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ABSTRACT. In this paper, using variational approaches, we investigate the first order planning
problem arising in the theory of mean field games. We show the existence and uniqueness of weak
solutions of the problem in the case of a large class of Hamiltonians with arbitrary superlinear order
of growth at infinity and local coupling functions. We require the initial and final measures to be
merely summable. At the same time (relying on the techniques developed recently in [GM18]),
under stronger monotonicity and convexity conditions on the data, we obtain Sobolev estimates on
the solutions of the planning problem both for space and time derivatives.
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1. INTRODUCTION

The purpose of this article is to study the first order planning problem in mean field game theory,
which can be formulated as a system of nonlinear partial differential equations:

-0+ H(z,Vu) = f(x,m), in (0,T) x T,
(1.1) oym —V - (De¢H (2, Vu)m) =0, in (0,T) x T,
m(ov ) = mo, ’I’)’L(T, ) =mr, in Td'

The data consist of probability measures mg, my € Z2(T9), a fixed time horizon T' > 0, a coupling
function f : T¢ x [0, +00) — R and a Hamiltonian H : T¢ x R* — R. Our aim is to find conditions
on the data for which weak solutions to (1.1) can be shown to exist and are unique.

Keywords and phrases: planning problem of mean field games; regularized mass transport; Hamilton-Jacobi
equations; Sobolev regularity
2010 AMS Subject Classification: 49K20; 35Q91; 49N60; 49N15; 49N70.
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The theory of Mean Field Games (briefly MFG in what follows) was thrust into the limelight
by the works of J.-M. Lasry and P.-L. Lions on the one hand (see [LL06a, LLO6b, LLO7]) and M.
Huang, R. Malhamé and P. Caines on the other (see [HMCO06]). Their main motivation was to
study limits of Nash equilibria of (stochastic or deterministic) differential games when the number
of players tends to infinity. Since then, it has become a very lively and active branch of the theory
nonlinear partial differential equations. In addition to studying Nash equilibria, Lions [Lio] proposed
a corresponding planning problem, in which a central planner would like to steer a population to a
predetermined final configuration while still allowing individuals to choose their own strategies.

Let us give a simple, brief interpretation of System (1.1) in terms of large numbers of interacting
agents. The solution of the Hamilton-Jacobi Equation (1.1)(i) is supposed to be the value function
for an optimal control problem of the form

T
(1.2) inf {/t [L(a:(s),oz(s)) + f(x(s), m(s, x(s)))] ds + U(T,:L’(T))} =: u(t,x)

o

subject to
2(s)=al(s), se(tT]
{ r(t) =z € T

Here the Lagrangian L : T? x RY — R is the Legendre-Fenchel transform of H w.r.t. the second
variable. Formally the optimal strategy is given in feedback form, hence for the agent it is optimal
to play —D¢H (2(s), Vu(s,z(s))). Having this velocity field as a drift, the evolution of the agents’
density is given by the solution of the second equation in (1.1). Then the coupling of the equations
in (1.1) implies that every player is acting optimally with respect to the competing choices, i.e. the
game is in equilibrium. We underline the fact that when considering ‘standard’ mean field games,
typically, the final cost u(7,-) = up is treated as given, along with an initial population density
m(0,-) = mg. For the planning problem, however, we fix a target population density m(T\,-) = mp,
leaving u (7', -) as an adjustable variable by which a central planner may determine the final outcome.
Thus in the above control problem in particular (7, -) is part of the problem itself.

As in many studies of mean field games, we restrict our attention to the case where f(x,m) is
an increasing function in the m variable, namely 0,,f(z,-) > 0 for all 2 € T?. We interpret this to
mean that agents have a preference for low-density regions, i.e. they want to avoid congestion.

In spite of the large number of studies available on MFG, the literature on System (1.1) is sparse.
The cases when f is increasing and DESH (z,-) > 0 (and both are smooth) are well-understood in the
literature for both first order and second order non-degenerate models. In his lectures P.-L. Lions
showed how to transform (1.1) into a uniformly elliptic system (thanks to smoothness assumptions
on f and H) on space-time, and he showed the existence of classical solutions. One can summarize
these results as follows.

Theorem 1.1. [Lio] Let mg, myp be strictly positive probability densities of class CH*(T%) (0 < o <
1), let moreover f and H be smooth such that Opf(x,-) > 0 for all x € T¢ and Dng(x, ) > 0.
Then, there exists a unique solution (u,m) € C%([0,T] x T%) x CH([0,T] x T¢) to (1.1) (here the
uniqueness of u has to be understood modulo constants). Moreover, (u,m) € C®((0,T) x T?) x
C>=((0,T) x T%).

Similar results can be achieved for the case of nondegenerate second order model as well, for
purely quadratic Hamiltonians, or which are close at infinity to purely quadratic ones. The tech-
niques used in this case are slightly different and they rely on the Hopf-Lax transformation, which
is possible because of the quadratic Hamiltonian structure.

Existence of weak solutions to (1.1) in this latter case of nondegenerate second order models were
obtained by A. Porretta in [Porl3, Porl4] using energy methods. These results can be summarized
as follows.
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Theorem 1.2. ([Porl4, Theorem 1.3, [Porl3, Theorem 2|) Let us consider the nondegenerate
diffusive model and let f(x,m) be continuous, and nondecreasing w.r.t. the m variable. Let H(x,§)
be C' and convex in & with quadratic growth. Let mo,mp € CY(T?) be strictly positive probability
densities. Then there ervists a weak solution (u,m) € L2([0,T]; H'(T%)) x C°([0, T]; L}(T%)) to
(1.1). Moreover, if H is strictly convez in the p variable, the solution is unique (modulo constants
in the case of u).

In the recent paper [OPS] C. Orrieri, A. Porretta and G. Savaré study weak solutions of System
(1.1) set on the whole space R? with Hamiltonians of quadratic growth and couplings with general
growth. Their analysis relies on the variational structure of the problem and on a suitable weak
theory — which they develop in the paper — of distributional sub-solutions and their traces of
Hamilton-Jacobi equations with summable right hand sides.

In [GS], D.A. Gomes and T. Seneci explore displacement convexity properties, introduced by the
Benamou-Brenier formulation for optimal transport, in order to obtain a priori estimates for solu-
tions of (1.1). Finally, some numerical aspects of the mean field planning problem were investigated
by Y. Achdou, F. Camilli and I. Capuzzo-Dolcetta in [ACCDI12].

Our goal in this paper is to prove the existence and uniqueness of solutions of (1.1) for general
Hamiltonians H and with as few assumptions as possible on the initial/final conditions. In order
to accomplish this, we will make use of variational methods, which have proved to be very useful
in mean field games, both to prove existence of weak solutions [Carl5, CG15, CGPT15, CMS16]
and also to establish additional regularity [GM18, PS17]. The main idea behind this point of view
(which is also exploited in [OPS]) is that System (1.1) can be seen formally as first order necessary
optimality conditions of two convex optimization problems in duality, cf. [LLO7, Section 2.6].

The first problem is a control problem associated to the continuity equation, i.e.

T
(inf)/ / [mH*(x, —w(t,x)/m(t,z)) + F(x,m(t,z))] dedt
m,w 0 Td
subject to dym+V -w = 0 and m(0, -) = mo, m(T, -) = mr, where H*(z,-) is the Fenchel conjugate
of H(x,-) and F(x,-) is the antiderivative of f(z,-) w.r.t. the second variable.

The formal dual of this problem can be seen as a control problem associated to the Hamilton-
Jacobi equation

T
inf/ / F*(x,—atu—i—H(x,Vu))da:dt—l-/
v Jo JTd

Td

u(T, x)me(x)—/ u(0, z)dmo(z),

Td
where F*(z,-) is the Fenchel conjugate of F(z, ).

As the first results of our paper, in Section 2 we show the well-posedness of System (1.1) relying
on the duality between the previous two convex optimization problems. To show the existence of a
solution to the dual problem, we relax it in a suitable way and use a sort of ‘renormalization trick’
that was first used in [CCN13].

At this point, let us remark that in our existence proof for the dual problem, we require a joint
condition on the order of growth of H in the momentum variable and the order of growth of f
in the second variable (similarly as in [Carl5, CG15]). This is mainly due to the lack of enough
summability on m. It is worth mentioning that L* estimates on m would allow us to drop this joint
condition on H and f. In this context, for the planning problem, in the case of purely quadratic
Hamiltonians and mq, mr € L*(T¢) such L> estimates were obtained by Lions in his lectures
(see [Lio]). Using completely different techniques, but still in the quadratic Hamiltonian case, such
L™ estimates on m were obtained recently for mean field games by Lavenant and Santambrogio
in [LS18]. Since in this paper our aim is to consider as general Hamiltonians and initial and final
measures as possible, we are not pursuing the higher order summability estimates on m. Such
questions would deserve a completely independent study, by themselves.
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Moreover, in contrast to [Carl5, CG15] and [CGPT15], we also address questions of regularity of
weak solutions, based on techniques developed in the recent work [GM18] by the first two authors.
The inspiration for these results comes from the alternative interpretation of the planning problem
in terms of optimal mass transport. Indeed, the variational formulation of both the planning
problem and mean field games has its roots in the dynamic formulation of the Monge-Kantorovich
optimal transport problem (see [BB00]). In the same way, such convex variational problems are
underneath other models studying weak solutions to the incompressible Euler equations (see for
instance [Bre99, AF08]). The strong convexity present in these problems led Y. Brenier to develop
a regularity theory for the pressure field in his model. Inspired by these techniques, the very
same ideas were used later successfully to obtain Sobolev regularity for weak solutions of mean
field games (see [PS17, Sanl8, GM18]). After this series of results it is not unexpected that such
results should be obtained for the solutions of the planning problem. This fact also motivates our
title, i.e. the planning problem can be seen as a ‘regularized’ optimal transport problem, where the
presence of the coupling and convexity of the Hamiltonian imply immediate Sobolev estimates on
the distributional weak solutions. We think that these regularity results in particular could have
further impacts on other problems arising in optimal transportation. In this context, let us also
mention the very recent paper [LL] where the authors observe a different (but similar in spirit)
regularization effect for very similar optimal transport type problems, in the presence of strong
‘mean field interaction effects’.

The organization of the paper is as follows.

In Section 2, we show the well-posedness of System (1.1) via the ‘direct’ variational approach,
relying on the two convex optimization problems in duality. We also consider additional regularity
of weak solutions of (1.1) in Section 3. These estimates are based on the recent work in [GM18].
Here, unlike in [GM18] we present also general local in time Sobolev estimates for time derivatives,
which complete in some sense the results from [GM18]. Finally, in Section 4 we conclude with some
open questions and ideas for further research.

Let us finish this introduction by summarizing our main results. Our results on well-posedness
for the planning problem are given in Section 2 and can be informally summarized as follows.

Theorem 1.3 (Theorem 2.6, Proposition 2.8). Let mg,mr € L'(T%) be probability densities.
Then under suitable growth and regularity assumptions on H and f (we refer to Section 2 for the
precise hypotheses) we have that System (1.1) has a weak solution (in the sense of Definition 2.5).
Moreover, if f is strictly increasing in its second variable, then m is unique and if H is strictly
convez in the momentum variable, Vu is unique on spt(m).

The Sobolev regularity estimates on System (1.1) can be informally summarized as follows.

Theorem 1.4 (Propositions 3.1-3.3). (i) Suppose that mg, my € W>Y(T?) and suppose further
strong convezity and monotonicity conditions on H and f (we refer to Section 3 for the details).
Then the solution (u,m) of (1.1) satisfies

q_ .
lm 2= ml oo ryxray < €, M2 D1 (V)| 2o yxrey < C,
where (q—1) is the order of growth of f (¢ > 1), and if H(x,-) ~ |-|" (r > 1), then ji is a function
growing like | - |"/2.
(i1) Under similar assumptions on the data, but no assumptions on mg and mr, we have

m'20,(j1(Vu)) € Lic((0,7); LA(TY)) and  9,(m%?) € L, ((0,T); L*(T7)).
Acknowledgements. The first author was supported by the National Science Foundation
through Grant DMS-1612880. The second author was partially supported by the Air Force under
the grant AFOSR MURI FA9550-18-1-0502. The last two authors were partially supported by
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the ANR project MFG ANR-16-CE40-0015-01 and the PEPS-INSMI Jeunes project “Some open
problems in Mean Field Games” for the years 2016, 2017 and 2018. This article also benefited
from the support of the FMJH Program PGMO and from the support of EDF, Thales, Orange
et Criteo. Reference ANR-11-LABX-0056-LMH, LabEx LMH, Project PGMO VarPDEMFG. The
second author would like to thank the hospitality of the Baylor University during his visit in April
2018. The authors thank the anonymous referee for her/his useful comments which helped us to
improve the manuscript.

2. WELL-POSEDNESS OF THE PLANNING PROBLEM VIA TWO CONVEX OPTIMIZATION PROBLEMS
IN DUALITY

The general outline for the planning problem is largely the same as for variational mean field
games (see e.g. [CCN13, Carl5, CG15, CGPT15]): present two optimization problems in dual-
ity, prove that their minimizers are equivalent to solutions to (1.1), and show the existence of
minimizers.

2.1. Assumptions. We assume the following.

(H1) (Conditions on the Hamiltonian I) H : T¢ x R — R is continuous in both variables,
convex and differentiable in the second variable &, with D¢ H continuous in both variables.
Moreover, H has superlinear growth in the gradient variable: there exist r > 1 and C > 0
such that

(2.1) %I&!’“ ~C < H(x,€) < %glf +C, V(2,6 € T x RY.

We denote by H*(z,-) the Fenchel conjugate of H(z,-), which, due to the above assump-
tions, satisfies

(2:2) LGl =0 < B () < S 40, 9 (0,0 e T xR,

where we always use the notation s’ := s/(s — 1) to denote the conjugate exponent of a
number s € (1, 00).

(H2) (Conditions on the Hamiltonian II) The Hamiltonian satisfies
H(z,af) < aH(z,&), YreT VeeRY, Vac|0,1].

A typical Hamiltonian that satisfies (H1) and (H2) is H(z,§) = b(x)|¢|” — ¢(x) for some
b:T¢ - R continuous positive function and ¢ : T¢ — R continuous nonnegative function.

(H3) (Conditions on the coupling) The function f is continuous on T¢ x (0, 00), strictly increasing
in the second variable. Assume there exist C' > 0 and ¢ > 1 such that » > max{d(q—1),1}
and

1
(2.3) 6|myq—1 —C < flx,m) <Cm|T™ 4+ C, Ym>0,VazecT
With no real loss of generality, we ask for the following normalization:

(2.4) f(z,0)=0 VzeT

(H4) (Conditions on the initial and final measures) The probability measures mo and mr are
absolutely continuous with respect to .Z¢L T¢, with densities still denoted by mg and mr,
respectively.
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We define F': T¢ x R — R so that F(x,-) is an antiderivative of f(z,-) on (0,00), that is,
(2.5) F(z,m) = / f(z,s)ds, V. m > 0.
0

For m < 0 we set F(x,m) = +oo. Note that F(z,m) > 0 thanks to hypothesis (2.4). Moreover,
it follows from (H3) that F is continuous on T¢ x [0, 00), for each x € T the function F(x,-) is
strictly convex and differentiable in (0, +00), and satisfies the growth condition

1 C
(2.6) q—C|m]q—C§F(x,m)§E\m|q+C’, Vm>0,VzeT.

We define F*(x,-) : R — R to be the Fenchel conjugate of F(x,-), i.e.
F*(z,a) = sup {am — F(z,m)}.

m>0
Note that F™*(z,-) is continuous, increasing and F*(z,a) = 0 for all a < 0. We also have
1

qC

Let us comment on the condition r > max{d(q — 1),1} in Hypothesis (H3), since it is the only
real growth restriction on the Hamiltonian and coupling terms. (Note that it is a joint condition:
the faster H grows at infinity, the faster f may grow.) This restriction allows us to prove that
a priori L* bounds for a suitable adjoint state w, which is a priori merely a subsolution to the
Hamilton-Jacobi equation (1.1)(i) with no information on initial or final conditions (see the proof of
Proposition 2.8). To overcome this difficulty, we employ a renormalization trick akin to that found
in [CCN13]. A different strategy is used in [OPS], by proving a priori bounds for subsolutions of
the Hamilton-Jacobi equation via duality with geodesics in the Wasserstein space. For this reason
their results hold with no growth restriction on the coupling; on the other hand, the Hamiltonian
must have quadratic growth.

(2.7) la|” = C < F*(z,a) < §|a|q/ +C, Ya>0, VzeT

2.2. Two optimization problems in duality. The planning problem has a variational formula-
tion analogous to what is introduced in [Carl5] in the context of MFGs.

The first optimization problem is described as follows: let us denote Ko = C*([0, 7] x T%) and
define, on Ky, the functional

T
(2.8) A(u) = /0 /11‘d F* (z,—0wu(t,z) + H(z, Vu(t,x))) dedt

+ /Td w(T, x)mr(z)dz — /’JI‘d u(0, x)mo(x)dz.

Notice that, F'*(z,-) being increasing and convex, for every z € T? the function R x R? > (a,b)
E(z,a,b) :== F* (x,—a+ H(x,b)) € R is convex and, hence, A is a convex function.
The first optimization problem is given by

(2.9) Jnf Au).

Now, suppose that (m,w) € L'((0,T) x T¢) x L'((0,T) x T%;R%) are such that m(t,z) > 0 for a.e.
(t,x) € [0,T] x T¢ and the continuity equation

(2.10) dym + div(w) = 01in (0,T) x T,
is satisfied in the distributional sense, i.e. for all ¢ € C1((0,T) x T¢) we have

T
(2.11) / / [Orpm + Vi - w] dedt = 0.
0o Jrd
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Let us denote by .#(T¢) the space of Radon measures over T¢ and by .#, (T¢) the subset of
M (T?) given by the non-negative Radon measures over T¢. By [DNS09, Lemma 4.1] (see also
the discussion in [CCN13]), if (2.11) holds, then there exists a unique weakly-* continuous curve
[0,T] >t m(t) € 4 (T?) such that for a.e. ¢ € [0,T] the measure m(t) is absolutely continuous
w.r.t. the Lebesgue measure, with density given by m(t,-), and for all ¢ € C([0,T] x T%) the
following equality holds

to
(2.12) / / [Orom + Vi - w] dedt = / o(te, z)dm(te)(x)dx —/ o(t1,z)dm(ty)(z),
t1 JTd Td Td
forall 0 <t <ty <T.

Define K1 as the set of pairs (m,w) € L'((0,T) x T¢) x L'((0, T') x T%;R%) such that m(t,z) > 0
for a.e. (t,x) € [0,T] x T¢, equation (2.11) is satisfied in the distributional sense and 7(0) and
m(T') are absolutely continuous with respect to the Lebesgue measure with densities given by my
and my, respectively. Note that (2.12) implies that the last two requirements are equivalent to the
fact that (m,w) satisfies

T
(2.13) /0 /Td [Orpm + Vi - w] dedt = /Td o(T, x)myp(x)dx — /W (0, z)mo(z)dz,

for all ¢ € C'([0,T] x T%). Notice that if (m,w) € K1, then [, mo(z)dz =1 and (2.12) imply that
Jpam(t,x)dz =1 for a.e. t € [0,T]. On Ky, let us define

B(m, w) = /0 ' /T d [m(t,m)H* <x _wi, ‘”)) + F(x,m(t,x))] dzdt,

m(t, x)

where, for a = 0 and b € R?, we impose that

. b\ [ 4oo ifb#0,
o (x’_a>_{0 if b=0.

Under this definition, it is easy to check that for every z € T?, the function Ry x R? 3 (a,b) —
aH* (x, —3) € RU {400} is proper, convex and lower-semicontinuous and, hence, B is convex.
The second optimization problem is the following:

2.14 inf  B(m,w).
(2.14) e (m, w)

The following lemma is proved using a similar argumentation as in [CCN13, Proposition 2.1] and
[Carl5, Lemma 2]. For the sake of completeness, we provide the details of the proof.

Lemma 2.1. We have

2.15 inf A(u) =— in  B(m,w).

(2.15) o Alw) == min B(m,w)

Moreover, there exists a unique (m,w) € Ky such that B(m,w) = ( m%n’C B(m,w). Setting ¢ =
m,w)ekq

#qq_l > 1, this minimizer also satisfies (m,w) € Li((0,T) x T4) x L*((0,T) x T% R?) and

(2.16) Im|ze + [[@]|pe < C,

where C > 0 is a constant independent of mo and mr.
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Proof. Let Ho := C°([0,T] x T?) x C°([0,T] x T¢ R?) and define the bounded linear operator
A Ko — Ho by Au = (Qyu, Vu), and the functionals J; : Ho — R, Jo : Ko — R, respectively, by

1 (1, P2) / / E (z,¢1(x), ¢p2(x)) dodt,

Jo(u) /T (T, 2 ()~ /T (0, x)mo (),

where we recall that E(z,a,b) := F*(x, —a + H(z,b)) for all z € T? a € R and b € R?. Thus,
problem (2.9) can be rewritten as

(2.17) inf {Jy (Au) + Ja(u)}.

ueko

Since

zcTd zEeTd

7 <A <u — min u(T, m))) + <u — min u(T, x)) = Ji(Au) + Ja(u), ¥ u e Ko,

we can assume that the infimum in (2.17) is taken over v € Ky such that inf cpeu(T,2) = 0.
Using this fact, (2.7), estimate (2.37) (proved after Lemma 2.7 below), and setting a := || — dyu +
H(-,Vu)| 4, we get the existence of ¢; > 0, 2 € R and c3 € R (independent of mg and mr) such
that

(218) (A () > aa? eate>e= it {ar? orh+e > o
TeER 4

This proves that the infimum in (2.17) is finite. Using that J; and .J» are continuous, by the
Fenchel-Rockafellar theorem (see e.g. [ET76, Chapter 3, Theorem 4.1]) we have that

(2.19) uienlé’o A(u) = —min {J] (—(m,w)) + J5 (A" (m,w))| (m,w) € Hj },

where Hj = .#((0,T) x T%)) x .#((0,T) x T%)<. Let us provide a more explicit expression of the
right hand side above. By [Roc71, Theorem 5], we have that

T T
d d
Ji (m,w) :/ E*(m,m“c,wac)dxdt—i—/ / El |z ﬂ, W dé(t, z),
0 Td 0 Td d9 d9

where (m®, w?) and (m®, w®) denote, respectively, the absolutely continuous and singular parts of
(m,w) w.r.t. the Lebesgue measure, § € .#((0,T) x T?) is any Radon measure such that (m*,w*®)
is absolutely continuous w.r.t. #, and E} (z,-,-) is the recession function of E*(z,-,-). We easily
check that

—mH* (z,—%) + F(-m), ifm <0,

(2.20) E*(x,m,w) =< 0, if (m,w) = (0,0),
~+00, otherwise.

Since E*(z,0,0) = 0 < 400, the recession function can be computed as follows

E* (2, N, A 0, if (B, ) = (0,0),
EX (@, b, hu) = Jim (, o ):{ (B, ) = (0,0)

400, otherwise.

In the second equality above, we have used (2.7). We deduce that if (m,w) ¢ L'((0,T) x T%) x
LY((0,T) x T4 RY), then J; (m,w) = +oo. If (m,w) € L*((0,T) x T x L'((0,T) x T¢;R%), then

58 (mw) = sup {0 (mw) ey = [ uromayds+ [ u0.omafo)ds
8



where (-, ) K.k, denotes the duality product between Ko and K. Using that

T
(A*(m, w),u);cs,;q) = ((m,w), AU)HS,HO = / / [moyu + w - Vu] dzdt,
0 Jrd

we get that J5(A*(m,w)) < 400 if and only if J3(A*(m,w)) = 0, which is equivalent to the fact
that (m,w) satisfies (2.13). We conclude that the optimization problem in the r.h.s. of (2.19)
admits a solution (m,w), is equivalent to problem (2.14) and, hence, (2.15) holds true.

By (2.18), we have B(m,w) < —c with ¢ independent of my and my. Using this estimate and
arguing as in the proof of [Carl5, Lemma 2], we easily obtain (2.16). Finally, the uniqueness of the
solution (m,w) to (2.14) follows exactly as in the proof of [Carl5, Lemma 2]. O

Remark 2.2. The previous proof shows that the results in Lemma 2.1 are valid also when mg and
mr belong to P(T%), without any summability assumptions.

Now, we consider a relaxation of Problem (2.9). Let K be the set of pairs (u,«) € BV ((0,T) x
T4) x L7 ((0,T) x T%) such that Vu € L"((0,T) x T%R%), u € L®((0,T) x T%), the traces u(0,-),
uw(T,-) of v on {0} x T? and {T} x T? (see e.g. [AFP00, Section 3.8]), respectively, belong to
L>(T9), and

-0+ H(z,Vu) < «
holds in the sense of distributions on (0,7") x T¢.

We extend the functional A to K by setting

T
A(u, @) :/0 /TdF (x,a(t,z))dxdt + /Td uw(T, x)my(z)de —/ u(0, x)mo(z)dz V¥ (u,a) € K.

Td
We consider the following relaxation of Problem (2.9):

2.21 inf A(u,
(2.21) Wt (u, )

Proposition 2.3. We have

2.22 inf A(u)= inf A(u,a)=— min B(m,w).
(2.22) Jnf Alw) = inf Alu,a) == min  B(m,w)

The proof of Proposition 2.3 follows easily once we have the following technical lemma.
Lemma 2.4. Let (u,a) € K and (m,w) € Ky. Assume that mH*(-,—w/m) € L'((0,T) x T%),

m € L9((0,T) x T9), and mo, mpr € LY (T%). Then am € L'((0,T) x T%), and for almost all
t € (0,T) we have

(2.23) /Td(u(T)mT —u(t)m(t))dz + /tT /Tdm [oz + H” (:U, —%)} dzdt > 0,

and

(2.24) /Td(u(t)m(t) —u(0)mp)dx + /Ot /11‘d m [a +H” (ac, —%)} dzdt > 0.

Moreover, if equality holds in the inequality (2.23) for t = 0, then w = —mD¢H(-,Vu) a.e. and
—Ou(t,x) + H(z, Vu(t,z)) = a(t,z) for m-a.e. (t,z) € (0,T) x T¢, where yu® is the absolutely
continuous part of the measure Oyu.

Proof. The proof is an adaptation of the argument seen in [CG15, Lemma 2.4]. We will prove
(2.23); the proof of (2.24) is analogous.
We first extend (m,w) to R x T?¢ by setting (m,w) = (mg,0) on (—o0,0) x T¢ and (m,w) =
(m(T),0) on (T, +00) x T?. Note that we still have dym + div w = 0 on R x T¢. For £ > 0, let
9



& (t, x) be a sequence of smooth convolution kernels that we will define below. Define m. := & xm
and w, := & * w. Then m. and w, are C* smooth, m. > 0, and

(2.25) oyme + div we = 0.
Recalling that —0u + H(z, Vu) < « in the sense of distributions, we deduce

(2.26) /11‘01 u(t)me(t)dx — f[rd w(T)m:(T)dx < /tT /Td [—we - Vu —meH (2, Vu) + meo] dedt

L oz e

for any t € (0,7). As ¢ — 0, we have that m. — m in L9((0,7) x T%), and in particular
me(t) — m(t) in LI(T?) for almost every ¢ € (0,7), while m.a — ma in L'((0,T) x T%) since
o€ LY((0,T) x T4). Thus as u € L®((0,T) x T%), we get deu Jme(t)dz — [rq u(t)m(t)da for
almost every t € (0,7'). On the other hand, by the argument given in [CG15, Lemma 2.4], we have

(2.27) lim meH (:c —) dzdt = / mH* x ——) dzdt.
e—0 Td Td
Then
(2.28) / u(t)m(t)de < limsup/ u(T)me(T d:n—{—/ mH* ) —I—ma} dzdt.
Td e—0 Td
To conclude, we just need to show that
(2.29) / u(T)me(T)dx — u(T)mpdz, € | 0.
Td Td

Since u(T) € L>=(T%), it is enough to show m(T) — mz in L'(T?) as ¢ | 0. For this we choose a
particular construction of the convolution kernel &,.

Let n : R — (0,00) and ¢ : RY — (0,00) be even convolution kernels, each with compact
support in the unit ball, § > 0 and set ns(t) = §~'n(t/8) and .(z) = e %(x/e). We will
choose & (t,x) = ns5(t)e(z) where § = §(¢) will be determined by the following calculations. Set
mre = & * mp. Our first observation is that

T+6

(2.30) /T me(T ) — () da <

T+6

[ 6T = )l — y)m(s,y) — mr(v)dyds| d

dx

T = sl = y)maty) — () dyds

/Tiij /Td/ 15(T — s)Vipe(z — y) - w(r,y)dydrds

C T
< / o (r, )| drdy + / imre(z) — mr(2)| de.
€ T—6JTd Td

We set 6 = d(e) small enough such that ad% fg_é Jpa|lw(T,y)|drdy < e. Then (2.30) proves that
me(T,-) — mp in L' as e — 0. The proof of (2.23) is complete.

:/Td

dx —I—/ |mre(x) — mp(z)| de
Td

0

Proof of Proposition 2.3 . Fixing t € (0,7 such that (2.23) and (2.24) hold, by adding both in-
equalities we get that

(2.31) /W (w(T)my — uw(0)m(0))dz + /OT /w m [a +H (:1: —%)} daedt > 0,



for every (u,«) € K and (m,w) € K; satisfying the assumptions of Lemma 2.4. Thus,

A, 0) > //T (at 8 (2.~ 2)) = F*(2,0)] dadr

—/ H’k x,—£>m—|—F(:v,m)} dxdt,
0 ']Td m

v

from which we deduce that inf(, o)exc A(u, @) > —ming, wex, B(m,w). Therefore, (2.22) follows
from the inequalities

— min  B(m,w)= inf A(u,a)> inf A(u,a)>— min B(m,w).
(m,w)eky ueko (u,a)eK (m,w)eky

0

2.3. Weak solutions and minimizers. The definition of weak solutions for the planning problem
is analogous to that of the mean field game system (see [Carl5, CG15]).

Definition 2.5. Let (u,m) € BV ((0,T) x T%) x Li((0,T) x T%). We say that (u,m) is a weak
solution to (1.1) if

(i) the following integrability conditions hold:
Vu e L"((0,T) x TERY), we L2((0,T) x TY),
the traces u(0,-), u(T,-) belong to L>(T4),
mH*(-, DeH(-, Vu)) € L'((0,T) x T%), mD¢H(-,Vu)) € L'((0,T) x T%R%).
(ii) Equation (1.1)-(i) holds in the following sense: inequality
(2.32) — O+ H(x,Vu) < f(xz,m) in (0,T) x T?
holds in the sense of distributions.
(iii) Fquation (1.1)-(ii) holds:
(2.33) dym — div(mDe¢H (x,Vu))) = 0 in (0,7) x T¢,  m(0) = mg, m(T) = mp
in the weak sense (2.13); and, finally,
(iv) the following equality holds:

T
/ » m(t, x) [f(z,m(t,x)) + H (x, D¢ H(x, Vu)(t, z))] dedt

+ /'er [mp(z)u(T, z) — mo(z)u(0,z)] de = 0.

To prove the existence of weak solutions, we will use the fact that they are equivalent to min-
imizers of the two optimization problems presented in Section 2.2. In Section 2.4 below we will
show the existence of minimizers for problem (2.21), and, hence, the existence of solutions to (1.1).

(2.34)

Theorem 2.6. Let (m,w) € Ki be a minimizer of (2.14) and (u,&) € K be a minimizer of
(2.21). Then (w,m) is a weak solution of the planning problem (1.1) and w = —mD¢H(-,Vu),
while @ = f(-,m) a.e.

Conversely, any weak solution (u,m) of (1.1) is such that the pair (m,—mD¢H(-,Vu)) is the
minimizer of (2.14) while (u, f(-,m)) is a minimizer of (2.21).

Proof. Let (m,w) € K; be a minimizer of Problem (2.14) and (u,&,) € K be a minimizer of
Problem (2.21). Due to Proposition 2.3, we have

/OT /Td [F*(:v, a) + F(x,m) + mH* (;U —%)} dadt + /Td @(T)mz — a(0)myg] dz = 0.
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We show that & = f(x,m). Indeed, by the definition of Legendre transform,
(2.35) F*(z,a(t, x)) + F(z,m(t,x)) > a(t, z)m(t, ),
hence
w _ _
/ / a(t,z)m(t,x) + mH* (a: —fﬂ dacdt—i—/ [@(T)mp — u(0)mg] dz < 0.
Td m Td

Thanks to Lemma 2.4, the above inequality is in fact an equality, w = —mD:H(-,Va) a.e. and
Equation (2.35) becomes equality a.e. Therefore, by the convexity and differentiability of F,

(2.36) d(t’ .T) = f(x,m(t,l‘))

almost everywhere and (2.34) holds for (#,7m). In particular, mH*(-, D¢H (-, Va)) € LY((0,T)x T%).
Moreover, since (u,@) € K and Equation (2.36) holds, we have —0:u + H(z, Vu) < f(z,m) in the
sense of distributions. Furthermore, since (u,&) € K and w = —mD¢H(-,Vu), we have that
mDeH (-, Vi) € L*((0,T) x T% RY) and (2.33) holds in the sense of distributions. Therefore (i, m)
is a solution in the sense of Definition 2.5.

Suppose now that (@, m) is a weak solution of (1.1) as in Definition 2.5. Set w = —mD¢H (-, V),
a(t,z) = f(x,m(t,x)). By definition of weak solution (w, &) € L'((0,T) x T4 RY) x L*((0,T) x T),
m € L((0,T) x T%), and @ € L>((0,T) x T?). Moreover, since m € Li((0,T) x T%), the growth
condition (2.3) implies that @ € LY ((0,T) x T%). Therefore (i, @) € K1 and (@, a) € K.

It remains to show that (@, @) minimizes A and (7, w) minimizes B. Let (@,a’) € K. By the
convexity and differentiability of F™* in the second variable, we have

T
Aty = [ [ m i [T @) - 7 0.0m) dr
T
= /0 /T [P, a(t2)) + 0™ (@, alt 2)) (@ (t,0) — 6(t, 2))] dwdt
/ [ (T, z)mp(x) — @' (0, 2)mo(x )} dx
/ /Jl‘d F* (z,a(t,x)) +mt,z)(& (t,z) — (t,:c))] dadt
/Td [ "(T, z)myp(x) — @' (0, 2)mo(x )} dx
T
= A+ / m(t,2)(@ (1) - alt, z)) dedt
0 Td

+/<<Tm (T 2))me(a)de + [ (@0,5) = @(0.2))mo(z) d

Td

//Td[ (t,z)a tx)+m(tx)H< ((i:i))ﬂdxdt

+ /T (T, a)ma () da /T (0, 2)mo(2)dx

where the last equality follows from Equation (2.34). Applying Lemma 2.4 applied to (@',a’) and
(m,w), we deduce

A(u',a') = A(a, @),

and so (i, @) is a minimizer of A.
12



The argument for (m,w) is similar. Let (7m/,@’) be a competitor for B. Then because F is
convex and differentiable in the second variable, we have, using Equation (2.34),

B!, ) = /0 ' /T d {mH <x—;:> +F(x,m’)] dzdt
> /OT /W [m’H* <x —;‘;> + Pz, m) + f(a,m)(m! — m)} dzdt
= [, [a(Tymz ~ a(ymq] do
+ /OT /Td [m/H* <z—g> S+ mH* (m—%) + F(z,m) + am/} dedt

= B(m,w) + /Td [@(T)mr — u(0)mo] dz + /OT /Td [m’H* <a:, -

> B(m,w).

]

!
> + dm’] dxdt

3|

Here we applied Lemma 2.4 to (4, @) and (m/,@’) in the last line. Therefore (m,w) is a minimizer
of B.
([l

2.4. Existence of solutions of (2.21). We will need the following preliminary result proved in
[CG15, Lemma 2.7].
Lemma 2.7. Let o be a continuous function, and set
r—d(qg—1)
Cd(g—1)(r—1)+rq’
which by Hypothesis (H3) is positive. Then there exists C' > 0 such that for any smooth subsolution
of —0wu+ H(x,Vu) < a,

u(t, @) < ulte,y) + C [lo =yl (t2 = 1)~ + (2 = 01)" AL+ 1) (s g +1) |

forall0 <t; <ta <T andm,ye']l‘d.
As a consequence of the previous lemma, we have that, for any = € T¢,
uw(0,z) <u(T,y)+C []a; —yI" T 4 <T” N1+ Tl/q) (llagllq + 1)} VyeTd,
and since x and y belong to a bounded set, up to redefining C, we get

(2.37) w(0,z) < inf u(T,y) +C [Tl—"’ + (T” AL+ Tl/q) (las lly + 1)} Ve T
yeTd

Proposition 2.8. Problem (2.21) admits at least one solution (u,«). The function u is Hélder
continuous in [0,T) x T¢, « > 0 a.e. and there exists C > 0, independent of mg and my, such that

(2.38) sup Ju(t, z)| + [[Vulzr + [[Opullz + |l o < C,
(t,z)€[0,T|x T

where || - ||z denotes the usual norm of A as dual space of C°([0,T] x T9).

Proof. Consider a smooth minimizing sequence (uy), for Problem (2.9). Using that A(uy,) =
A(un, +c) for all ¢ € R, by subtracting min, cpa un (T, ) we can suppose that min,cqa un (T, z) = 0.
For all z € T? ¢ € [0,T], let
Oén(t> :E) = _atun(t> :E) + H(.%', vun(ta x))
13



Then, inequality (2.37) applies to all u,, giving
(2.39) Uun(0,2) < C [TH’ + (T” AL+ Tl/q) (1 (o) 4|l o + 1)} ¥z eTd

Moreover, Proposition 2.3 implies that (u,,ay), is a minimizing sequence for Problem (2.21).
Hence, since Hypothesis (H2) and F*(z,a) = 0 for all a < 0, imply .A(0) = 0, we have

T
(2.40) 0> /0 » F*(z, ) dzdt + /ﬂ‘d un (T, x)dmyp(x) — /]l'd un (0, ) dmo(z)

1 / AR
> gl = (T + (7 AL+ TY0) (len) sy +1))

where we used the growth condition (2.7) on F*, inequality (2.39), u,(7T,-) > 0 and [1, mo(z)dz =
1. We deduce that ((c)+)n is a bounded sequence in L9 ([0, 7] x T¢) uniformly with respect to
mg and mp. Moreover, there exists a constant C; > 0 such that u,(0,z) < C; for all z € T¢.

In order to obtain uniform bounds on (uy),, we need to modify the sequence. Let n € C*(R)
such that 0 <7/ <1, |n| <2C; and n(s) = s if |s| < C4, and set 4y, := 1o u,. Since uy, is Lipschitz
continuous, we have that 4, is Lipschitz continuous and, therefore,

—Oytiy, + H(z, Vi) < n'(tn) (—0uy + H(z, Vuy))
< (i) (an) +
< (o),

where we have used that 0 <7’ <1 and assumption (H2).

Thus, (U, (an)+)n € K, ||tn||re < 2C1, ie. (Gy), is uniformly bounded, and (@y, (on)+)n is
a minimizing sequence. In fact, we have that @,(0,-) > u,(0,-) and @, (T, ) < up(T,-) because
n(a) > a for all a < 0, n(0) = 0 and n(a) < a for all a > 0 (recall u,(0,z) < C; and un(T, x) >0
for all x € T?¢). Moreover we can prove that (dyii,), is bounded in L'([0,T] x T%) and (Vi) is
bounded in L7 ([0, T] x T¢; R?) uniformly w.r.t. mg and my. Indeed, by the growth condition (2.1)
on H, for a.e. (t,x), we have

1
Oplin (t, ) + (o) 4 (t,x) + C > —|Vﬂn|r > 0.

Therefore, since |0yty| — |(on)+ + C| < |0¢ty + ()4 + C|, we have

/ / |8tun|d$dt</ / an) dxdt—l—/ (Optin(t,z) + (ap)4+ + C) dedt
Td Td

<C +/ (Un (T, x) — 1, (0,2)) dz
Td
<C,
where we used the fact that ((a,)4 ) is bounded in L7 ([0, T] x T%), hence in L*([0,T] x T¢), and

that (), is uniformly bounded. Moreover,

T T
/ |V, (t, z)|"dedt < CT/ (Optin (t, ) + (an)+(t,x) + C) dedt < C.
0 Td 0 Td

Summarizing all the estimates, we have

(2.41) [t Loe + [V || r + [|0ctinl| 2 + [[(om) [l Lo < C,

with C' > 0 independent of mg and my. From this estimate we immediately deduce that, up to
some subsequence, (Vii,), weakly converges in L"([0,T] x T%R%), (Oyii,), weakly-* converges to

a measure and ((ay,)4 ), weakly converges in L7 ([0, T] x T9).
14



Thanks to [Carl5, Lemma 1] (see also [CS12, Theorem 1.3]), we have that (@), is a sequence
of locally uniformly Holder continuous functions on [0,7) x T?. Therefore, by the Arzela-Ascoli
theorem, we have that (i), uniformly converges to u € C°([0,T) x T¢) on any compact set of
[0,7) x T9. From (2.41) we get that u € BV ((0,T) x T¢) and (dyu, Vu) is the weak-* limit of
(Oti,, Vg )n.

Let a € LY ([0, T] x T?) be a weak limit of ((ov, )4 ) in L4 ([0, T] x T). Note that o > 0 a.e. and,
since ¢ > 1, a is also a weak-* limit of ((ay,)4 ), in LY([0,7] x T4). As a consequence of the last
assertion, the pair (u, «) satisfies (2.38) for some C' > 0. Now, take ¢ a nonnegative test function
in C2°([0,T] x T¢), then for all n, we have

T T T
/ —Otﬂn(t,x)tp(t,m)d:cdt—i—/ / go(t,:L‘)H(x,Van)d;rdt</ / o(t, z) (o) 4 (t, ) dzdt.
0o Jrd o Jrd 0o Jrd

The first integral on the left hand side converge by the weak™ convergence of (9,4, ), and the integral
on the right hand side converge due to the weak convergence of ((a)4)n in L9 ([0, T] x T%), while
thanks to the convexity of H in the gradient variable, we have

T
/ / (t,z)H(xz, Vu)dzdt < hmmf/ / o(t,x)H (z, Vay,)dzdt.
Td n—oo Td

Therefore, (u,a) satisfies
—Owu+ H(z,Vu) < «

in the sense of distributions and in particular, (u,a) € K.
Let us now prove that (u,«) is a minimizer. Thanks to the convexity of F*, we have the lower
semicontinuity

(2.42) /0 ' /T (@, alt,))dedt < limnf /0 ' /T F (@, (o) (1, 2)) et

The uniform convergence of (i, ),, on any compact set of [0, 7) x T¢ implies that (i, (0, -)),, converges
uniformly to u(0,-), thus ||u(0, )|z~ < C and

(2.43) /[rd u(0,2)dmo(z) = lim U (0, 2)dmg(z).

n—oo Td

The pointwise convergence of (@, (7T, ")), is not ensured. However, since (||t (T, -)||oo)n is uniformly
bounded by C, there exists g € L>(T?) such that ||g|.c < C and, up to some subsequence, u, (T, -)

converges to ¢ in the weak-* topology o (L, L'). Therefore,

(2.44) » ¢(x)g(x)der = lim () un (T, z)dz ¥ ¢ € LH(T?).

n—,oo Td

Now, let ¢ € C°(T4). We have that

d(x)un (T, z)d /Td/ O(x)Opun (t, x)dtdr + » d(x)un (0, z)dx

—>/11‘d/¢ )Owu(dt, dx) + /qb

Using that the trace u(T,-) € LY(T%) of u at {T} x T? satisfies

/11‘d/ ¢(z)0pu(dt, do) = ¢($)U(T,l‘)d$* gb(x)u(O,x)dx,

relations (2.44) and (2.45) imply that g = u( -). Combining thls result with (2.42) and (2.43), w.
deduce that (u, a) solves Problem (2.21). The result follows. D
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2.5. Stability result. Now, for € > 0 let us consider two probability densities m§ and m$. € L'(T?)
and denote by (me, w,) the unique solution to problem (2.14) with mg and my replaced by m§ and
ms € LY(T%), respectively. Likewise, we denote by (u., ) € K a solution to the corresponding
problem (2.21) such that (2.38) holds true.

The following stability result is a consequence of I'-convergence and it follows easily from the
statement and the proof of Proposition 2.8.

Corollary 2.9. Suppose that, as e — 0, (m§). and (m%). converge in LY(T?) to mg and mr,
respectively. Then, the following assertions hold true:

(i) (me,w.) converges weakly in LI((0,T) x T¢) x L7 ((0,T) x T%RY) to (m,w), the unique
solution to (2.14).

(ii) Up to some subsequence, u. — u uniformly on every compact subset of [0, T)xT%, u (T, ") —
u(T, -) weakly-+ in L°(T9), and (Opue, Ve, ae) — (Opu, Vu, o) weakly-x in (0, T) x T¢) x
L7((0,T) x T% R%) x L7 ((0,T) x T%), where (u, ) is a solution to (2.21) satisfying (2.21).

Proof. For (u,a) € K let us define
T
A (u, ) == / / F*(z,a(t,x))dzdt +/ u(T, x)m7(z)dx —/ u(0, z)mg(x)dz.
o Jrd Td Td

Define also K} as K1 with mg and mq replaced by mg and m7,, respectively.
Notice that Proposition 2.8 implies that for all € > 0 we have

(2.46) inf K.Ag(u,a) = inf {A.(u, @) | (u,) € K, [Ju(0,")||p~ < C, and ||u(T,)||p~ < C}.

(u,@)€
Using that
[Ac(u, ) = A(u, a)| < C (|lmg — mollpr + lm7 —mr|11),

for all (u,a) € K such that [|u(0,-)||r~ < C and ||u(T),-)||r~ < C, relation (2.46) implies that

lim — min B(m,w)= lim inf A, (u,a)= inf A(u,a)=— min B(m,w).
e—=0t  (mw)eKs e—=0t (u,a)e (u,0)EX (m,w)eKy
Arguing as in the proof of Proposition 2.8, we have the existence of (u,«) € K such that, up to
some subsequence, (ug, a;). converges to (u,a) in the sense of (ii), and
A(u,a) < lim A (u, ) = inf A(u,a),
( ) T e—0T 8( ) (u,a)ER ( )
which implies (ii). In addition, Lemma 2.1 yields that (me, w,) is uniformly bounded in L9((0,T") x
T) x L*((0, T) x T4 RY), where £ := T,J’:qqil . Then, the lower semicontinuity of the convex functional
B implies that any weak limit point (m,w) of ((me,w;)). satisfies

B(m,w) < lim B(m.,w.) = min B(m',v).
e—0 (m/ W) ek
Since (me,w,) satisfies (2.13) with initial and final conditions given by m§ and m3., respectively,
we can pass to the limit in that equation to obtain that (m,w) also satisfies (2.13) with initial and
final conditions given by mg and myp, respectively. Finally, since m. > 0 a.e. we also get that
m > 0 a.e., which implies that (m,w) € Ky. Therefore, (m,w) is the unique solution to (2.14) and
the whole sequence (m.,w.). converges to (m,w) weakly in L((0,T) x T?) x L*((0,T) x T R?).
The result follows. U
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2.6. Uniqueness. In this subsection address uniqueness of solutions to the planning problem. Let
(@, m) be a weak solution to (1.1). In light of Theorem 2.6, the pair (m,w) = (m, —mD¢H (-, Va))
is the minimizer of (2.14) while (u, f(-,m)) is a solution of (2.21). In particular, m and w are
unique because of the uniqueness of the solution of (2.14).

On the other hand, if H is strictly convex in the second variable, then uniqueness of w implies
that Vu is unique on the set {m > 0} (Cf. the statement of Theorem 6.15 in [OPS]).

3. SOBOLEV REGULARITY OF WEAK SOLUTIONS

In this section, by applying the techniques used in [GM18], we prove some additional a priori
regularity for the weak solutions for the planning problem (1.1). (The definition of weak solution
is given in Sections 2.3.) We need to assume the following hypotheses.

Additional assumptions

(H5) (Conditions on the coupling) The function f satisfies
(3.1) [f(@,m) = fly,m)| < CmT" + D)z —y| Yo,y €T m>0.
Moreover, there exists ¢y > 0 such that
(82)  (flam) — fle,m)) (M —m) > cpmin{ms =2, ms2}m — m|* Vim,m > 0, m £ m.

If ¢ < 2 one should interpret 09=2 as +o00 in (3.2). In this way, when /m = 0, for instance,
(3.2) reduces to f(x,m)m > cymi, as in the more regular case ¢ > 2.
(H6) (Coercivity assumptions.) There exist j1, j2 : R — R? and ¢y > 0 such that

(33) H(w,€) + H*(2,0) = €+ ¢ > el 1(€) = 2(Q)
In particular, and in light of our restriction (2.1), we will have that j;(€) ~ [£]7/271¢ and
G2(¢) ~ 7271

3.1. Global space regularity. By using arguments analogous to those in [GM18, Proposition
4.3], we get

Proposition 3.1. Assume (H1), (H3), (H5) and (H6), mg,my € W2Y(T?) and that H* is twice
continuously differentiable in x with
(HT) D2 H* (2,¢)] < CCI” + C.
Then, if (u,m) is a weak solution of the planning problem (1.1), we have
q_ .
Im 2= m 2o yxray < € and  [m'2D(j1 (V)| 12 (o, 1yxay < C.

Proof. We give only a sketch, leaving the reader to find the remaining details in [GM18, Proposition
4.3]. From the proof of Proposition 2.8, there exists a sequence (uy, ;) such that u, € C!, a, is
continuous, and

—Oup + H(z,Vuy) < ag;

moreover, a, — f(-,m) weakly in LY, @, — u locally uniformly in [0,T) x T%, Vi, — Vu weakly
in L", and 0;u,, — O;u weakly-x in the space of Radon measures.

Fix 6 € T¢. For any function f on [0,7] x T¢, f(t,x) := f(t,x + ). Use ul as a test function
inm+V-w=0 to get

T
(3.4) / ul (TYmp — ud (0)mg > / / (H(x +6,Vul) — ad)m + Vul - wdzdt.
Td 0 Td
17



Combine this with the optimality condition (2.34) to get
(3.5) /Td (up(T) = w(T))ymr — (u,(0) = u(0))mo
T
> / / (H(x +06,Vul) + H*(x, —w/m) + Vul - w/m — o’ + f(m))mdzdt.
Td
Similarly, using u, as a test function in dmd + V - w® = 0 and combining with (2.34),
(3.6) / (un(T) = u*(T))m’(T) = (un(0) = up,(0))mp
Td
T
> / / (H(z,Vuy) + H*(x + 6, —w’ /m®) + Vuy, - w® /m® — ay, + f2(m®))m? dzdt
Td

Combining (3.5) and (3.6), after some changes of variables (translations) and a Taylor expansion
of H*, we deduce

(3.7) /T /Td(H(x +0,Vul) + H*(z + 6, —w/m) + Vul - w/m)mdzdt
T s s
+/ /Td(H(x—(S,Vun )+ H*(x — 9, —w/m) + Vu,° - w/m)mdxdt
</d(un(T)(mT—i—mT )—QU(T)mT)dx—/ (un (0)(md +mg®) — 2u(0)mg) da
o2 g —w/m mdrdsdz
/ /W ad + a0 —2f(m mdacdt—l—/ /]Td/ (D H* (x+7, —w/m)d, §)mdrdsdxdt.

Equation (3.7) can be obtained by using u’ as a test function in (1.1)(ii) and u, as a test function
in the same equation with m replaced by m?, then using the optimality condition (2.34).
Letting n — oo in (3.7), we get

(3.8) /T/Td(H(x—i-é,Vu‘S)—i-H*(m—l—é, —w/m) + Vul - w/m)mdzdt
+/T/ (H(x — 6, Vu=®) + H*(x — 8, —w/m) + Vu™ - w/m)mdzdt
Td
</ w(T)(m§ + mz° —2mT)dx—/Tdu(O)(m8+ma‘5—2m0)dx

T /
/ Td fé “(m —5)—2f(m))mdxdt+c|5y2/o /Td(|w/m|r +1)mdadt,

where we have used Hypothesis (H7). We have (see [GM18, computation (4.25)])

3.9) [ (£m0)+ £70m0) = 21(m) ) maa
< Clp? (1+/ min{m?, m}qu>— /mln{ 2 92} m? — m2da.



Combining this estimate with assumption (3.3), and using the inequality |a + b]* < 2 (a? + b?) for
all a, b € R, we get

(3.10)

er [T s ENP cr [T 5yq—2 2Y),,0 2

/ / <\j1(Vu ) — j1(Vu™?)] )mdxdt—i—/ min{(m°)? =, m?=}m° — m|“dzdt
2 0 Td 2 0 Td

T T
< C’|5|2/ / (lw/m[" + 1)mdadt + C||? (T —|—/ / min{m‘s,m}qudt)
0 Td 0 Td

+ CLP [l w2 [w(T) oo + C167 [mollw=1 [ u(0) [,

where we have used the L* estimate on u(0),u(7") from Proposition 2.8. Since also
T T
/ / (lw/m[" + 1)mdadt + lim/ min{m?, m}4dzdt < CB(m,w) + C < oo
0 Td =0 Jo Td

we conclude that there exists some C such that

(3.11)
T T
CH/ / (‘j1<Vu5) _jl(Vu";)‘Q) mdxdt—i—Cf/ min{(m‘s)qu,mq72}\m5—m|2dxdt < 0’5‘2.
2 Jo Jra 2 Jo Jra
Dividing by |§ |2 and letting 6 — 0, we easily obtain the result. 0

3.2. Local time regularity. We rely on very similar arguments as those found in the previous
section, but applied to time rather than space. Our translations in time will be localized so as to
avoid conflict with the initial-final conditions.

Let € € R be small and 7 : [0,7] — [0, 1] be smooth and compactly supported on (0,7) such
that |e| < min {dist(0, spt(n)); dist(T,spt(n))} . For competitors (u, o) of the minimization problem
for A, let us define

u(t,x) = u(t +en(t),z); of(t,2) = (1+en'(t)alt +en(t), z).
Notice that by construction, if t € {0,7'} then u(t,z) = u®(t,z) and «a(t,x) = af(t,x), provided
that a(t, z) is well-defined.

Similarly, for competitors (m,w) of minimization problem for B, we define

(1) = mlt + en(t),2); wS(t,2) = (1+enf ()t + en(t), 2)
and here as well if t € {0,T} then m(t,z) = m®(t,x) and w(t,z) = w(t, x).
We define moreover perturbations on the data as
FE(tz,m) = (L4 en' (D)) f (z,m); FE(t,z,m) = (1+ e/ () F(z,m),
from which the Legendre transform w.r.t. the last variable satisfies
(F9)*(t,@,a) = (1+en' () F*(z, 0/ (1 + 7/ (2))).
Finally, we define
HE(t,2,8) == (L+en/(8) H(w,€), thus (H)"(t,2,¢) = (L+en/ () H"(z,¢/(1 +en/(1)))-
We define the functional A° and its domain K¢ the same way as A and K in Section 2.2, with the
data H®, (F°)* replacing H, F'*. Likewise, we define the functional B¢ and its domain K5 the same
way as B and K in Section 2.2 with data (H®)*, F* replacing H*, F. A very important remark is
that the following (cf. [GM18, Section 4.1].):
Lemma 3.2. (u,«) € K is a minimizer of the problem for A if and only if (u®,a®) is a minimizer
of the problem for A®. Similarly, (m,w) is a minimizer of the problem for B if and only if (m®, w®)

is a minimizer of the problem for BE.
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Proof. After a change of variables ¢t — ¢ +¢en(t), we observe that (u,«) € K if and only if (uf, o) €
K¢, and moreover A®(u®, af) = A(u, o) for all (u,«) € K. The first claim follows. The proof of the
second claim is analogous. g

In the same spirit as Proposition 3.1, we can formulate
Proposition 3.3. Assume (H1), (H3), (H4), relation (3.2) in (H5), (H6) and
(HS) [DH*(2,¢) (| S O™ +C, [DEH @, QI SCI™2 ae (R,
(H9) [Dega(¢) - ¢F < CIJ™ +C, e CERY
Then, if (u,m) is a weak solution of the planning problem (1.1), we have
MV 20,(1 (V)| € L2o((0,T); LATY),  (m??) € LE((0,T); LA(TY).

Moreover, the norms of ‘m1/28t(j1(Vu))‘ and 0y(m%/?) in L2 ((0,T); L*(T?%)) depend only on the
data.

Proof of Proposition 3.3. The proof closely follows the steps of Proposition 3.1, but with transla-
tions in time rather than space.

Step 0. Preparatory step. Take the sequence (uy,, an)n>0 defined as in the proof of Proposition
3.1. Now use u,, as test function for 9ym® + V - w® = 0. In the same way, use u, (defined as u®) as
test function for dym + V - w = 0. By the same derivation as for (3.5) and (3.6) one obtains

(3.12) /W [un(T) — w(T)|mr — [un(0) — u(0)jmodz
> /T [HE(t,z,Vu;) + H* (x, —w/m) + Vu;, - w/m + f(x,m) — a;,] mdzdt
Td
T
- / [ L. V) 4+ (HE) (b, =0/m) + 5w/ + f(@.m) = 5] mdrds

/ T [H*(z, —w/m) — (H*)*(t, x, —w/m)] mdzdt

and
(3.13)

/ [un(T) — u(T)mr — [un(0) — u(0)Jmoda

/ / (x, Vuy) + (H®)*(t,x, —w® /m®) + Vu, - w*/m® + f(t,x,m") — a,] m°dxdt
Td

/ / (s,2,Vu,®) + H*(z, —w/m) + Vu,* - w/m] mdzds
Td
/ O(e*)H (z,Vu,, )mdxds—l—/ [fe(t,x,m®) — ap| m-dadt
Td Td
/ / (s,2,Vu,®) + (H°)*(s,z, —w/m) + Vu,* - w/m| mdzds
Td

T
* ) —w/m)| mdzds H(z, Vu $)mdzds
+/0 Td[H (x, —w/m) — (H™%)"(s, x, —w/m)] mdzd +/0 TdO(s)H(,Vn) dzd

T
+/ [fe(t,x,m®) — o] m°dadt
0o Jrd
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where in the penultimate equation we used the change of variable s = t + en(t) (which means in
particular that ¢ = s —en(s) + O(¢?) and =1—en'(s)+O(e?)). By slight abuse of notation
we denoted

1
I+en'(t)

U, (5, 2) = un(s — en(s) + O(e*), @),
and we use the original notation for H~¢ and (H~°)*. Adding (3.12) to (3.13) we get

(3.14) / / “(t,x,Vu,®) + (H*)*(t,x, —w/m) + Vu,* - w/m| mdzdt
Td

+ / (HE(t 2, Vi) + (HE)* (£, 7, —w/m) + Ve, - w/m] mdzdt
T

//Td@—fxm mdxdt+/ /1rd £t 2, m) mE dadt
+ Q/Td[“n(T) —u(T)Jmp — [y (0) — w(0)Jmodz + Ry (e),

where the remainder term satisfies
n(e) = / [(H®)* —w/m) + (H°)*(t,z, —w/m) — 2H*(z, —w/m)| mdzdt
T‘i
T
+O(82)/ H(z,Vu,*)mdzdt.
Td

Step 1. Error term. Before letting n — oo let us first show that R,,(¢) = O(g?) (uniformly in n).
To that end we estimate the terms H* — (H®)* and H* — (H~¢)*. By a Taylor expansion, we have

(HO)"(t,2,¢) = (L+en/ () H* (z,¢/(1+en' (1)) = (L +en () H (z, (1 — e/ (t) + O(e%))¢)
= (1+en/(t) [H* (2,¢) —en/()D H*(iv ¢)-C+O0(*)DcH* (w,0) - ¢]

+(1+en/ (1)) [en &)’ DggH* z,6)¢- ¢

where (¥ is a point on the segment between ¢ and (1 — en/(t) + O(e?))¢. Let us notice that due to
the growth condition (H8) we have that

|D2-H* (2,C2)¢ - ¢| < CIC " 2I¢,

where, by the comparison (1—C|e|)|¢| < |¢F] < (14 Cle|)|¢], the right-hand side is finite even when
¢ =0, and in particular

|DEH (2, ¢)¢ ¢ < O
for small enough e. Therefore, by (H8) we have
(3.15) (HY)"(t,2,¢) = (1 +en' () H"(2,¢) +en' () DcH" (2, () - ¢
= O(2) | DeH (2,0) ¢+ g DX H* (@, ) ¢ | = O (Il +1).
Using a similar argument, we deduce

(316)  (H ) (ba,¢) — (1 — e (0)H(2,0) — en/ () DeH (2,¢) - ¢ = O (¢ +1).
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Adding together (3.15) and (3.16), setting ( = —w/m and then integrating against m, we get

(3.17) / ’]I‘d [(H%)* —w/m) + (H™*)*(t,z,—w/m) — 2H*(x, —w/m)| mdzdt

_/()T/Tdo(52)‘g}l‘r,mdxdt—O(az),

where in the last equation we used the assumption (2.2) and the fact that B(m,w) is finite.
As for what remains of R, (g), we use u,° as a test function in 9ym + V - w = 0; with the
appropriate change of variable we get

T
(3.18) / H(z,Vu, )mdzdt
0 Td

§<1+0(e>)[/w (T — (0 mod:z:+/ /Tdozn s~ n(s) + O(), 2)m(s, z)deds)

Recall that from the definition of weak solution that m € LI((0,T) x T¢), that mg, my € L'(T%) by
hypothesis, while from the proof of Proposition 2.8 we have that (a;,)+ is bounded in Lq/, and u,, can

be taken such that u,(0) and u,(T) are bounded in L. It follows that fOT Jpa H(z,Vu, *)mdzds
is bounded. We can now rewrite (3.14) as

(3.19) / / “(t,x,Vu,®) + (H °)*(t,x,—w/m) + Vu,* - w/m| mdzdt
Td

+ / (HE (£ 2, Vi) + (HEY* (2, —w/m) + Vil - w/m] mda dt
Td

//Tda—fxm mdxdt+/ /Jl‘d — fe(t,xz,m")m*dadt

49 /T Tn(T) ~ w(T)mr — [un(0) ~ u(O)modz + O().

Step 2. Taking n — co. We can now proceed exactly as in the proof of [GM18, Proposition 4.3.]
when taking limits as n — 400 in (3.19). First notice that we have the weak convergence (up to
a subsequence) of Vu, ¢ — Vu™%, Vui, — Vuf in L"((0,T) x T¢). Second recall that a;, converges
weakly in L? ((0,T) x T%) to f, and likewise af converges weakly to f(-,-,m¢). Third recall that
un(T) converges to u(T) in the weak-x topology o(L>, L), and u,(0) — u(0) uniformly (see the
proof of Proposition 2.8). Arguing as in [GM18], we deduce that

(3.20) / /11‘d “(t,x,Vu™®) + (H*)*(t,x,—w/m) + Vu~* - w/m| mdzdt
+ / [H*(t,z, Vu®) + (H®)*(t,z, —w/m) + Vu® - w/m] mdzdt
’]I‘d

T
_/ (fe(t, 2, m®) — f(xz,m)) (m® —m)dzdt + O(?).
0o Jrd

Step 3. Time regularity for u.
By the coercivity condition on H and H* for any v > 0 we have that

YH(z,€) +yH*(2,{) —v¢ - ¢ > veu|ji(€) — j2(Q)?, Vo e T4 ¢ ( e R
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In particular, setting f := v(, this implies

VH (2,€) +7H* (2,¢/7) — € ¢ 2 venlin(€) = j2(C/1)P, Vo e T4 ¢, ¢ e RY
Therefore, we have

(3.21) /OT /Td cr(1+en'(t))

2
mdzdt

(V) — o (—“’)

(L+en/(t))m

T
< / [HE(t,z, Vu®) + (H®)*(t, 2, —w/m) + Vu° - w/m] mdxdt
Td

and similarly

(3.22)

/ /WCH 1—en'(t)

2
mdxdt

J1(Vu™%) — j (—(1_57;70/(15))m>

T
< / [H™*(t,z, Vu™%) + (H°)*(t,z, —w/m) + Vu* - w/m] mdzdt.
Td

By the triangle inequality,

T
(3.23) / /Jl‘d o min{1 +en’(t); 1 —en/(t)} |71 (Vu©) — jl(Vu*E)‘2 mdzdt

< (1+¢)en OT/W (V) 32( (1+6n()) )
T
+(1+¢)en i /Td J2< 1+5n()) >_j2<_(1—6:;)’(t))m>

+(1+e)eny OT/TdﬁV“ _‘72< (1- 677()) >2

mdxdt,
where it remains to estimate the second term on the right-hand side. For this we note that

2
mdzdt

2
mdxdt

[G2(C/ (L + e/ (£))) = Ga(C/(1 = e/ (D) = |ia(C(1 = e (1) + O(%))) — ja(C(1 + 20/ (1) + O(e2)) |
= [Deja(C(1 — e/ (t) + O(?))) - ¢ (1) Pe* < CI¢ 2,

where the last constant depends only on 7'(¢) and the constant in the hypothesis (H9). Setting
¢ := —w/m in the previous inequality, we find that the second term on the right-hand side of (3.23)
T

is O(£?) since / / \w/m\Tl mdxdt is finite. Equation (3.20) now becomes
0o Jrd

T
(3.24) Cg/o ‘]1 Vu®) — j1(Vu™® ‘ mdaxdt
T
- / (ot 2,m®) — f(z,m)) (m® —m)dadt + O()
0 Td

for € small enough.

Step 4. Time regularity for m.
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We have
/ T (f*(t,x,m") — f(x,m)) (m" —m)dzdt
- _//{megmff% 2,m") = f(w,m"))(m* —m)dxdt—// (£, ) — (&, m)) (e — )l

{me<m}

) // (o) = £tz m)(m = m)dadt = [ (g m) = flo,m)) o — m)dods
{m<ms} {m<me}
T
< C/ /’J]‘d e[ min{(m*)?" L m? 1}|m —m|dzdt — co/o - min{(m‘f)q—{mq—?}’ma _ m|2dxdt

<C]€2/ / min{m®, m}qda:dt—/ Tdmm{ m)?2 m? 2 m® — m|*dxdt,

where, we used Young’s inequality in the last inequality, and the expression min{(m®)?=2, m9=2}|m®—
m|? is treated as zero whenever m® = m (even in the case ¢ < 2). Since

T T
/ min{m®, m}?dzdt < / / midadt < C,
0o Jrd o Jrd

Equation (3.24) now becomes

//‘]1 (Vu®) — j1(Vu™* ‘mdxdt—i—/ min{(m®)972, m4 2} m® —m|*dzdt = O(£?).
Td Td

Dividing the previous identity by 2 and letting ¢ — 0, we conclude that m'/29,j;(Vu), 8;(m%/?) €
L2 ((0,T); L*(T%)), with norms estimated by a constant depending only on the data. The proof is

loc

complete. O

4. OPEN QUESTIONS AND FURTHER DIRECTIONS

e An interesting direction of study would be the relaxation of the joint assumption on ¢ and
(the growth exponent of F' and H, respectively) in the case of the planning problem. This should
somehow imply also a more precise link between our work and the results of Orrieri-Porretta-Savaré
n [OPS]. This direction would be strongly related to the search for higher order summability
estimates on the m variable, also in the spirit of [LS18].

e The well-posedness of the second order (degenerate) planning problem is largely open (except
the non-degenerate case with essentially quadratic Hamiltonians in [Lio, Por13, Por14]). Our hope
is that the variational approach developed in the present paper and exploited also in [OPS] will
provide hints to attack the general second order problem.

In this direction the exact controllability problem of the Fokker-Planck equation with general
initial and final conditions (pointed out also by Lions in his lectures) seems to be an interesting
open question, by its own.

e We are aiming to pursue the global in time a priori Sobolev estimates in the time variable
for the solutions of both mean field games and the planning problem, which so far seem to be
inaccessible by relying only on our current techniques.
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