,t)) + H(y, Du(y,t)) — H(x, Du(z,t))]p(

//WzDu@,)(zm/Td[ w(.0) — u(e 4 7, 0ol // (em)(p— p).

Applying now the first and the fourth assumption in (3.7) to the left-hand side of this resulting inequality yields

—1 1
o / Du(y, t) — Du(e, t)plar. ) + / fuz + 2,0) — u(z,0)]po(x)
0 T

Td
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sCo/Ol/W<1+Du(y,t>|>p<z,t>+/01 Adz-Du@,t)p(x,m/Ol/W Fle,m)(p— p).

Using now Young’s and Hoélder’s inequalities, there exists ¢; (only depending on ¢y) such that

[ Juta 2.0 = u(a,0)lpo(x)
Td

1 1
< 86%/0 /Td \DU|2P+ 2||F(x7m)”LOO((O,l);LP('Jl‘d))||pHL1((O,1);LP/(’]I‘d)) +tc

1 1
< g/o /Td [Hy(z, Du) - Du — H(z, Du)lp + 2| F(z,m) | o~ ((0,1): L7 (vay) | Pl 1 ((0,1);07 (7)) + €15

as a consequence of the second assumption in (3.7). Finally, we plug in (3.14) and (3.16), and by an appropriate
choice of € small we obtain

[ e +2.0) = u(e.0)lpo(a) < Gosersu(t) + C,

for some C3 depending on ¢y, ¢, a, d. Choosing now a sequence of py converging (weak-*) to d,, we obtain the
desired estimate

1
oscrat(0) = u(yo, 0) — u(xo, 0) < §oschu(1) + Cs.

Step 2. Estimates on a C®-norm of u. We claim that there exists 8 € (0,1) and C > 0 depending on ¢, cr, o, d
such that for all n € N

|lu(-,t) — H%F%XU(T —n)|lgsray < C forallt € [T — (n+2),T — (n+1)], (3.17)

and the inequality can be extended up to ¢t =T when n = 0.

First, L>-bounds on z(z,t) := u(x,t) — maxqe u(T — n) can be obtained by duality as in Step 1 (and the
argument is even simpler). Note that [|z2(T — n)||ec < C by (3.10), independently on T,n. We then proceed
assuming without loss of generality that [T'— (n + 2),T — n] = [-1,1]. Since z(1) < 0 and F < 0, we have
2 <0 on T¢ x (—o0, 1] by the maximum principle. Let now p be as in (3.13). Arguing as before by duality (see
equations (3.14)—(3.16)), there exists a constant C' depending on cg, c¢r, [|2(1)]|oo (but not depending on pg) such

that
1 PR
//F(:mm)p’SC,
0 Td

and therefore
@l = [ =000
Td Td

) /01 [ttt DDz~ 1 Do [ st1) - /01 [, Famp < [zl +C.

Varying pg yields a bound on ||z2(7)||o for 7 = 0. Then, varying 7 € [—1, 1) in the initial condition p(z, 7) = po(z)
for p allows to extend such L>-bounds for z to the whole cylinder T¢ x [—1,1].
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Once sup-bounds on u(-,t) — maxys u(T — n) are established, using the uniform integrability of F(m) in

(3.12), a control on a Holder semi-norm follows by standard results for quasi-linear parabolic equations with
quadratic growth in the gradient, see e.g. Theorem V.1.1 of [22].

Step 8. Estimates on the L1(LP)-norm of |Du|?>. Let ¢ > 1. We claim that there exists C' > 0 depending on
co,Cr,a,d,q such that for alln € N

Dl L2a( (72— (n41),7—n) ;220 (1)) < C- (3.18)
We prove the inequality in the case (T'— (n+1),7 —n) = (0,1) and T > 2; constants below will not depend
on T nor n, so the validity of (3.18) for t € [0,T — 1] will be a straightforward consequence. Some comments

regarding the interval ¢ € [T — 1, T], that is for ¢ close to the time-horizon will be made below.
First, 4(z,t) = (2 — t)[u(z, t) — maxya u(z, 2)] solves u(z,2) = 0 and

i~ Ai=—(2—t)H (a: Da

5 t) +2=t)F(xz,m(t))

Therefore, for any ¢ > 1, by maximal L? — L? regularity for linear parabolic equations (see e.g. [20]), there
exists Cq > 0 depending on g, p, d such that

Du
[ V0 <0 [ =0 (25 ) 2+ I

Since H(z,p) has quadratic growth in the p-variable, we may adjust C,, and use (3.12) to obtain

2
S 1O < 0 ([ 100 0 5+ 2 (319)

We now recall the following Gagliardo-Nirenberg type inequality
IDa() p2vay < Cla()I5y20 cpay 180 | G5 pay (3.20)
which holds for 6 € [1=5,1) and
1 1 2 I3
—==-40|l-—=)-(1-06)=.
2p d + <p d> ( )d
Then we pick S > 0 as in the previous Step 2. Note that since p > %, we have 6 < 1/2, and by Step 2

B 2¢8 q(2—20)
1D ey _ ClEON @ OIS C!(2 — 11029 [a(1) |24
(2 ! t) < (2 — t) < W2.p(Td)"

Thus, plugging the previous inequality into (3.19) yields

2
[ IOt < 5 / O3 oyt +1)
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for all t € (0,2). Since 2gf < g, an estimate on L7((0,2); W2P(T9)) for @ follows. In turn, back to (3.20),
this gives bounds in L29((0,2); L?P(T%)) for Da. Finally, claimed bounds in L24((0,1); L?(T%)) for Du are
straightforward.

In the interval [T'— 1, T there is no need to localize in time with the term (2 —¢) and normalize the sup-norm,
i.e. it is sufficient to perform the very same argument with @(z,t) = u(x,t) (and use that u(T) is C?).

Step 4. Estimates on the sup-norm of Du and m. By the assumptions on H,,, which has linear growth in |p|,
the previous estimate (3.18) reads

| Hp (2, Du)|| L2a( (17— (n+1),7—n) ;020 (1)) < C.

for any ¢ > 1 and for some p > d/2. Hence, m solves a linear equation in divergence form with drift H,(x, Du),
that in turn satisfy the previous integrability condition. Since ||m(t)|p1(rey = 1 for all ¢, it is standard the
existence of M (independent of T') such that

max m < M1,
[0,T]x T

see e.g. Theorem IIL.7.1 of [22]. Hence, now we have maxyy r)xra [F (2, m)| < cpMM®. Then, reasoning as in
Step 2 in any interval [T — (n + 2),T — (n + 1)], where we use that u(t) — u(T — n) is bounded uniformly (see
(3.17)), we can apply ([22], Thm. V.3.1) in order to get a bound for Du at time T' — (n + 2). Since this bound
is independent of 7', and thanks to (3.9), we conclude that a uniform bound holds up to t = T*

max |Du| <U.
[0,T]x T4

Hence, (3.1) is proved. O

A similar result also holds for the stationary ergodic problem, as well.

Theorem 3.9. Assume that H satisfies (3.7) and F satisfies (3.8). Then there exists a solution (\,m,u) of
the ergodic problem (1.2) such that m € L*(T%), u € W (T?).

Moreover, there exist 11, U (only depending on k,« and the constants co,cr) such that any solution of (1.2)
satisfies

maxm < M, max |Du| < U.
Td Td

Finally, there exists vo > 0 (only depending on k,a and the constants co,cr) such that, if F(x,s) + vos is
nondecreasing, then the solution (\,m, @) is unique.

Proof. We first prove the second assertion, namely the a priori estimate. Let (\, 7, @) be any solution of (1.2).
We start with bounds on A (that are somehow related to oscillation estimates in the previous part). First,
A < —maxya H(-,0) (it just suffices to evaluate the equation for @ at a maximum point of @). Then, we use an
estimate in Proposition 2.3 of [8]: since a < %, there exists C' > 0 and o < 1 (depending on d) such that

/ e (/ \H, (2, Da) P + 1)
Td Td

Hence, testing the equation of m by @ and the equation of u by m and integrating by parts we obtain

A= /Td [Hy,(xz, Du)Du — H(z, Du)|m + /Td F(z,m)m
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g
> cgl/ |H,(z, DW)|*m — cpC (/ |H,(z, Du)|*m + 1) ,
Td Td

which is clearly bounded from below by a positive constant depending on cg, ¢, C, . Therefore, ) is bounded
only in terms of «, ¢g, cp, .
Moreover, since [m =1, by (3.8)

IECm())peey S cp, p=

Thus, we obtain bounds on | — A@ + H(x, D@)| in LP(T%). Note that a straightforward control of the L2-norm
of D1 comes from integration on T¢ of the HJB equation for 4. Therefore, maximal regularity ([10], Thm. 1.1)
results yield bounds on H(z, D) in LP(T?), and then on H,(x, Du) in L?(T9), p > d/2. The existence of 171
such that maxya m < M1 is then classical (e.g. [23], Sect. 3.13). Being the right-hand side of the HJB equation
bounded in sup-norm by c11?, it follows (e.g. [23], Sect. 4.3) that maxqa |[Du| < U for some U only depending
on 111 and \. This concludes the a priori estimate.

Note that the above procedure holds also if one replaces F by its truncation = F(x, min{m, 11}), since it
depends only on the upper bound (3.8) on |F'|. Therefore, one may consider a classical solution of the system

A — Au+ H(z,Du) = F(x,m) in T4
—Am — div (m H,(xz, Du)) =0 in T4 (3.21)
Jram=1, [Lsu=0

which exists, e.g, by results in [8] (F is globally bounded). Since m < 111, then F(z,m) = F(x,m), and we have
the existence statement of a solution to the original ergodic problem.

In view of the a priori bounds found above, the uniqueness statement is a direct consequence of Theorem 3.4.

O

Remark 3.10. On the growth assumption a < %. We have seen in this section that a condition of mild growth
of F(z,-) guarantees the existence of solutions to the MFG systems (both the ergodic and the evolutive one). It
is worth noting that the existence of a triple (@, m, 5\) to the ergodic MFG system has been established under
the weaker growth assumption a < ﬁ and additional smallness constraints on cg, while non-existence of
solutions might even arise in the regime a > %5, see [8]. Concerning the evolutive MFG system (1.1), existence
of solutions for arbitrarily large time horizon T may fail already when a > 2 in general [12] (so the study of
the long time behavior becomes much more delicate, being the MFG system even more sensitive to the data).
Still, smallness assumptions on cp are sufficient to recover existence for all T > 0, as described in [12]. These
assumptions may then guarantee uniqueness also, and the turnpike property, but such an analysis is a bit beyond
the scopes of this work.

4. THE EXPONENTIAL TURNPIKE ESTIMATE

In this section we prove that, if the anti-monotonicity of the coupling F(x,m) is sufficiently small, then we
can prove the existence of solutions of (1.1) satisfying the turnpike property. The strategy we adopt follows
Section 1.3.6 of [6], through the construction of a solution via a fixed point in a suitable weighted space.

Theorem 4.1. Let mg € P(T?). Assume that F(x,m),G(z,m) satisfy (2.3), (2.4), and that H(z,p) satisfies
(2.2) and (3.5).
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Then there exists v > 0 only depending on L,k (and on the functions F,H ), such that if F(x,s)+ vs is
nondecreasing then any solution (u”,mT) of problem (1.1) satisfies

|lmT (t) — 1||oe + || DuT (t) — Dii]|oe < M(e%t + e~<(T—1) vte (1,T —1), (4.1)

for some w, M > 0 (independent of T ), where (\,%,m) is given by Proposition 3.7.

Remark 4.2. According to the Theorem, there is a threshold of anti-monotonicity, namely there exists some
4 > 0 such that if F(z,s)+ s is nondecreasing with v < 4, then any solution enjoys the turnpike estimate.
Of course, we have 4 < vy given by Proposition 3.7 (indeed, a unique stationary state is used here). This value
4 depends on F, H through the constant L in (3.5) and through assumptions (2.3), (2.2), in the sense that it
depends on the constants cg, {, ax for a value of K only depending on L, k. No special effort is devoted, in
the proof below, to catch a refined estimate of 4; as it will be clear, several arguments will need v to be smaller
than generic constants appearing in the global (in time) estimates of the solutions.

The proof of Theorem 4.1 will rely on the application of Schaefer’s fixed point theorem ([16], Thm. 11.3).
The key-point is given in the following lemma which contains an a priori estimate on a sort of linearization of
the mean field game system. We recall that, for any v € L?(T%), we denote (v) = [, v and o = v — (v).

Lemma 4.3. Let h(x,p) be differentiable with respect to p, and assume that h(x,p), hy(z,p), f(z,s) and B(z,p)
are all Carathéodory functions which satisfy the following growth conditions for some constants £y, C1,Cy and
for every s € R, x € T and p € R? such that |p| < K:

h(z,0) =0, [hy(z,p)| < o, (4.2)
fla,s)s > —vs?, |f(z,s)| < C1ls] (4.3)
B(z,p)-p=>Cy'lpl*,  [Bla,p)| < Calp|. (4.4)

For o €[0,1], po € L*(T%), with [, po =0, and vy € L*(T%), let (u,v) be a solution of the system

—0w — Av + h(z, Dv) = f(z, 1) te(0,7T),
v(T) = vy (4.5)
Ot — Ap — div(p hy(x, Dv)) = o div(B(z, Dv)) te€ (0,T), ’
1(0) = o po
where we assume that, for any (t,x) € Qr, we have |Dv(t,z)| < K and
oB(x,p) - p — u(t, ) (h(z,p) — hy(z,p) - p) 2 ocop|*  ¥(t,x) € Qr,¥p : |p| < K, (4.6)

for some ¢y, K > 0.
Then there exist constants vy, w,c > 0 (independent of o,v, 1) such that, if v < vo (v is in (4.3)), then (u,v)
satisfies

le@®)ll2 + 1502 < e lllpoll2 + l[or]l2] (ef“’t + 6*“(T*”) vt e (0,T), (4.7)

where 0(t) = v(t) — (v(t)). The constants vo,w, ¢ only depend on k, Ly, C1,Ca, co.
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Proof. For T > 0, o € [0,1], po € L*(T?) with [, po = 0, and vy € L*(T?), let (u,v) be the solution of
system (4.5). We first prove that there exists a constant ¢, independent of o, T, g, v, such that

[(@)ll2 + [[2(6) ]2 < c(lluollz + o7]l2) - (4.8)
To start with, we observe that, due to (4.6) and (4.3), (u,v) satisfies

d
~5 [ = [ f@nre [ B Do~ [ whie, Do)~ yfw D) Do)

dt Td (4.9)
zaco [ 1Dof o [ .
Td Td

Integrating and using Lemma A.2 we get, for a constant C' only depending on &, ¢y (given by (4.2)):

T T
veo [ [ 1D0P < 00)p0) = (or )+ [ In(olar
< (0(0).10) = (o u(T) + Crllmol + 0 [ [ 1B Do)
T
< (0(0). 1) = (o u(T) + ol + € Cror [ [ (o

where we used (4.4) and o < 1. If yC C% < ¢ we deduce the bound

T
0/0 /Td |Dol? < e {llollz [I19(0) 2 + llmoll2] + 1o |2l o(T) 12} - (4.10)

Hereafter, we denote by c¢ possibly different constants, depending on &, ¢y, C1, Cs, ¢y, which may vary from line
to line. Those constants are independent of o, T, pg, vr.
We deduce from (4.10), using again Lemma A.2 and (4.4),

T
sup IIu(t)H%SC(IIuoII%JrUzC% / / |Dv|2>
te[0,T] o Jrad
< ¢ {lluoll2lll5O)ll2 + lolla] + 52 lll(T)]12}

which implies

sup @13 < elllioll + 197131 + ¢ lloll2[15(0)|2 - (4.11)

Since the Hamilton-Jacobi equation implies (using Lem. A.1 and (4.3))

Gy

T
15(0) ]2 < C e ozl + CCl/O e " |lu(s)llzds < Cllor|l2 + sup [l12(8)l2

vV o1
coming back to (4.11) we deduce (for possibly different c)

sup @13 < clllnol3 + 107 3]

)
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A similar estimate follows for supjy 7y [[9(¢)[|2, using again Lemma A.1. This allows us to conclude estimate
(4.8). In addition, the inequalities above also show that

T T
o [ [ pePare [ [ upde < ellulf + forl3. (1.12)
0 JTd 0 JTd

We claim now that this implies the existence of 7 such that, for every T' > 27 we have

e (@®)l2 + [0()[l2 < %[||/~L0||2 +llorll)  Vie [T —1]. (4.13)

In fact, using (4.12), we know that there exist points &, € [0,7/2] and 7, € [T — 7/2,T] such that

2c 2c
l(&)15 < 7M2, la(n-)]13 < 7M27 where M? = [|uoll5 + [|97 13- (4.14)

Estimating once more p through Lemma A.2, and then using (4.9) (integrated in the interval (&;,7;)), thanks
to (4.14) we get

[ g < e+ ozt [T b
2c¢C CC3
<20 S [Tl + [ weoeter) - [ utorivton )

P

Using the global bound for ||0(t)||2 and (4.14) we estimate last two terms. In the end, choosing v sufficiently
small we deduce

nr ) c
/57 Il < M3E + ) (4.15)

and in turn what we estimate in between gives (as we said before, for possibly different c)

s [ 2 9, C c
o |Dv|* < M* (= + —=). (4.16)
Td

] N

Using once more Lemma A.2 we have, for all t € (&;,7,)

"
Il < € (el +o2 2 [ [ Do)

and so (4.14) and (4.16) yield

%) Vt € (Enny). (4.17)

Similarly we estimate o, using Lemma A.1 and (4.3). For ¢t € (&,,7,) we have

Cc
I3 < M*(— +

nr
15(8)ll2 < C e =|5(n.) |12 +001/ e | u(s) |2ds
t

)

(4.18)
ce V=M 4 M(

NH‘ Q

7
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where we used (4.8) and (4.17). For ¢ € [7,T — 7] we have n, —t > 7, hence we get

c
1

15(t)|12 < ce™™/2M + M(\% +).

T4

This inequality, together with (4.17), imply (4.13) for a convenient choice of 7.
Finally, by iteration of (4.13), we deduce that there exist w > 0 and ¢ > 0 such that

la@®)ll2 + 15(8) 12 < e luollz + [57a] (7 + e==T=0) e e (0,T),

which is (4.7). O

Now we complete the proof of Theorem 4.1.

Proof of Theorem 4.1.
Step 1 (definition of the fixed point mapping) We will first prove the result assuming mqy € @(T9) N C%*(T9).
We set X = C°([0,T); L3(T?)), where L2(T¢) denotes the subspace of L?(T?) made of functions with zero
average. Then we introduce the following norm in X:

()22 (re) >

ulllx = S (e—mﬁ—w—w

)

where w > 0 will be chosen later. We have that (X, |||ul||x) is a Banach space and ||| - ||| is equivalent to the
standard norm ||ul| = supyy 7y [|u(?)|| L2 (ra)-

By Proposition 3.7, there exists some 7y such that, if F'(x,s) + vos is nondecreasing, then there exists a
unique (A, m, @) solution of the stationary ergodic problem (1.2).

We define the operator ® on X as follows: given u € X, let (v, p) be the solution to the system

—vy — KAv + H(x, Du + Dv) — H(z, Da) = F(z,m + p) — F(x,m)

(1) =G(z,m+p(T)) —a

pt — kAp —div(p Hy(z, Du + Dv)) = —div(m [Hp(z, Da + Dv) — H,(x, Du)])
p(0) = mg — .

(4.19)

Then we set p = ®u. We observe that the existence and uniqueness of (v, p) is well known because H satisfies
(3.5). We point out that p is a fixed point of ® if and only if m := m + p and u := @ 4+ AT — t) + v yield a
solution of (1.1).

Step 2. (a priori estimates and existence of a fixed point) We first observe that, due to (3.5), there exists R,
only depending on L, x and ||mo||co, ||/ 0o, such that

oo < R Vp € Range(T) . (4.20)

Therefore, up to replacing p with min(p, R) in the first equation of (4.19), we can assume that F(z,-) is globally
bounded and Lipschitz, thanks to (2.3) used with K = |||l + R. Using again (3.5) and the global bound of
the right-hand side, we deduce (e.g. by Lemma A.1) that a global bound holds for ||(¢)|2. Hence, by (local)
regularizing effect of parabolic equations, there exists a constant K > 0 (only depending on L, x and R) such
that

IDv(t)ee <K VE<T -1, VYpeX. (4.21)
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The continuity of the operator ® in C°([0,7]; L?(T%)) (hence in X) is a routine stability argument for parabolic
equations, due to the Lipschitz character of H and the boundedness of F. In addition, since m, mg € C%%, by
standard regularity results (see [22], Chap. V, Thms. 1.1 and 2.1) we have that the range of ® is bounded in
ce/ 2:2(Qr), in particular its closure is compact in X. Thus, ® is a compact and continuous operator. In order
to apply Schaefer ’s fixed point theorem, we are left to prove the following claim: there exists a constant M > 0
such that

el < M for every p € X and every o € [0, 1] such that g = o®(u). (4.22)
Now we observe that the estimate (4.22) follows from Lemma 4.3 (which will be applied in (0,7 — 1) due to

(4.21)). Indeed, if px = o®(u), then (u,v) is a solution to (4.5) with pg = mo —m, vr—1 = v(T — 1, x), and where
h(z,p), f(x,s), B(x,p) are defined by

h(z,p) := H(x, Du(z) + p) — H(z, Du(z))
[, p) = F(z,m(z) + p) — F(z,m(z))
B(z,p) := m(x) [Hp(z, Du(x) + p) — Hy(x, Du(x))]

Using (4.20) and (4.21), together with (2.3) and (2.2), the functions h(z,p), f(x, s), B(x, p) satisfy the conditions
(4.2)—(4.4), where we also used that F(x,s) + 7s is nondecreasing.
In addition, since p = o®(u) implies p(t, ) > —om(z), we also have, for some constant ¢y,

oB(z,p) - p—pu(t, z)(h(z,p) — hy(z,p) - p) > 0 B(z,p) - p — om(z)(hy(z,p) - p — h(z,p))
= om(z) [-Hy(z, Du(z)) - p+ H(z, Du(z) + p) — H(z, Du(z))]
>ocolpl”  V(tz)€Qr,VpeR! :|p| < K,

where we used the local uniform convexity of H and that m > 0. Therefore, condition (4.6) holds too. Applying
Lemma 4.3 we deduce that there exists a constant ¢ (independent of o, T') such that

)+ 15 < e[l + [ — D] (7 +e=T0)  vee ©0.7-1).
Since ||9||2 is uniformly bounded, this yields
lu@®)]l2 < M (e_“t n e—w<T—f>) Ve (0, —1).

The estimate extends to (0,T") because p is also uniformly bounded, thus we proved that |||u||| < M for some
M independent of o, T. This proves (4.22) and concludes the fixed point argument. Eventually, one can upgrade
the estimate in (1,7 — 1) to the L®-norm of wu(t) and Dv(t) by the regularizing effect in the two equations.
This latter argument is already developed e.g. in [29)].

Step 3. (conclusion of the general case) Assume now that mo € #P(T¢) and (u,m) is any solution of (1.1).
Due to (3.5), by standard regularizing effect we have that m(t) € C%%(T9) for some a € (0,1), and that
[m(t)||leo < c(t—to)~%2, for every t € (to,to+ 1) and every to > 0. Therefore, m is uniformly bounded (globally
in time) in the interval (1,7). Similarly, again by (3.5) and parabolic regularity, we have ||Du(t)|| < C,
t € (0,7 — 1], for some C only depending on L (the Lipschitz bound of H) and the global bounds of m, .
Therefore, (u, m) satisfies (3.1) in the interval (1,7 — 1), for some 11, U only depending on L. By Theorem 3.1,
there exists 7, such that problem (1.1) admits at most one solution in (1,7 — 1) if v < ~y. This means that
(u, m) coincides with the solution built in Step 1 in the interval (1,7 — 1), with initial-terminal conditions given
by m(1) and u(T — 1). Hence (u,m) satisfies the exponential estimate (4.1). O
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We now observe that, as a consequence of the previous result, any globally bounded solution has a stationary
attractor, provided the anti-monotonicity constant is sufficiently small.
)

Corollary 4.4. Assume that (u”,m") is a solution of (1.1) which satisfies

sup |Du’| < U
[0,T]x T4

for some U independent of T. Assume that F,G, H satisfy conditions (2.3), (2.4) and (2.1)—(2.2) respectively.
Then, there exists some 7, only depending on k, 1M, U, and on F,H (through the local bounds induced by
M, U) such that if s — F(x,s) + s is nondecreasing we have

|mT (t) = m|oe + | DuT (t) — Ditl|oo < M(e™“' + e “TY)  Vie (1,T-1), (4.23)
for some w, M > 0 (independent of T ) and some (@, m) solution of the ergodic problem (1.2).

Proof. We first build a globally Lipschitz extension of the Hamiltonian function H(z,p). Namely, we consider
a function H (z,p) which still satisfies (2.2) and such that

H(z,p)=H(z,p) for[p|<U,  [Hp(z,p)| <Cu V(zr,p) R xR

for some number Cy; only depending on U (eventually through some constants in (2.1)—(2.2) depending on U).

An example of a similar extension can be built as follows. First of all we take a cut-off function ¢ € C%(R?)
such that ¢ =1 for |p| < 2 and ¢ = 0 for |p| > 3; then we take a C? real function ¢(r) such that ¢(r) = 0 if
Ir] < %, ¢ is increasing, locally uniformly convex for r € (%, +00) and globally Lipschitz continuous. Then the
function

. P lp|
H(z,p) = H(z, (—) o (2
(z,p) (@) () + w(u)
satisfies the required properties for a convenient choice of C' (which will only depend on U).
Now, we can apply Theorem 4.1 to the MFG system

—uy — kAu + H(z, Du) = F(x,m(t)), te (0, T
my — kAm — div(mH,(x, Du)) = 0, te(0,7) (4.24)
m(z,0) = mo(x), u(z,T) = G(z,m(T))

so there exists some « > 0 such that if s — F'(z, s) 4+ s is nondecreasing, then the ergodic stationary problem
(corresponding to H(x,p)) has a unique solution (7, @) and any solution of (4.24) satisfies (4.1). This value of
~ depends on H, so it actually depends on U and on the functions F, H. Now, since [Du’ | < U, we have
H(z, Du") = H(z, DuT) so the result applies to the given solution of the original problem (1.1). Therefore,
(uT',mT) satisfies (4.23). It remains only to show that (7, @) is solution with H(x,p) rather than with H(z,p).
But this must necessarily be true, because (4.23) implies, e.g., that Du” (z, £) — Du(x), so || Di < U. This

also proves that (m,u) does not depend on the extension H (z,p) which was constructed. O

Remark 4.5. The previous result is new even in case that F'(x,-) is nondecreasing. It means that any solution
(uT,;mT) such that Du” is uniformly bounded exhibits a turnpike behavior in long horizon and approximates
(for most of time) a stationary solution (1, ). So far this shows that a global (in time) gradient bound for u”
is sufficient for the turnpike property to hold.
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Corollary 4.4 may be applied, for instance, to the case of superlinear Hamiltonian with quadratic growth
when the cost function F' has a moderate growth in the m variable, i.e. the model case (B) addressed in the
previous Section. The corollary below is in particular a consequence of Corollary 4.4 and Theorem 3.8.

Corollary 4.6. Assume that H and F satisfy the conditions (3.7) and (2.3), (3.8), respectively. For mgy €
L>(T?) and G satisfying (3.9), let (uT,mT) be solution of (1.1).

Then, there exists some vy, only depending on k, |[molleo, and on F,H (through constants appearing in the
assumptions above, and the local bounds induced by M, U) such that if s — F(x,s) + 7s is nondecreasing we
have

[mT (t) — 1m||oo + | DuT (t) — Ditl|oo < M (e + 7T Vte (1,T-1),

for some w, M > 0 (independent of T ) and some (@, m) solution of the ergodic problem (1.2).

5. THE STATIONARY FEEDBACK AND THE CONVERGENCE OF u’

In this section we are going to see how the exponential turnpike estimate established so far implies the
convergence of u” (t) — A\(T — t), as well as of m”(t), for any fixed ¢ > 0.

From now on, and throughout the rest of the paper, we will consider only the case (A) discussed above, which
involves globally Lipschitz and locally uniformly convex Hamiltonians. Similar results can be proven for case
(B) involving uniformly convex Hamiltonians and costs with mild growth, in view of the estimates obtained in
Section 3, but they will not be stated explicitly for brevity.

We are now interested in a convergence for any ¢ > 0, so we are going to require that (4.1) holds in the whole
interval [0, T (this is true in Theorem 4.1 if mg € L>=(T¢) and ur € Wh>(T9)):

[mT (t) — m| g + | DuT (t) — Da|p~ < K(e™%t +e Ty vt e0,T]. (5.1)
We start by deducing the following global bound as a corollary of (5.1).

Corollary 5.1. Let H, F,G satisfy (2.1), (2.3), (2.4) respectively. Assume that (u’,m™) is a solution of (1.1)
which satisfies (5.1). Then there exists a constant K, independent of T, such that

[ul = NT —t)||ee <K Vte][0,T]. (5.2)
Proof. Due to estimate (5.1), and the local Lipschitz character of F', we have that
|F(z,mT) — F(z,m)| < c(e ™t +e Ty vrelo,T].

Moreover, using (2.4), we have that G(z,m” (T)) is uniformly bounded. Hence, if we denote by o(t) := M (1 +
ftT(e_“’S + e~%(T=9))ds), we deduce that, for sufficiently large M, the functions @ + (T — t) + () and @ +
MT —t) — (t) are, respectively, super and sub solution to the equation satisfied by u”'. The comparison principle
readily yields

i—ot)<ul —NT —t)<ua+et) Vte[0,T],zecT?

which implies (5.2). O
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Now we establish a uniqueness result for the limiting problem of the MFG system as T — oo; namely, we
consider the problem

—v; + A — kAv + H(z, Dv) = F(x, u(t)), t € (0,00)
pe — kAp — div(p Hy (2, Dv)) =0, t € (0,00)
(,0) = mo(z)

v € L®((0,00) x T?), Dv € Du+ L?((0,00) x T%),

(5.3)

Lemma 5.2. Let mg € L>®°(T%), mg > 0. Assume that H satisfies (2.2) and (3.5), and F satisfies (2.3). There
exists v > 0, only depending on ||mo| o, %, L (appearing in (3.5)) and on H, F (through (2.2), (2.3) for some K
only depending on ||mol|co, &, L) such that, if F(x,s) + s is nondecreasing, then there are at most one p and
one v (up to addition of a constant) which solve problem (5.3).

Proof. We first observe that [1, u(t) = [ mo for every t, so ||u(t)| 11 (ray is uniformly bounded; since H), is
uniformly bounded by L, this implies that u € L>((0,00) x T¢) and its norm is universally bounded by a
constant only depending on d, k, L, ||mg||eo. This provides with a uniform bound for F(z, ) and in turn, as a
consequence of Lemma A.1, this implies that ©(¢) and Duv(t) are bounded in L?(T%), uniformly in time. By local
parabolic regularity we deduce that Dv € L>((0,00) x T?) as well and its norm is bounded uniformly in time,
for all solutions. We will therefore use the upper and lower bounds of Hp, for |p| varying in a compact set which
is the same for all solutions (u,v).

On account of the above ingredients, we follow a standard argument for the proof of uniqueness. Let
(p1,v1), (u2,v2) be two solutions of (5.3). Consider a function &(t) := £(t/R), where ¢ is a O function such
that £ =1 in (0,1) and with support in (—1,2). Using ¢ = (u1 — pu2)ér as test function in the equation of
v1 — Vg, we get as usual:

~ 51 (6 [ 00 = p)on = 00000 ) = €60 [ 0 = )1 = vt
+6(®) [ [FGn) = Pl = o] da
+ &r(t) /]I‘d w1 [H(z, Dvy) — H(z, Dvy) — Hp(x, Dvi)D(vy — v1)] da

+Er(t) /d w2 [H(x, Dv1) — H(x, Dvy) — Hy(z, Dve)D(vy — ve)] dz
T
which implies, using the uniform convexity of H:
d !
g \Er(®) [ (1 —p2)(vr —wa)da | > —ER(8) | (u1 = p2)(vr — va)dw
t Td Td

+6(0) [ [F() = Pl = o] da

+ea(®) [+ )| Dl = )P

for some constant ¢ > 0. Integrating we get

¢ [Teno [ alD - wPasdr< [0 [ - o - v)aas
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+’y/ fR(t)/ |/L17,u2\2dxdt
0 Td

where we used that F(z, s) + s is monotone. Notice that Dv; — Dvy € L?((0,00) x T%) by assumption. Then,
by Lemma A.2 (see (A.4) with 6 = 0), we deduce

[ =@t <c [ [idiDe - v)dsde <0 [ [ D - vn) o
0 0 0

for some constant C' depending on ||H,|/, on the L* bound of p2 and on the local upper bound of Hy, (all
being estimated only in terms of &, L, ||mol| ). Hence we deduce

=90 [t [ ma®IDer — n)Pasdr < [ €nto) [ (- pa)(or - vahasa

+c/0 (1—§R(t))/w 1o ()| D (w1 — vy) Pt

Using Poincaré-Wirtinger inequality and the fact that u; — po is uniformly bounded in L?(T%), due to the
properties of £r(f) we get

1
2

0 2R
(c— ’70)/0 Er(t) /Td pa(t)|D(vy — vo)|?dadt < ¢ (11%/3 » |D(vy — U2)|2dxdt>

+C/OOO(1 —¢r(t)) /Trd o ()| D(v1 — vo)|?dadt

and letting R — co we conclude

/ODO/M2(75)|D(U1 — vg)|*dadt = 0

for a sufficiently small v, only depending on ||mg||ec, &, L (eventually trough F, H).
Hence Dvy = Dvy and, from the Fokker-Planck equation, this yields p1 = ps. Finally, this implies (v1 —vg): =
0, hence v1(t,x) = va(t,x) + K for some constant K € R, and for every (¢, x). O

We now establish the convergence of ul — \(T — t).

Theorem 5.3. Let mg € L=(T¢). Assume that F(z,m) satisfies (2.3), H(z,p) satisfies (2.2) and (3.5), and
the final cost G satisfies (3.4). Let (u”,m™) be a solution of problem (1.1).

There exists v > 0, only depending on ||mollco, k, L (and on the functions F, H ), such that if F(x,s)+ ys is
nondecreasing, then there exists a solution (v, ) of (5.3) such that

lim u” (x,t) — N(T —t) = v(x,t) ; lim m® (z,t) = p(x,t) Vt >0,z € T¢

T—o0 T—o0

and the convergence is uniform in [a,b] x T?, for any [a,b] C [0, 00).

In particular, there exists a constant ¢ € R such that (v,u) is the unique solution of (5.3) such that
Jim o) =e
—00

Proof. Weset v := uT (x,t) — \(T —t). Since my € L>(T?) and u(T) € W1>°(Q), we know that the exponential
estimate (4.1) holds for ¢ € [0, T]. Hence, from Corollary 5.1, we have that |[v7]|, and ||Dv” |« are bounded
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uniformly with respect to 7; and by parabolic regularity, this readily implies that v7 is locally (in time)
relatively compact in the uniform topology. Similarly, m? is locally bounded in Hélder (time-space) norms, and
it is relatively compact in the uniform topology (locally in time). Then, it is straightforward to see that (vT, mT)
converges, up to subsequences, to a solution (v, i) of (5.3). We only need to prove that the limit function v is
the same for all subsequences.

To this purpose, we develop an idea from [5]: for T', 7 we consider v7,v7" and we define the shifted functions

@7, 57y = Tt +T),mTt+T)), @7, 07) =T (¢ +T),mT (t+T).
Both (67, 4T) and (87", i7") are solutions of MFG systems in the interval (—7,0); the usual estimate gives

d ’ ’ ’ ’ ’
5 [T =TT = 6z [T - e [ T4 AT)DET - 07 P
dt Td Td Td

where we used that F(x,s) + s is monotone and the uniform bound from below of Hyp, on compact subsets.
Integrating and using the final condition, we have

0
c/ /(ﬂTmT’)lD(@T o) Pde < v / — ") dw
_rJTd Td

+ [ () = T ) 6T (=) = 6T (=)
<v/_T/W — T2 Az + |mT(T = 1) = mT (T" = 7)|| 12 || DuT(T — 7) — DuT (T" = 7)|| 1.2

which yields, thanks to (5.1),

/ / il 4+ pT DT - o7 |dx<c*y/ / 2dx
—7 JTd —7 JTd

F (e 4 e TTT) e

where, as usual, we denote generically by ¢ possibly different constants (which may vary from line to line)
independent of T,7". Applying Lemma A.2 to the equation of g7 — 47", we have

[ Jur-imypase [ [arppe -t

+Cm" (T =) = m™ (T = 7)| 7=

Thus for ~ sufficiently small we conclude that

/ / ,u +M (AT _ @T/)|2d.’)3 < c(e_‘” +e—w(T—T) + e—w(T'—T))Q_

A similar estimate is then deduced for sup,e(_, o 12T (t) — 4T (t)||2, from the above estimates.
" T —mT the previous

With a bootstrap argument, using the global L> bounds for D(v? — v") and for m

L? bound can be updated into a L> bound:

127 () = 47 (D)oo < e (e +e T 4 ey i e [-r0].
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In particular, those bounds are inherited by F(z, iT) — F(z,iT) as well as by G(z, 47 (0)) — G(z, i~ (0)).
Therefore, the maximum principle implies that

167 (8) = 07 (D)oo < cT(e™T +e T 47 T) Ve [-7,0].
In particular, we have proved that
[0T(T = 7) = 0T (T" = 7)||oe < er(e™™ + e~ 9(T=T) 4 e=(T=7)) (5.4)

Now we consider the equation of v7" — 4 in the interval (¢, T — 7); integrating we have

/Td vl (t) — /T vI(T —7) + /tT_T /T [H(Du") — H(Du)]dzds = /tT_T /T [F(m™) — F(m)]dzds

which yields, using (2.3), (3.5) and (5.1),

/Td vl (1) —/Td v (T — 1)

Similarly we integrate the equation of v — @ in the interval (t,T7" — 7) and we get

/TdvT’(t)—/WuT’(T/—T)

Putting the latter two inequalities together with (5.4), we conclude that

T—1
< C/ (e—ws +e—w(T—s))dS < C(e—wt +6_wT).
t

S C(e—wt +e—w7’) .

/ W7 () — / vT’(t)‘gc(ewt+eM)+c7(em+ew<Tﬂ+ew<T’T>). (5.5)
Td Td

Finally, we consider two possible limits v1, vo obtained with different subsequences v™» and vall; since both are

solutions of (5.3), we have that v; — vy is a constant. However, passing to the limit as T,,, 7, — oo in (5.5), and

then letting 7 — oo, we obtain
/ v (t) —/ Ug(t)‘ <ce vt
Té T

Letting t — oo implies that v; — vo can only be the null constant. This proves that the limit of v” is independent
of the subsequence, hence the whole sequence v” converges. The convergence of m” follows itself from the
uniqueness result of Lemma 5.2.

Finally, by integrating the equation of v — @, we have

Adv(t)Adv(t’)+[t/ /Td[H(Dv)H(Da)}dxds/tt/ Ad[F(“)*F(m”dxds'

Since v, p1 satisfy the estimate (a consequence of (5.1))

[1Dv(t) — Do + [|u(t) — 1f|oc < K e,
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we deduce that

t/
_ t,t
gK/ e wsds 370
t

/Tdv(t) _ /Wv(t')

hence de v(t) is a Cauchy sequence and admits a limit as ¢ — co. The value of this limit, say ¢, fully characterizes
the function v due to Lemma 5.2. O

Remark 5.4. In the above result, we have assumed that the final cost G is independent of m. The reason is
that if G is just a Lipschitz function of the density m(T), then we are not able to show a bound for Du’ up to
t = T. Otherwise, should we have a global bound for Du in the whole (0,7"), then the same conclusion would
hold for G satisfying (2.4) and G(x,m) + ym monotone with + small.

We stress, in particular, that the convergence result of Theorem 5.3 remains true for smoothing couplings at
final time, say for instance if G = G(x,m) is a Lipschitz continuous mapping from T¢ x #(T%) (endowed with
the Wasserstein distance dy) such that ||G(x,m)||y1.0(pa) is bounded uniformly in #(T%) and

/d(G(z,ml) = G(z,ma)d(my —ma) > —v |[my —ma|[f ey Ymi,ma € P(T?) N LYTY)
T
for ~ sufficiently small.

Remark 5.5. It would be possible to characterize the limit of u” — (T —t) in terms of a stationary feedback
operator defined on the current measure p(t), which is the unique solution of (5.3) (see Lem. 5.2). Namely, one
can define an operator E such that

lim u? (z,t) — NT —t) = E(u(t)) for any ¢ > 0.

T—o0
In the present setting, £ could only be defined as an unbounded operator in (L?(T%)),, with a domain which
includes the set of bounded functions. Nevertheless, E could still be characterized thanks to the well-posedness
of the MFG system. We stress that this kind of feedback (which plays a similar role as the Riccati stationary
operator in other control problems) would coincide with a solution of the stationary ergodic master equation
introduced in [5] for monotone and smooth mean field game systems. This may suggest alternative ways to look

at the master equation of mean field games whenever it cannot be defined as a smooth function on the space of
probability measures.

6. THE DISCOUNTED PROBLEM

We now deduce the existence of a solution to the infinite horizon MFG system. As before, we start by
assuming that p — H(z,p) is a C? function which satisfies (2.2) and (3.5), and that F(x,m) satisfies (2.3) and

(F(z,m) — F(z,m))(m —m') > —y(m —-m')> VzeT! mm eR (6.1)

for some vy > 0.
It is possible to prove that, under the above assumptions, there exist dg, v9 > 0 such that if v < v9 and § < g
then the stationary problem

Su — kAu+ H(z,Du) = F(z,m) & T4
—kAm — div(m Hy(z, Du)) =0 x € T¢ (6.2)
Jram =1
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admits a unique solution (&g, ms), which is smooth. Here g only depends on x, H, F, i.e. it depends on the
constant L in (3.5) and on the constants ck, i, ak, Sk for a K only depending on k, L. While the existence
of (s, ms) can be proved with a usual fixed point method, the uniqueness argument is similar as the one we
used in Theorem 3.1 and requires smallness of § as well.

Theorem 6.1. Let mg € L>=(T9). Assume that H satisfies (2.2) and (3.5), F satisfies (2.3) and (6.1). There
exist vo,00 > 0 such that if (6.1) holds with v < 7o, and if § < &y, then there exists a unique solution to the
infinite horizon problem

—ug + 0u — kAu + H(x, Du) = F(z,m) t € (0,00)
my — kAm — div(m Hy,(z, Du)) =0 t € (0,00) (6.3)
m(0) = mo, u € L*>((0,00) x T9).

In addition, there exist M,w > 0 such that
lm(t) — Mslloo + [|Du(t) — Diislleo < M e “t|mg — Moo Vi >0, Vi < dp. (6.4)

The constants 7o, 00, as well as M,w, only depend on k,||mol||c, the constant L in (3.5) and the local growth
constants of F, H given by (2.2), (2.3) (for some K depending on &, ||mo||cc, L)

Remark 6.2. We stress that the smallness condition required on  in Theorem 6.1 does not depend on the
parameter d. Indeed, the purpose of this result is to provide an exponential decay in time which is uniform for o
sufficiently small, in order to apply it to the vanishing discount limit studied in the next Section. Such a uniform
decay rate is obtained in the next Lemma, where we choose § < gy in the final step; no effort is made here to
quantify dy (in fact a possible study for arbitrary large 6 would even be possible but is beyond our goals here).

The proof of Theorem 6.1 will follow from a fixed point argument similarly as in Theorem 4.1. The crucial
step consists in obtaining a priori estimates on the system:

—v + 0v — kAv + h(x, Dv) = f(t,x, 1)
pe — KA — div(p hy(z, Dv)) = o div(B(x, Dv)) (6.5)
#(0) =opo, p,v € L=((0,00) x T?)

where o € [0,1], uo € L>(T), with Jpa o = 0, and where the functions h(z,p), f(t,x,s) and B(x,p) satisfy
the conditions (4.2)—(4.4), which we rewrite below for the reader’s convenience.

Lemma 6.3. Let h(x,p), f(t,z,s) and B(x,p) be continuous functions satisfying the conditions

Mz,0) =0, |hy(z,p)| < Lo, (6.6)

flt,x, s)s > —vys®, |f(t,z, )] < Cyls| (6.7)

B(z,p)-p2Cy'lpl*,  |B(z,p) < Calpl. (6.8)
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for everys € R, t >0, z € T4, p € R? such that |p| < K. For o € [0,1], uo € L=(T4), with Jpa 1o =0, let (1, v)
be a solution of (6.5) which satisfies, for any (t,z) € Qr, that |Dv(t,z)| < K and

oB(x,p) - p — u(t, ) (h(z,p) — hy(z,p) - p) 2 oco[p|*  V(t.x) € Qr,¥p : |p| < K, (6.9)
for some ¢y > 0.
Then there exist constants o, o, w, M > 0 (only depending on k, €y, C1,Ca,co) such that, if v <~ (v is in
(6.7)), if 6 <o and o € [0,1], then (u,v) satisfies
le@®)ll2 + [Dv(t)ll2 < Me™" |luoll2 V¢ > 0.

Proof. First we observe that conditions (6.7), (6.8) imply, respectively, f(x,0) = 0 and B(x,0) = 0. The proof
of the estimate is divided in two steps.

Step 1. In this first step, we show that there exists ¢ such that

S
@)z + [ Dv(®)]]2 < ¢ luoll2 2", (6.10)

/ / e %% 12 (s) ds—i—a/ / e %% Dv|? < ¢|\pol? . (6.11)
0 Td 0 Td

To show the above two estimates, we observe that the duality between the two equations implies

_% [e—ét /ﬂ‘d ;w} =e 0 {/Td [z, p)p+ U/Td B(z,Dv)Dv + /Td p(hy(x, Dv) - Dy — H(mDv))}

and

(6.12)
> —9e 0 [ 0P +owe [ Do
Td Td
where we used (6.7) and (6.9). Hence we get
t t
coo/ / e 9| Dvl? S'y/ / 6_53u2+/ pov(0) —e“”/ p(t)v(t).
0 Jrd o Jre Td Td
Now we use (A.4) from Lemma A.2; since |B(z, Dv)| < Cy |Dv| we deduce
t t
/ / =032 < O =30 ||u(to)|I2 + C o c;/ / =53 | D2, V>t > 0 (6.13)
to JTd to JTd

for some constant C' independent of §. Hence we get, using o < 1:

t
(co—7CC2)o / / 9| Dol < Crlluoll3 + / Hov(0) — / u(tyu(t)
0 Td Td Td

Since p,v are globally bounded, we have that last term vanishes as ¢ — co. We deduce that, for v so that
co —yC C2% >0, we have

o [ [ e Dol < clloll+ Lol Jo(0) e (6.14)
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where, we recall, ¥ = v — (v). Here and after we denote by ¢ possibly different constants which only depend on
K, Lo, C1, Oz, co.
By using Lemma A.1 for the equation of v (with horizon T' — oo0) we have

[5(t) ]2 < C e f (s, puls)) [l2ds
/ (6.15)

<Cor [T eI (s s
t

where C only depends on k, £y and we also used (6.7). If we take here t = 0 and we estimate the right-hand side
with (6.13), then we obtain an estimate for ||0(0)||2, which can be used in (6.14) to deduce that

oo
o [ [ e IDol < el
0 Td

In turn again from (6.13) this concludes the proof of (6.11). Now, since we have, from Lemma A.2,

t
MO < Celml+ Cor et [ [ et pup (6.16)
we also deduce from (6.11) that

5
lu@®)]l2 < clluoll2ezt  VE>0

and in turn now (6.15) implies as well:

[

[9()]l2 < ellpoll2 e2* YVt > 0.

From Lemma A.1, the above two estimates imply a similar one for || Dv(t)||2, so (6.10) is proved.
Step 2. We first deduce from (6.11) that there exist &, € (0,7),n, € (27,37) such that

_ C
e €S < ~llmol3, e fln(n)3 < *Iluolli- (6.17)

Observe that, from (6.12), we have

Nr Nr
weo [t [ <y [Te [ e [ uenien) = e [ utneotnn)
. Td - d Td
nNr 2
<4 /€ oo [ + <= ol

where we used the global bound for ©(¢) and (6.17). Using now (6.13) to estimate last integral in the right-side
we get

r -
oeo [0 [ Do < Cqe (€l +100 ¢ [T et [ Du s+ L -
, Td 3 T4 \f
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We use (6.17) and we take v sufficiently small (independent of §) so we conclude that

s
—Js 2
Dy|* < —
e [ < (£ ) ol

Therefore, for every t € [r,27] we estimate p as

Il < Ce=uie )l +0 3o [ [ Do

< Ce —v(t—¢,) 5§TCHM0||2 +CCQ 2 57%/ e~ \Dv|2.
T Td

Using the estimate for the last integral and the fact that n, < 37, we conclude that

()3 < & ( n f) lholl2-

In particular, there exist 79 (and correspondingly, dp) such that

1
lu@)ll2 < Sllkoll2 -Vt € [r0,270],  ¥6 < do.
Iterating this estimate we conclude that there exists w > 0 such that
)z < e “lpolla, VE>0, V6 <do.

Finally, using (6.15) we deduce a similar exponential decay for ||0(t)||2, and then for ||Dv(t)||2 as well. O
We are now ready to prove Theorem 6.1

Proof of Theorem 6.1. Let us set X = L>((0,00); L2(T%)) where, we recall, L2(T%) denotes L? functions with
7€ro average.
We define the operator ®. on X as follows: given p € X, let (v, p) be the solution to the system

—v; + 0v — kAv + H(x, Dis + Dv) — H(z, Dis) = [F(z,ms + p) — F(z,ms)]e ¢t
pr — kAp — div(p Hp(z, Dus + Dv)) = div(ms [Hp(z, Dus + Dv) — Hy(x, Ds))) (6.18)

p(0) = mg — ms

then we set p = ®.u. Here € > 0 is a parameter used in a first step for compactness issues. We notice that p is
a fixed point of ®q if and only if (v + 4s, i + M) solves the MFG system (6.3).
In fact, if m := p 4+ mgs, then m solves the evolution equation

— Am — div(mH,(z, Dus + Dv)) =0.

Since H), is bounded by L, and since mg € L™ (T4) de =1 for every t, there exists a constant My such
that ||m( Nloo < My for every t > 0. The same apphes to m(; We deduce that the range of ®. is contained in a
uniform ball in L°°((0, 00) x T%). Hence, there is no loss of generality in restricting the domain of ®. to functions
which are uniformly bounded (it would be enough to replace p with a suitable truncation in the definition of
the operator); in particular, due to (2.3), the function F' can be treated as uniformly Lipschitz in the p-variable.
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We also observe that the uniform bound of y implies a uniform bound for Dv. Indeed, one can first proceed
as in (6.15) to deduce that ||0(t)]|2 is uniformly bounded, then by Lemma A.1 and the regularizing effect of the
equation it follows that

[Dv(t)||lw <K VE>0 (6.19)

for some constant K > 0. We now show the following properties of ®.:

(i) @, is continuous and compact.

To show this fact, let u,, be bounded in X. By decay properties of the equation of v, and by Lipschitz
continuity of F', we have

e Dun ()2 < ¢ / 05 |1 (5)e 50 s
t

which implies
| D (t)]]2 < ce™".

Since
t
lp®)3 < ce™® =1 |p(t0)5 + C/ | Dv(s)]|*ds
to
by choosing to = £ we get

lon ()2 < ce™2 +ce o5

In particular, p,(t) is uniformly small in L2(T¢) for t large. Since p,(t) is (locally in time) relatively compact
for the uniform topology, we deduce that it is compact in L>((0, 00); L?(T4)). The continuity is easily proved
in a similar way.

(ii) There exists M > 0 such that, for any o € [0,1], any solution of p = o®.u satisfies the estimate
llx|l < M. This is consequence of Lemma 6.3; indeed, if u = o®.(u), then (u,v) is a solution of (6.5)
with h(z,p) := H(x, Dus(x) + p) — H(z, Dus(x)), f(x,pn) = F(z,ms(x) + u) — F(z,ms(x)) and B(x,p) :=
ms(x) [Hp(x, Dus(x) + p) — Hyp(x, Dus(x))]. Using the global bound for p and (6.19), and due to (2.3), (2.2),
the conditions (6.6)—(6.8) are satisfied. Moreover, we have y > —oms, which implies that (6.9) holds true.
Applying Lemma 6.3 we deduce that

le(®)ll2 < M e "ol V> 0. (6.20)

In particular, ||u(t)]|2 is uniformly bounded.

After (i) and (ii), we can apply Schaefer’s fixed point theorem ([16], Thm. 11.3) to conclude with the existence
of a fixed point u°, depending on . However, the estimate (6.20) is uniform in £, so we have that u° is uniformly
bounded in L>((0,00); L?(T%)) and is actually uniformly decaying as ¢ — oo. A similar estimate is deduced
for v°(t), Dve(t). Then, by compactness (as in point (i) above) we conclude that (€, v®) converges towards a
solution (u,v) corresponding to a fixed point for ®q. Hence u = v + @5, m = u + ms yield a solution of (6.3). In
addition, we also deduce the estimate

Im(t) — sl + | Du(t) — Das|ls < K e~“t|jmo —mslls ¥t > 0. (6.21)
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Since mg € L>(T?), and using the local regularizing effect of the two parabolic equations, this estimate can be
upgraded into (6.4).

Finally, we show that there is a unique solution to (6.3). Indeed, if (@,m) is another solution, then
(@ — as,m — ms) is a solution to (6.5) (with o = 1) where the functions f,h, B are defined as above
in step (ii). From Lemma 6.3 we deduce that (u,m) also satisfies (6.21). In particular this implies that
Du — Da € L?((0,00); L2(T)). Therefore, we can repeat for u — @ and m — 7 the same arguments which
were used in Lemma 6.3 to obtain (6.14). But in this case we have (m —m)(0) = 0, so we get

/ /6*55|Du—Da|2§0
0 Td

which implies Du = Da. Then m = m from the second equation and, in turn, we get (v — @), = d(u — @). Since
the two functions are bounded, this implies u = . O

6.1. Vanishing discount limit

Now we wish to close the chain of implications by showing what happens in the vanishing discount limit.
The preliminary result which is needed is the asymptotic behavior of problem (6.2).

Proposition 6.4. Assume that H satisfies (2.2) and (3.5), and that F(x,m) satisfies (2.3), (6.1) and is
differentiable with respect to m. There exists yo, only depending on H, F such that, if v < 7o in (6.1), then the
sequence (g, mgs) solution of (6.2) has the following asymptotic behavior as 6 — 0:

6—0 6—0

s — = — u+6, ms — M locally uniformly in T¢

S

where (\, @, m) is the unique solution of (1.2) and € is the unique constant such that the following ergodic
stationary problem admits a solution (w, p):

(6.22)

0+ 14— kAw+ Hy(z, Du)Dw = Fp,(x,m)p, in Q
—kAp —div(p Hy(x, Du)) — div(m Hpp(z, Du)Dw) =0 in Q.

We admit for a while the above result and we proceed with the proof of the vanishing discount limit of the
infinite horizon problem.

Theorem 6.5. Under the assumptions of Proposition 6.4, let (us, mg) be the solution of (6.3). As é — 0, we
have

Us — g — U ; ms — W
where (v, ) is the unique solution of
—vs + A — kAv + H(z, Dv) = F(x, ), t € (0,00)
pe — kA — div(p Hy(x, Dv)) =0, t € (0,00)

©(0) =mg,
v e L>®((0,00) x T?), Dv € Du+ L?((0,00); L?(T%)), tlir&fv(t)dx =0
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where the constant 6 is the unique ergodic constant of problem (6.22). Moreover, we have

t—o00 t—o00

v(t,z) = a(z)+0 , plt,x) = m(x) uniformly in T, (6.23)
Proof. Using (6.4), and assumption (2.3), we know that there exists a constant C' such that
| F(z,ms) — F(z,m)||cc < Ce " Vt>0.

We deduce that, for a convenient constant M, the functions s & Me~“? are, respectively, super and subsolution
of the equation

—uy + du — KAu+ H(x, Du) = F(x, ms) t e (0,00).

Using the comparison principle (in the class of bounded solutions) for the viscous Hamilton-Jacobi equation,
we obtain that

s — Me ™" <wugs < s+ Me™@  Vt>0. (6.24)

Now we define

A
vs(t, z) == us(t,x) — 5

Due to (6.24) and Proposition 6.4, we deduce that v; is uniformly bounded in (0, 00) x T¢. From estimate (6.4),
we also know that Duvy is uniformly bounded, and so is mg as well. By local compactness and stability of the
MFG system, there exists a subsequence - not relabeled - and a couple (v, ut) such that vs converges to v, ms
converges to p (locally uniformly) and (v, ) is a solution of (5.3). Notice that Dv — D@ € L?((0,00) x T4) as
a consequence of (6.21). Finally, (6.24) and Proposition 6.4 imply that

lu(t,z) — a(x) — 0] < Ce @ 250

and in particular

lim v(t)y=86. (6.25)

t—o00 Td

Therefore (v, i) is the unique solution of (5.3) satisfying (6.25). We deduce that the whole sequence (vs,ms)
converges and this concludes the proof. O
We point out that Theorem 6.1, Proposition 6.4 and Theorem 6.5 establish that the two limits, for time going
to infinity and discount factor going to zero, actually commute.
We are only left with the proof of Proposition 6.4, which is similar to Proposition 6.5 of [5].

Proof of Proposition 6.4. Let (is,ms) be solutions of (6.2). We set
Us— 3 — 1 s — M

w(;::f, s = 5
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and we verify that (ws, ugs) solves the problem

6w6 +a— nAw(; + H(J:,DﬁJréDlg;(s)fH(w,Dﬂ) _ F(w,ﬁz+5p,§)fF(z,ﬁL)

—kAps — div(us Hy(z, D + 6Dws)) = div (m [Hp(z,Da+5D;us)—H(m,Da)])
fqrd ps = 0.

We rephrase this problem as the system

Sws + @ — kAws + h®(z, Dws) = f°(x, ps)
—rkApgs — div(ps hg(z, Duws)) = div(B?(x, Dws)) (6.26)
Jpam=0.

where we have

H(z, Du + ép) — H(z, Du)

h‘s(x,p) = 3 — Hy(z,Du) - p,
) = PRI EET o)
BJ(ZE,p) = m[H;D(‘T7Dﬁ+ 5]7) 7 H('T:»Dﬁ)] N ﬁLpr(.T,D’L_L)p

]

It is easy to see (due to (3.5)) that [|7ms]/ec, and then ||Dis| o, are bounded independently of §. Then we can
use the local conditions (2.2), (2.3) and we deduce that f°, B? satisfy

12, ps)| < Ch |pss| (6.27)

and

|B? (2, Dws)| < Cy | Dw;| B®(x, Dws)Dws > co |Dws|* . (6.28)

Therefore, using the convexity of h° and assumption (6.1), we estimate

5/ wau5+/ ﬂuaz/ f6(337M6)M6+/ B’ (x, Dws) Dws
Td Td Td Td

ch/ \D%\Q—V/ 2
Td Td

From the second equation in (6.26) we infer (see e.g. [5], Cor. 1.3) that, for a constant C' only depending on
Ry [1ploos

/]I‘d ui < C/Td |B(z, Dw;|? < C C3 /Td | Dws|*. (6.29)

Therefore, using also the Poincaré-Wirtinger inequality, we deduce

o [ 1DusP <y C3 [ Dusp + 8 Dwsla sl + e sl
T T
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Using again (6.29) in the last two terms, we see that there exists vy > 0 such that if v < g, and ¢ is sufficiently
small, we have that Dws, and in turn us, are bounded in L?(T?). Now, using that f° h%, B® grow at most
linearly with respect to pus and ws, respectively, we can use a bootstrap regularity argument and we conclude
that s, Dws are bounded in L>(T9).

From the bound of B®(z, Dws) and h,, we can now deduce that ps is bounded in C%%(T) for some a > 0,
hence it is relatively compact in the uniform topology. Similarly, there exists w such that, up to subsequences,
ws — (ws) converges to w uniformly and in WP(T?), for any p < oco. Since d||ws|s is bounded, overall we
conclude that, for some constant € R and some subsequence (not relabeled), we have

Sws — 0, ws — (ws) — w, s — p, uniformly in T¢, (6.30)

where (6, w, i) is a solution of (6.22). We only need to prove the uniqueness for this limit problem. This is the
usual argument we just used in (6.26). In problem (6.22) we observe that Fy,(z,m) > —~ due to (6.1) and that
I -

»p(Z, D) is bounded from below and from above. Therefore, if (0, W, i) is any other solution, we have

%/7ﬂww—DwF§V/(u—m23ﬂﬂXme/7me—DM2
Td Td Td

where ¢y, Cy denote the bounds of H,(x, Du) from below and from above, and we estimated p — i as we did
before. Thus, if v is sufficiently small, we deduce that Dw = D, and the uniqueness follows (first of w, then of
& by the second equation, and finally of 6 from the first equation). The uniqueness of the limit also implies the
convergence of the whole sequence wg, 5. Finally, we find that dws — 0, i.e. us — % —u — 0. So the Proposition
is proved. O

APPENDIX A.

We collect here global in time decay estimates of both viscous Hamilton-Jacobi and Fokker-Planck equations,
which we used throughout the paper.
We start with estimates on the viscous Hamilton-Jacobi equation, which can be found in the Appendix of [4].

Lemma A.1. For given V € L=((0,T) x T%) and vy € L?(T%), let v be the solution of

—vy —kAv+Dv-V =f in(0,T) x T¢,
U(T) =179 -

Then there exist constants v > 0 and C > 0 (only depending on k,d, ||V ) such that
(i) v :=v — (v) satisfies

T
15(8)ll2 < C e =1 [Tz + C/ If()l2e™"Pds  VE<T.
t

(ii) For every 0 < t < to < T, we have

(to = O)IDv(t)3 < C[(to — t) + 1] {Ilﬁ(fo)llg Ity ) + ||17H%2((t,t0)><9)} )

and

to to
2 -~ 2 2 ~12
| [poe<ciag+e [ [ sk +iak,
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Now we turn to the Fokker-Planck equation.

Lemma A.2. Assume that V € L>((to,T) x T9), F € L%((to,T); L*(T%)), and let p € L?((to,T); L3(T%)) be a
solution to

pt — kAp —div(pV) = div(F) in (to, T) x T. (A.2)

Then there exists v > 0 and a constant C (only depending on k,d and |V | «) such that we have, for every
t >ty >0:

ot < & {e e otz + [ [ 17} (A3)

Moreover, if t; is such that tg < t; <T — 1, then we have, for every § > 0,

ty

T T
/ e lp(t)l[3dt < C{@‘S“Ilp(to)llge%’(“tO) +/t e‘StIIF(t)Ilgdt} (A4)
0

for some C > 0 depending on k,d, ||V« and independent of §.

Proof. Estimate (A.3) is already proved in the Appendix of [4]. So we only need to prove (A.4).
For a fixed t € (to,T'), we start with considering the solution v of

—v; —kAv+ Dv-V =0 in (to,t) x T4,
U= ok
Lemma A.1 yields
|5(s)|la < Ce =9 Vs <t (A.6)

where v > 0 and C' > 0 depends on &, ||V ||o only. Throughout the proof, the value of C may increase, but will
be always independent of ¢. Still using Lemma A.1 we have

1Du()E < C(I50s + DIE + 1913 osrnyerny) Vs <t 1.
Hence, from the estimate on v we deduce that
|Du(s)|] < Ce =) vys<t—1. (A7)
By duality between (A.2) and (A.5) we have

ol = [ ptajotto) + / [apyeisas

Integrating by parts and using the fact that [ p(to) =0 we get

lp(®)ll2 < [lp(to)ll2[[o(t0) |2 +/t [1Dv(s)[2]1F(s)]]2- (A.8)



38 M. CIRANT AND A. PORRETTA

For t > to + 1 we can split the last integral on (to,t — 1) and (¢t — 1,t), and apply (A.6), (A.7), so that

t—1 t
lp(®)llz2 < Cllp(to)||l2e~ 1) + C e’”(t’s)HF(s)Hgds-l-/t ) [ Du(s)|l2]| F(s)]|2-

to

Using Holder’s inequality we obtain

t—1 t—1
oI} < Clatege> 0 ¢ ([ ereas) ([ eerigas)
to tO

([ omtoan) ([ iretias) o)

On one hand fti_l e ¥(t=9) < y~le™¥ and on the other hand f:_l |Dv(s)||3 < C again by Lemma A.1. In
addition, we have 1 < e(t=5) for any s <t and § > 0. Therefore we get

t—1 t
le®)13 < C {Ilp(to)llge_Q”(t_t(’) +/ e 7| F(s)|I3ds +/ eé(t_s)lF(S)lgdS} (A.10)
t—1

to
Now we multiply (A.10) by e and we integrate in (t; V to + 1,T), obtaining

T T
/t e p(t)]2dt < C {np(ton% / e~ 2wttty
t

1Vio+1 1Vto+1

T t—1 T t
+ / e 0t / e V3| F(s)||2dsdt + / / e || F(s)||2dsdt p
t1Vtog+1 to t1Vtg+1 Jt—1

and by exchanging the order of integration we easily get

T T—1 T
/ St p(t)]2d < C {5 ko) |26~ 1) 4 / e~ 5%|| F(s) 3ds + / eésnF(s)n%ds}
t 0 0

1Vio+1

for a possibly different constant C, depending on v but independent of d. Going back to (A.8), we get the

fot llp(t)||3 by a straightforward application of (A.6) and (A.7). O

remaining bound (if needed) on [,*

Finally, we include in this Appendix a regularity lemma on the Fokker-Planck equation.

Lemma A.3. Let p be a non-negative classical solution to
pt — kAp —div(pV) =0 in (0,T) x T
Then, for alle >0 and p' < ﬁ
T 1
olsoriamn <¢ [ [ WP+ (142) 1Ol

for some C > 0 depending on k,p’,T,d.
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Proof. Let G(z,t) be the kernel of 9;(-) — kKA(-) (on T¢), and denote by % and % the space and space-time
convolution respectively. Then, the Duhamel representation formula yields

p=p(0)xG(t) + (pV) x % D, G.

For ¢ > 1 and v € (1,2) to be chosen below, Young’s inequality for convolutions yields

oMl 20,10 (rayy < PO L ray |Gl L1 o,y (Tay)

+ CHPVH o'y ||D:rG|| L . (A'll)
£ ((0,1);L 777 (14)) L1 ((0,1);L 77 —2"F1 (T4))
By Holder’s inequality
1 1
174 e <|lp7V K[ ‘o
||p ||L1 ((O’T);LW(']]W)) ||p ‘|L7((O,T)><Td)||p ||L’y ((07T);Lp ~ ('H‘d))

, i
= v i .
/0 /W| L

Moreover, G and D,G are bounded in L*((0,7); L (T%)) and L' ((0,T); LA (T%)) respectively, provided
that

2 d dpv+p -1 d 1
= _Z41>0 L C 4 >0
dp’ 2Jr ’ 2 Py 2+2 ’
that is equivalent to
A d
P=g—2 P35

The first inequality is true by the standing assumptions. Pick then v < 2 so that p’ < ﬁ < d%g. Then,

||p(O)HL1('J1‘d)”GHLl((O,T);LP’(Td)) +CllpV| DG

p'~ '~
12 ((0,7);L 75T (14)) 11 ((0,7);L 730 T (1))

T Y 1
< v ” :
< CilleOllzx s+ </0 /Td VI p) HPHLI((O,T);LP’(W))

Using Young’s inequality, and plugging back into (A.11), we obtain

T
ol 1 (0,100 (ray) < C2llp(0)[| L1 (ray + C2 </0 /Td va) .

A further application of Young’s inequality yields, for any € > 0,

T 75 T
cr
1 Lo’ <C 0 v ’ — / / ,
1Pl s (oryipe (payy < C2llp(O)llrray + € (/0 /w| | p) T ( o Jos

and since [, p(t) = [q p(0) for all t, we conclude. O
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