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CLASSICAL SOLUTIONS TO LOCAL FIRST-ORDER EXTENDED
MEAN FIELD GAMES*

SEBASTIAN MUNOZ **

Abstract. We study the existence of classical solutions to a broad class of local, first order, forward-
backward extended mean field games systems, that includes standard mean field games, mean field
games with congestion, and mean field type control problems. We work with a strictly monotone
cost that may be fully coupled with the Hamiltonian, which is assumed to have superlinear growth.
Following previous work on the standard first order mean field games system, we prove the existence
of smooth solutions under a coercivity condition that ensures a positive density of players, assuming
a strict form of the uniqueness condition for the system. Our work relies on transforming the problem
into a partial differential equation with oblique boundary conditions, which is elliptic precisely under
the uniqueness condition.
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1. INTRODUCTION

In this paper, we prove existence of classical solutions to a broad class of first order mean field games systems
(MFG for short) with a local coupling, which includes standard MFG, MFG with congestion, and mean field
type control problems. For this purpose, we study the MFG system:

—ug + H(z,Dyu,m) =0 (z,t) € Qr =T x (0,T),
my — div(B(z, Dyu,m)) =0 (z,t) € Qr, (EMFGQG)
m(0,x) = mo(z), u(z,T) = g(z,m(x,T)) xcT?,

where —H (z,p,m) : T¢ x R? x (0,00) — R and g(x,m) : T¢ x (0,00) — R are strictly increasing in m, and
mo : T* — R is a positive probability density.

*The author would like to thank P.E. Souganidis for valuable discussions, comments, and suggestions. He also thanks the
anonymous referees for their invaluable help in improving and clarifying the manuscript. The author was partially supported by
P.E. Souganidis’ National Science Foundation grant DMS-1900599, the Office for Naval Research grant N000141712095 and the Air
Force Office for Scientific Research grant FA9550-18-1-0494.

Keywords and phrases: Quasilinear elliptic equations, oblique derivative problems, Bernstein method, non-linear method of
continuity, Hamilton-Jacobi equations.

Department of Mathematics, University of Chicago, Chicago, IL 60637, USA.

** Corresponding author: sbstn@math.uchicago.edu

© The authors. Published by EDP Sciences, SMAI 2023

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/2023004
https://www.esaim-cocv.org
https://orcid.org/0000-0003-4583-9267
mailto:sbstn@math.uchicago.edu
https://creativecommons.org/licenses/by/4.0

2 S. MUNOZ

MFG were introduced by Lasry and Lions [16, 19], and at the same time, in a particular setting, by Caines,
Huang, and Malhamé [5]. They are non-cooperative differential games with infinitely many players, in which
the players find an optimal strategy by observing the distribution of the others.

The system (EMFG) was introduced by Lions and Souganidis in [20], who coined the term extended MFG,
to simultaneously study several MFG type problems for which, in contrast to the case of standard MFG, the
vector field B does not necessarily equal mD,H. It was shown in [20] that (EMFGQG) has at most one classical
solution if

— 4H,,D,B > (By, — DyH) ® (Bm — D, H). (1.1)

In the case of standard MFG with a separated Hamiltonian, H = H (z,p) — f(x,m), (1.1) simply reduces to the
standard convexity assumption for H(x,p) in the second variable and the monotonicity of f.

Before stating our results, we briefly describe some of the existing work on the well-posedness and regularity
of (EMFG). For the case of standard MFG with a separated Hamiltonian, there exists a complete theory of weak
solutions (developed by Cardaliaguet, Graber, Porretta, and Tonon [6-8] in the degenerate case g, = 0, that
is, when g is independent of m, and by the author [22] in the non-degenerate case considered here). Moreover,
it was shown by the author, in [22], that the solutions are classical under the coercivity assumption

lim H(z,p,m) = +oo. (1.2)

m—0+

From the optimal control perspective, (1.2) corresponds to placing a very strong incentive for players to occupy
low-density regions, and this forces m > 0. For first order MFG systems with congestion, weak solutions were
shown to exist by Porretta and Achdou [2], but classical solutions had not been obtained so far. Second order
MFG systems with congestion were also studied in [1, 9, 13, 15], where weak solutions and short-time existence
result in the smooth setting have been obtained. Finally, for second order mean field type control problems with
congestion, weak solutions were obtained in [3]. To put our results in context, it is important to observe that
assumption (1.2), and it was not made in [1, 2]. This assumption is a significant restriction, and it is critical to
our methods, as it ensures the strict positivity of the density, and hence the classical solutions.

In this paper, we follow the same methodology used in [22]. Our contribution is stated below. It is a general
result that yields classical solutions to (EMFG), assuming the strict form of the uniqueness condition (1.1), as
well as growth assumptions on H and B which are modeled by Hamiltonians of the type

H=vym)p|", v>1, 9% >0, ¢ <O0. (1.3)

We remark that, in particular, we do not require the Hamiltonian to be quadratic or separated, and one of the
applications of Theorem 1.1 is the existence of classical solutions to MFG systems with congestion. We refer to
Section 2 for the exact assumptions (M), (H), (B) , (G), and (E).

Theorem 1.1. Let 0 < s < 1, and assume that (M), (H), (B), (G), and (E) hold. Then there exists a unique
classical solution (u,m) € C**(Qr) x C**(Qr) to (EMFG).

An important natural setting, covered by Theorem 1.1 in full generality, is when the derivatives H,, and
D, H satisfy growth conditions that are compatible with (1.3), which we write symbolically as

mH,, ~ H ~ ¢¥(m)|p|”, and (1.4)

| Do H| S ¢(m)|p|. (1.5)
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When lim,,, o ¥(m) = 0, these correspond to MFG systems with congestion, of which a typical example is

w22 V(@) = f(m), ule,T) = g(e,m(z,T))

my — div(ﬁDzu) =0, m(0,x) = mo(x)

(1.6)

where the conditions 0 < o < 2 and ¢p > 0 ensure that (1.1) and, hence, uniqueness, holds for (1.6) (see [1]).
As was mentioned above, for our results to apply, condition (1.2) is essential, and in this example it amounts to
requiring that lim,,_,o f(m) = —oo. In particular, Theorem 1.1 does not apply in several important examples
such as when f =0 or f = m*, k > 0, which illustrates the restrictive character of (1.2), in contrast to the
results of [1, 2].

Now, Theorem 1.1 also allows for a more general growth behavior than (1.4), namely, for a constant 0 < v, <
s

One reason for working under such generality is that, despite (1.4) being the natural condition for fully general
Hamiltonians H(x, p,m) satisfying (1.3), it is not satisfied by the important example of MFG systems with a
separated Hamiltonian. Such systems are nevertheless covered in Theorem 1.1, by setting v; = 0.

There are, however, two assumptions that must be strengthened when straying from (1.4). The first is that,
whereas in the case 71 = 7, our result allows for “congestions” in which lim,, . %(m) = 0, when v; < v we must
instead assume this limit to be positive. The second assumption is the control required for the z-dependence,
and can be explained by comparing Theorem 1.1 with Theorem 1.1 of [22]. In the latter work, we obtained
classical solutions in the case of separated Hamiltonians, only requiring for D, H (x,p) the condition

|D1H($,p)| 5|p"¥—€7 €>O7

which allows the growth of D, H to be arbitrarily close to the natural one (1.5). This was achieved by exploiting
in a crucial way the separated structure of the system. On the other hand, in (EMFG), no such structure is
available, and therefore treating fully coupled Hamiltonians with 0 < ; < = forces us to impose the stricter
control

D H| S 4p(m)[p|™,

where 5 must satisfy 7o < 21 — v + 2. In other words, in the absence of additional structural assumptions, the
more the growth v; of H,, deviates from its natural value v, the more we must restrict the growth 5 of the
space oscillation D, H.

We will discuss now our methods of proof. The key insight that allows us to obtain classical solutions to
this first order system is the observation of Lions that, due to the strict monotonicity of H with respect to m,
one can eliminate the variable m and transform (EMFG) into a second order quasilinear equation in v with an
oblique, non-linear boundary condition,

Qu := —Tr(A(z, Du)D?*u) + b(z, Du) =0 in Qr, Q
Nu := N(z,t,u,Du) =0 on 0Qr,
where Du = (Dyu,u;) and, for (z, z,p,s) € T4 x R x R? x R,
B, + D H B, + D, H Bu=DpHl g Bn=Dyll
Alz,p,s) = (4‘210,_1> - (*‘21)7_1) _ ( e ey + H,,D,B 8) Q)
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b(z,p,s) =— DyH(x,p, H ") - By (2, p, H ") + Hp(z,p, H ")divy Bz, p, H ), (Q2)
N(z,0,z,p,8) = — s+ H(z,p,mo(x)), N(z,T,2,p,8) = —g(z, H " (z,p, s)) + 2, (N)

and the function H~!(z,p, s) is the inverse of H with respect to m, defined by
H_l(x,pa H(ac,p, m)) =m.

An important observation that can be seen directly from the definition of A is that this equation is elliptic
precisely when (1.1) holds. For this reason, it is to be expected that the methods of quasilinear elliptic equations
with oblique boundary conditions, which were successful in obtaining classical solutions to standard MFG
systems in [19, 22], may also be applied in this more general setting. This is in fact the approach that we
follow here. Namely, we obtain a priori estimates for ||ul[co g7y and |[Dul|cogy), and conclude the existence
of smooth solutions from the classical C1® estimates for oblique derivative problems (see [17]), the Schauder
theory for linear oblique problems (see [12, 18]), and the non-linear method of continuity (see [12]).

Finally, we discuss some of the newer results that have been obtained after the first version of this work,
as well as possible future directions. In [23], A. Porretta showed that one may still obtain classical solutions
to standard MFG with a separated Hamiltonian, when T is replaced by a region in R?, in the setting of the
so-called planning problem, where the terminal density is a prescribed function. On the other hand, in [21], N.
Mimikos and the author showed that, when d = 1, the key coercivity assumption (1.2) may be removed, and
classical solutions are obtained both in the setting of (EMFG) and the planning problem. It was also shown that
one may weaken the assumption that mg be strictly bounded away from 0, and still obtain instant regularization
for times ¢ > 0, despite the loss of ellipticity at the initial time. However, it remains an open question whether
the results of [21] may be extended to dimensions greater than 1 and, even in the case d = 1, whether one may
allow mg to vanish in a set of positive measure.

Remark 1.2. We note here that there is some ambiguity with the term extended mean field games, because
it is also used to refer to standard MFG systems in which the Hamiltonian depends on the acceleration of the
players (see, for instance, [14]). This setting is unrelated to the one present in this work and in [20].

Notation

Let n, k € N. Given z,y € R™, x and y will always be understood to be row vectors, and their scalar product
2yT will be denoted by x - y. For 0 < s < 1, C**(Qr) refers to the space of k times differentiable real-valued
functions with s—Holder continuous k*® order derivatives. If u € C*(Qr), the notation Du will always refer
to the full gradient in all variables, whereas D,u denotes the gradient in the space variable only. We write
C =C(K1,Ks,...,K)y) for a positive constant C' depending monotonically on the non-negative quantities
Kl, ey K]\/[.

2. ASSUMPTIONS

In what follows, Cy, v, 71,72 are fixed constants satisfying
Co>0, v>1, 120, 2<7m <7, and 79 <2y — v+ 2. (2.1)

The continuous functions C, 1 : (0,00) — (0,00) are also fixed, with v being non-increasing. If v; < v, we
further require that

lim (m) > 0. (2.2)

m— 00
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We note that the case y; = 0, ¥ = 1, corresponds to a standard MFG system with a separated Hamiltonian,
and the case

1
=, m)= ————
=7 ¥(m) (m+co)™
corresponds to a MFG system with congestion.
(M) (Assumptions on mg) The initial density mg satisfies
mo € CHT?), mo > 0, and mo = 1. (M1)

Td

(H) (Assumptions on H) The function H : T¢ x R? x (0,00) — R is four times continuously differentiable and
satisfies H,,, < 0. Moreover, for (x,p,m) € T¢ x R? x (0, c0),

G m) (1 + Bl 21 < D2,H < Cot(m)(1+|pl)" 1 (H1)

IDHI < Catm)(+ )™, Dyt > (14 & ) = ), (H2)

G HmIp™ < —mH,, < Cow(m)|pl™ + Tlm), (HM1)

M Hyn] < ~CoHoy plIDyHon| < Coto(m)(1+ [p]) " (HM2)

(D, H], |D2,H| < Cov(m)(1+ |pl)™, D2, H| < Cob(m)(1 + |pl) >, (HX1)
| Dy Hon| < Cot(m)(1+ ), (HX2)

\D,H(z,0,m)| < Co. (HX3)

(B) (Assumptions on B) The function B : T¢ x R% x [0,00) — R? is four times continuously differentiable,
B(-,-,0) = 0 and, mirroring the assumptions on H, B satisfies, for (x,p,m) € T¢ x R? x (0, c0),

Cimw(m)lp\”’Qf < DpB < Comip(m)(1+ [p|)" 7?1, (B1)
0

[Bi| < Co(m)(1+ [p))"* ™", [pl|DpBum| < Covo(m)(1 + [p)* 72, | D5, Bl < Comap(m)(1 + [p])? 2,

(B2)
(1 + |p‘)|Bmm| < —CoH,y, (BM)
|D.B|,| D3, B < mCoth(m)(1+ [p])> ™", |DaBum| < Cotb(m)(1+ [p])>7", (BX1)

D3, B| < Comap(m) (1 + |p|)™=~2, (BX2)
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|D.B(x,0,m)| < Com. (BX3)

(G) (Assumptions on g) The function g : T x (0,00) — R is four times continuously differentiable and satisfies
gm > 0. Furthermore, for each 2 € T¢,

lim g(x,m)= sup g, and lim+g(x,m): inf ¢ (GX)

m—reo Td x [0,00) m—0 Tdx[0,00) "

(E) (Strict ellipticity of the system) The functions H and B satisfy the conditions

lim+ H(z,p,m) =+ oo uniformly in (z,p) € T¢ x R?, (E1)
m—0
1i_1>n H(z,p,m) — Cotb(m)|p|” = —oo uniformly in (z,p) € T¢ x R?, (E2)
1
—4H,,D,B > (1 + Co) (Bm — DyH) @ (B, — D, H). (E3)

Remark 2.1. In view of (H1), up to increasing the values of Cy and C, we may assume, with no loss of
generality, that, for (z,p,m) € T? x R% x (0, 00),

v(m)

o, P C(m) < H(z,p,m) < ¢(m)Co|p|” + C(m). (2:3)
i max ]\H(m,07~)| < Cy, i max ]|B(;z:,0,~)| < Cy. (2.4)

Moreover, in the case that (2.2) holds, we may also write

(m) = —. (2.5)

We also note that there is certainly room for weaking the regularity assumptions on the data, at the expense of
further technical complications. We refer to [21] for an illustration of this.

3. A PRIORI ESTIMATES AND CLASSICAL SOLUTIONS

3.1. Derivation of the quasilinear equation

We begin by briefly showing the equivalence between the first-order system (EMFG) and the elliptic equation
(Q), since the latter will be our main object of analysis in the following sections.

Proposition 3.1. Let (u,m) € C*(Qr) x C*(Qr). Then (u,m) is a solution to (EMFG) if and only if u is a
solution to (Q)), and m is given by

m = H (z, Dyu, uy). (3.1)
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Proof. The Hamilton-Jacobi equation
—uy + H(z,Dyu,m) =0
may be rewritten as (3.1). We thus need to show that, after substituting (3.1) in the continuity equation
my — div(B(x, Dyu,m)) = 0,
one obtains (Q). Indeed, the substitution yields
0= Him(utt — D,H - Dyu;) — div, B — Tr(D,BD? u) — By, - div,(H ")
1

1
= H—(utt — D,H - Dyu;) — div, B — Tr(D,BD2, u) — 7B (=D,H + D,HD? u+ Dyuy),

that is,
R+ b(z, Du) =0, (3.2)

where the first order term b(z, Du) is given by (Q2), and the second order term R is

R = —wy + (B + DyH) - Dyuy — By D2 u- D,H + H,, Tr(D,BD2 u).

Now, R may be rewritten as

B, + D, H B,, + D,H B,, + D, H
R = —Utt+2m+fp - Dpuy — %Diu m%
B,, — D,H B,, — D,H B, + D,H B, + D, H
4= L R T—_L P + H,,Tr(D,BD?, u) = — "14'71’7_1 D2y - m+7p7_1
2 2 B 5
By, — DyH B,, — D,H
+ ST D S 4 H, Tr(Dy BDYu) = ~Tr(ADu). (3.3)

where A is given by (Q1). Substituting (3.3) in (3.2) thus yields the desired elliptic equation. As for the boundary
conditions, we may rewrite the initial and terminal conditions in (EMFG) as

H~!(z, Dyu(z,0), ut(x,0)) = mo(z), g(a, (2, Dou(w, T), ur(x,T))) = u(x, T),
that is,
N(z,t,u, Dyu,us) =0, (2,t) € T? x {0,T},
where N is given by (N). O

In view of Proposition 3.1, (EMFG) and (Q) will be treated tacitly as the same problem throughout the rest
of the paper.
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3.2. Estimates for the solution and the terminal density

In the first result of this section, Lemma 3.2, we will estimate the L°° norms of u and the terminal density
m(-,T), where (u,m) is a solution to (EMFG). In order to provide an explicit form for the estimates of this
section, we consider the continuous, strictly increasing functions fo, f1, go, g1 : (0,00) — R defined by

fO(m) = ;Iel,lﬂ,r}l (—H(w,O,m)), fl(m) = ;Iéa,ﬂ?i (—H(m,O,m)),

go(m) =ming(-,m), g1(m) = maxg(-,m),

and the non-decreasing function & : (0, 00) — [0, 00) by

h(s) = sup{m > 0: sup H(z,p,m) — Colp|"d(m) > —s}, (3.4)
(z,p)eR
which is well-defined in view of (E2).
Lemma 3.2. There exists C = C(Cy) such that, for any solution (u,m) € C*(Qr) x C*(Qr) of (EMFG), and
every (z,t) € Qr,

gofl_l(—C') - C(eCT - eCt) <u(zx,t) < glfo_l(C’) + C’(eCT — eCt), and (3.5)

0<gi gofi '(—=C) <m(z,T) < g5 9151 (C), (3.6)

Proof. The proof of this statement is analogous to Lemma 3.1, Corollary 3.2 of [22]. We modify the func-
tion u in a way that ensures that its maximum value is achieved at ¢t = T. This will allow us to conclude
by exploiting the fact that the boundary condition (N) that holds at the terminal time is of “Robin type”.
For this purpose, we set v(z,t) = u(x,t) + ((t), where ((t) = M (et — eMT), for a large parameter M > 1.
Conditions (HM2) and (BM) imply, respectively, the existence of a uniform Lipschitz bound for the maps
w— H Y (x,0,w)Hpy,(x,0, H 1 (2,0,w)) and w +— By, (z,0, H 1(x,0,w)). Therefore, using (2.4), we obtain

|mHp (2,0,m)| < C(1+ |H(z,0,m)|) and | By, (z,0,m)| < C(1+ |H(z,0,m)|).
In view of this, (Q), (Q2), (HX3), and (BX3) yield that, at any interior critical point (z,t) of v,

— Tr(A(x, Du)D*v) = —Tr(A(z, Du)D?u) — (" (t) = —b(x, Du) — ¢ (t) = D, H(z,0,m) - By,(z,0,m)
— Hp(,0,m)dive B(2,0,m) — ¢"(t) < C(1+ |ug]) = ¢"(t) = C(A+(t)) = ¢"(t) < C(L+ M?eM?) — MM
Thus, if M > max(1,2C), one has —Tr(A(z, Du)D?v) < 0 at all interior critical points of v, and therefore v must

achieve its maximum value on the boundary 0@ 7. If the maximum is achieved at ¢t = 0, then D,v =0, v; <0,
and so

M? =(¢'(0) < —up = —H(x,0,mp(x)) < Co.

Consequently, a sufficiently large value of M forces the maximum to be achieved at {¢t = T'}. At such a point
(z,T), Dyv =0, vy >0, and, thus, since {(T') =0,

M?eMT = CI(T) > —up = —H(z,O,m(z,T)) > fO(m(T”T)) = fO(gil(xvu(T”T)) = fO(gil(xv’U(livT))v
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which yields v(z,T) < g1fy ' (M?eMT). Since (x,T) is a maximum point of v = u -+ , this proves the upper
bound in (3.5), with the lower bound being obtained through the same reasoning.

The second inequality (3.6) then follows immediately by setting ¢ = T in (3.5), using the fact that, by (GX),
the functions gg and g; have the same range. O

3.3. An overview of the Bernstein argument

To obtain the gradient estimate, we will make use of a classical method due to S. Bernstein (see [4]), for
which we will need to use the linearization of (Q), namely

Ly, (v) = =Tr(A(z, Du)D*v) — D,Tr(A(z, Du)D*u) - Dv + D,b(z, Du) - Dv, (3.7

where, for (p,s) € R? x R, we denote ¢ = (p,s). The idea behind this classical method is the following gen-
eral principle about elliptic equations: convex functions ¢(u) and ®(Du) of the solution and its gradient are
subsolutions of the linearized equation, up to an error that can often be controlled. More precisely, one has

Lu(é(u)) = —¢" DuA - Du+ Ey, L,(®(Du)) = —Tr(D?*®D?*uAD?u) + Es, (3.8)

where FE; and F, are regarded as error terms to be estimated. This observation can be exploited to bound
|[Daullcogyy as follows. Since |[ul|qogy) is already known to be bounded a priori, the problem is equivalent
to bounding v = ¢(u) + ®(Du), as long as ® : R? — R is coercive. At any interior maximum point (z,t) of v,
one thus has

0 < Ly(v) = —¢"DuA - Du — Tr(D*®D?*uAD?u) + Ey + s,
that is,
¢"DuA - Du < —Tr(D*®D*uAD?u) + Ey + E. (3.9)

Thus, up to adequately estimating the error E; + F5 in terms of the other two dominant signed terms, (3.9)
leads naturally to a gradient bound.

Now, we must note that the argument above applies only to interior maxima, so the possibility of the
maximum being achieved on Q7 must be accounted for separately. In the usual case of Dirichlet boundary
conditions, the bound would follow automatically since u|gg, would be an a priori given function, but since
(N) defines an oblique boundary condition instead, an additional argument must be made. One can proceed
by linearizing the boundary operator N and repeating the Bernstein process for this first order operator in
place of L,. Just like in the case of (3.8), the linearization is computed by differentiating both sides of the
boundary equation. Whereas the ellipticity of (Q) is what allows E; + Es in (3.9) to be estimated, the error
at the boundary is instead controlled with the dominant signed term D,H - D,u by virtue of the superlinear
growth (H2) of H, the existing bounds on m|gg, and the non-degeneracy of the boundary condition. Indeed,
bounds on m(-,0) and D,m(-,0) are available because mg is given a priori, and Lemma 3.2 provides bounds
for m(-,T), albeit not for D,m(-,T). The error terms that involve D,m(-,T) have, however, a favorable sign
thanks to the “Robin type” nature of (N) at time T" that comes from the strict monotonicity of g.

3.4. Estimates for the space-time gradient

To carry out the strategy described above for the gradient estimate, we will require explicit computations of
the error terms F; and Fs described in (3.8), provided by the following lemma. We remind the reader that -
denotes the standard dot product, and all vectors are taken to be rows.
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Lemma 3.3. Let ®(p, s) € C?(R*!), assume that (u,m) € C3(Qr) x C%(Qr) solves (EMFG), and set v(x,t) =
®(Du(x,t)). For each ¢ = (p,s) € R, and for each (x,t) € Qr, define

C(pa 8) =—-s+ DpH(vaxuam) D, YJF = Bm + DpH7 Y™ = Bm - DpH
Then the following identities hold:

1 _
DqTI‘(AD2u) q = (_Dwut + ierD?c;cu)(DpYerT - (YnJ{)TH C) + Y D2 (D;DY pT ( m) mlc)
— (DpHp, - p — Hi H,, () Tr (D, BD2 u) — Hm(DpTr(DpBDmu) -p — Tr(Dp B, D2, u)H,,*¢), (3.10)

qu(I,D’U,) g = _Bm(DipHpT - DQ?HTTYLH?;L1C) - DQ?H(DI)BmpT mm m1C)
+ Hy(Dpdiv, B - p — divy By H,, ' C) + div, B(DpHyp - p — Hy H,,C), (3.11)

1 1
To(A,, D) = (~Duy + 2V D) - (Vi — Vi L) + Sy DR (Vi vy i )
— (Hyym — HmmH;lewi)Tr(DpBDimu) - Hm(Tr(DpBwiDixu) - Tr(DmeDix“)H;lewi)a (3.12)

Db(x,Du) -p = —B,, (D2, Hp" — D,HLH, Y(D,H - p)) — Dy H(DyBp" — By H,,," (D H - p))

m

+ Hpy(Dpdivy(B) - p — divy By H H(Do H - p)) + dive B(DyHypy - p — Hy H,, (Do H - p)),  (3.13)

d
Ly =—Tr(D*®D*uAD?u) + Y Tr(As, D*u)®,, — Dp® - Dyb. (3.14)
i=1
Proof. We derive (3.10) differentiating the expressions (Q1) with respect to ¢ = (p, s). Indeed, (Q1) implies that

D, Tr(AD?u) - ¢ =D,(Tr ((im - Y)Yt -Y")- HmDpB) Dfmu) —Y*tDyu) - (p,s)

1 1

:Dq(zY"’Diwu YT+ 1Y—Dfmu Y~ — H,Tr(D,BD2,u) — Yt D,u) - (p, 5)
1 - T

=Y D2 u(DY T — (V)T HLIO) 4 LY DD,y T — () )

— (DpHp - p— HmmHmloTr(DpBDix ) — Hm(DpTr(DpBDaQ:o;u) "D
— Tr(Dp B D2, u)H s H,, ¢) — Dypuy(D,Y TpT — Y+Hn;1<)

m

1 _ _ _
(=D + gV D2 (DY T — (V)T HRAO) + LY D2,u(D,Y pt — (Vi) H )

— (DpHp, - p — Hp H,, () Tr (D, BD2 1) — H,,L(DpTr(DpBDfmu) -p—Tr(D,B,,D2,u)H, .} ().
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Similarly, (3.11) follows by differentiating (Q2) with respect to ¢, and (3.12) and (3.13) result from differentiating
(Q1) and (Q2) with respect to the space variables. Finally, (3.14) is obtained by applying D® - D to both sides
of (Q) (see, for instance, [22], Lem. 3.4). O

We can now obtain the a priori gradient bound in terms of bounds for the solution v and the terminal density
m(-,T), which were already obtained in Section 3.2.

Lemma 3.4. Let (u,m) € C3(Qr) x C*(Qr) be a solution to (EMFG), and set
M = [|ml|co@qr) + llm™ loo@er)- (3.15)
There exist constants C,Cy > 0, with
C = C(Cr, W o h) Mleo.ca))s Cr = Cr(Co, T, ullgaggmys Mo [Cllcor s ans llon
H"/}_IHCU[ﬁ,M]v 1Dzgllcoraxd amys @ —v+2— 72)7 ")

such that

||DUHCO(E) <C

Proof. We will consider first, for the sake of clarity, the natural case where 7, = 72 = 7. C will denote a constant
that is allowed to increase from line to line. First, we verify that it is sufficient to bound the space gradient.
Indeed, setting ®(p, s) = s in Lemma 3.3 yields

Ly(uy) = L, (®(Du)) =0,
and, thus, in view of the maximum principle and (2.3),

—C<uy < CHDwuH’gTT—!— C. (3.16)

We note that, in (3.16), the constant C already depends on the upper and lower bounds for m on 0Qr. Next,
we will estimate ||D,ul[5 through the Bernstein method. Let

Tyv = —v, + DyH (2, Dyu,m) Do, =+ [[ullgoigm + 1 - 2(||U|C°}QT) k) (T — 1),
and note that the function @ has been constructed to satisfy
o) <C, au(-,0)< -1, u(-,T) > 1. (3.17)
Setting
k= [[Daul 22, v, t) = B + LDl (3.18)
Qr 2 2

we observe that the quantities || D, ul| |% and ||v||5;- are comparable up to constants, so it is therefore sufficient
T
to obtain a bound for the latter.
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Let (20,t0) € Qr be a point where v achieves its maximum value, and set p = D u(zg,ty). We assume with
no loss of generality that

lp| >1 and ||D, u||1/2 > 21| 5. (3.19)
The latter condition ensures that
1 1 1
SIp > Sl — il B > ZlIDeull (3.20)

Since the maximum may be achieved at the boundary of @, we must distinguish three cases.
Case 1: tg = T. Then D,v = 0, vy > 0. Therefore, in view of (2.3), (3.17), (HM1), (H2), (3.20), and the
current assumption that vy = vo =«

1
0>Tw="T, (2|Dmu|2) + k(=T + DpH - Dyu)

o, w(m(T))
—*gfm(lp\Z*ng-p)*DxH~p+kU( u+ DyH -p—C) > Com(TDon lp|7+?

v(m(T)), 5 (L v _
(C()()g| | +C( (T ))) |D2gllpl — Cy(m(T))|p| +1+ku<cl/}(m(T))|p| C)

|“/+3/2 M@‘“ﬁ? —-C(1+ ‘p|7+1).

1
=gl Com(T)gm

Thus, since the second term is non-negative, we obtain
1 +3/2 +1
gl < O+,

which yields

|Dyul < C.
Case 2: ty = 0. Similarly to the first case, we obtain D,v =0, v; < 0, and so
1 9 o~
0< Tyv =T, i\DbLu| + kt(—u, + DpH - Dyu)

=—H,D,mo(z) -p—D,H -p+kta(—w,+D,H -p—C)

<Criy (p["mo) + o)l + Co(ma)lp™*! + kil - b(mo) " — €)
< — Ul + O+ ),
and, once more, we conclude that
|Dyul < C.
Case 3: 0 <ty < T. Then Dv = 0, D?v < 0, which yields

0 < Lyv. (3.21)
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By direct computation, we see from (Q) that

1
Ly <u2> = —DaADG + 4L, (i) = —DaADG — @D, Tr(AD?u) - Dii + @Dyb - Dt — b,
whereas letting ®(p, s) = %\p|2 in Lemma 3.3,

d d
1 2 2
L, (2|Dmu ) =— Z Dugy, A - Du,, + ZTr(A,;iD W)y, — Db p,

i=1 i=1
and thus

d
Ly(v) = kDA - Dii — »  Dug, A- Dug, + E, (3.22)
i=1

where E is the error term, computed as follows. Setting A = D, + @kD, and using Lemma 3.3 once more, we
have E = El + EQ, with

1 1
By = (—Dyu; + 5Y+D3mu)Ay+ “p+ 5Y—DfmuAy— -p—Tr(D,BD2, u)AH,, - p
— HypmH, ) (Do H - p+ 4k()Tr(D, BD2 u) — Hy (Tr(AD,BD2 ) - p
— Tr(DpBm D2, w)H,,) (D, H - p + @k()), (3.23)

Fy = —B,, - (AD Hp" — D H,,H,;)"(DH - p+ k() — D H - (AB,,p* — B H,,, (D H - p + k()

+ H,(Adiv, Bp" — div, By, H,, (D H - p + @kC)) + dive B(AH,, - p — Hyp H,, (Do H - p + @kC)) — k.
(3.24)

Before estimating the F;, compute lower bounds for the dominant signed terms in (3.22), in the following way.
Setting r = (1 + ﬁ)*l, and using (Q1), we may write

1 1 1
DuA-Du:\—ut—l—iY"'-p\2—|§Y_-p|2—HmprB-p:|—ut+§Y+-p|2

1.,_
— \iY p|* = rH,,pD,B -p— (1 —7)H,,pD,B - p.

Now, in view of (E3), observing that r(1 + C%,) > 1 and r < 1, we obtain

1 1 1.1
DuA-Du>|—u+ §Y+ p]? — |§Y7 plP+r(l+ 6)\53/7 p|* - (1 —r)HupD,B - p
0

1 1 1.,._
= | = 3V B+ (14 ) = DIgY T = (1= ) HapD, B p
1o o 11 o 1
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Similarly, (Q1) and (E3) yield

d
1 1
> Dugy A Duy, = | — Dyu; + §Y+Dfmu\2 - \iY_DfmuF — H,,TrD? uD,B - D? u

i=1

1 1.1 1
> | — Dyuy + §Y+Dfmu\2 + 5|§Y*D§Iu|2 - aHmTr(DiqupB -D? u). (3.26)
Therefore, (Q1) and (E3) yield
o A T T 1
DuA~Du:|—ut+§Y - P —BY -p|* — HpupDpB -p > §DuA~Du—C, (3.27)
and, on the other hand, since 3(Y*+Y~) = D,H,
2 - -2 N e _o 1o 12 _ .
[¢|* =|— 1t + DyH - D, §2(|—ut—|—§Y - D, +|§Y - Dyul®) < CD4A - Da. (3.28)

Applying Young’s inequality and (3.26) in (3.23), we obtain

d
1 _ -
|Br| < 5D Dug, A+ Dug, + CIAY*Plpf> + |AY ™ Pp|* + | Hyn| | Dy Bl A )
i=1
[ Ho | Hon |7 (| Do H 2 |p[? + K2C?)| Dy B| + [ Hyn || A D, BI2| D, B~ [
+ Dy B *| Dy Bl [ Hin| M (| Do H P [pl + K2C%)]. - (3.29)

Now, the terms in (3.29) may all be estimated with the help of the growth assumptions (H) and (B). Indeed,
in view of (H1), (HX1), (HX2), (BX1), (B2), and (3.19), we estimate

IAY TP JAY T[> < C(ID2,H? + | Dy B |* + K| D2, HI? + k*|Dp By [*) < Cp(m)*(Ip|* % + p|* 1), (3.30)
AH > < C|DpHyp|* + CK? | Dy Hyp |* < Ctp(m)>m ™2 (Ip]*” + [p[*71), (3.31)

|AD,B|? < C|D3,BI* + Ck?| D}, BI? < Ctp(m)*m?(|p[**~* + [p[** 7). (3.32)
Thus, using (HM1), (HM2), (B1), (B2), (HX1), (3.30), (3.31), and (3.32) in (3.29) yields
d
1 20 12v+1 —1/2},02
By < §ZD“%A *Dug, + C(m)7|p|7 ™" + Clp| ™ /7k¢™. (3.33)
i=1

Similarly, for the second error term, we use Young’s Inequality and (3.28) in (3.24), obtaining

1 _ -
|Ba| < kDA - Du+ C[| Bi|[AD2 H||p| + | By || D Ho| | Hio || Do H[p] + | B[ D Ho || Hon |~

+ | Do H|(|ABum||p| + | B || Hm| ' |Do H||p|) + k| Do H|?| By || Hin | =% + | Hin || Adiv, Bl p|
+ [divy B || Do H|[p| + |diVme‘2k + [div, B|(|AH|p
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+ [y [ Hon| ™[ Do HI1pl) + k| dive B | Hym || Hon |7 + K[| (| Hpn|dive B] + | B || Do H)]. - (3.34)
In view of (HX1), (B2), (BX2), and (BX1), we obtain

IAD,H| < C(|D2,H| + k|D2,H|) < Cy(m)(|p|"> + [p|>T/?),
|Adiv, B| < C(|D2,B| + k|D2,B|) < Cy(m)(|p]* ™ + p[2=1/2),
|AB,,| < C(|DyBum| + k|DpByn|) < Cp(m)(|p|>~* + |p|'y1—1/2>7

|Adiv, B| < C(|D3,B| + k| Dy, Bl) < Cp(m)(|p|* ™" + [p21/2).

Consequently, (3.34), (HM1), (HM2), (B2), (HX1), (HX2), (BM), and (BX1) imply
1
|Es| < 1EDuA - Du + Cyp(m)?|p|+. (3.35)

Having estimated the error terms, (3.22), (3.27), (3.33), (3.28), and (3.35) yield

d
Ly(v) = —=kD@A - Dii — »  Duy A Du,, + E
i=1

d
1
< K puA - Du- lk@ — =Y Dug,A- Dug, + C(m)?|p|"™ + Clp| 7' /?k¢* + Ck.
8 C 247 :

Therefore, in view of (3.20), (3.25), (B1), and (HM1),

k 1 ~
Lu(v) < gHumpDyB - p— %k\él2 + Cp(m)?[p|* ! + Clp| =2k + C|p[*/?

1 1 _
< g m)? [ — %km? + Cp(m)2[p[7*t + Clp| 72k + Cp|*/?
0

1 1 _
< —7/1(7”)2(@“7\2%3/2 - Clp»*) - kCQ(ﬁ — Clp|™'/%) + CJp|*/2.
0

So, given that (xg,to) is a maximum point of v, we have L, (v) > 0, and, thus,

b

1
2v+3/2 2v+1 Ee2(— -1/2y < 3/2 )
52 Ip| Clp|="™") + k¢ (20 Clp|™/%) < Clp| (3.36)

W (m)*(

This implies that either 5= — C|p|=*/% < 0 or @y(my(ﬁmﬁvﬁ/2 — Clp/**h) < Cpl/2. If the former holds,

there is nothing to prove, so we may assume the latter. We may further assume that |p| is large enough that
ﬁ\pﬁw‘?’/? — Clp/»*t > Tlog|p|27+3/2. We thus obtain

Y(m)lp|” < C. (3.37)
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In view of (E2) and the fact that, by (3.16), H is bounded below, we conclude that m < C. Hence ¢(m) is

bounded below, which finally yields |p| < C, concluding the proof when v, = .
Now we describe the necessary changes in the proof to deal with the case in which v; < 7. Setting

n=2v —v+2) -,

we see, in view of (2.1), that n > 0. In (3.18), we replace k by k' = HDT’UHETT’ where

1 3
k=max |5 -7 +ln-v+3).

The proofs of Case 1 and Case 2 follow through with no change until the last step, leading in both cases to the
inequality

1
P < OO+ [+ ol + ). (3.38)

By definition, x > % + 791 — v, so the left hand side of (3.38) has higher degree than the right hand side, and
thus

Ip| < C.

The proof of Case 3 proceeds analogously as well. (3.29) and (3.34) are obtained with no change. To estimate
the errors, instead of (3.30), (3.31), and (3.32), we now have the bounds

AV, AY ™ < C(DE,HP? +1Da B + KD, HI? + KDy Buf?) < Cum) (o722 + o+,
|AH7n|2 < ClD:Jc]{m‘2 + CklepHml2 < Cw(m)Qm_2(|p|272 + |p|271+2'€_2),

|AD,B|* < C|DZ,B|?> + Ck*| Dy, B < Cop(m)*m?®(|p[*2 =% + [p|*7+277¢).
This allows us to estimate F; as before, this time obtaining

d
1
|Eq| < 3 > Dug, ADug, + Ctp(m)?(|p|>7+2072 4 [p|*72 777 4 k|p|~ TR ¢), (3.39)
i=1
Since the dominant power of |p| in (3.25) now has the exponent

a=7+7*+K,

we must verify that (3.39) does not have a higher degree. Indeed,

) 1 3 1.
a—(27+2k=2) =247 —y—K > m1n(2+%—7—(5(72—7)“),71—7+2—(71—7+§)) = §mm(n, 1),
(3.40)
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1 1
0‘*(272+’Y*’71):2(71*’72)+H271*72+H271*’Y2+§(’Y2*’7)+1:577,

Hence, letting € = § min(1,7), it follows from (3.39), (3.40) and (3.41),

d
1
|Brf < 5 Y Dug, ADug, + Cp(m)*(Ip|*~* + klp| ~¢?).

i=1
Moving on to Fs, we first obtain

IAD,H| < C(ID2,H| + kD, HI) < Cu(m) (o] + o 1),
|Adiv, B| < C(|D2, B| + k| D2, B|) < Cyo(m)(|p|2 ™! + |p|2~2+%),
‘ABm| S C(‘DIBm| + k‘DmeD g Cw(m)(|p|’yz—l + |p|71_2+ﬁ)’

(Adiv, Bl < C(1D2,B| + KD, B]) < Cum)(lpl™ " + |pl2+%),
and so, in place of (3.35),
1
|E2| < Z]gDuA - Du + Cw(m)2(|p|v+ﬁ’2 + ‘p|72+7+n—1 + |p|2~/2+7—71 + |p|n+272—2+27_271).

We again verify that the exponents do not exceed «,

1

1
a-(y+m)=n-—mntezn-ntir-7+1=2on

a—(re+y+r—1)=7m—7+12>1,

a—(k+272 =242y =2v) =N —7) + (@1 —7+2) =) = (2 —7+2) =) =1

and thus, (3.43), (3.41), (3.44), (3.45), and (3.46) yield
1
|Ey| < JkDuA - Du+ Cyp(m)?[p|*c.

Consequently, in view of (3.42) and (3.47), we obtain, instead of (3.36),

1

e 1 e K
w(m)Q(@lp\a —Clp|*™) + kCZ(% — Clp|™) < Clp|",

and, thus, in place of (3.37), this time we conclude

17

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
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It

Y(m)lp| 7 < C. (3.48)

Since 11 < 7, (2.2) holds, and thus we have (2.5). This, together with (3.48), implies that |p| < C, as wanted. O

The following lemma provides global, positive two-sided bounds for the density in terms of the gradient
bound.

Lemma 3.5. Let (u,m) € C3(Qr) x C%(Qr) be a solution to (EMFG), and set, for K € R,

o = H ' (z,p,s).

inf
(z,p,s)ETEXRE X (—00,K]
There exist constants C,Cy > 0, with
C= C(Ch h(Cl))7 C’1 = Cl(Cov HDU||CD(Q7T)76|T5uH7 ||’(/)||CO[5HDU|‘,OO))a

such that

HmHCO(m) + Hm_l\lcwm) <C.

Proof. Due to (E1), dx > 0 is well-defined for each K € R, and we may apply H !(x, Dyu, ) to both sides of
the inequality

H(m,DIu,m) = U¢ S HDUHC()(Q?),
which yields, for (z,t) € Qr,
H (2, Dyu, [[Dullcoary) < m(z,t).

Letting § = d)|py|, we thus obtain § < m(z,t) and, hence,

Im ™ loigry <97

On the other hand,

H(, Dy, m) — Corp(m)| Dyl > e~ Coth(m) | Deul |7 ) > = 11Dl o gy — Col o | Dl gy > —C

which, in view of the definition of h (see 3.4), implies that

We now summarize all of the a priori bounds obtained in this section.
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Theorem 3.6. Let (u,m) € C3(Qr) x C%(Qr) be a solution to (EMFG), and let § be defined as in Lemma 3.5.
Then there exist constants M, My, L, L, K, Ky > 0, with

1
91 "9o(fi H(=Ly))

L= <L1agl(f01(L1))+»gO(f11(_L1))»golgl(fol(Ll))v ) , L1 = L1(Co,T),

K = K(C1,||( o h) M|, k1))
K1 = Ki(L, T4 [Cllcors, s 1lloogs oy 19 Hleorx, s [1Degllor raxa,pys @1 =7 +2 =) ™),

M = M(My,h(My)), My = M;i(K,d¢" [[¢]lcops o))
such that
lullco@zy < Ly 1DUllcogry < K and |Imlloigzy + lIm™lcogry < M-
Proof. This result follows from combining Lemma 3.2, Lemma 3.4, and Lemma 3.5. O

3.5. Classical solutions
Having obtained the gradient bound, the existence result follows through the method of continuity.

Proof of Theorem 1.1. We only sketch the proof, which follows the same steps as Theorem 1.1 of [22]. We define,
for @ € [0,1] and (z,p, m) € T? x R? x (0, 00),

H(z,p,m) = 0H(x,p,m) + (1 —0)H(0,p,m), B°(x,p,m)=0B(x,p,m)~+ (1 —60)B(0,p,m),
ge(x,m) =0g(x,m) + (1 — 0)m, mg(x) = Omp(x) + (1 —0),

and consider the family of (EMFG) systems

—uy + H%(z, Dyu,m) =0 (z,t) € Qr,
my — div(B%(x, Dyu,m)) =0 (z,t) € Qr, (EMFGy)
m(0,) = md(x), u(z,T) = ¢*(@,m(z,T)) @€ TY,

together with the corresponding elliptic and boundary operators QY and N? associated to them, according to

(Q). We observe first that for § = 0, the solution is simply (u, m) = ((¢t — T)H(0,0,1) + 1, 1). Now, by definition
of ¢°,

99095 og1=0g00gy ogi+(1—0)gy" ogi > 091+ (1—0)gy" og0 =g},

so we obtain

(90)""g! < 95" g1, (3.49)

and similarly
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g1 90 < (97) 90 (3.50)
Moreover, setting

fl(m) = Ir%idn(—He(-,O,m)) =0fo(m)— (1 —0)H(0,0,m), and

fle(m) = I%%X(*He(70,m)) = afl(m) - (1 - Q)H(0,0,m),

it is readily seen that, by definition,

(O <ty i< uh™ (3.51)

In view of (3.49), (3.50), and (3.51), Theorem 3.6 yields a constant C, independent of 8, such that
14’017y < C-
Moreover, the classical C1* estimates for oblique derivative problems (see, for instance, [17], Lem. 2.3) yield
N llgrse @y < C- (3.52)
for some s’. Now we define the Banach spaces
E =C**(Qr), F =C"*(Qr) x C**(9Qr),
and the continuously differentiable operator S : E x [0,1] — F by
S(u,0) = (Q%, N%), (u,0) € E x [0,1].

Direct computation shows that, for fixed (u,6) € E x [0, 1], the linearization S, of S with respect to u has

the form (L%u o)W L%u g)W), where L%u g) 1 a linear, uniformly elliptic operator and L%u p) 1 a linear oblique

boundary operator. Moreover, the homogeneous problem (L%u o)W L%u e)w) = (0,0) has only the trivial solution.

The standard Fredholm alternative for linear oblique problems (see [12]) thus implies that S, is invertible in
C?*(Qr). Thus, by the implicit function theorem, the set

D = {0 € [0,1] : the equation S(u,#) = (0,0) has a unique solution u € C**(Qr)}

is open in [0,1]. On the other hand, (3.52) together with the Schauder estimates for linear oblique problems
imply that D is also closed. Since 0 € D, we conclude that D = [0, 1], and in particular 1 € D, which completes
the proof. O

REFERENCES

[1] Y. Achdou and A. Porretta, Mean field games with congestion. Ann. I. H. Poincaré Anal. Nonlinéaire 35 (2018) 443-480 .

[2] Y. Achdou and A. Porretta, Mean field games modeling crowd congestion, slides presented at “Mean field games and related
topics - 5”. CIRM, Levico (2019).

[3] Y. Achdou and M. Lauriére, Mean field type control with congestion. Appl. Math. Optim. 73 (2016) 393-418.

[4] S. Bernstein, Sur la généralisation du probléme de Dirichlet. (Deuxieme partie). Math. Ann. 69 (1910) 82-136.



(5]
[6]

[7]
(8]

(9]

[10]
(11]

(12]
(13]

[14]
[15]
[16]
7]
18]

(19]
20]

(21]
(22]

23]

CLASSICAL SOLUTIONS TO LOCAL FIRST-ORDER EXTENDED MEAN FIELD GAMES 21

P.E. Caines, M. Huang and R.P. Malhamé, Large population stochastic dynamic games: closed-loop McKean-Vlasov systems
and the Nash certainty equivalence principle. Commaun. Inf. Syst. 6 (2006) 221-251.

P. Cardaliaguet, Weak solutions for first order mean field games with local coupling, Analysis and geometry in control theory
and its applications. Springer INdAM Ser. 11 (2015) 111-158.

P. Cardaliaguet and P.J. Graber, Mean field games systems of first order. ESAIM: COCV 21 (2015) 690-722.

P. Cardaliaguet, P.J. Graber, A. Porretta and D. Tonon, Second order mean field games with degenerate diffusion and local
coupling. Nonlinear Differ. Equ. Appl. 22 (2015) 1287-1317.

D. Evangelista, R. Ferreira, D.A. Gomes, L. Nurbekyan and V. Voskanyan, First-order, stationary mean-field games with
congestion. Nonlinear Analysis 173 (2018) 37-74.

R. Fiorenza, Sui problemi di derivata obliqua per le equazioni ellittiche. Ric. Mat. 8 (1959) 83-110.

R. Fiorenza, Sulla holderianita dalle soluzioni dei problemi de derivata obliqua regolare del secondo ordine. Ric. Mat. 14
(1965) 102-123.

D. Gilbarg and N.S. Trudinger, Elliptic partial differential equations of second order. Springer, Berlin (2001).

D. Gomes and V.K. Voskanyan, Short-time existence of solutions for mean-field games with congestion. Journal of the London
Mathematical Society 92 (2015) 778-799.

D. Gomes, V.K. Voskanyan, Extended deterministic mean-field games. SIAM J. Control Optim. 54 (2016) 1030-1055.

P.J. Graber, Weak Solutions for Mean Field Games with Congestion. Preprint arXiv:1503.04733 (2018).

J.-M. Lasry and P.-L. Lions, Mean field games. Jpn. J. Math. 2 (2007) 229-260.

G.M. Lieberman, The nonlinear oblique derivative problem for quasilinear elliptic equations. Non-linear Anal. Theory, Methods
& Appl. 8 (1984).

G.M. Lieberman, Solvability of quasilinear elliptic equations with nonlinear boundary conditions. Trans. Am. Math. Soc. 273
(1982) 753-765.

P.-L. Lions, Courses at the College de France. www.college-de-france.fr

P.-L. Lions and P.E. Souganidis, Extended mean-field games. Atti Accad. Naz. Lincei Cl. Sci. Fis. Mat. Natur. 31 (2020)
611-625.

N. Mimikos-Stamatopoulos and S. Munoz, Regularity and long time behavior of one-dimensional first-order mean field games
and the planning problem. Preprint arXiv:2204.06474 (2022).

S. Munoz, Classical and weak solutions to local first-order mean field games through elliptic regularity. Ann. I. H. Poincaré
Anal. Non Linéaire 39 (2022) 1-39.

A. Porretta, Regularizing effects of the entropy functional in optimal transport and planning problems. J. Funct. Anal. 284
(2023).

Please help to maintain this journal in open access!

\BE T
<e,sdl 0p

S 2o This journal is currently published in open access under the Subscribe to Open model
9 z (S20). We are thankful to our subscribers and supporters for making it possible to publish
520 | this journal in open access in the current year, free of charge for authors and readers.
‘B é,':’) Check with your library that it subscribes to the journal, or consider making a personal
(9). él donation to the S20 programme by contacting subscribers@edpsciences.org.
Y61 open’®

More information, including a list of supporters and financial transparency reports,
is available at https://edpsciences.org/en/subscribe-to-open-s2o.



https://arxiv.org/abs/1503.04733
www.college-de-france.fr
https://arxiv.org/abs/2204.06474
mailto:subscribers@edpsciences.org
https://edpsciences.org/en/subscribe-to-open-s2o

	Classical solutions to local first-order extended mean field games
	1 Introduction
	2 Assumptions
	3 A priori estimates and classical solutions
	3.1 Derivation of the quasilinear equation
	3.2 Estimates for the solution and the terminal density
	3.3 An overview of the Bernstein argument
	3.4 Estimates for the space-time gradient
	3.5 Classical solutions


	References

