GLOBAL WELL-POSEDNESS OF MASTER EQUATIONS FOR DETERMINISTIC

DISPLACEMENT CONVEX POTENTIAL MEAN FIELD GAMES

WILFRID GANGBO AND ALPAR R. MESZAROS

ABSTRACT. This manuscript constructs global in time solutions to the master equations for potential
Mean Field Games. The study concerns a class of Lagrangians and initial values functions, which are
displacement convez and so, it may be in dichotomy with the class of so—called monotone functions,
widely considered in the literature. We construct solutions to both the scalar and vectorial master
equations in potential Mean Field Games, when the underlying space is the whole space R? and so,
it is not compact.
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INTRODUCTION

In this manuscript, we study a Hamilton—Jacobi equation on Py(R9), the set of Borel probability
measures on R¢ of finite second moments. This allows to make inferences on the master equation
in Mean Field Games, introduced by P.-L. Lions in [31]. Our study relies on an special notion of
convexity, the so—called displacement convexity, which is a natural for functions V : P(RY) — R.
It differs from the classical notion of convexity on the set of measures, which corresponds to the
monotonicity condition, central in most prior work aiming to study global in time solutions to the
master equation. A comparison between the classical notion of convexity and displacement convexity
can already be made by considering ways of interpolating Dirac masses. Given two Dirac masses dg,
and d,, the paths

0,1] >t 04 := (1 = t)dqy +1dg,, [0,1] Dt 07 = 61-t)go+ta

provide two distinct interpolation these two elements of Py(R?). The function V is called convex in
the classical sense if it is convexity along classical interpolation, which in particular implies ¢ — V(o)
is a convex function on [0, 1]. The function is called displacement convex [32] if its restriction to any
Wa—geodesics is convex, which in particular means ¢t — V(o) is a convex function on [0, 1].

A blatant example which shows convexity and displacement convexity cannot be the same is when

2V(u) = /de lq — ¢ Puldg)u(dg’),  p € Pa(RY).

In this case, it has been long known that V' is concave in the classical sense while V is obviously
displacement convex. However, for the purpose of our study, we need to come up with a richer class
of examples consistent with our analysis. For instance, let us consider two functions ¢, ¢; € C?(R?)
with bounded second derivatives and such that ¢, is even and define

W)= [ (2000 + 61 @) da). e PR,

Let us recall that (see Lemma B.2) the function V is convex in the classical sense if and only if b1 —
the Fourier transform of ¢; — is nonnegative, independently of whether or not additional requirements
are imposed on ¢. Suppose for instance ¢ is 2A—convex for some A > 0. If ¢; is A\;—convex for some
21 € (—A, A) then V is displacement convex. As discussed in Subsections 3.4 and B.1, we can choose
¢1 such that (]31 changes sign, so that V fails to be convex in the classical sense.

The theory of well posedness of the so—called master equation in Mean Field Games is well developed
on the set of probability measures [9] (for a probabilistic approach to study such equations we refer
to [11]), under the so—called monotonicity condition [8] [28] [29] [30], for games where the individual
and/or common noises are essential mechanisms governing the games. In the same setting of monotone
data, global solutions were also constructed in [13], where the authors can handle even degenerate
diffusions in the equations. In the same context, [35] improve the regularity restrictions on the data,
which need to be still monotone, and propose a notion of weak solutions for the master equation. When
the monotonicity condition fails and the noises are absent, only short time existence results of the
scalar master equation were achieved in [24] for special Lagrangians, and later in [33] for more general
ones. For classical mean field games systems the smallness of the time horizon sometimes can be
replaced by a smallness condition on the data (see for instance [1, 2]). In terms of random variables, a
Hilbert space formulation of the master equation incorporating appropriate noises is achieved only for
short times [5] for a special class of Lagrangians. The theory of a master equation on a Hilbert space
is a delicate to handle if one would like to connect it to an equation on the set of probability measure.
For instance imposing more regularity than second order Fréchet differentiability on functions on a
Hilbert space may sometimes be a too severe restrictions (see below).

This manuscript constructs global solutions to the master equation in potential Mean Field Games,
where displacement convexity is used as substitute for the monotonicity condition widely used in the
literature. In potential Mean Field Games, one considers smooth enough real valued functions Uy, F
defined on Py(R?). We assume there are smooth real valued functions ug, f defined on R? x Py(RY)
which are related to Uy, F in the following sense: the Wasserstein gradient of Uy at u € P2(R?) equals
the finite dimensional gradient Dyuo (-, ) and the Wasserstein gradient of F at pu € P2(R%) equals the
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finite dimensional gradient Dy f (-, ). Given a Hamiltonian H € C3(R??) the master equation consists
in finding a real valued function u defined on [0, 00) x R% x Py(R%), solution to the non-local equation

81&“ + H(Qa un) +NH [un(t’ "M)v ku(t7QaM)(')] = f(mvl”')7 (O’T) x R x P2(Rd)7
U(O, °y ) = U, ]Rd X PQ(Rd),

Here, N, : L?(11) x L?(u) — R is the non-local operator defined as

(0.1) Nfn0)i= [ DyH(en() - Olcln(de)

Let L(q,-) be the Legendre transform on H(g,-) and assume L is strictly convex and both functions
have bounded second order derivatives. Under the assumption that Uy and F are displacement
convex (convex along the Wasserstein geodesics), we construct classical solutions or weak solution to
the master equation, depending on the regularity properties imposed on the data. Following [25], the
starting point of our study relies on the point of view that the differential structure on Py (R?) is
inherited from the differential structure on the flat space H := L2((0,1)% R?) and the former space
can be viewed as the quotient space of the latter. The functions Uy, F are lifted to obtain functions
Uy, F defined on the Hilbert space H, with the property that they are rearrangement invariant. What
we mean by rearrangement invariant is that Uo(z) = Up(y) whenever the push forward of Lebesgue
measure restricted to (0,1)? by x,y € H coincide. In this case, we sometimes say that 2 and y have the
same law. The Hamiltonian H is used to define on the co-tangent bundle H?, another Hamiltonian
denoted

T, b) = /( ) b~ F@),

The corresponding Lagrangian L is on H2, the tangent bundle, and is

L(z,a) = /(0’1)(1 L(z(w), a(w))dw + F(z).

Both the Lagrangian and the Hamiltonian are invariant under the action of the group of bijections
of (0,1)% onto (0, 1)%, which preserves the Lebesgue measure. We are interested in regularity properties
of U : (0,00) x H — R solutions to the Hamilton—Jacobi equation

U+ H (-, Vo) =0, in (0,00) x H,
UuQ,) =U on H.

The characteristics of this infinite dimensional PDE and the smoothness properties of U will play
an essential role in the application of our study to Mean Field Games. They allow us to obtain
an explicit representation formula of the solution to the master equation for arbitrarily large times.
Similar observations were made also by P.-L. Lions during a recorded seminar talk [31]. This lecture
seems to suggest that is was not clear at all how far the displacement convexity assumptions on the
data could be used to advance the study the global in time well-posedness of master equations.

Under appropriate growth and convexity conditions on the data, the classical theory of Hamilton—
Jacobi equation on Hilbert spaces, ensures that U (t,-) is of class C’llo’c1 (H). Our Hamiltonian and
Lagrangian being rearrangement invariant, by the uniqueness theory of Hamilton—Jacobi equation,
U(t,-) is rearrangement invariant. This allows to define a function U(t, -) on Py (R%) such that U(¢, u) =
u (t,2) whenever x € H has u as its law. In the same time, & will be the unique classical solution to
the corresponding Hamilton—Jacobi equation set on Py (R?).

By Lemma 2.13, a function V : P2(R%) — R is of class 01143 on the Wasserstein space if and only if
its lift ¥V : H — R is of class Cllo’c1 on the Hilbert space. Since the Hilbert theory ensures that Z;{(t, )
is of class C’llo’i on the Hilbert space, we obtain as a by—product that U(¢,-) is of class Cllo’i on the
Wasserstein space. This is how far one could push the Hilbert approach in terms of regularity theory if
one would like to make useful inference in Mean Field Games. Indeed, imposing that a rearrangement
invariant function V : H — R is of class C? (twice Fréchet differentiable) is too stringent for the

purpose of Mean Field Games. For instance, if ¢ € C2°(R?) then H 3 z + V(z) := f(o 1)d d(z(w))dw
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does not belong to C?(H) unless ¢ = 0 (cf. Proposition A.4). Similar conclusions can be drawn on
other functionals with a local representation such as

H>z— V(z) ::/ O(x(wr), -+, x(wy))dwy - - dwy,
(0,1)nd

when ¢ € C?(R"?) is symmetric and have bounded second and third order derivatives (cf. Proposition

A.2). Pursuing a deeper analysis, we assume « € (0, 1], Ve Clgof (H) is rearrangement invariant so

that it is the lift of a function V : Py(R?) — R. We show in Lemma A.1 that if (A.1) holds for all

h,h, € H then Dy(V,, V(1)) is constant function on spt(su).

A final argument to support the fact that we need a new concepts of higher order derivatives on the
set of probability measures is the following. When k£ > 3, making assumptions on k—order differentials
of Hamiltonians # : H? — R and treating them as continuous multi-linear forms on cartesian products
of H? is too restrictive for a theory in Mean Field Games. Indeed, frequently used Hamiltonians in
Mean Field Games theory are of the form

H(z,b) = Hu(z,b) — F(x), Hp(z,b) = /(0 b H(z(w),b(w))dw

where H € C3(R??) is such that D?>H is bounded. Let o € (0,1]. Even if C2%(H?) is an infinite
dimensional space, its intersection with the set of functions which have a local representation is
contained in a finite dimensional space. For instance,

(0.2) dim(C’Q’a(HQ) N{Hy : HeCLYR*™), D*°H is bounded}) < 0.

loc loc
In this manuscript, to write a meaningful master equation, we are interested in functions V :
Po(R%) — R which satisfy higher regularity properties than being of Cllo’i . We assume at least that
their lift V : H — R are such that VV is Gateaux differentiable with bounded second order differential

is a sense to be made precise. Due to the rearrangement invariance property of V, V2V must have a
special form. Given z € H, there exist matrix valued maps

Aj € L®((0, )% R A3 € L°°((0,1)%4 RT*9)

such that A} is symmetric almost everywhere, A}(w,0) = A%(o,w)’ almost everywhere and the
operator H > ¢ — V2V(z)¢ can be written

03) (TP = A + [ At o)(o)do
0,1
In fact, there are matrices A; and Ao which allow for the factorization
Al (w) = A1 (z(w)), Aj(w,0) = Az (z(w),z(0)).

We argue in Remark 2.12 that A; can be interpreted as D, (VwV(u)(q)) and indicate the relation
between A, and the Wasserstein gradient of V,, V.

When B C P»(R9) is an open set, we introduce vector spaces of functions C?*%(B), as substitutes
for the spaces C*“(B). These new spaces are such that whenever V € C%*%(J3), its restrictions

1 n
R™4 e n - ,
> ) = V(5 0

belong to C2*(R"4). The precise definition of this space can be found in Definition 2.11. At least we

loc N
require that if V € C(>*%)(B), since the second order Gateaux differential of its lift V exists, it must

satisfy the property
04)  [FP)@) - VP(@)w) - V20(0) @) ((5() - 2(@)| < O (lyw) - 2(@)|* + |l - yl|*)

whenever x,y € H, x pushes ﬁ‘(io’l)d forward to u, y pushes £‘(’l0,1)d forward to v and ||z —y| = Wa(u, v).
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A discretization approach, greatly facilitate the task to show (0.3) when V is replaced by U(t,-),
the solution to the Hamilton-Jacobi equation we constructed on the Hilbert space. This allows us to
make inference beyond an estimate such as

sup {|D222(t,x)(h,h)| Rl <1, ||z < r} <+o0  Wr>0.
z,heH

Unlike studies of the master equation in compact settings such as the periodic setting R?/Z%, the fact
that the range of U is certainly unbounded, is a source of additional complications in our study,

When VH is Lipschitz, the characteristics of the Hamilton—Jacobi equation are the Hamiltonian
flow ¥ = (X1,%2) : [0,00) x H? — H?, uniquely defined in (1.3). The vector field V- is the velocity
in Eulerian coordinates for the trajectory ¥ on the cotangent bundle H?. We denote as

(€,7) : [0,00) x H — H?

the restriction of ¥ to the graph of Vify (cf. (1.5)). When £ and U, are convex, under appropriate
standard conditions on £ and H, differentiability properties of U are obtained by standard methods.
A strict convexity property of £ ensures that for any fixed ¢ > 0, £(¢,-) is a bijection of H onto H.
The trajectories

[0,¢] > s— S;[z] =E(s,&7 (z)) € H
are useful to write the representation formula

tt.2) = to(tfe]) + [ £(32e), 0,54 fa)ds.

The identity

suggests that the smoothness properties of U rest on the smoothness properties of gé and 7. While
strict convexity of £ is sufficient to get that the restriction of & (t,-)~! to appropriate finite dimensional
spaces is continuously differentiable, it become much harder to show that £(¢,-)~! is continuous on
the whole space H unless appropriate convexity properties are imposed on the data.

Let us consider the vector field

B(t,") = VyH (- 7i(t, SY))

which helps to study the second order derivatives of U and which represents the velocity of the flow
€ in physical space, since £ = B(s,£). When U(t, ) is twice differentiable then V2(t,z), VB(t, z) :
H? — R are bilinear forms which satisfy the relation

VB(t,z)(h,a) = v221(t,x)(a,Dng(x,vzl(t,x))h) +/ (Dng(amVZ:l(t,x)) a) - hdw

(0,1)¢
for h,a € H.
A discretization approach, greatly facilitate the task to show there are Borel maps

Ay € L®(RY,RXY) | Agy € L®°(R? x RY, RI¥9)

such that for ¢ € C(RY) and h := Dy oz,

D*V(a)(h, h) = /

Az (z(w))h(w) - h(w)dw + / Ago(z(wr), z(w2))h(wr) - h(ws)dwy dws.
(0,1)¢

(071)2(1
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0.1. Summary of our main results. Coming back to the description of our main results, after
having provided the Cﬁ)’cl regularity for the viscosity solutions U to the corresponding Hamilton—Jacobi
equations on Py (R?), we completely abandon the setting of the Hilbert space and via a discretization
approach we show that (¢, ) is actually of class 012oc1 ", We note that our approach seems to be novel
and, although similar in flavor, it is completely different from the ones developed in [24] and [33]. It
is relying on fine quantitative derivative estimates with respect to m € N on the Hamiltonian flow for
m-particles, then these in turn translate to higher regularity estimates on U by carefully differentiating
the identity (0.5), written for the restriction of U to the set of average of dirac masses.

Having U(t,-) € C21"(Py(RY)) allows us to obtain weak solutions (see in Theorem 3.7) V : [0, T] x

loc
Po(R?) x RY — R? to the so-called vectorial master equation,

OV + DyH(q,V(t, 11,0)) + DgV(t, 1, )V H (q,V(t, 1,q)) + N [V, Vi, V] (L, 11, q)
(0.6) =

where for V : Po(RY) x R? — R? we define
N, V.Vt ) = [ VIV a) (0D, H (V15

This equation can be seen as a vectorial conservation law on (0,7) x P2(R?) x R? and can be
derived formally by taking the Wasserstein gradient of the Hamilton-Jacobi equation satisfied by U.
Such method is possible in the setting of the Hilbert space as well (provided one has the sufficient
regularity to justify the differentiation), and this is done for instance in [5] and [6] for short time and
special Hamiltonians. Let us emphasize that there is a subtlety in this derivation and in particular
at a first glance the vectorial master equation in the setting of P5(R?) is satisfied pointwise only on
(0,7)x U, ep,way {1} xspt(n). Therefore, we refer to such solution as weak solution. Thus, additional

effort is needed to extend the vectorial master equation to (0,7) x Po(R?) x R? and actually, this is
possible through the solution to the scalar master equation. One cannot observe this phenomenon in
the setting of H, because VI (t,z), as an element of H, does not carry explicitly the dependence on
the range of z € H.

Let us stress that even though there is a deep connection between the vectorial and scalar master
equations, while formally speaking the former one is the Wasserstein gradient of a Hamilton-Jacobi
equation, additional effort is needed to justify the well-posedness of the latter one. And in particular,
this is not a simple consequence of the well-posedness of the vectorial equation at all. In the same
time, while the vectorial master equation might have physical relevance as a vectorial conservation
law, in the theory of Mean Field Games the scalar master equation is the one which has profound
significance. One of the reasons for this is that this equation deeply carries the features of N—player
differential games. In particular, as we can see this in [9], it provides an important tool to prove the
convergence of Nash equilibria of N-—player differential games to the Mean Field Games system, as
N — +o0o. In the same time, typically it provides quantified rates on propagation of chaos. Therefore,
such equations are very natural, and they were successfully used in the literature in the context of
mean field limits of large particle system (see for instance in [34, 14]).

The candidate for the solution of the scalar master equation is constructed as follows. Given
t€[0,7T], ¢ € R and u € P2(R?) we define

(0'7> u(taqvu) = igf{uo(%’Ué[ﬂ])-f—/o (L(%,"}'S)Jrf(%,‘fﬁ[ﬂ]))ds HEOAS lez([oj]de)afyt = Q}a

where the curve (o [u])se0,4 is the projection of the Hamiltonian flow onto P2(R%). We underline the
important fact that the previous formula defines u(t, -, i) for every ¢ € R? (and not just for q € spt(q)).

After obtaining the sufficient regularity of the mapping u — ol [u] (using also the fact that U(t, ) €
CEL™ (Py(R?))), we show that u is of class C2! ([0, T]xR?x Py (R?)) (see Lemma 3.16). The connection

between v and U is that Dgu(t,-, pn) = V,U(t, 1)(-) on spt(p). This is an important remark, since
it means that D,u(t, -, ) provides the natural Lipschitz continuous extension for V,,U(t, 1)(-) to R<.
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By these arguments we can prove Theorem 3.22, the main theorem of this manuscript, which states
that under our standing assumptions u defined in (0.7) is the unique classical solution to the scalar
master equation which is of class CL! ([0, T] x R% x Py(RY)).

loc

Theorem 3.22 has several implication. First, the obtained regularity of u and the fact that
Dou(t, -, p) = VoUd(t,p1)(-) on spt(p), allow us to deduce that D,u is a solution to the vectorial
master equation and (0.6) is satisfied for all (t, ;1) € (0,T) x P2(R?) and for L%a.e. ¢ € R%

Second, since the scalar master equation, and in particular our definition (0.7) possess the features of
N-player differential games, we easily deduce that wu(t, -, -), when restricted to quRNd ut(lN) Xspt(ple)),
provides approximate solutions to a system of Hamilton—Jacobi equation, characterizing the Nash
equilibria of the associated N—player differential game. In the same time, the regularity of u allows
us to deduce the local convergence of Nash equilibria as N — 4o00. Of course, once we have existence
of a classical solution to the scalar master equation, these convergence results are expected, as in [9],
[18, 19]. The proofs of the results from this subsection are very much inspired by these references.
Such rigorous convergence questions for deterministic Mean Field Games were poorly investigated in
great generality previously in the literature (we refer to a recent paper [21] for a particular case).

The structure of the rest of the paper is the following. In Section 1 we provide the first part of
our standing assumptions, we present the discretization approach and show a direct argument which
provides C’llo’c1 regularity for solutions to a class of Hamilton—Jacobi equations set on Hilbert spaces.

In Section 2 we compare notions of convexity and regularity for functions defined on Po(R?), their
lifts defined on H and their restrictions to discrete measures. Here we also show how can we deduce
regularity estimates for functions on Py(R?) from precise quantitative derivative estimates on their
restrictions to discrete measures.

Section 3 is the core of the manuscript where we investigate the well-posedness of both vectorial and
scalar master equations. Additional assumptions need to be imposed to establish the well-posedness of
the scalar master equation. These are listed in this section. Here, we also derive important properties
of flows on H and on their counterparts defined on P2 (R%) which are used in our proofs.

In Section 4 we have collected two important implications of the scalar master equation. First, the
rigorous connection between the vectorial and scalar master equations which in particular leads to an
improvement on the notion of weak solution to the vectorial equations. Second, using the solution
to the scalar master equation, we present a short discussion on the convergence problem of N—player
differential games, as N — +o0.

To facilitate the reading of the main text, our manuscript has several appendices. In Appendix A
we demonstrate the limitations of the Hilbert space approach, when studying or assuming C>® type
regularity on rearrangement invariant functionals having local representations.

In Appendix B we emphasize how our setting by imposing displacement convexity of the data can
replace the more standard monotonicity assumptions imposed typically in the Mean Field Games
literature. Here we provide examples of functionals which produce non-monotone coupling functions
and an example of a Hamilton—Jacobi equation on Py(R9), for which the data provides the standard
monotonicity condition, yet its classical solution ceases to exist after finite time.

In Appendix C we have collected some standard results on Hamiltonian flows of Hilbert spaces
and we explained how the regularity of these flows can be used to show regularity of solution to a
Hamilton-Jacobi equations.

Appendix D contains the important quantitative estimates with respect to m on the Hamiltonian
flows of m—particle systems and the corresponding derivative estimates of the solutions to Hamilton—
Jacobi equations set on R™?. Lastly, in Appendix E we provided the proofs of the results stated in
Subsection 4.2.
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1. PRELIMINARIES

We start this section with some well-known definitions in the Hilbert setting as well as in the
Wasserstein space. We denote as Q := (0,1)? C R? the unit cube and as £ the Lebesgue measure
restricted to 2. We sometimes refer to any Borel map of 2 to M as a random variable. We shall work
on the Hilbert space

H := L*(Q;RY),
the set of square integrable Borel vector fields with respect to 2.

Since it is more convenient to write M™ instead of (R%)™, we shall use write M in place of RY.
Letters x,y are typically used for elements of H, while elements of M are typically denoted by ¢, p,v.
Sometimes, we also use the notation Ry := [0, 4+00).

Given two topological spaces S; and So, a Borel measure p on S; and a Borel map X : S; — Ss,
X;p is the measure on Sy defined as Xyu(B) = u(X~1(B)) for B C Ss.

The canonical projections 7%, 72 : M x Ml — M are defined as

™(q1,3) =q1, 7T(q1.¢2) =¢2  Vaqi,q2 € M.

Given pg, 1 € Po(M), we denote as I'(ug, pt1) the set of Borel probability measures v on M x M
such that 7rﬁl'y = o and 7r§'y = p1. We denote as T', (1o, 111) the set of v € I'(ug, 11) such that

W3 (1o, j11) = /zd lar — q2*v(dagr, dga).
R

The law of 2 € H is the Borel probability measure §(z) := z3£3. The map f maps H onto P2(M), the
set of Borel probability measure on M of finite second moments. One basic result in measure theory is
that as © has no atoms, any Borel probability measure on R? is the law of a Borel map Z : Q — R,

If u € Po(M), the set of Borel vector fields £ : Ml — M which are square integrable is denoted as
L?(p1). The tangent space to P2(M) at p denoted as T}, P> (M) is closure of VC°(M) in L?(p).

If U : H — R is differentiable at & € H, we use the notations VI () or V,U(z) to denote its Fréchet
derivative at z (as element of H). If I/ is twice differentiable at x, we use the notations V2U(z) or
V2 U(x) to denote its Hessian (as bi-linear form on H x H). If u : M — R is differentiable at ¢ € M,
we use the notation Du(g) or Dyu(g) to denote its gradient at ¢. If it is twice differentiable at ¢, we
use the notations D?u(q) or D2, u(q) to denote its Hessian matrix at g.

For r > 0, we define B, to be the closed ball in (P2(M), W3), centered at o and of radius r. B,.(0)
stands for the closed ball in H centered at 0 and of radius r.

For any integer m > 1 we fix (Q*)1™, be a partition of ) into Borel sets of same volume. Given

q:= (q17"’ 7Qm)a b= (p17"' 7pm) S Mma

we set

m m 1 m
(1.1) M7= ZqZ'XQ’;'L, M™P = Z(mpi)XQ’;n =mMP? and ugm) = 25%-

i=1 i=1 i=1
We set

B .= {q eM™ : m! Z lg;|* < rQ}.
j=1

and

m 1 m
772( )(M)::{Zma‘h' tgeM }

i=1

1.1. Assumptions. Throughout this manuscript N > 1 is an integer, m., k1, Ao € R and kg, A1, k3 >
0. We shall denote as k a generic constant depending on m., kg, k1,72, kK3 > 0.

Let —o0 < s <t < 00, let m > 1 be an integer and let R := [0, 00).

When S is a metric space, we denote as ACy(s,t;S) the set of S : [s,t] — S which are 2—absolutely
continuous. When 7 € [s,t], when convenient, we write S; in place of S(7). We are imposing the
following standing assumptions throughout the paper.
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Suppose
(H1) F, Uy e CVY(H), F >0, U >m.,

and are rearrangement invariant in the sense that if x,y € H have the same law, then F () = Fly)

and Uy (x) = Uy(y). We assume

(H2) Fis ky-convex and Uy is convex.
and
(H3) VF,VU, are ro-Lipschitz.
Let
(H4) H,Lec N (M xRY), L>o0,
such that L(q,-) and H(g,-) are Legendre transform of each other for any ¢ € M. We assume
(H5) D;,L > r3ly, DJ,H >0,
and
(H6) DH, DL are ko-Lipschitz.
We further assume
(H7) Av]? + X < L(g,v).
We set

L(x,a) = /QL(x(W),a(w))dw + .7:"(1‘), H(z,b) = /QH(x(w),b(w))dw - ]:'(a:)

for x,a,b € H and assume

(H8) L is jointly strictly convex in both variables.

For any S € ACy(s,t;H) we set

When z,y € H we set

Clz,y) = 1I§f{fii(5) :5(0)=2,5(t) =y, S € AC’Q(S,t;H)}

and define for ¢t > 0,

(12) U(t,y) = inf Ch(z,9) + (=),

We denote as AC5(0,¢;H,) the set of S € AC5(0,¢; H) such that AB(S)~< oo and S(t) = y.
The second assumption in (H2) and the assumption in (H8) imply A’ is strictly convex.

Remark 1.1. The following hold.

(i) Using (H6), we obtain that |H| and |L| are bounded above by quadratic forms.
(ii) Note that by (H1) and (H7),

t
AL(S) le/ 1S]%dr + Aot + m..
0

This ensures a pre—compactness property to the sub-level sets of /{6 when they are contained

in AC5(0,t;H,) for some y € H.
(iii) The functions DL, DH, VUy and VF being Lipschitz, there is a constant K such that

IDL(g,v)| < &(lv| + |g| + 1), [DH(q,p)| < &(lpl + gl + 1), [|VUo()l| + |VF ()] < F(llz|| + 1)
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The assumptions imposed on H and F ensure VH : H? — R is Lipschitz and so, there exists a
unique Hamiltonian flow ¥ : R x H? — H? on the phase space, solution to the initial value problem

XUt )= VyH(S(-), in (0,00) x H,
(1.3) $2(t, ) = V. H(S(,), in (0,00) x H?
$(0,-) = idge.

By Remark 1.1 (iii) there exists a constant & > K depending only on % such that

(1.4) IS 2 0)] + 1< (b)) +1)e™

for any ¢ > 0 and z,b € H. The restriction of ¥ to the graph of Vi is the flow map denoted as
(1.5) (&,71) = 5(-,-, Vo)

on the spatial space, with values in the cotangent bundle. We combine (H3) and (1.4) to find ¢5 > 0
depending only on k¢ and |Vl (0)]| such that

(1.6) IE DN+ 1< es(lll] + 1) e

We discuss some classical properties of the Hamiltonian flow in the setting of Hilbert spaces in Ap-
pendix C.

1.2. Discretization. Fix a natural number m > 1. For ¢,v,p € M™ we define
1 « 5
L™ (q,v) == / LM, M")dw = — > " L(gi,vi),  F"™(q) := F (M)
Q i=1

and

1 m
HO () = [ HOU M) = 5 Higimp).
Q mi3
Then we set

L™(q,v) := L (q,v) + Fim) (@), H™(q,p):= H™) (q,p) — F(m)(q)7 ym (t,q) = Z)(L M9).

We record the following useful identities. One checks that for each j € {1,--- ,m}, VU(t, M9) is
constant on 7" and

1 -
(17) Dy, U™ty qm) = — VUt M|
Note this means in particular,
(1.8) VU : {M? : ge M™} — {M? : g€ M™}.
We infer
(L9) V(M) =Y X Dy U™ ().
j=1

Observe

1 ~ 1 -
(1.10) Dy, L™ (q,v) = =V LM, M")|qm, Dy,L"(q,v) = =V L(M?, M?)|qm,

m J m J

and so,

(L11) VLMY M°) =m> xar Dy, L7™(g,v), VaL(M, M) =m> xan Dy, L™ (g,0)-

j=1 j=1

Similarly,

1_ - ~
(1.12) Dy, H™(g,p) = —NVoH(M M™)|g,, Dy H™(q,p) = VoH (M, M™) gy
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Note that the fact that the coefficient in front of Vb’}:[(M 9, M™P) is not divided by m is not a misprint.
However, we have

(1.13) Dy, H™ (q,DqU(m)(t,q)) = %V;ﬂ:l(Mq7V?/~l(t,Mq))|Q;na
and so,
(1.14) fv AV M) ) = ZD%H (0. DU (1, 9)) xap

For any natural number m denote as (X7, 25“) : R x M?™ — M?™ the Hamiltonian flow for H™.
For z € H such that #(x) = u the following are well-defined

&lplox =& [x],  nslp] o = 7).

We consider the spatially discretized flows

1
(1.15) €M) = &M (@), ni(a) = —n[g™ ] ().
Using the notation (£™,n™) = (&, -+ , &7, n*, -+ ,n™), the flows are uniquely defined to satisfy
ézm(s’ q) = Dpl/}:[i” (fzm(qu)a 77;"71(87 Q))v for (S, Q) € (0, o0) x M™,
(1.16) N (s, q) =—Dg,H™ (5;”(3,(]),77;"(57(1)), for (s,q) € (0,00) x M™,
(€0.9.070,0) = (2.D,U5" (@), for g € M™.

1.3. Direct arguments for Cllo’cl —regularity in Hilbert setting. Throughout this subsection, we
impose (H1)-(H8). We rely on the theory of existence of solutions to Hamilton—Jacobi on Hilbert
spaces developed in [16] and [17]. The function U defined in (1.2) is the unique viscosity solution to
{ U +H(x,VU) =0, in (0,00) x H,

(117) U, =t on H.

The purpose of this subsection is to show that basic analytical tools can be used to verify that u

1,1
is of class C..

Proposition 1.2. There exists e; € C(R4,Ry) monotone nondecreasing such that the following hold
forT >0, and r > 0.

(i) L:l is ey (r(T + 1)) —Lipschitz on [0,T] x B,(0).
(ii) U(t,-) is e1(r(t + 1)) —semiconcave on B,(0) for t € [0,T].

Proof. The first essential observation to make is that Remark 1.1 (ii) ensures that if ¢ > 0 and y € H
then any minimizing sequence for U (t,y) is bounded in AC3(0,¢;H,). Denote such a minimizing
sequence as (S,), C ACy(0,t;H,). By Mazur’s lemma, we have a convex combination of (S,), C
L? ((O, t) x H) which converges strongly. Thus, the appropriate convex combination of (S, ), converges
strongly in L? ((0, t) x H). By the convexity property of the functional jtg and the convexity property
of the set AC5(0,¢;H,), we obtain a new sequence whose limit is a minimizer for U(t,y). The proofs
presented in [26] extend to our context so that one can show (i) and (ii). O

Proposition 1.3. There is an increasing function ey € C(Ry,Ry) such that if t > 0 then

(i) U(t,-) is rearrangement invariant.

(i) U(t,-) is convex and so, it is differentiable and VU(t,-) is e, (r(t + 1)) ~Lipschitz on B,(0).
Proof. (i) The invariance property imposed on Uy and F implies L satisfies the invariance property
L(z,a) =L(zoE,acE)
for z,a € H, £ : Q — Q such that E preserves Lebesgue measure. Since L is further continuous, we

conclude that U(¢, ) is rearrangement invariant for ¢ > 0 (cf. [25]).

(ii) The convexity of Af on AC5(0,t;H) yields the convexity of (t,-) on H. This, together with
Proposition 1.2 (ii) completes the proof. a
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Remark 1.4. Letq € M™. Noteo — fg L™ (o, d’)d’T-l—UOm) (0(0)) is strictly convez on AC2(0,t; ¢; R™9),
the set of paths o € AC, (O,t;Rmd), such that o(t) = q. Since L is of class C? and satisfies the as-
sumptions in Subsection 1.1, standard results of the calculus of variations ensure that fot L™(o,0)dT +
Uém)(o(())) admits a unique minimizer o™ on ACy (O,t;q; Mm). The minimizer is completely charac-

terized by the Euler—Lagrange equations

(1.18)

% (DL (0™,6™)) = D™ (0™, 6™),  a"(t) =a,  DUS™ (0™(0)) = Dyl (o™ (0),6™(0)).

Define
U™ (L, q) = / L Lm(om 6™+ U (0™ (0)).

Then it is well-known that U™ 1is the un(;que continuous viscosity solution to
(1.19) QU™ +H™(q,D,U™) =0,  on (0,00) x M™,  U™(0,-) = U™.

Setting S := M°", we have S = M®™. We use (1.9) at t =0, then use (1.11) and (1.18) to obtain

% (VaL(5,9)) = VaL(S,8),  V(S(0)) = Va£(S(0), 5(0)).
This means S is a critical point of Af over AC5(0,t;H,) if we set y := M. Since A} is conver over
AC5(0,t;H,), we conclude that S is a minimizer of AL over AC5(0,¢;H,). Thus,
U™(t,q) = A(S) = U(t, M?) = U™ (t,q).

Consequently, U™ is the unique viscosity solution to (1.19).

Theorem 1.5. There ezists eg : [0,00) — [0,00), monotone non—decreasing such that the following
hold.

(1) If0§t1 <ty <T then

Utz y) — Ultry) = - / Ry, Vi(ry)dr Yy H.

t1
(i) U is continuously differentiable on (0,00) x H and 9,4, VU are Lipschitz on [0,T] x B,(0).
(ili) For any y € H, there exists a unique S € AC3(0,t;Hy) such that U(t,y) = AG(S) + Uo(5(0)).
(iv) Let S be as in (iii) and set P :=V,L(S,S). Then S, P € C?([0,t];H),

(1.20) S =V,H(S,P), P=V,L(S,S)=—-V,H(S,P), VU(-S)=V,L(S,S) on [0,t].

In particular,

(1.21) VUy(S(0)) = V,L(S(0),5(0)).
(v) We have
C5(5(0),9), 1SN < eo((t+Dllgl),  ISE < Myl +teo((t+Dllyll) V7 € [0,4].

Proof. Let y € B,.(0).
(i) By Remark 1.4, U(™) is a viscosity solution to (1.19) and so, the standard theory of Hamilton—
Jacobi equations in finite dimensional spaces yields the pointwise identity

ta
U(m) (t23 Q) - U(m) (t17 q) = / H™ (qa DqU(m) (T7 Q))dT

t1

for ¢ € M™. We use (1.9) to infer

U(ta, MT) —U(ty, M?) = —/ H(M,VU(T,M?))dr
ty
By Proposition 1.3(ii), VU is bounded on [ty,ts] x B,.(y) for all » > 1. Since VI(r, -) is continuous for
each 7 € [t1,t2] and H is continuous, we use the fact that {M? : ¢ € M™, m € N} is dense in H to
obtain (i).
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(ii) Let h € B1(0) and set y2 := y + h. By (i)
(1.22) Utz y2) = Ults,y2) = Ulta,y) +U(tr,y) = / (Pwe. V(. 32)) ~ A (v, V() ) dr.

t1

Since H is locally Lipschitz and by Proposition 1.3(ii) VZ{(7,-) is uniformly Lipschitz on B, 1(0), we
obtain a finite number ¢(r, T') increasing in the variables r and T such that

ta
J

to
J

We use (1.22) to infer

H(y, VU(r, yz))) — H(y, VU(T,y)) ‘dT < |[hlle(r, T)|t2 — t].

and

f{(yz,VZ;I(T, yg)) — 7:[(y7VZ/~l(T, yg)) ‘dT < |Ihlle(r, T)|ts — t1]-

1
/ (W(tz,y +th) — VU(t1,y + lh))dl b < 2||h|lc(r, T)|ts — t1].
0

Let € € R and write h = eh with ||h|| = 1. We let € tend to 0 to conclude that
(W(t2, y) — W(tl,y)) b < 2e(r, Tt — 1]

Hence,

(1.23) ‘W(tg,y) - @u(tl,y)] < 2e(r, T)|ts — t1].

This together with the space Lipschitz property of VI{ implies VI is Lipschitz on [0,7] x B,(0).

It remains to show that 9, is Lipschitz on [0,7] x B,.(0). As a composition of locally-Lipschitz
functions, (7, z) — H(z, VU(r,x)) is Lipschitz on [0, T] x B,.(0). Hence since by (i) U = —7:l(~, VZ:I),
we conclude 9, is Lipschitz on [0, T] x B,.(0).

(iii) is a folklore when H is a finite dimensional space. The methods used under the latter assumption
extend to infinite dimensional Hilbert space except that in general Hilbert setting, U (t,-) is not a
minimum. However, due to the convexity properties of the functionals we are minimizing, Mazur’s
lemma can be applied to replace minimizing sequences by a finite convex combination of minimizing
sequence which converge in some stronger topology (cf. also [26]). Unique of the minimizer follows
from the strict convexity property of L.

(iv—v) One sees from [26] that the arguments used when H is a finite dimensional space can be
extended to the infinite dimensional case to obtain (iv) and the first two identities in (v). Since
S(ry=y+ [ S(t)dl, the third identity in (v) follows from the second identity there.

|

Remark 1.6. (i) We denote the unique S which appears in Theorem 1.5 (iii) as
Siyl(w) = S(s,w), 0<s<t we.

It is uniquely characterized by the equation

(124) t.g) = [ £(300.0.500)ds + G (Sil). il =
0
Defining 3 o 3
Pyl = VaL(S;[y], 9sS5[yl),
we have
955t [y] = VyH(S[yl, Pily]),  for (s,y) € (0,) x H,
(1.25) 9Py = —V.H(SLly], PL[y]), for (s,y) € (0,t) x H
(Stlyl, Plvl) = (v, VUo(y)), fory e H.

(ii) If §(y) = p we define St[u] and Ptu] on the support of v as
Siluloy=Silyl, Pluloy="Flyl 0<s<t.
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Under appropriate conditions, the flows S%[u] and P![u] will be extended (cf. Proposition 3.13 and
Remark 3.14) to the whole space M.
(i1i) For any natural number m and ¢ € M™, we have

(1.26) St[M] = po=""lal,

where (05 (q])se(0,t) @5 the optimizer discussed in Remark 1.4.
(iv) When the conditions in Remark 1.6 are satisfied, we define the vector field

(1.27) B(t,-) = VyH (- i(t, S)).

which will turn out to be the velocity in Fulerian coordinates for the trajectory 5

2. COMPARING REGULARITY PROPERTIES OF FUNCTIONS DEFINED ON Po(M), H AND M™
Throughout this section, we lift any given function U : P2(M) — R to H to obtain the function
U :H — R defined as U(z) := U(4(z)). Recall (€2;)72; is the Borel partition in Section 1. We set

U™ (q) :=Up§™) = UM

2.1. Semi-convex and semi-concave functions on Hilbert spaces.

Definition 2.1 (Semi-convexity and semi-concavity on H). Let B C H be a convex open set. We say
that U : B — R is semi-convex (or A-convex) on B, if there exists X € R and for all x € B there exists
a continuous linear form 0, on H such that

- A
Uly) > U(x) + 0.y — ) + §Hw—y|\27 VyeB.

We say that a function U : B — R is A-concave, if ~U is (=\)-semi-convez.

Remark 2.2. The previous definition has an equivalent reformulation. Let B C H be a convexr open
set. ThenU : B — R is A-convex if and only if

U1 =)z +ty) < (1 — U (z) + tU(y) — gt(l —t)||z —y|?, vt e[0,1], Vz,y € B.

Definition 2.3 (C!! functions). We say that U:B — R is CY on an open set B C H, if it is
Fréchet differentiable on B and its Fréchet differential is Lipschitz continuous, i.e. there exists C' > 0
such that

IVU(x) = VU(y)| < Cllz —yll, ¥ 2,y € B.

Inspired from similar results on finite dimensional smooth manifold (see for instance in [20]), we
can state the following characterization of C''! functions defined on subsets of H.

Remark 2.4. In factU : B — R is CY on a convex set B C H if and only if it is Fréchet differentiable
on B and there exists K > 0 such that

(2.1) U(y) —U(x) = VU(z)(y — 2)| < K|z —y|?, ¥ 2,y €B.

2.2. Notions of convexity on (P2(M), W2). There are various notions of convexity for functionals
defined on the Wasserstein space. The concept of so-called displacement convezity [4, 32] is expressed
in terms of Wa—geodesics. Recall that given pg, 1 € P2(M), for any geodesics [0,1] 3 ¢ +— uy € P2(M),
of constant speed connecting o to py in Po(M) is of the form py = py := ((1 — )7 +t7')yy for some
v € Lo(pto, p11), then

Definition 2.5 (Semi-convexity and semi-concavity on (Pa(M), W3)). Let U : Po(M) — R.

(1-1) We say that U is semi-convex (or A-convez) in the classical sense if there is X € R such that

U1 =)o +tpa) < (1 = U (po) + U (1) — gt(l — )W3 (pos 1),V pro, i € Po(M), V¢ € [0,1].
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(1-ii) We say that U : Po(M) — R is semi-concave (or \-concave) in the classical sense if —U is
(=A)-convex. We refer to 0-conver and 0-concave functions simply as convex and concave
functions, respectively.

(2-1) We sayU : Po(M) — R is displacement semi-convex (or displacement A-convezx) if there exists
A € R such that for any [0,1] > ¢t — us € P2(M) stands for any geodesic of constant speed
connecting pg to p1 we have

Ul < (1= U (o) + U () — %t(l W2 (0, 1) ¥ o, € Pa(M), Yt [0,1].

(2-ii) We say that U : Po(M) — R 4s displacement semi-concave (or displacement \-concave) if —U
is displacement (—\)-convex. We refer to displacement 0-convex and displacement 0-concave
as stimply displacement convex and displacement concave, respectively.

The following results link A-convexity on the Wasserstein, the Hilbert and the finite dimensional
space M™. This is a generalization of Proposition 5.79 from [10].

Lemma 2.6. LetU : P, (M) — R be a continuous function and let U:H — R be defined asU :=Uot
so that U is continuous. As above consider for a natural number m consider U™ : M™ — R. Finally,
fir X € R. Then the followings are equivalent.

(1) U is A-convex on H;

(2) U is displacement \-convex on (Py(M), Ws)

(3) For any natural number m, we have that U™ s 2

= _convexr on M™.
m

Proof. (1)=(2). Let us suppose U is A-convex, let y1, v € P(M) and let € I'y(11, ). Then, there exist
z,y € H such that (z,y)3L£3 = 7. In particular, we have §(z) = p, #(y) = v and Wa(u,v) = ||z — y|.
For [0,1] 2t — ¢ := [(1 —t)ml + t7r2]ﬁ7 is a geodesic of constant speed connecting p to v. Actually,

any geodesic between p and v has this representation. By the A-convexity of U we have
Upe) =U (B[(1 = )z +ty]) = U((1 = D)z + ty)
~ ~ A
< (L= tU(z) +U(y) — St = t)|z -yl

A
= (1= OU(p) +1U(¥) = SH1 = OWE (1,0).
Thus, U is displacement A-convex.

(2)=(3). Let us suppose that U is displacement A-convex and we show that U™ is ——convex
on M™. Let us fix (q1,...,¢m) € M™. It is enough to show the E—convemty of U™ in a small
neighborhood of this fixed point. Therefore, let (gi,...,q,,) € M™ be such that max{|¢; — ¢;| : i €
{1,...,m}} is small so that W3 (u (m),uém)) = LS lai — ¢}|*. By this assumption, we also have

(m) . (m) _

that the constant speed geodesic connecting u( 'y to py  in a unit time is given by [0,1] 5 ¢ = 4

1
m Ei:l (1-t)qi+tq;-
By this construction, for ¢ € [0, 1] we have

UL~ 1) + 1) = Upi™)

< (L UG+ UG = S = W () 1)
= (1 - U™ (q) +tU™(¢) — —t 1=1)Y g — g
=1

Therefore, the %—convexity of U(™) is a small neighborhood of ¢ follows.

(3)=(1) We suppose U™ is 2 _convex for all natural number m. We plan to show the A-convexity
of U on H. Note the %—convexity of U(™) is equivalent to the A-convexity of the restriction of I to

{M? : q € R™} C H. In particular, the Lipschitz constants of these restrictions are bounded from
above by a number which is independent of m. These finite dimensional functions then have a unique
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extension V on H, which is A-convex and coincides With]:{ on a dense subset of H. It suffices to know
that U is continuous to conclude that it is nothing but V. |

2.3. Ct! functions on (Py(M), Ws) versus C1! functions on H. Given a differentiable function
U : Po(M) — R (cf. [4]), we denote as VU the Wasserstein gradient field of U. This subsection
exploits the connection between the differential of U : Po(M) — R and the differential of its lift
U :H — R ([25]). More precisely, we have the following result.

Remark 2.7. Let + € H and set u := #(z). Then U is diﬁerentiable at p if and only if U is
differentiable at x and it this case, we have the factorization VU(x) = VU (1) o x.

Definition 2.8. Let B C Py(M) be open and geodesically convex. We say that U € CH(B), if it is
continuously differentiable on B and there exists a constant C' > 0 such that

(1) spt(p) 3 g1 — Vold(1)(q1) is Lipschitz continuous with constant C for any p € B.

(2) ‘U(V) —U(p) — - Vol (1)(q1) - (g2 — q1)dv(q1,q2)| < CW5(p,v), ¥ p,v € B, Yy € Do(p, v).

Definition 2.9. Similarly to the previous definition, let B C Py(M) be open and geodesically convex
and let K C M be a convex open set. We say that u € CVY(K x B), if it is continuously differentiable
on K x B and there exists a constant C > 0 such that

(1) spt(u) 3 g1 — Vyulq, 1n)(q1) is Lipschitz continuous with constant C for any (q,pn) € K x B.

(2)

u(q,v) —u(q, ) — Dgu(q, 1) - (G — q) — / Vwu(g, 1)(q1) - (g2 — q1)dv(q1, q2)
M2
<C(lg—ql* + W3 v)),
Vq,q€ K, pveB, Vyel(uv).

Remark 2.10. (i) Let us notice that Definition 2.8(2) implies that ¥V ,U is ‘Lipschitz continuous’
in the following sense. We have

VL U()(@) - (0= )i a) — | TUE) @) (0= 00| < 20WE00),

M2

for any j1,v € B and v € To(p1,v), 7 € To(v, 1)
(ii) Let us underline that the inequality in Definition 2.8(2) naturally encodes also the fact that U
18 locally Lipschitz continuous. Indeed, that inequality, implies that

) Ul < CWE ) + [ 19U @)z~ aler (. )

< CW3 (1, v) + | Vuld (1) || L2y W (2, v) = (CW2(M7V) + ||VwU(H)||L2(u))W2(M7V),

so the local Lipschitz property follows.
(iii) Definition 2.9(2) naturally encodes tha K > q — u(q, p) is of class C**, uniformly with respect
to .

Definition 2.11. Let B C Py(M) be open and geodesically convex and let o € (0,1]. We say that
U e C?>*%(B), if U € CHL(B), and if there exist a constant C > 0, and functions
Ag : R x B— R Ay : M? x B— R
such that
Ag € L®(M; p), Ay € LM% 4 ® p)
(1)

Vol (1) (@)~ Vld (1) (g1) — Ao (g1, 1) (@ —q1)— /

 Ailay, a, ) (b=a)dy(a,b)| < O (jar = a '+ Wa(p,v)' )
M
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(2) Ao and A1 are a—Hdolder continuous, i.e.

[Ao(q1, 1) — Ao (@1, v)|ee < C(lgr — Gy |* + W5 (1, 1))
and
|A1(q1, g2, 1) — A1(T15 Qs V)loo < Clgr — T |% + g2 — Qo™ + W3 (1, v)),

for any p,v € B, (91,41), (42, d5) € spt(p) x spt(v) and v € To(p, ).
We say that U € C2" (Py(M)), if U € C>*%(B,) for all 7> 0.

loc

Remark 2.12. Let Ag and Ay be as above.

(1) By abuse of notation we write

Dy, (un(u)(cn)) == MAo(q1, 1) and viwu(u)((hﬂﬁ = Ai(q1,q2, 1),

for all uw € Po(M) and x,y € spt(w). The bar is to recall that Ay is not exactly the second
Wasserstein gradient as introduced in [15].

(2) Note that if we choose any matriz A(a, ) such that any of its rows w is such that V- (wp) =0
and w € L?(u), then the matriz defined as Ai(q,a,pn) := Ai(q,a,pn) + Ala, p) also satisfies
Definition 2.11 (1). We could determine A1(q, -, ) uniquely by imposing that the i-th row of
(Ao(g, 1), A1(gq, -, 1)) is the unique element of minimal norm of the subdifferential of (g, ) —
Vold(1)(q). The i-th row of the element of minimal norm belongs to M x T,,Po(M) and the
new matriz will be denoted as V2, U(p). This new matriz is selected at the expense of giving
up the property that Ay is uniformly bounded. Increasing C if necessary, we can instead ensure

”V?uwu(ﬂ)(qh )Hu <C(r) Yu € B,Vq1 € spt(u).

(3) In the spirit of the terminology used in [15], we refer to ﬁfmu as an extended “Wasserstein
Hessian’ of U”. In contrast with the assumptions in [15], in Definition 2.11 (1), we assume
slightly different conditions: the expansion here is required only on spt(p) X spt(v), Ao and
Ay are supposed to be essentially bounded only on spt(u), and in addition we require the
Hélder/Lipschitz property in Definition 2.11 (2) to be fulfilled.

(4) Let us compare our definition of C’ﬁ)’f’w(Pg(M)) reqularity of U to C’IQOS‘(H) reqularity of U

(where U(z) = U(H(x))). IfU € CZ(H), then U is twice continuously differentiable in the

loc

Fréchet sense and for each r > 0 there exists C = C(r) such that

(2.2) IVU(y) — VU(z) = VU@)(y - 2,-)|| < Cla —y|'*, ¥ 2,y € B,.
To heuristically compare this inequality to the setting of Po(M) we proceed as follouis. Let
#(z) = p and 4(y) = v with ||l — y|| = Wa(u,v). Then we know (see [25]) that VU(z) =

Vold(p)ox, VU(y) =V, ,U(V) oy and
V2U (x)(h, hy) = /QD,,(va(M)) oxh-hydw+ /Q V2 U () (z(w), 2(wi) ) h(w) - ha(ws)dwdw,,

if £,6 € T, Po(M) and h =§ o and hy = &, o x. Thus, (2.2) would read as

sup
llRx]I<1

/Q [Vl () (y(w)) - hu(w) = Vil (1) (2(w)) - b (w)] de

— [ Du(Tut)) 0w (=) b= | VR (0le), () = 0)) - 2

02
(2.3) < CWa(p,v)'te.

From here we see, a necessary condition to obtain inequality (1) in Definition 2.11 is to have
(2.3) hold when we maximize over the set of h such that |hy||r < 1 rather than mazimizing
over the set of h such that ||h.|]| < 1. In other words, we have not been able to show that
ifU € 0120?(]1-]1) then U € Clzo’f’w(Pz(M)). However, in Appendiz A we show that imposing

U CE2"(Py(M)) in general does not imply that U € Cp™(H).

loc

Lemma 2.13. U € C"' (P2(M)) if and only ifU € CVL(H).
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Proof. Part 1. Suppose first that U € CV1(H) so that by Remark 2.4 there exists a constant C' > 0
such that

(24) y) - Uta) - Vl@)y - )] < G e~ yl, Yo,y € H.

This implies in particular that & € C(Py(M)) and for any = € H such that fi(z) = u € Po(M), we
have VU (x) = V,U(p) o z.

Claim. For any p € Po(M), g — V,,U(1)(q) is Lipschitz continuous on spt(u) uniformly in p, with
Lipschitz constant at most C.

Proof of the claim. Let u € Po(M) and consider z,y € H, such that #(x) = f(y) = p and ||[x—y|| > 0.
Since VU is Lipschitz continuous, one has that

IVU(z) — VU(y)| < Cllz — yl.
This reads off
(2.5) IVuld(p)(z) = Vold () ()] < Cllz —yl|.

Suppose that spt(u) contains more than one element, otherwise the statement is trivial. Although
x is defined up to a set of measure zero, we are going to choose a representative which is Borel. Set
Qo :={w € Q| w is a Lebesgue point for z, VZ;{(x)} N2~ (spt (1))

Note that Qg is a set of full measure in © and so, 2(£2g) is a set of full y—measure. In fact, we do not
know that x(€p) is Borel, but we can find a Borel set A C () of full y—measure.

We suppose that A has more than one element, otherwise the statement is trivial. Let ¢1,q2 € A
with q1 # g2 and let ¢¥,¢) € Qo such that z(¢?) = ¢1 and 2(¢8) = g2. Let r > 0 small such that
B.(a?) N Br(g3) = 0. Set

w, ifwe N\ (Br(q?) U Br(qg))7
(2.6) Sp(w) =4 w—a+q9, ifwe B.(q)),
w—q+q7, ifwe B.(¢9).

Since S, preserves Z?L €, z and y := 2 0 S, have the same law ;. We notice that in particular
Y = TXm\(B,(¢9)UB, () T T(- + @ - Q?)XBr(qg) +a(-+q) - qg)XBT(qg)'
Since ¢; and ¢o are distinct image points of z, for r > 0 sufficiently small
lo=vlP = [ e - sl af = @)Pdet [ o) —ale+af - )Pz >0,
Br(¢9) Br(49)
Similarly, (2.5) yields
IVl (1) () = Vil (1) (y)]* = / IVl (1) (2(2)) = Vuld (1) (2(2 + g5 — af))[*d=

B:(49)

# ) IV ~ Tl o) — ab)de

<c? / mwww@+£—£mm+/ l2(2) — 2z + @@ — ¢2)Pdz
B.(9) B (43)

Now, dividing the inequality by .Z4(B,(¢?)), and sending r | 0, since ¢{ and ¢§ are Lebesgue point
of z with z(¢?) = ¢ and z(¢9) = g2, one obtains that

IVuld(1)(q1) — Vuld(1)(g2)] < Clar — g,

as desired. The claim follows.
Now, let pu,v € P(M) and z,y € H such that fi(z) = p, #(y) = v and Wa(u,v) = ||z — y||. Let us
note that v := #(z,y) € I'o(u,v). We have

VU(z)(y —z) = , Vol (p)(z(w)) - (y(w) — 2(w))dw = e Vol (p)(q1) - (g2 — q1)dy (a1, g2)-
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Thus, by (2.4)
Uw) ()~ [ V@) (@~ a)drlaa)| < SWE @),

M2

which by the arbitrariness of u,v implies the statement.
Part 2. We now need to prove the reversed implication and start by assuming that U is C1:1 (Py(M)).

In particular VU (u)(+) is C-Lipschitz continuous on spt(x) (uniformly in p) and increasing the value

of C if necessary, we assume the inequality in Definition 2.8(2) to hold with the same constant C.

Take z,y € H and set p := f(x) and v := #(y). Recall U € C'(H) and Vol (z) = V() o z. Let

v :=f#(z,y) and let 9 € To(u,v). We have

Uy) —Ulx) - Vi(@)(y - )|

— ) U~ [ Fut@) - (@ - a)dr.e)

IN

U(v) —U(p) — 2 Vuld (1) (q1) - (g2 — q1)dv0(q1,q2)

+| [Vt (2 = a0 = a2

1
<CW3 (p,v) + 5 1D Vauld ()]l </M2 @1 — @2 dv(q1, q2) + /W lgr — qz|2d%(q1,q2)>

1
<CW3(p,v) + 5C (e = yl* + W3 (p,v)) < 2C|e =y,

where in the penultimate line we used an inequality from Lemma 3.3 [25]. Indeed, according to Lemma
3.3 [25] if v1,7v2 € T(p,v) and € € C?(M), then

[ e (@2 - aien = ra)anan)| < 3ID%6N ([l - Pt + ).

It is easy to see that this inequality is still valid for & € CHH(M). In our setting & = V,U(u) is
Lipschitz continuous on spt(u), uniformly in g, for which we use its Lipschitz extension to M.
This completes the verification of the proof of the lemma. O

Remark 2.14. (i) It seems an interesting open problem whether the equivalence in Lemma 2.13
hold for C1* functions for a € (0,1).
(ii) The previous result can be seen as a refinement of Proposition 5.36 from [10].

2.4. Regularity of I/ as a by-product of regularity estimates on U™ . This subsection infer
regularity properties on functions ¢ defined on P»(M), from estimates on their restrictions U™,
Recall that for » > 0 B)” is a ball in M™ while B, is a ball in P2(M). We assume that we have at
hand a constant C' = C(r) > 0.

Property 2.15. For a permutation invariant function G™ : M™ — R we define the following
properties by assuming for each r > 0, there is C = C(r) increasing in v such that the following hold.

(1) (a) G e XL (M™) and for every m € N and q € B™(0) we have

loc
(2.7) |D,, G (q)] < Cm™Y, Vie {1,...,m}.
(b) G ¢ C’IOO’C1 (M™) and for every m € N and q € BI"(0) we have
(2.8) Y mlD,, G (q)* < C.
i=1

(2) G ¢ Cllo’j (M™) and for every m € N and g € B (0) we have
Cm™', i=j;ie{l,...,m}
(q)|00 f; _2 . . ..
Cm=2, i#j;4,j5€{l,...,m}

Here for A = (A;;)";_;, we use the notation |Als := max; j) |Aijl.

(2.9) D2 g™

qiq;j
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(3) G ¢ 0120C1(Mm) and for every m € N and g € B(0) we have
(2.10)
Cm~Y, i=j=k ie{l,...,m}
q@Q]QkG(m)(q”OOS Cm_27 (Z_J#k) 07"( #J_k) OT(Z_k#]) z,j,ke{l,...,m}
Cm™2, i#j#k i,5,ke{l,...,m}.

Here for A = (Aiji)]" =1, we use the notation |Als := max( ;) |Aijk|.

|D

Lemma 2.16. Suppose for each m € N fized, U™ : M™ — R is permutation invariant with respect to
its m-variables and |[U™)| is bounded on B™ by a constant which depends on r > 0 but is independent
of m. Then there exists C = C(r) > 0 such that the followings hold true.

(i) If U™ satisfies Property 2.15 (1)-(b) then for any q, b € B™,
U (q) = U ®)] < OWalu{™ ™).
(i) If U™ satisfies Property 2.15 (2). Then for any q, b € B™

we have

m, we have

) - ZD U™ (q) - (b — )| < CWE({™ , ™).
(i) The assumption in (i) implies for any q, b € B,
(a)
m|Dg, U™ (q) — Do, U™ ()| < C (\qz —b| + Walp (m),uém))) .
(b) We have

m ]‘
m|Dy, U™ (q) — D, Um)( )|<C<|Qz’bj|+W2( (m ),,uz() ))JF\F)’ i# 7.

(iv) Suppose that U™ satisfies Property 2.15 (3). If i € {1,--- ,m} and q, b € B™ then

m|Dg, U™ (b) — Dy, U™ ( Z D, U™ (q)(b; — q;)

<C <|Qz — b’ + W%(uém),uém))) :
(v) The assumption in (iv) zmplzes, q, be B,
(a) Ifi # j then
m2|D2,,, U™ (q) = D2, U B)] < C (Ja; = bil + laj = by + Walp§™, ™) )
(b) If (i) # (k,0),i # j,k £ then

m 1
m?|D; , U™ (q) - D, (m)<><c(qz bio| + laj — bil + Wa(u{™, §,>>+\ﬁ).

(c) We have
m|Dj,, U™ (q) = D3, U™ (b)| < C (|Qi —bil + Wz(uém),uzgm))> .
(d) We have
" m m)  (m 1
D3, 00(0) ~ B U000 < € (10— ]+ Wl ™) + ).
Proof. Since U™ is permutation invariant reordering g and b if necessary, we may assume

m

Zé(qlb)er (m) ( ))

Below, using Taylor expansion, we may ﬁnd & € B" on the line segment connecting ¢ to b such that
(using the shorthand notation || - || to denote || - || o (@m))
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(i) we have

ol
Nl

m m 1
U<m><b>—U(m)<q>|s\;inv(w@ (b — a) (me U<m>|> (me—bﬁ)

i=1

Using the fact that

m " m 1 m m
> omID UM @P <€ and Y g — bl = WR (™ ™),
i i=1

we verify the statement in (i).
(ii) A second order Taylor expansion yields

U(m)(b U(m) ZD U(m) b — ql) = ; JZ::1<(bz — Qi) U(m)(f)(b] . qj))
%Z , D2, U™ (€)(bi — q:)) + %Z«bi — i), D2, U™ (&) (b; — q;))
=t i#j

Thus, under the assumption in (ii), we have

U @) - Ut (g ZD U™ (g) - (0~ i) < 5~ Z i = bl + Z 1D54,U ™ lloolgi — bif?
Z#J
+7 Z 1D3,4,U ™ [loola; — b;1>
t#]
c C C m
<(§+5+9) [ 1 wlar ) = owg, ).
2 744
(iii)-(a) Performing again a first order Taylor expansion, we find
Dy, U™ (q) = Dy, U™ (b Z D30, U™ (a) gk = br)
:DgiQiU(m) i — bi) +ZDqu &) (ar — br)-
k#i
Thus using the assumptions, we find
1 1
2 1 2
DU (g) = DU W) < gy bl + [ w02, U ) (X Tl - el
k#i k#i
< (= bl + Wl ™)

(iii)-(b) Without loss of generality, let us suppose that ¢ < j. By the permutation invariance of

U™, we observe that D, U™ (q) = D, U™ (¢") and a similar identity holds for Dy, U™ (b) if
we set

(2.11) G7 = (i @y Qs e e ey Qim1s Gty e e oy GGty i 1s - - - 5 G-

21
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Using a similar identity for D, U (™) () we obtain
[Dg, U™ (q) = Dy, U™ (b)| = |Dg, U™ (¢7) — D, U™ ()]

< ”Dqlqu“” lola: = b1+ I1D2,, U <m>||m\qj _—
+Z”D%+2 NLINAN ST SR
k=i+1
- Z ”DqkmU(m)Hoo‘Qk—bkL
k=j+1
Thus,
IDLUq) = DU W] g = byl + o g + o) + QZ\qk—bk

C m) . (m) 27'\/7
< & (0= ol + Walifm ™) + 20

< = _—
= m (|q2 b |+W2( hu‘b )+ ﬁ)’

where we have used the assumptions on Dgi @ U and in the last two rows we used the facts that

since ¢,b € B, we have that |g;], |b;| < ry/m, for all i,j € {1,...,m}.
(iv) Similarly to the previous points, we perform a Taylor expansion (of order two) to obtain

m

m m 1 m
Do, U™ (b) — Dy, U™ ZD%U( J(b; = a5) = 5 D {0k = k). D, U™ (@) (0 — 07)),
Jk=
and thus
Dy, U™ (b) — Dy, U™ ZD%U(m )(b; —qj)‘
1 m m
§||Dq1qbq,U( )”OO'ql_b ‘2+ ZHDquJqJU( )||00|q] _bj|2
J;ﬁz
1
+5 D 1D50,0,U ™ lloolay — b3 - lax — b
kA
We conclude
‘inwm)() D,U™(q) ZD )(b; —qj)\
C C &K1 C [&1 1
< g b4+ =S g —bi)P+ — —|g; — b, —lgr —b
< s S e (3 k) (35

C m m
< o (I = bil + WRG™, 1))

(v) We write again
m

U) = D, U0 = 3 D],V @) 01— )

qz‘]g qz‘]g
- D27Q7‘17 U(m) (Q) (ql - ql) + D27q7q7 U(m) (q)(qj _ bj)
+ Z qlqjqu(m)( )(ak — ax)
k=1 ki k]

Thus in the case of (a) using the assumptions, we find
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| A

C
—alai = bil +la; — bjl) +CZ 5l arx — bl

U(m)( ) — U(m)(b)‘

Q7 qj q7 q;

C m) (m
= (I = bil + lay = byl + W™, ™))
In the case of (c), since ¢ = j in the above expansion, we find

HDqlqlqu(m ||00|QZ - b | + Z ”Dqlqlqu(m)”w'qk - bk|
k#1i

© (e = bl + Wl u™)

U™ (q) - D2, U™ )

qiqi

| D?

IA

qiqi

| /\

To show (b), let us suppose without loss of generality that ¢ < j < k < [. By the permutation
invariance of U("™) we have the identities

qqu U(m)( ) Q1qz U( (qi’ 955 k> Qha) and ngqz U(m) (b) = D§1Q2 U(m) (bk’ bl’ bi’ bj’ 5)’

where g, b € R¥(m=4) obtained from ¢ and b, respectively, by deleting the vectors indexed by 14, j, k, .
Therefore, using the local bounds on the third order derivatives of U™, we have

|quq ( )( ) qkqu(m)( )| = |D21q2 ( )((_haq]vqkamv ) Dqlqu (qu%v(]iaqjvgﬂ

and so,
D2, U™ (q) = D2, U™ 0)| < |D2 0 U™ |lsolgi = bi| + D2, 4,0,U ™ |l — bil
* HDq1q2q3 m)Hoo|LIk N b ‘ + HD(Z1¢J2Q4 (m)”oo“ﬂ - bj'
+ Z ||D‘11q2%+4 o) Hoo‘q’l ba ‘ + Z ||D111!J2f1a+3U(m)”oo‘Qa - ba|
a=1i+1
-1
+ Z |Dq1q2qa+2 (m)HOO‘qa _ba| + Z HDQ1q2qu+1U(m)||oo|Qa _ba|
o= ]+1 a=k+1
+ Z ||Dq1q2an(m)||oo|Qa _ba|~
a=l+1
Thus,
D3, U™ (q) = D, U™ (0)]
c c
SW(‘Qi—bH“FI%_bZD (qu\+|b|+|ql|+|b| 3Z|qa— bl

¢ (m) 1
<7nQ(|QZ bk|+|QJ_bl|+W2( ”u,b )+\/ﬁ),

where we have used again that since ¢, b € B!, we have |q,|, |ba| < Cy/m for all a € {1,...,m}.

In the case of (d), we proceed similarly as for (b). Let us suppose without loss of generality that
i < j. Then, by the permutation invariance of U™, we use the expression in (2.11) to obtain

2 m
D? yl )(q) qqu(m)( )

qiqi
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Using the analogous identity with Dy , U (m) (b) we conclude
|D5,,,U"™ (@) = D}, U™ (0)] = |Dq1q1U<m>< ) = D2, U (7))

< || qwlth m)||00|qz - b | + ||D

QJ q;

U™ lq; — bil

914142

+Z” Q1Q1q1c+2||°°|qk _bk|+ Z ||DQ1Q1q1c+1||°°|qk _bkl

k=i+1
* Z ”D(Ilfllqk”oo‘Qk*bkL
k=j+1
Thus,
C
D2, U™ 0) = D, U™ B < ol = byl 2 s+ i)+ Z -

I /\

C m) (m 1
(I%_b |+ Wa(pg ¢ )7M1(, ))'1'\/%),

where we have used again that since ¢, b € B, we have |g4|, [bo] < Cy/m forall « € {1,...,m}. O

The following two theorems show how the quantified regularity estimates on the restrictions of
functions u : M X Po(M) — R and U : Po(M) — R to M x M"™ and M™, respectively, will imply the
corresponding regularity of the original functions.

Theorem 2.17. Let u : M x Po(M) — R be a continuous function. For m € N, we define u(™ :
M x (M)™ — R as

um (1))

(90, 9) = ulgo, p
where (qo,q) = (q0,q1, - - -, qm) € (M)™ 1 and u(mH) = m+1 S0 8q:. Suppose that ul™ e ¢ 1(M X

loc
(M)™) and that for K C M compact and r > 0, u'™(qo, -) satisfies the estimates of Property 2.15(1)-
(a) and (2) for all qo € K, with a constant C = C(K,r) > 0. Let us moreover assume that for any
K C M compact and r > 0, there exists C = C(K,r) > 0 such that

m

foar ™ (@0, @)low < €. 3 mIDG g™ (a0, ) < €

=1

(2.12) |Dgyut™ (q0,q)| < C, |D}]
and
e g, i1=74, and ¢ > 0,
m m
‘DquJ (q07q)|oo < C ) o
W? ? #]7 ] > 07

for any qo € K and ¢ = (q1,...,qm) € B™.

Then, there exists ®; : M x Po(M) x M — RY locally Lipschitz continuous function such that for
any r > 0 and K C M compact, there exists C = C(K,r) > 0 such that for any qo,yo € K, any
w,v € Po(M) and v € To(p,v), u satisfies

‘u(yo, v) —u(qo, 1) — Dgou(qo, ) - (o — qo) — /MZ ®1(qo, 1, q) - (y — ¢)dv(q,y)
< C(lgo — yol* + W3 (1, v)) .

This implies in particular that u € C’llo’cl(M X P2(M)), Vyu(qgo, 1)(-) can be obtained as the projection
of ®1(qo, it,-) onto T, Po(M) and

[u.) = a0 1) = Dotane 10 (0 = a0) = | Fusulan.10(a) - (v = Di(0.)

< C (lgo — yol* + W3 (n,v)) -
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Proof. Our construction is inspired by [24, Lemma 8.10].
For m € N we define (I>(()m) s M x Pém) (M) — R and @gm) s M x U/ ePi™ () spt(p) x {u} — R? as
S

5™ (g0, 1{™) = Dy u'™ (g0, q)
and
@gm)(q(h qi, /J’z(]m)) = melu(’m) (QO7 q)’ Vi € {1’ e 7m}.
Here

1 « m
q= ((Zb . ,qm) and M((]’HL) = E Z(Sq1 c P2 )(M)
=1

From the assumptions of this theorem, as a consequence of Lemma 2.16(i), when restricted to K X

”PQ(m) (M)N B, where K C M is compact and r > 0, @gm) is uniformly bounded and uniformly Lipschitz
continuous, with respect to m (and the Lipschitz constant depends solely on K and ).

Let K be the collection of compact sets in M. We assume there exists a positive function C' defined
K x (0,00) such that C(K,r) < C(K',r") K C K’ and r <1r’.

We assume to be given a family of functions

£ M x PS™ (M) — R
such that for each r > 0 and each K € K, the restriction of f(™) to K x (’PQm) (M) N Br) is C(K,r)-

Lipschitz. We assume there exists a compact subset in the real line which contains all the f(") (0, d9).
In what follows, we will perform Lipschitz extensions of various functions using Kirszbraun extension

formula. For r > 0, g9 € M and K € K, we define the Kirszbraun—Valentine extension fl(:? (go,°) :
Po(M) — R as

(2.13) f%mr) (qo, 1) = irylf {f(m)(qo7 v)+ C(K,r)Wa(u,v) : v E Pém)(M) N Br}.

We have that fI((mT) (qo,-) is C(K,r)-Lipschitz for all gg € M and f1(<mr) coincides with f("™) on K x
(PQ(m)(M) N B,). Furthermore, for any K’ € K, fl((mr)(,u) is C'(K',r)-Lipschitz on K’ x Py(M).
Let Br(0) denote the closed ball of radius R > 0, centered at the origin in M and let P.(M) be the

union of all the Py(Bg(0)). Since P2(Bgr(0)) is a compact subset of P2 (M), we apply the Ascoli-Arzela
theorem and use a diagonalization argument to obtain a function

fRr M x P(M) — R
such that a subsequence of ( émr))m converges locally uniformly to fzF, on compact sets. We have
that fz°,(qo,) is C(K,r)-Lipschitz on P.(M) for all go € M and fz°, (-, 1) is C(K’,r)-Lipschitz on
K’ for p € P.(M). In fact

(2.14) 17 a0, 10) = 132 (a0,)| < CO7) (100 — aol + Walu, )

for all g9, a0 € K’ and u,v € B,.
The function fz°, admits a unique C(K,r)-Lipschitz extension to K x B, which we continue to
denote as fz°,. Using the construction (2.13) for each coordinate function of @ém), we construct
0%kt MU X Py (M) — RY

Similarly, assume we are given a family of functions @gm) defined on

1 m
M x {(qi, — Zéqj> i q€ (M)m}.
m =
As a consequence of the assumptions and Lemma 2.16(iii)-(b) we assume for each r > O0and K € K,

m m m)— — m — — m m 1
o™ (g0, g1, ™) — @™ (70, 74, 1 ))‘ SC(K,r)(Iqo—qo|+\q1—q1\+Wz(u§ ) ul ))+ﬁ)

for all ¢o,q, € K and all ¢,q € B}".
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For each k € {1,--- ,d}, @gm)’k and qg, g« € M, define
(I)(m),k( -— inf (I)(m),k 7. (Jn) C(K. _ 7. W- (77") - gc B™
1K (90, G 1) = 10 ¢ @370, Ty g ) + CUG 1) (lgs — Tl + Walp g ™) ) = 7€ By

Note
C

(215) |(I)gn}gf(q03(hnu((1m)) - (I’gm)Vk(QOﬂuﬂgm)H S ﬁa V(QO?Q) € K x BZL

As done earlier, there is a function
1KT, M x M x Po(M) — R

and a subsequence (which we may assume subsequence to be the same as the ones above) such that

(@g”;gf) converges locally uniformly to @To; , on compact sets. Increasing the value of C(K’,r) if
K)o K,

necessary, we have

(2'16) ‘q’(f?K,r(qo,th) - (I)(f?K,r(qwqhy)) < C(K/7T)(|QO - 60‘ + |QI _61| + WQ(N7V))

if g0, q1,G9,9; € K’ and p,v € B,.

Let go,qy € M and let K C M be the closure of a bounded open set containing the line segment
[90,Gp]- Let furthermore ¢, € B, By the regularity assumptions on u(™) one can write the following
Taylor expansion

u™(G5,9) — u™ (90, 9) = Dgy'"™ (90, 9) - (@o — 40) ZD ™ (q0,9) - (@ — @)
1 m
= 5(% —qo) - DZOqou(m)(ZO, To — Qo) + Z - ) iqou(m)(zo, 2)(qo — qo0)
1 & 1_ "
5 2 DL )@ )y D (@ ) n o )T )
i=1 itj=1

where (zg,2) € M x (M)™ is a point on the line segment connecting (go,q) to (gy,q). If ¢,7 € B
by convexity, we also have that z € B]*. Now, using the uniform bounds on inqj u(™) from the
assumptions of this theorem, increasing the value of C = C'(K,r) > 0 if necessary, we have

(2.17) u™ (o, 9) — u"™ (g0, q) — Dgyul™ (g0, 9) - (7o — o) ZDqlu (90,9) - (@; — @)

<C“]0*QO‘ +O|q07q0|z\/*‘(b qz|\/>‘Dq qou(m‘

C = _ s O [s1 ) 1 )
S el G (S ki at) (e

j=1 i=1

[N

< (lao =@l + WE (™ ™) )

where in the last inequality we have used a Cauchy-Schwarz and a Young inequality, i.e.

1
m

_ L ’ m
20 — ol <Z m|qiqi|2> (m‘quqo )‘2)

i=1

[N

IN

m
1
@ — 90l Y, —=I1i — a:lv/m| D}, ut™]
p vm
m

1, , OS1 .
< 5ldo— ol + 5 Y —7; — ail

i=1

A
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Now, using the previous constructions, the first line in the chain of inequalities (2.17) can be rewritten
as

m
u™ @y, 7) — u™ (g0, 9) — Dgyu'™ (g0, 9) - (@ — 00) — > Dg,ut™ (90, 9) - (@ — @)
1=1
= u(@o, ") — u(go, V) — @™ (o, 15™) - (@0 — q0))
@) - [ el aan™) @ 0. do),
M
where (¢;)™, and (g;)™, are ordered in a way that
m m 1\ m) | (m
W ( ( ), Z|q1 —ql and 7( ) = EZ(S(%@) S FO(MS] )7/% )).
=

In what follows, we pass to the limit all the terms in the previous line, keeping in mind that only the
integral term needs some additional effort. We have

/ 0 (g0, e 4™) - (€ — €)™ (de. de)
-/ 5?" 0, 1) - (2 ey (de, de)
(2.19) / (a0, e, 1457) = B (a0, e017)) - 2 = €)™ (e, de)

Let us observe that

/ (@) (0 1) — @ 0,15 - (2 ) (de, )

2rC
T

The next step in our argument to pass to the limit in the remaining integral in the previous
line work as follows. Fix a compact set K C M, R > 0 qo € K and let u,v € P(Bgr(0)) and
v € Ty(u,v). Let moreover x,y € H be such that f(x,y) = 7, which implies #(z) = u, #(y) = v. For
m € N, recall (7)1, is the partition of introduced in Section 1. Let us notice that for a.e. w € €,
(x(w),y(w)) € spt(7y). Let (w)i™, be Lebesgue points of (x,y) such that w; € ; for all i € {1,...,m}.
Let us define

(2.20) / — ey "™ (de, de) <

qi ‘= z(wi)a 61 = y(wi)v q:= (qla s '7Qm)7q = (617' s 7qm) € Bvrﬂn7 (&S {la ce 7m}'

We will assume we have chosen the Lebesgue points such that M2 — X, MZ — Y as m — +o0,
strongly in H. We have that {(g;,q;)}!™, is contained in spt(y) and so, it is cyclical monotone. This
implies that if we define v(™) := 1/m > ", d(q:,g,) then monotonicity of the set of these points, one
has that

~™ e Ty (u (m)7m(lm))

Furthermore, as the supports of the measure involved are contained in the compact set Br(0), we
have the following narrow convergence

Y™ =y, m oo, lim Wa(u™, i) = lim Wa(ui™,v) = 0.

m—roo m—roco
As,

8(M) = ™, 8(M7) = ™ and §(M, M7) =5,
we have in particular

m

m 1 — q
W3, ™) = 37—l — @il = [ Mg, — M.

i=1
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By the uniform Lipschitz property of ‘D%,w we have

Tim @) (g0, Mg, (), 1{™) = 93, (g0, 2(w), 1)
and
Tim () (0, M7, (), 1) = 9% (a0, y(w), v),

for a.e. w in Q. Also, since for a.e. w € Q, (2.15) implies

R (40 My (@), ™) = m Dy, u™ (q0.q) + O(1/v/m),
for some i € {1,...,m}, by the assumption Property 2.15(1)(a), we have that (@TK’T(Qo, MZ(9), ué"”))
m

is a uniformly bounded sequence. Therefore, using all these facts, Lebesgue’s dominated convergence
theorem yields that up to passing to a suitable subsequence, that we do not relabel, we obtain
Jim ([0 (0, Mg 1) = 55 (aon )| = N [ B0 (a0, M ™) = 95, (a0, | = 0.

Now, using a suitable subsequence that we do not relabel, we conclude

lim [ % (a0, ¢, (™) - (€ — €)™ (de, de)

m—o0 Jur2

= lim [ @} (g0, MZ(w), u§™) - (ME,(w) — M (w))dw

m—»o0 4

- /Q B (10, 2(w), 1) - (y(w) — 2(w))de

= [ ol e.n) (e - (e, de).
™2
We combine (2.17) and (2.18) to obtain
‘U(%, v) = ulqo, ) = 570 1) - (o = 90) — /

M
<C(K,7) (lg0 — o> + W3 (p,v)) -

We underline that the previous inequality has only been established under the condition that u, v € B,
have compact support. Since u is continuous, we combine (2.14) and (2.16) to conclude

) ¢(1>?K,T(QO7 €, /J/) : (E - G)W(de, dé)

‘u(% v) —u(qo, 1) — Gk, (90, 1) - (@o — q0) — /Mz @7k (g0, €, 1) - (€ — €)v(de, de)
(221) gC(K,T) (|QO 760|2 +W22(,UJ’V))

for any qo,qy € K and p,v € B,.

Note that in (2.21), D3k and ®9% . depend a priori on K and r. However since K and r are
arbitrary, u is differentiable at every (go, ) € M x Pa(M). We have that ®§% ,.(qo, 1) must coincide
with Dy u(qo, 1) which is uniquely determined and so, it is independent of K and r. Furthermore,
the Wassesrtein sub- and super-differentials of u(qo, ) at p coincide and contain a unique element of
minimal norm V,u(qo, ). We do not know that ®3% (qo, -, ) equals to V,u(qo, p1)(+), however, for
v € T'y(p,v), (2.21) implies

‘U(%, v) — u(qo, 1) — Dgou(qo, 1) - (4o — o) — /W Vwu(qo, 1) (e) - (€ — e)v(de, de)
(222) SC(K7 T) (|¢I0 760|2 +W22(:U‘7V))

for any qo,qy € K and p,v € B, In fact Vy,u(qo, p) is the projection of ®7% .(qo, -, ) onto T, P2(RY).
O

Using the exact same steps as in the proof of Theorem 2.17, we can show an analogous result for
functions depending on time as well. We formulate this in the following
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Corollary 2.18. Let u: (0,+00) x M x Po(M) — R be a continuous function. For m € N, we define
u(™ 1 (0, +00) x M x (M)™ — R as

u(m) (t07 q0, q) = u(t()? q0, /J'ém+l))7
where (qo,q) = (40, q1, - - -, qm) € (M)™1 and uf]"“ = m+1 S0 8q: - Suppose that u (m) e C’loc ((0, +00) x
M x (M)™) and that for I C (0,400) and K C M compacts and r >0, u™ (ty,qo,) satisfies the
estimates of Property 2.15(1)-(a) and (2) for all (to,q0) € I x K, with a constant C = C(I,K,r) >
0. We assume moreover that for any I C (0,400) and K C M compacts and r > 0, there exists
C=C(,K,r) > 0 such that

m

(223) \quu(m)(tO&OaQN S Ov ‘quqo )(t07q07 )‘OO < C Zm‘Dq qo )(t07q07Q)‘zo S C

=1

C
—, t=7, and ¢ > 0,

‘Dqlqj )(thQOaQ)L)o S nClV . L
W7 ? # T 4 > 07

and
(224) |at0 (t07 do,9q )‘ <C, |at20t0 )(to,qo, CI)| < C? ‘ato )(to, 4o, 4 )| <C,
me Or,u™ (o, q0,q)]> < C
for any (to,q0) € I x K and ¢ = (q1,-..,qm) € B™.
Then, there exists ®1 : (0, +00) x M x Po(M) x M — R? locally Lipschitz continuous function such

that for any r > 0 and I C (0,400) and K C M compacts, there exists C = C(I,K,r) > 0 such that
for any so,to € I, qo,y0 € K, any p,v € Po(M) and v € T'y(u, v), u satisfies

u(80, Yo, v) — u(to, qo, 1) — Dgyulto, o, 1) - (Yo — qo) — Orou(to, qo, 11)(s0 — to)

— /W ®1(tos g0, 12 9) - (v — @)d¥ (g, y)

< C (|so — tol* + g0 — yol* + W3 (11, v)) .

This implies in particular that u € Cltcl((O, +00) x M x Py(M)) and V,u(to, qo, 1)(+) is the projection
of ®1(to, qo, it, -) onto T, Po(M) and

U(SOJJOJ’) - U/(t(),QO7M) - quu(to,qo,u) : (yO - QO)

— Oyou(to, qo, 1) (80 — to) — /W Vwu(to, qo, 1)(q) - (y — @)dv(q,y)

< C (Is0 — tol? + lao — wol? + W2, ) -

Theorem 2.19. Let U € C’1 Y(Py(M)). Let U™ : (M)™ — R be defined as U™ (q) := L{(u((]m)) for
q € M™, such that Property 2.15(2-3) are satisfied. ThenU € C21" (Py(M)) in the sense of Definition

loc

2.11, such that the following hold. There exist C : (0,00) — (0,00) monotone nondecreasing and

(i) there are continuous maps
Ag: M x Py(M) = R and Ay : M x M x Py(M) — RI*4
such that for u € P2(M) we have

Sup HAO( )||L°°(p«)’ sup ”Al('v'vu)HL“’(u@M) < C(’I“)
HEB, HEB;
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(ii) Let p,v € B, and v € Ty(p,v). We have

(2:25) ’VwU(V)@ = Vull(11)(q) = Nola, 1)@~ q) — /M2 Ai(g,a, 1) (b — a)dy(a, b)’ <C(lg—qf + W3 (pv))
and

(2.26) |Vuld(1)(q) = Vuld(v)(@)| < C (lg —al + Wa(p,v)), Yu,v € By, .
for all (9,) € spt(u) X spt(v).

Proof. We follow ideas similar to those presented in the proof of Theorem 2.17. Recall that for, ¢ € B]"

we use the notation ,uq =1/mY."", 8, and use a similar notation for g € B”". Let us define the
matrix valued functions

A((Jm) . U spt(,ugm)) « {’ut(lm)} _y RIxd
qeEB™

and

A Y ((spt(uém)) x spt(ud™)) \ {(gi @) i =1, ,m}) x {pgM}y - R
qEB™
as
A(()m)( (m)) .= mD? U(m)(q), and Ag )(ql,qj,,ugm)) :=m?2D? _U(m)(q), if 7 # 7.

qiqi qiqj

Let us underline that we have not defined Agm)(qi, Qs ,u((I )) for i = j. Because of this, later we will
need special care when one passes to the limit the corresponding objects as m — 4o0.

We observe that as a consequence of the assumptions and Lemma 2.16(v)-(b,d), we have that for
any r > 0, there exists a constant C' = C(r) > 0 such that

(m) m (m) m (m) 1
A ) = 850, < €l =+ Wl )+ =)

and

m 1
AV (@is g 1) = A @5 >|<C(|qz—q]|+|qk—ql|+wz< R >>+\/ﬁ)

for any ¢,g € B, and for any 4,5, k,l € {1,...,m}, i # k, j # l. For every coordinate function
(A((Jm))ag7 (Agm))ag (o, B € {1,...,d}), we define the extensions

(Agf?)aﬂ M x Po(M) - R and (Ai?)w ‘M x M x Po(M) — R
as follows. For z, 21,29 € M, 1 € P2(M) we set

(8627), o s= it {6 a1 + € (Jas = 21 + Wl ) }
and

s

(Agnﬁ))aﬁ(zlﬂzaﬂ) := inf {(Agm))aﬁ(%,%ﬂq )+ C (\ql — 21|+ |qe — 22| + WQ(/L(m) )} ,

where both infima is taken over ¢ € B, i,k € {1,...,m},i # k.
Recall Aéﬁ) and Aimr) are C(r)-Lipschitz and we have

(m) (m) m c m
(227) |A0r (qla,u‘q ) A (Qlauz(z )|00 S ﬁv VQGBT ,ZE {Lam}
and
(m) (m) ¢ :
(228) |A1 T (QZv(Ikalu“q ) A (anQka,uq )| < T \V/q S BT ) 7k S {1 m},z ;é k

If R >0, 21,22 € Bg(0) and p is supported by Br(0) then for all o, 8 € {1,...,d}

~0< (A7) () <O+ O(Jaal + |22l + Wa(0.)) < C(3R).



DETERMINISTIC DISPLACEMENT CONVEX POTENTIAL GAMES 31

We obtain a similar uniform bound on (A&f))m. As in the proof of Theorem 2.17, there are C—
Lipschitz functions
Aoy M x Py(M) — R4 Ag .t M x M x Py(M) — RI*4
locally bounded respectively on M x Py(M) and M? x Po(M) by a constant depending only on r and
R. Up to a subsequence, as m — 400, (A((J ))m and (Aig)m converge to Ag, and A; ,, uniformly
on Br(0) x P(Br(0)) and Br(0) x Br(0) x P(Bg(0)), respectively.
Our next task is to show that
Aor(yp) € L¥Msp),  Arp(yp) € LM X M@ p),  Vp € B, NP(BR(0)).

Claim 1. Ay (-, p) € L®°(M?; u @ p). B

Proof of Claim 1. Let r > 0, R > 0 and first let y € BRNP(Bg(0)). Let 21, 20 € Br(0). As we plan
to let m tend to oo it is not a loss of generality to assume R < r+/m. Since q = (21, 22,0, ,0) € B™
we have

—C < (M) (21,22, 1) < (A1, 22, 1) HC() (|21 =21+ 2222+ W (™, 1) ) < C(r)+2rC(r)

Letting m tend to oo we conclude ’(AY;))O‘B (21,22, )| < C(r) + 2rC(r) first on M? x P.(M) and by
continuity, this holds on M? x Py (M).

Claim 2. Ao(-, u) € L=°(M; ).
Proof of Claim 2. The proof is similar but simpler than that of Claim 1.

For ¢,q € B* we have the expansion

(2.29)  mDg, U™ (q) — mDg, U™ (q) — mDZ , U™ ¢q)(q, — q1) mZDqlqk U™ ()@, — qr)

M\S

Y@ — @)D} U™ (2) (@ — ax)

k=1

where z is a point on the line segment connecting ¢ to g.

Let p,v € By, v € To(u,v) and let (¢1,G;) € spt(p) x spt(v) (which is not necessarily in spt(7y)).
Suppose that both spt(u) and spt(r) contain more than one element. We choose z,y € H such that
#(z,y) = v and so, f(z) = p, #(y) = v. Let (Q*~1)7"," be the partition of Q introduced in Section 1.
We are going to choose special values of m := 2! 4+ 1 and choose Lebesgue points w; 1 € Qfl such that
all the points in Q%l are kept in Q?Hl. We set ¢; := z(w;), q; :=y(w;) fori=2---,m Set

1 Ui 1 m B 1 m
(m—=1) ._ _ (m—1) . (m—1) _ E -
! S om—1 ga(q“qi)’ Ha S om—1 i— 26%’ Ha T om—1 i=2 5%“

Since, (¢;,7;)525 is cyclically monotone
A e Ty (D, ).

By construction ('y(m’l))m converges narrowly to v. Let M(mfl), MZ € H the random variables

(m—1)
corresponding to the previously chosen points (gs, ..., ¢m) and (g, ..,q,,), respectively. We have
(2.30)
. (m) _ (m—1) _ (m) _ (m—1) _
Gm Wo(pg™,p) = lm Wa(ug" ™7 p)= Hm Waug ,v)= lUm Wa(ug ~,v)=0.
Furthermore,
q q _ (m-1)
ﬁ(M(mfl)’M(mfl)) =7 )
and
: q 6 _ _
ml_l,IEOC HM(m—l) zf| = ml_lfﬂoo M (m—1) yl| =o.
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Using the assumptions on Dq awaU'"™ (m) "since z € B™, increasing the value of C' if necessary, we have
m
‘m Z ¢I1quz U(m)(z)(gk - Qk)‘
k,l=1

<m|Dq1q1q1U(m ( )|00|q1 - q1| +mz |Dq1qkq1U(m)(Z)‘OO|6k - quQI - Q1‘
k=2

+mZ|DQ1Q1m )|oo|111 *CI1||QZ*QZ\

+mZ\Dq1qquU<m 2)loo[@ — ar> +m Z @ — @il D2, 0 U™ (2) oo |G —
k#1=2

_ _ o1 1 I & _
<Clla—al+ia—al Y —lae—al+ > —fa = ol + — > (6 — alla, — al
k=2 k=2 kAl=2
=¢ <|q1 —q]” + W3 (i 1),Mém71)))
Thus, this together with (2.29) implies

m| Dy, U™ (@) = Dy, U™ (q) = D2, U™ ()(@, — 1) ZDqlqu<m> )@ — ar)

9191
<C (\61 —ql + WS(NE,”‘”M%’”_”)) .
Using the definition of AJ™ and A{™ we read off

Vuld (™) (@) — Vulk (1) (a1) = AT (a1, 1) (@ — 1)

- ]- m _
(2.31) S22 A (g, a, p™) (b — @)y ™ (da, db)
m M2

<O (I, = @l + W=, ul" )
Now, first by the continuity of V.U, (2.30) implies
Tim V() ) = Vald (@), and L VoU()(@) = VU0 @).

Before passing to the limit in the other terms, let us further suppose that u,v € P(Br(0)) for some
R > 0. In light of (2.27), Aém)(ql7 ugm)) and Aéf':,)(ql, uém)) have the same limit. By the local uniform

convergence property of Aéf;f), we have that lim,, A(() (q1, ,uq ) Ao (g1, ).
To handle the limit in the last term on the left hand side of the inequality (2.31), we observe that

/Mz A (g1, a, 1™ (b — @)y (da, db) = /M A (g1, a, 5™ (b — @)y (da, db)

(A = A0 ™)) (0= @y e,

and by (2.28), increasing C' if necessary, we have that

/M2 (Agm)(qha, umy — A (g1, a, uf{"))> (b—a)y"™ Y (da, db)| <

7// |b— aly™ Y (da, db)
Cr

IN

é\

Therefore, it is enough to study the limit of

/ A (a1, @, 1) (b — @)y (da, db).
M2
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Since

AT (g1, M, (@), 1§™) = AT (g1, ME ) (@), 1§™)| <

i

and since Agm) (g1, M(qm71

have that w — Agt':j)(ql, M(qmil)(w), ,ugm)) is uniformly bounded with respect to m € {2,3,...}. Thus
by the previous convergences and by Lebesgue’s dominated convergence theorem, up to passing to a
subsequence that we do not relabel, we have that

lim ‘Agi:) (ql, M(qm,1y /Lgm)) - A1 (ql; x, /j,)H =0.

m—r oo

)(w),ugm)) = A(lm) (ql,qi,uém)) for some ¢ € {2,...,m} for a.e. w € Q, we

Thus, up to a subsequence,

lim . AY;) (q1,a, /L[(Im))(b —a)y"™ Y (da, bb)

m—r o0 M

= lim A AY;) (ql, M(qul)(w), ,u((]m)> (M(ﬁmfl)(w) — M(qul)(w))dw

m—r o0

— [ M a@) ) 0@) ~ @) = [ Avlaran)(b - a)y(da,d)
Q M2

We have all the ingredients to conclude that up to subsequence (2.31) implies to obtain

VL) @) = V) @) = Noar )@ = a0) = [ v olan. )b a)y(da. db

< C(lgn — @ + W3 (uv)).

As C is independent of R, we extend the previous inequality to all u, v € B,. without imposing they lie
in P(Bgr(0)). We also notice that by the assumptions, i.e. Property 2.15(3), the map ¢ — V,,U(u)(q)
is Lipschitz continuous uniformly with respect to u € B,.. More precisely, Lemma 2.16 (iii)-(b) yields
that there exists C' = C(r) > 0 such that for all p,v € B, and (¢1,q;) € spt(p) x spt(v) we have

[Vold(t, 1) (1) = Vuld (8, v)(@1)] < Clar = G| + Wa(p, v)),
so (2.26) follows. O

Remark 2.20. Note that Ay is a symmetric matriz, as limit of symmetric matrices.

3. GLOBAL WELL-POSEDNESS OF MASTER EQUATIONS

Throughout this section, we fix T > 0 and impose (H1)-(H8). We further assume

(HY) Uy, F € C2L(Py(M)) and U™, FO™ satisfy Property 2.15(3).

loc

_ Let U be the solution obtained in Theorem 1.5 and define ¢ : [0, T] x P2(M) — R as U(t, pu) =
U(t,x) where p = f(x). By Lemma 2.13, the regularity property obtained on ¢/ in Theorem 1.5 ensures
that U(t,-) is C2! (Po(M)). We use Remark 2.7 to obtain that ¢ € C2' ([0, T] x P2(M)) (in the sense

loc loc
of Definition 2.8) and it is a classical solution to the Hamilton-Jacobi equation

(3.1) { OU + H(p, Vo) = F(u), in (0,T) x Py(M),
‘ U0, 1) = Uo (1), in P (1),
3.1. Flows on H, on Py(M) and their properties.

Lemma 3.1. Let x,y € H be such that §(x) = £(y). Then for 0 < s <t, we have ﬁ(gﬁ [m]) = ﬁ(gz [y])

As a consequence, given p € Pa(M) the following measures are well-defined

(3:2) AMESEIEAE)

where §(x) = u, depends only on p and is independent of the choice of .
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Proof. Since #(z) = #(y), there exist Borel bijective maps S, : @ — Q such that (cf. e.g. [8] [25])
§S.) = #(S7) = L4, T |ly— 0 S, = 0.

Thus,

lim Hgﬁ[y] — Stz] 0 S,

n—oQ

=0.

~ lim Hég[y] ~ Stz oS,

n—oo

This proves

wa (8801, 2(Stlal) ) = tim Wa(#(Stlal 0 Su).#(Sila]) ) =o0.

n—oo

Remark 3.2. The following hold.

(i) By Theorem 1.5, there exists er : [0,00) — [0, 00), monotone non—decreasing such that
I1SeL]ll, 10sS5[2lll < er(llall) Vs € [0,1], ¥t € [0, T].
(if) By (i)
{olly] : p€B,,0<s<t<T}C Be.(r)

(iii) By Theorem 1.5 again, there exists Cr : (0,00) — (0,00) monotone non—decreasing such that
IVU(t,2)|| < Cr(r)(1+|lz]l), Vo €B.(0),vt € [0,T].

(iv) By Lemma 2.13, the regularity property obtained on U in Theorem 1.5, we have that U is dif-
ferentiable. We use Proposition C.2 (iv) to conclude that (s,q) — Dp,H (q, ku(s, ol [,u])(q))

is a velocity for s — otlu]. In other words
(33) 00l + V- (DoH (. Vuld(s ot )otli]) =0, in D) x ), ollu] =

Lemma 3.3. Suppose 0 < t <t < T and r > 0. Then there exists a constant C(r,T) monotone
increasing in T such that the following hold.

(i) If x,y € B,(0) then
155 0] = Stlylll < CODE (T = tler(lal) + e = yll) Vs € 0,2,
and B -
152e] = Sl < (s = Der(r) Vs e [t
(ii) If p,v € B, then
(3.4) W (aﬁ[u]ﬁg [,,]) < CD(E=) (|z — tleq(r) + Wa(u, y)) Vs € [0,4).
and

Wa (ol oflu]) < (s = Der(r) Vs € 1,1,

Proof. (i) Let z,y € B,.(0).
We have

W_Smﬂzulkgmwﬁglw@gmws

We use Remark 3.2 (i) to infer

(3.5) | = S]] < [T = tler ().
Set
h(s) = %HSE[:C] _ 8| vWse o).
We have

1) = [ (Lle) = 8411) - (D (SEe1, V0 s, S11) = Dy (841}, V05,84 ) o
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By the fact that DH is Lipschitz we have

D, H (510l VO 5, 811e) ~ D, (34le], VO (s, 54a])

<3 (|S2fa] — Stlal|* + [VO (s, Stla]) — VO (s, S[a])[*).

We use Remark 1.5 to obtain a constant C(r,T") which increases in r and such that

This implies ' > —2C(r, T)h and so, Gronwall’s inequality yields
h(s) < 2T p(t) Vs € [0,t].

Dy, H (S[x], VU (s, S%[2])) — DyH (Si[a], VU (5, 5%[2))) | < C(r,T)||S%]z] = 5[]l

Thus,

15¢2] = Sel]l| < “DE|Sia] — Sifal|| = e“ D) Sf[] — ]
This, together with (3.5) implies
(3.6) 152 (2] = Sife]|| < TP ENE — tler(|al]).

We use arguments similar to the ones above to obtain
(3.7) I1S5[2] = Sl < “CT Iz —y|| Vs € [0,4].

We combine (3.6) and (3.7) to verify the first identity in (i). The second identity follows from direct
integration.
(ii) Let p,v € B, and choose z,y € H such that #(x) = p and f(y) = v and Wa(u,v) = ||z — y||

Since £(St[z]) = ot [u] and §(S[y]) = ot[v], (i) implies (ii). O
3.2. The vectorial master equation. Let V : Po(M) x M — R? and define
NuV, VoVt nq) = /MVZV(@uvq)(b)DpH(b,V(t,u,b))u(db)

We plan to obtain existence of V' : [0, T] x P2(M) x M — R?, solution to the so-called vectorial master
equation

8tV + DqH(q7 V<t7 :U/7 Q)) + qu(t7 Ma Q)VPH(Q7 V<t7 ,U/7 Q)) + NM [V7 vlv] (ta ,U/ q)
(3.8) =

V(0, 1, -) = Vo(n),

as a by-product of the regularity properties of the solution to (3.1). The lower order regularity
results in the Hilbert setting are starting points to improve to higher order regularity results in the
Wasserstein space. First, let us discuss about the existence and regularity of solutions of (3.1).

Theorem 3.4. The equation (3.1) has a unique classical solution U € C’llo’i([O,T] x P2 (M)) such that
Ut,-) € CELY (Py(M)), which has to be understood in the sense of Definition 2.11,

loc

Proof. First, we notice that Theorem 1.5 asserts existence and uniqueness of a solution U € C'llo’c1 ([0,T)x
P2(M)). Then, Theorem D.2 will imply that U™ (¢, q) := U(, uém)) fort € (0,7), m e N, g € (M)™
satisfies the regularity estimates from Property 2.15 in B!(0) with constant C(¢,r). We apply Theo-
rem 2.19 to infer U(t,-) is of class C21" (Py(M)). O

loc

Remark 3.5. In this subsection we discuss existence of weak solutions to (3.8). The regularity of
solutions U to the Hamilton-Jacobi equation (3.1) established in Theorem 3.4 are enough to differ-
entiate this equation with respect to the measure variable. This procedure gives us a notion of weak
solution to the vectorial master equation. Better reqularity properties of this solution are subtle and
we need additional effort to obtain these. We postpone this analysis to Subsection 4.1, where we point
out a deep connection between the vectorial and the scalar master equations as well.



36 W. GANGBO AND A.R. MESZAROS

Definition 3.6. We say that V : [0,T] x U ,cp,an){r} % spt(p) — R? is a weak solution to (3.8) if it
is locally Lipschitz on its domain of definition, V(-, u, q) is differentiable on (0,T) for all p € Po(M)

and q € spt(p), V(t, ) € C’loC (Upep,amy{p} x spt(p)), V(t, p,-) is differentiable on spt(p) for all
t €[0,T] and p € P2(M) and the equation (3.8) is satisfied pointwise on [0, T]x U ,ep, ) {1} X sPt(1)-

Theorem 3.7. Suppose U(t,-) € CEL (Py(M)) (in the sense of Definition 2.11). Using the notation

loc
in Remark 2.12, we have assumed

Dy (Vuld(t, 1) (+)) € L>(M; ), viwlzl(t,u)(~, ) € L(MxM; u@p) Yy € Po(M), and a.e. t € (0,T).

Then the vector field V(t, 1, q) == VulU(t, p)(q) defined on [0,T] x U,ep,an{r} % spt(n), solves the
vectorial master equation (3.8) with initial data Vo = V Uy in the sense of Definition 3.6.

Proof of Theorem 3.7. Let u € Po(M), let o € C°(M) be arbitrary and set £ := Dy. Choose € > 0 be
small enough such that for all s € [0, €], X, := id+ s¢ is a diffeomorphism of M into M and |id|?/2+ s
is convex. For any ¢ € spt(u) we have

Vul(t,04)(Xs(q) =Vuld(t, 1)(q) + sDg Vuld (t, p)( +5/ Viw ,a)€(a)p(da)
(3.9) +o(s).
Since
| BVt o) @) = [ H(X.0). Vald(t.0.) (X.(0) )u(da),
M M
(3.9) implies
H(os, Vuld(t,05)) =H (1, Vuld (t, 1)) +S/MDQH(Q7ku(t7M(Q))) -&(q)n(dq)

+5 /M Dy, H (g, VuUU(t,11)(q)) - (quwu(t,u)(q)é(q))u(dq)

+s [ DuH (0. V) (@) - (VauU(t0) 0 0)¢(@lde) ()

(3.10) ~F(0 s [ VuF@le)- Elantda) + ols).
M
Similarly,
(3.11) DUt 0, = DU, 1) + s /M 0Vl (b, 1)(q) - €(@)pe(dq) + o).
Let us remark that since U is a CL1([0,T] x Py(M)) solution to (3.1), V,U(-, 1)(q) is Lipschitz

loc

that 0uU(t,-) is differentiable for all t € (0,T). Therefore, 0,V ,U(t, 1)(q) = Vu0:ld(t, 11)(q) for all
(t,p) € (0,T) X Py(M) and q € spt(pu).
Since

continuous on [0,7]. Moreover, from the equation (3.1) and since U(¢,-) € C’2 L (Py (M), we get

atu(t, O's) =+ H(Us7 ku(ta 09)) = 0’
(3.10) and (3.11) imply

[ (09t (@) + D (09,2400 10(@) = Vo F (@) - €t
+ [ Dyt (a0 9utt10(@) - (DyVuh(t m)(@)€() uda)
M

(312) & [ Dy (g Vuld(t p)(@) - (Vi (t 1) 0, 0)6(@)p(da) ) p(da) = .
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Since we asserted in Remark 2.20 that Dy V,,U(t, 1)(-) is symmetric, (3.12) can be rewritten as

| [09tatt. 0@ + Dy (0.9, 0.1 @) = T F () (@)] - €t
+ /M D,V W U(t, 1)(9) Dy H (g, Vuld (£, 1)(9)) - €(q)p(da)

4 [ (TR a.0) Dy (0, Tt 1)(0) () - () = 0.
MQ
Note
DyH (-, VU (t, ) + DgVuld (t, W) Dy H (-, VU (t, 1)) = Dy (H(., VlU(t, u))) € T,P2(M)

Since the rows of V2, U(t, 1) (¢, a) belong to T}, Po(M), so does VZ U(t, 11)(q,a) " DpH (q, VW U(t, 1)(q))
(as linear combinations of these rows). By the arbitrariness of £ and the previous claims, we conclude

OV WU (t, 1) + DgH (-, VU (t, 1)) + DgV ol (t, 1)) DpH (-, Vil (t, ) + N, [V, VEV] (¢, 1, ) = Vi F (1),
p—almost everywhere on ¢ € M. |

Remark 3.8. At this point we do not know whether all the terms appearing in (3.8) could be extended

to (at least £?-a.e.) ¢ € M. We have good pointwise continuity properties of ﬁle(t, (-, +), but we
do not know much about the continuity properties of V.1 U(t,-)(,-). If we knew

N[V, VUt 1q) = N[V, Vo U] (£, 1, q)

we could deduce that q — Nﬂ [V, VIWU] (t,q, ) is continuous. In the same time, we do not know
whether 0;)V admits a continuous extension.

As a last remark, despite the fact that V(t,p,-) itself is defined only on spt(u), we know that it
is Lipschitz continuous there, uniformly with respect to t and p. But it is not clear at all whether
any Lipschitz continuous extension of this in the same time would produce a valid extension for 0,V
and V. V. As highlighted before, we revisit this question in Subsection 4.1, and in particular there we
produce a solution to the vectorial master equation which is defined for (Lebesque) a.e. ¢ € M.

3.3. The scalar master equation. In this subsection we assume there exists a function C' which
assume to each compact set K C M and each real number r > 0, a positive value C (K, r). We assume
to be given

(H10) ug, f € CH(M x Py(M))
such that
(H11) Vullo(11)(q) = Dguo(q, 1), VwF (11)(q) = Dgf(q, 1), ¥ (g, 1) € M x Po(M).

Since we can modify L or F as follows,

L(z,a) = /QL(I(W)ya(W) = rla(w)]?)dw + F(z) +rlz|?,

we learn from Proposition B.6 that it is not a loss of generality to assume in the sequel that

(3.13) M 3 ¢+ uo(q, ) and MxR? 3 (¢,v) — L(q,v)+f(q, ) are strictly convex Vu € Po(M).

Let us remark that by the fact that wug, f € Cll.gg (M x Py(M)), we have that uy and f are locally
bounded, i.e. VK C M compact and r > 0, 3C = C(K,7) : |uo(qo, )|, f(qo, )| < C, V (qo, 1) €
K x B,.

We are to find a function w : [0,7] x M x Py(M) — R that satisfies the scalar master equation

(3.14)
Avu(t, q, ) + H(q, Dgu(t, q, 11)) + Ny [Dgult, -, ), Vau(t, ¢, 1) (-)] = f(q, 1), (0,T) x M x Pa(M),
U(O,',') = Uo, MXPQ(M)y
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where the non-local operator NV, is defined as in (0.1). We define the notion of classical solution to
(3.14) as follows.

Definition 3.9. We say that u is a classical solution to (3.14), if the following holds. It is continuously
differentiable on (0,T) x M x Po(M), continuous up to the initial time 0 and the PDE is satisfied
pointwise. The vector field M > q — Dgyu(t,q,v) is Lipschitz, uniformly with respect to (t,v) €
[0,T] x B, (r>0).

Furthermore, for all v € Po(M) and for L' ® L%~a.e. (s,q) € (0,T) x M, D,Vu(s,q,v)(-) and
VwDgu(s,q,v)(-) exist, belong to L*(v) and they satisfy additionally

(3.15) /M ((quw — Vqu)u(s, q, V)(y))DpH(y, D,u(s,y,v))v(dy) = 0.

Remark 3.10. The condition (3.15) in the previous definitions needs some comments. In Theorem
3.22 we will actually show existence of C21 (10, T] x M x Py(M)) solution to (3.14). Let us notice that

loc

for functions w € Cot (M x Pa(M)), DyVyw(q,v)(-) is meaningful for all v € Py(M) and for a.e.

loc
q € M (see Subsection 4.1). But, since Dqw is only Lipschitz continuous with respect to the measure

variable, V,Dgw(q,v)(-) might not be meaningful in general (since Rademacher-type theorems in
(P2(M), Wa) are more subtle). So the C1'! regularity in general is not enough to ensure (3.15).

Nevertheless, as the discussion in Subsection 4.1 shows, the solution that we construct for the
master equation (3.14) naturally satisfies (3.15). This condition in particular will imply uniqueness
of the solution as well.

For m € N, we define
ud™, FO M x (M) = R, U™, FO (M) — R
as

u§™ (y.q) = uo (y uf{")), Fy,q) = f(ya uﬁ,’")), U™ (q) := Uy (ué’")), Fi™(q) = f(uém)),

where for ¢ = (q1,--+ ,qm) € (M)™, ugm) is defined as in (1.1).
We impose the following hypotheses on u(()m) and (™),

(H13)
uém)(y, 3, f™(y,-) satisfy Properties 2.15(1)(a) and 2.15(2), locally uniformly w.r.t. y € M.

(H14) Dyugm) (y,-), Dyf™(y,-) satisty Property 2.15(1)(a), locally uniformly w.r.t. y € M.

Let us notice that based on the previous assumptions, we have that Dyuém) and D, f (m) are locally

uniformly bounded, i.e. Vr > 0, K C M compact, 3C = C(K,r) : |Dyu(()m)(y,q)|, |Dyf(m)(y,q)\ <
C, if (y,q) € K x B}". In the same time, by the assumption (H6), D,L and 9595L (for all a,b
multi-indices with |a| + |b] = 2) are locally uniformly bounded.

We assume that there exists a constant C' > 0 such that

(H15) ||8(‘;82H||LOQ(MXW) < (C, for a,b multi — indices with |a| + |b] = 3.
We assume there exists a locally bounded continuous function 6 : Po(M) — [0, 00) such that

(H16)  L(g,v) + f(g, 1) = Mfo* = 0()(Jal +1),  V(g,v) € M x R, Y € Pa(M).
Note that it suffices to impose that f(-, u) is convex to have that (H7) implies (H16).

Recall that Remark 1.1 (iii) ensures there exists a constant C such that
We assume that there exists C' > 0 such that

(3.16) IDgH (g,p)] < C(L+ lal + Ipl),  |DyL(g,v)] < C(1+ lg| + [v]) ¥(g,p,v) € M x R*.
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3.4. Examples of initial data. We pause for a moment to give an example of initial data, which
satisfied our assumptions. Similar examples can be constructed for F and f as well. Let ¢g, p1 : Ml —
R be smooth bounded functions with uniformly bounded derivatives up to order 3. For simplicity,
we assume also that they are positive and ¢ is even. Fix A > 0 and let ¢ : M — R be defined as
#(q) = 3 \q|2 + qi)o( ) and assume \ is large enough such that D2¢ + D?¢; > 0 on M. Then, let us
define L{o ) = R as

/ ®(q / o1 % p(q)p(dg), Uo(z) = Uo (z4L8), Vu € Po(M), z € H.

Then Uy fulfills the assumptions (H1)-(H3).
Set

uo(go, 1) = ¢(qo0) + (¢1 * 11)(qo)-
For ¢ :== (q1, - ,qm) € M™ and qp € M , we have

uf a0,0) = 6a0) + Y- —orlao—a), and U@ = Do)+ 55 D ila
i=1 i=1 i,5=1
and so for 1 <i < m,
Dg,ul™ (qo.q) = %D%(QO —¢q;) and Dioquém)(qmq)) = %DQ%(E/ — ;).
We have .
Dygyug™ (q0.q) = Do(y) + Z %qu)l(% - 4)

From these computations, one can easily verify the hypotheses (H10) through (H14).
Under appropriate conditions on functions Ly, I and g Lagrangians of the form

L(gq,v) = Lo(v) + U(g,v) + g(q)
satisfy (H4)-(HS).
We are ready now to define the candidate for the solution to the scalar master equation. Given
t€10,T], g € M and pu € Po(M) we define

¢
(3.17) u(t,q. p) = igf{uo(“m,oé[u])Jr/ (L0ror )+ f (s otlul) )ds = 7 € WH2([0, ), M), 3, = q}-
0
Here the curve (0! [u])sepo,y is defined in (3.2).
Define

M (r):=  sup |0+ |uo[ + T(|f| +|L(0,-)]),  e(r):= sup |ug
B (0)XBe(r) B1(0)xB,

Remark 3.11. Let r > 0.
(1) Asuo(-,v) is convez, if Dyu(0,v) # 0 then
Uo( D,u(0,v) ’ D,u(0,v)
|Dqu (0, v)] [ Dqu(0, v
Thus, if v € B,., we conclude that
|Dqu(0,v)| < 2¢.(r).
Clearly, the previous inequality still holds when Dqyu(0,v) = 0. Consequently,
uo(q,v) = uo(0,v) + Dqu(0,v) - ¢ = —c.(r) (1 + ql).
(ii) Suppose (t,q,n) € [0,T] x B,.(0) X B,.. Then
u(t,q, ) < M(r),

and so, if v is the unique minimizer in (3.17), we use (H16) and Remark 3.2 (ii) to obtain

| Dgu(0, v)[”

- Dou(0,v) = ug(0,v) + .
a(0:) = uwo(0.0) + 55 )

u) > ug(0, ) +

M. (r) > u(t, g 1) > —cs (ex(r) (1 + 1(0)]) — Ma(r)T — M. (r) / s+ A, / [512ds.
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We conclude there exists a constant M(r) independent of t such that

[ ias <30
Hence, O
(3.18) Ve, = V> S M(r)|7a — 7|  if 0<7 <7<t
(iii) By (i1), there is constant M*(r) such that
u(t, g, W)l < M*(r)  (t,q,p) €[0,7] x Br(0) x B,
Since

(@:0) & Ls(q,v) = L(q,v) + f(q, 05 [n]),  q+ uolg, og[u])
are convex, we obtain that u(t,-, p) is a convex function and so as argued above,

Dqu(t, q, 1)
|un(t7 q, :U‘) ‘

Lemma 3.12. Let (t,q,p) € [0,T]x B-(0)x B, and let~ : [0,t] — M be the unique optimizer in (3.17).
Suppose that the assumptions (H5),(H6), (H7), (H11) and (3.16) take place. Then v € CH1([0,1]).

|Dgu(t, q, )| < u<t,q+ > —u(t,q,p) < M*(r) + M*(r +1)

Proof. The proof is inspired by the proof of [7, Theorem 6.2.5]. First, (HT7), the convexity of L in
the v variable and the Euler-Lagrange equation satisfied by ~ implies that there exists a constant
C = C(r,t) > 0 such that

)‘1|;78|2 + Ao < L('st.)/s) < L(sto) =+ DvL(’Ysa"Ys) Vs
< |L(7s>0)|+\DqU0(%,03[M])|+|%\/ | Dy L7, )| + | Do f (ry 07 1)) |dr
0

< C+ Ol

Where in the last inequality, we have used the regularity assumptions on L, ug and f, (3.16) and the
fact that v, € Bgr(0) and ol[u] € Bg for all 7 € [0,t], for some R = R(t,r) > 0. This chain of
inequalities implies that || must be bounded on [0, ¢], and so v is Lipschitz continuous.

To conclude, let us write the Euler-Lagrange equation in the form

DguL(’Ys,%)’?s = DqL(’YSv':YS) + qu('Ys»Ui[,U]) - ng,L('Ysa;Ys);Ys-

Since the right hand side of this equation is uniformly bounded on [0, ¢], by a constant depending on
r and t and since D2, L satisfies (H5), we conclude that || is uniformly bounded on [0,¢] and hence
the thesis follows. |

Proposition 3.13. Let y € P2(M) and t € [0,T]. Recall [0,t] 5> s + otlu] is defined in (3.2) in
Lemma 3.1.
(i) We have u(t,-,u) € Cllo’cl(M). Furthermore, there exists a unique v minimizer in (3.17) which
we denote as s — St[u](q).
(i) IfweQ zeH p= f(z) and q¢ = z(w) (meaning in particular that q € spt(u)), then
5] ) = S[u(a)-
(i) Under the assumptions in (ii) we have Dgu(t, q, 1) = V,U(t, 1)(q).
(iv) [0,¢] 2 s = Dgu(s, St[u](q), otlu]) is Lipschitz continuous, for all (g, ) € M x Py(M).
(v) We have that u(-,-, 1) € C’loo’cl([O, T| x M), with Lipschitz constants depending on r > 0, where
uwe B,.

Proof. (i) By Remark 3.11 (iii), u(t,-, p) is a convex function. One checks that u(¢,-, ) is locally
semi-concave and so, it is Ollo’i (M).
Since, the action

t
¥ Ayl = wo(70, o)) + / Lo (ye, 4 )ds
0

is strictly convex, S¢[u](q) is uniquely defined.
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(ii) By the convexity of A;, any critical point of A; on the set {y € C'([0,#],M) : v = ¢} is a
minimizer. Set
ps = Pglul(q).

The Hamiltonian associated to L ; is Hs +(q,p) := H(q,p)—f(q,0%[p]). Since D, Hy 1(q,p) = D,H(q,p),
in light of Proposition C.2 (iv) we have
(3.19) DyH, (s, ps) = DypH (S[a)(w), PL[e)(w) ) = 0,5 [e)(w) = 4,

By (H11)
DqHs,t(Q>p) = DqH(Qap) - qu(qa Uﬁ[ﬂ]) = DqH(q,p) - Vw]'—((fi[/ﬂ)((ﬁ
Thus, by Remark 2.7
(320)  DyHuu(rn,p) = Do (S)(w), PLla)()) — VE(S! ) (w) = 0, PLla(w) = —.
We use first use (H11), second Remark 2.7 and third the last identity in (1.25), to obtain
Dyuo (0, 96[1]) = Vuldo (a6[1]) (0) = VUo(Sh[1])(w) = Fil](w)) = po.

This, together with (3.19) and (3.20) implies v is a critical point of A; on the set { € C1([0,t],M) :
~v¢ = q}. Hence, v is the unique minimizer, which verifies (ii).
(iii) By the optimality property of 7, the standard Hamilton—Jacobi theory ensures that

(321) Ys = DpH (75, Dgu(s, vs, o[u])) Vs € (0,1).
First, by the strict convexity of H in the second variable, we have that
un(saﬁys,az[ﬂ}) :DUL(’YSa;YS) VSE (Ovt)a
from where, by Lemma 3.12 and the by the regularity of D, L one obtains that [0,¢] 3 s — Dgu(s, s, [u])
is Lipschitz continuous. This shows (iv).
Then, by Proposition C.2 (iv),
Y = DpH (5, Vuld (5, L) ()

which, together with (3.21) implies

DyH (45, Vuld (5,04 [1]) (7)) = DpH (75, Dgta(s, %5, 0 [1])) - Vs € (0,1).
Thus, by (H5), one has
Vuld (s, 08 [u)) (1) = Dygu(s, e 0t [ul) Vs € (0,1).

Letting s increase to t we verify (iii).
(v) It remains to show the Lipschitz regularity of u with respect to the variable ¢. Let us notice
that (i) and Lemma 3.16 below imply that u(t,-,-) € CLl (M x Py(M)) (uniformly with respect to

t €10,T]). Now let ¢ € K C M (K compact), p € B, 0 < s <t <T and let (7s)se(0,) be the optimal
curve in the definition of u(¢, ¢, ). By the dynamic programming principle, we have

u(t, g, 1) = (s, e, 0 [u]) + / Ly 4r) + (v o [u)dr.

First, let us notice that (0,t) > 7 — L(v,,%-) + f(7vr,0l[u]) is uniformly bounded by a constant C
depending only on T, K and r. Second, we can write

t
‘u(t7Q7M) - u(87Qa :u')| < |u(57’75a0—§[1u‘]) - U(S»Q7M)| +/ L(’YT?’.YT) + f("/.,—,O'f_[,u]) dr
< C (h/s - q| + W2(U§[M]7M)) + C|t - S| < C|t - S|7

where in the last inequality we have used the fact that (vs)sep, and (0%[p])sejo,g (see Lemma 3.3(ii)
and Lemma 3.12) are Lipschitz continuous and the constant C' appearing there is depending only on
t, K and r. The result follows.

a
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Remark 3.14. (i) Let u € Po(M), ¢ € [0,T]. Note that in Proposition 3.13 St[u] is defined on the
whole set M and not just on the support of u. When x € H is such that u = §(x), Proposition 3.13
(ii) reads off

Sile] = Syl oz
Also,

(3.22) { 08t [u] = DypH (Si[u], Vull (s, 0t]p])(SEu])), s € (0,1),

Silp) = id.

(i) It is very important to underline also the fact that by Proposition 3.13(iii) we have that for
all (t, 1) € (0,T) x Po(M), Dgu(t, -, pu) = Vo, U(t, 1)(-) on spt(p). Since Dyu(t,-, n) is defined on the
whole M (and we will see below that it is locally Lipschitz continuous), this produces a very natural
extension for V ,U(t, 1) (-) to the whole M. This observation will also help us to improve the previous
notion of weak solution to the vectorial master equation, as we will see in Subsection 4.1.

Proposition 3.15. For allt € [0,T] and g € M, the function u(t,q,-) is continuous on Pay(M).

Proof. We show that for any p € Po(M), u(t,q, ) is continuous at p. To achieve this goal, let (un), C
P2(M) be a sequence converging to u. Assume without loss of generality that there exists r > 0 such
that (pn)n C By. Let v € W2(0,¢,M) be such that v, = ¢ and

ultia.n) = w0 i) + [ (EOw3) + Fomatli) s
We have .
ulta.pa) < w0, obli) + [ (L i) + £t )

We use Lemma 3.3 (ii) and the uniform bound on provided by Remark 3.2 (ii) to conclude that

(3.23) lim sup u(t, ¢, fin) < uo(y0, oh[]) +/0 (L(’ys,’ys) + f(vs, ot [u}))ds = u(t,q, p).

n—oo

For each n, let v € W12(0,¢,M) be such that 4 = ¢ and

u(t, q, pin) = uO('ng O'é[:un}) + /(; (L(7§Lv 7?) + f('ygv O'Z [Un]))ds'

We use the last inequality in Remark 3.11 (ii) and apply the Ascoli-Arzela lemma to conclude
that there is a subsequence of ("), which we don’t relabel that converges weakly to some v €
W12(0,¢,M) and converges uniformly on [0,¢]. We use the constant M(r) in the same remark to
obtain |y? — ¢,|?> < M(r)(t — s) and so, 7 = q. Since ug, f € 0110,01 (M x P2(M)), we use the uniform
bound on provided by Remark 3.2 (ii) and the fact that (y™), is bounded for the uniform norm to
conclude

t
lim inf u(t, g, 1) =liminf{uo(vg,aé[u])+/ (L(%W?)+f(72702[u]))d8}-
n—oo n— oo 0

We invoke the convexity property of the functions in (3.13) to conclude that

¢
lminf u(t, g. ) = w0 o) + [ (LOFA2) + FO5otlu))ds = utta. ).
n o0 0
This, together with (3.23) verifies the claim. ]

Lemma 3.16. Under the assumption of Theorem 3.22, u defined in (3.17) is of class Cllo’i([O,T] X
M x PQ(M))

Proof. We proceed by a discretization approach. Let g € Po(M), t > 0, m € N and ¢y € spt(u) be
fixed. Moreover given {q1,...,qm} C spt(u) we shall use the notation of ¢ = (q1,...,qm) € (M)™.
We define

m

1
m—+1 E m—+1) . t m—+1
((1 ) mi —HZ 05‘17?’ Jg ) 0—5|:‘¢(1 )}
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so that o(™*+1) is the solution to the continuity equation (3.3) with uq ") as terminal condition. Note
(m+1) _
[ = m+12(5st[u(m+1)](q), Vs € (O,t)

We define
ul™TD D M (M) D SR, gD (M) (0,T) x (M)HD S R

as

uS™ ™ (yo, 40, q) == uo(yo, 1™ ), D (yo, g0, 9) = flyo, p{™),
and
(3.24) Ut (s, q0,q) == U(s, p{™ ), w™ (g0, q) = u(t, qo, pi™ ).
Observe
(3.25)

u™ (t, q0,q) = Uo(Qo (0,90, 4 (m+1))
+/OtL(Qo (5,90, 4), D H(Qo(s Q0.4 ),un(s,Uﬁm“))(Qo(S,qo,q))))dS

+/ f(Qo 5,40,9), £m+1))d5
0
=" (Qo(0, 40,0). Qo(0, 40, @), Q0, 40, 0)))
t
—I—/O L<Q0(S;QOaQ)vaH(QO(SquCI)v(m+ 1)quU(m+l)(3aQO(S?‘]O’q)’Q(s’qo’q)>d8

¢
+/ f(erl) (QO(87 qo, Q), QO(Sa q0, q)a Q(S’ q0, q))dS

0

where we have set

(326) Qi(57QO7Q) = Sé I::uc(zm+1)] (Qz) and Q(Saq07Q) = (Q1(57q0aQ)7' o aQ1(87QO7q))

Now our first goal is to obtain derivative estimates on u(") with respect to the ‘distinguished’ variable
qo and second, with respect to all the other variables ¢. Finally, we also derive the necessary estimates
involving the time variable ¢ as well. It is convenient to introduce the notation

g™t FonD v mEh Mk (V)™ — R
defined as
(3.27)
Uém+1)(QO7 (J) = uém+1)(Q0(07 q0, q)u Q0(07 q0, q)u Q(Oa q0, q))v

f(m+1)(QO7 Q) = /0 f(QO(Sa q0, q)7 QO(Sv q0, q)a Q(sa q0, Q))ds

t
V(m+1) (QO7 q) = A L(QO(Sa q0, Q)7 D;DH(QO(S7 qo, q)7 (m + l)qu U(m+1) (57 Qo(sa qo0, Q)a Q(sa qo, Q))))ds

In Lemma 3.18 and Lemma 3.21 below we establish the necessary derivative estimates on these new
quantities. These imply in particular that there exists a constant C' = C(T,r, K) > 0 such that for
any (qo,q) € B+, qo € K (where K C M is compact) and for all ¢ € [0,7] and 4,5 € {0,...,m},
we have

c, i=0,
(3.28) D, ul™ (t,q0,q)| < ¢

) '>07
m—+1 !
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C, i=3j=0,

(3.29) \Dg.q,u(m)(t,QmQchs < m+1 (0=J, and i >0), or (i-j =0 and max{i, j} > 0),
L s 0.

(m+1)27 Z#.j’ Z7J>
and
(3.30) 1Dy, 0™ (t,q0,9)| < C, > (m+1)| Dy pul™* < C,

k=1

and
(3.31) 0™ (t, g0, 9)| < C, 105,u"™ (t,q0,9)| < C.

Let us notice that by definition and the assumption (HI11), u is bounded on [0,7] x K x B, for
any K C M compact and r > 0. Therefore, u("™ is uniformly bounded (with respect to m) on
[0,T] x K x B™.

Now, all these properties allow us to verify the assumptions of Corollary 2.18 and conclude by this
that there exists @ : [0, T]|xMxPy(M) — R such that after passing to a suitable subsequence (u(™),,en
converges to 4 in the sense as described in Corollary 2.18. Let us notice furthermore that (¢, go, ) has
to be also the limit of u(t, qo, uf{”“)) (since by Proposition 3.15 wu(t, qo, -) is continuous) and therefore
@ and u must coincide. Thus, as a consequence of Corollary 2.18 u € CL ([0, T] x M x Py(M)). O
Corollary 3.17. Under the assumptions of Lemma 3.16, we have that the vector field M > q —
Dqu(t, g, ) ts globally Lipschitz, uniformly with respect to (t,u) € [0,T] x B, for any r > 0.

Proof. Let r > 0, t € [0,7] and p € B,. Let ¢1,q2 € M. Let (un)nen be a sequence in B, such
that Wa(pn, ) — 0 as n — +oo and spt(u,) = M for all n € N. By Proposition 3.13(iii) we have
Dqu(t, ¢, pin) = Vuld(t, in)(¢:), © = 1,2. In the light of Proposition 1.3 and Lemma 2.13 there exists
C = C(r,T) > 0 independent of n such that

[Dgult; g1, pin) = Dou(t, g2, pin)| = [Vuld (8, 1n)(q1) = Vuld (8, 1n)(g2)] < Cla1 = gal.

By the continuity of Dgu(t, ¢;,-) provided in Lemma 3.16, one can pass to the limit with n — 400 to
obtain

|Dqul(t, q1, pin) — Dgu(t, g2, pin)| < Clgr — qa|-
The result follows. O

Lemma 3.18. Let ﬂémﬂ),f(mH) and VD) be defined in (3.27) and suppose the assumptions of
Lemma 3.16 are fulfilled. Then, for T,r > 0 and K C M compact, there exists a constant C =

C(T,r,K) > 0 such that for any (qo,q) € B with qo € K and 1,5 € {0,...,m}, we have

(1)

(m+1) c, i=0, - C, i=0,
Dy o)l =4 _C and Dy, [ D (go,q) <4 C
, 1>0, — 1>0.

m+1 m+1
(2)

C’ Z :] = 07

C

D2 ~(m+1) (i=4, and i > 0), or (i-j =0 and max{i,j} > 0),

qiqjuo (quq)|OO S m—|—1’
C S,
CESE i#J, 4,5 >0,

and
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(2)
C, i=7j=0,
‘Dqlq f(m+1)(q0 Qoo m+1 (i =4, and i > 0), or (i-j =0 and max{i,j} > 0),
' C L
mr 12 i #J, 1,5 > 0.
(3)
i) C, if i =0,
ylm <
|Dq1V (QOaQ)| = mi 1’ lf i > 0.
(4)
C, i=j=0,

C

quJV(erl)(qU;q)'oo < miJrcl’ (t=jandi>0)or (i-j=0 and max{i,j} > 0),

TR
As a consequence, u™ defined in (3.25) satisfied the estimates (3.28) and (3.29) from Lemma 3.16.

|D

Proof. As the computations to obtain the corresponding estimates in the case of 1, ~( 1 and f (m+1)

are completely parallel, we perform these only in the case of u(m+1)

(1) In the computations below, to facilitate the reading, we will display neither the time nor the
space variables in @;. For i > 0, we have

(332) D al™ ™ (q,9) = Dyul™ ™ (Qo, Qo, Q) Dy, Qo + Dy (Qo, Qu, Q) Dy, Qs

+ Z DQkuém+1)(QO7QO7Q)inQk.

k=0,k£i

Now, let us observe recall that by assumption (H11) we have

Dyuo(y, 1) = Valdo(1)(®),  u§™ ™ (W, d0, a1+ -, Gm) = wo(y, u§™D),
for all p € Po(M), all y € spt(p) and all g, q1, -+ , ¢m € M. This implies
Dyu™ ™ (y, g0, 9) = Dyuo(y, u§™ V) = Vauldo (™) (w),
ans so
(3.33)  Dyud™ (i q0,q) = Dyuo(gi, p§™ ) = Vauldo (™) (q3) = (m + 1) D, U™ (g0, )

for all i € {0,...,m}.
Let us notice that by (H13)-(H14), Lemma 3.19 and Lemma 3.20, we can find C' = C(T, r, K) such
that

(m 4+ 1) Dgpud™ ™ (Qo, Qoy Q1+, Q)| < €, [Dyul™ ™ (Qo, Qos Q1 - -, Q)| < C.

so (1) follows by combining the previous arguments with Lemma 3.19.
(2) Differentiating (3.32) with respect to ¢; one obtains

D2, 8" (g0, 9) = Dy, QuD2,uf™ " (Qo, Qo, Q) Dquo+ZDq,Qkqu,€ 7" (Qo, Qo. Q) Dy, Qo
k=0

+ Dyu§" ™ (Qo, Qo, Q) D2, Qo + Z Dy, QD2 4 u§™ " (Qo, Qo, Q) Dy, Qi
k,l1=0

m

+ Z Dqk“(()m+1)(QO7 Qo, Q) qiq; Qk

k=0
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From (3.33) we observe again for any i € {0,...,m},

Dzyugmﬂ)(%q(h q) = Diyuo(% Ném+1)) = Dvauo(ﬂgmﬂ))(%) = (m+ ) U(mH)((Im q).

Thus, if i, > 0 and i # j

C

~(7n+1) C (m-+1)
D74, (40, @)]oc < s ——m+ 1)|DZ . U (QOvQ)L}om

+Z|Dq]Qk|oo|quk §"(Qo, Qo, Q)| Dy, Qoloo

(m+1) c
+(m+1)|quU0 (QO?Q)|(m+1)2
+Z|DQJQk|OO|Dqqu m+1)(QO7QO7Q)‘O@|Dq1Qk|OO
k=0

+Z|DQJQI|OC‘Dqqu (m+-1) (QO7QO?Q)|OO|DqLQkJ‘OO
k#l

+Z|DQkuém+1)(QO7QO7 Q)||D3. 4, Qkloo
k=0

Let us recall that by our assumptions, there exists C = C(T,r, K) such that

m m c
|ququ( +1 (QO? )|OO — thpcué +1)(Q07Q0a@)|00 S 1

e —
D2 Qoo Qe < | 70 FS!
05«0, ~ c
qrq1 [CESYER k 75 l,
C
.D m+1)
| (Q07Q07Q)| m+ 1
and by Lemma 3.20 and by the assumptions on Uémﬂ),
C
m—+1
|quU(§ )(Q07Q)| < m

Therefore, combining the previous arguments and computations, we conclude that

~ 1
D2, a5 (q0, 9] <

(m+1)*
Similar arguments yield that if i = j, we have

~(m+1)
|Dq1qb 0 (QOaQ)|oo < m

Computations and arguments to the one’s above yield that

|D N(mH (G0, 9)|oo < C and |D

q0q0

~(m+1) c .
qoqr (90, ¢)|e < e if k>0,

and so the thesis of the claim follows.
(3) Let us set vg := DpH(Qo, (m + 1)Vy, U+ (s, Qo,Q)). First, we have

(3:34) Dyvo = D2 H(Qo, (m + 1)V, U™ (s, Qo, Q)) Dy, Qo

+ D2, H(Qo, (m + 1)V, U™ (5,Qo,Q))(m + 1) ZququW*” ,Q0,Q)) Dy, Qi
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from where using the assumptions (H4) and (H6) on H, Lemma 3.19 and the properties of D2 Uylm+1)
we obtain

C C - m—+1
| D, v0]00 < mritm ™t (m+1) kz:l D2, U™ (s,Qo,. .., Qm))lo| Dy, Qrloc

< ——, ifi>0.
m+1

The very same computation and arguments yield that | Dy vpleo < C.
Now, we compute

t
(3'35) inv(m-‘rl)(QOaQ) :/ (DyL(Qo,UO)inQO +DvL(QO»UO)inUO)dS
0

Using the smoothness property and the assumptions (H4) and (H6) on L, together with Lemma
3.20, we have that there exists C' = C(T,r, K) such that |Qo(s,-)| < C and |[Qo(s,-)| < C for all

€ (0,t), and so |DyL(Qo,v9)| < C and |D,L(Qo,v0)| < C. Therefore, by combining all the previous
arguments, the thesis of the claim follows.

(4) From (3.35) one obtains

(3.36) D, V' (qo,0q)
t
= /0 (Dg; Qo D3, L(Qo,v0) Dy, Qo + Dy;v0 Dy, L(Qo, v0) Dy, Qo + Dy L(Qo, v0) D3, (. Qo) ds

t
+/ﬁw%%D@MQmmem+deﬁl@m%ﬁ@%+ﬂi@mwmﬁﬂ®@
0

We first notice that by the arguments from (3), we have that there exists a constant C = C(T,r, K)
such that [Qo(s, )| < Cand |vg(s,-)| < C forall s € (0,t), and so | D2, L(Qo,v)| < C, | D, L(Qo,v)| <
C and |D2,L(Qo,v0)| < C.

To conclude, from (3.34) we compute

Dgzq Vo = qu QoDiqu(Qm (m + I)qu U(erl)('S? QO’ Q))Dq, QO
m +1 Z quqk U(m+1) , Qo Q))Dq] QkqupH(Qm (m + 1)quU(m+1)(5ﬂ Qo; Q))quiQO
+ D127q (QOa (m +1)D qu(m+1)(57 Qo; Q))Dgz‘b Qo

+ Dy, QuD3,  H(Qo, (m + 1) Dy, U™ (5,Qo, Q) (m + 1) Z D}, U™ (s,Qo,Q)) Dy, Qs

m

+ D2, H(Qo, (m + 1)Dg, U™ (5,Q0, Q) (m +1) Y Dy, QD3 1,0, U™ (5,Q0,Q)) Dy, Qi

k,l1=0

3

+ Dng(QOa (m + I)qu U(m+1) (57 QO’ Q))(m + 1) Z DgoQk U(T”H’l) (57 Q07 ey Qm)) qi9; Qk
k=0

From here, using the assumptions (H6) and (H15) on H, the estimates on D3 U+ on D} ea Ulm+1)
and Lemma 3.19, we obtain that there exists C = C(T,r, K) > 0 such that

c, i=j=0,
|D3q 0@, Qoo <4 M (i=jand i>0)or (i-j=0and max{i,j} > 0),
iqj ’ — C

mye 77

Combining this with the previous arguments and with (3.36) the thesis of the claim follows. O
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Lemma 3.19. For m € N and ¢ = (qo, ..., qm) € (M)™TL let

m 1 G m 1 m N
pY = gy 2 G Quls ) 1= SU @), Pisia) = g Pl @) 0<i<m
i=0
We set U(gm+1)( ) == Uy (p (m+1)) and F("HD (q) = .F(ugm+1)). Further assume UémH) and F(m+1)
satisfy Property 2.15(8). Then (as in Theorem D.2) for r > 0 and t > 0, there exists C = C(¢,71)
such that for all q € B£m+1), s €(0,t) and i,j € {0,...,m} we have

(337) 1Dy, Quls,0) | < { C.
’ i # 7.
and
C, i=7=k,
(3.38) D2, Qi(s.0)e <4 wlm imiFk iti=h i=k#j

e, i#I#ER

Proof. Let £(-,2) = (§o(, 2), ..., &m(+, 2)) be defined as in (1.15) (see also the systems in (1.16) and
(D.7)).

By Proposition C.2 we first observe that that £(t,-)~! = Sf)’m. To facilitate the writing, as it is
done in Appendix D, we denote ((t,-) := £1(¢,-) and so, we have

Qi(sa q) = Ei(s7 C(t7 q))
Thus, by differentiating and using the estimates on (&g, ...,&mn) and (o, ..., (m) from Theorem D.2,

by denoting | - | = || - “LOO(]B(m+1)’ we have that there exists C' = C(t,r) such that
[Dg; Qi(s, )00 < Z 1D2,&i(s,Co(t)s -+ Gt ) loo [ D, Gk () oo

- |D21£’L( 7C0( 7)7,Cm(t7))|OO|DqJCZ(t7)|OO

+ Z Dzkgi(své-()(tv ')7 ceey Cm(t7 ))|00|Dq]Ck(t’ )|00
i

C, i =7,
<. !
o i # J.

Therefore, (3.37) follows. Furthermore, since

m

D}, Qi(s,-) = > D2 o &i(5,Go(ts)s s Gt ) Dgy Giy () Dy Gy (L, )

l1,l2=0

+ ZDz11£i<5?go(t")""7Cm(t")) qquCll( )
11=0

= Z Dqlqulf( CO( )""va(tv')qucClz(tv')Dq]‘Cll(tv')
117512

+ZD¢IIQZ )7"‘7Cm(t7')Dqul(tf)Dq]‘Cl(ty')

+ Z Dzll Ei(s, <O(t7 ')7 ey Cm(ta '))ngqull (ta ')a

11=0

we have that (3.38) follows. O
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Lemma 3.20. Let us suppose that we are in the setting of Lemma 3.16 and in particular all of its
assumptions are in place. Let (Q;)75' be defined in (3.26). Let (qo,q) € M™*V. Then (0,t) > s+
Qo(s,qo,q) is Lipschitz continuous with a Lipschitz constant independent of m and for all r > 0 and
K C M compact there exists C = C(t, K,r) > 0 such that |Qo(s, qo,q)| < C for all s € (0,t), whenever

(90,9) € B and ¢ € K.

Proof. Let us notice that (Qo(s,qo,q))se(o,¢) solves (3.22), with data o [u((,mﬂ)] and final condition

go. Furthermore, since (o t[ugm+1)])9€(o +) belongs to Bg,,y, for some §(t,r) > 0, the velocity field

(0,t) xM > (s,y) — D,H(y, V,U(s, 0! [u,(zmﬂ)]( ))) is globally Lipschitz continuous (after a suitable
extension of V,U(s,o [u((]mﬂ)]( -)). Therefore, classical results in the theory of ODEs imply the thesis
of the lemma and the bound on Qq(s, -, ) depends only on ¢, K and on the Lipschitz constant of the

previously mentioned velocity field (hence on ). O

Lemma 3.21. Under the assumptions of Theorem 3.22, u(™ defined in (3.17) satisfies the estimates
(3.30) and (3.31) from Lemma 3.16.

Proof. In Lemma 3.18 we showed that u("™(t,-,-) € Cllo’cl(MmH) with the corresponding derivative
estimates (3.28) and (3.29), uniformly in with respect to t € [0,T]. Furthermore, since by Proposition
3.13(v), u(-, q, 1) is Lipschitz continuous for all ¢, u € M x Py(M), this property is inherited by u(™,
and therefore u(™) (-, qo, q) is Lipschitz continuous on [0, 7] for all (qo,q) € M™*1,

Let us recall now the representation formula (3.25) of u("™(t, qo,q). We fix K to be the closure of

a bounded open set in M and r > 0 such that ,ut(lmﬂ) € B!, The regularity properties of u(™) and

(3.25) for almost every t € (0,T) and all (qo,q) € M™*! yield
(339) atu(m) (t7 q0, q) + quu(m) (tv q0, q) : DpH((]O, (m + l)quU(m+1)(t7 q0, q))

m
+ > Dgu™(t,90,9) - DpH (g5, (m + 1) Dy, U™ (L, g0, q))

= L(q07 DpH(q07 (m + 1)quU(m+1)(t7 q0, q))) + f('m-‘rl) ((ZO> q0, q)
Proposition 3.13(iii) and (3.24) yield
(m +1)Dg, U™ (8,0, 9) = Vauld (t, 1" ) (q0) = Dyyut, qo, u™ ).

Now, let us notice that by the definition of u(™), one has the identity

1
quu(m)(t7q07 ) quu(t q0, (m—‘,—l)) + mku(t7q07ugm+l))(qo)'

(m+1))

For an arbitrary a € M, if we set in 4™V (¢, a, qo,q) == u(t,a, , we have that

1 m AT
mku(t qo, K ( +1))( ) quu( +1)(t7a'a QO7Q)|a:qo
and so

(340) (m + 1)D(IOU(m+1)(t7 q0, q) = quu(tv q0, .uém+1)) = D(]ou(m) (ta q0, Q) - quﬁ(m+1)(t7 q0, 40, Q)
We notice furthermore that @(m+1) (with respect to the regularity and derivative estimates) essentially

behaves as u(™*V)(t, qo,qo,q) and in particular by (3.28) and (3.29) there exists a constant C' =
C(K,r) > 0 such that the followings hold.

~(m C
|quu( (90,90, 9)| < mTIY

All these arguments allow us conclude that
|(m + 1) Dg, U™ (. g0, )| < C.

Now, we differentiate (3.39) with respect to the spacial variables.
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Differentiating with respect to qo, denoting the variables of f(+1) ag (Y0, g0, q), we find that there
exists C' = C(T, K, r) such that if (¢,qo,q) € [0,T] x BV with qo € K, then

|Dq0(9tu,(m)| < |l)2 u(m)HDpH(qO, (m + 1)Dq0U(m+1))| + |quu(m)||D§pH(qo, (m + 1)Dq0U(m+1))|

qo40

+ (m +1)| Dgyu™ || D2, H qo, (m + 1) Dy, U™ )| D2, 7(m+1)]

qo04;

+ Z |D2 u(m)HDpH(qj, (m + 1)qu U(m+1))‘
j=1

+ 31Dy, ™| D2, H g, (m + 1)Dy, U™ ) (m + 1)| D2, U]

q04;
J=1

Dy L(do. DyH o (m + 1) Dgg U™V + Dy Ligo, Dy H (o, (m + 1) Dy U+ 1))| D2, H|
+[DyL(go, DypH (o, (m + 1) Dg, U V)) || DF H|(m + 1) D}, U]
+ |Dyo.f(m+1) (QO7QOa Q)| + ‘Dqu(m-i_l)(QOa QO7Q)|

m 2 m 1 2 %
<C+ 0 YomiD2 w3 | DyH g, (m+1)Dy, UCHY)
Jj=1 j=1
1
+C+ Vm +1|D,, fm+Y
; m+1 1Dq. f |

<C+ (Z mH) (Z(erl)quif( “”) <,

=0 i=1

where we have used all the previous estimates (3.28), (3.29) and the ones on U+ from Theorem
D.2, as well as the hypotheses on the data H and f("+1). This yields the first part of (3.30), since
also DpH (-, VU(t, /L((Zm+1))(‘)) €L? (ugm+1)), with and L2 (uém+1)) uniformly bounded with respect to
m.
If k € {1,...,m}, completely parallel computation gives

|Dqkatu(m)‘ <|D? u(m)||DpH(q0, (m + 1)Dq0U(m+1))|

4k qo0
+ (m +1)|Dgoul™ || DZ,H (qo, (m + 1) Do U™ )| D2 U+

+ Y 1D, o, ™ ||DpH gz, (m + 1) Dy, U™ D))
j=1

+ |Dqku(m)||D2pH(qk7 (m —+ l)Dqk U(m+1))|

+ Z |quu(m) |(m+ 1)|D,2,pH(qj, (m+ 1)quU(m+1))|‘ngqu(m+1)|
J=1

+ Dy L(go, DpH (o, (m + 1) Dy U™ D)) || D2 H|(m + 1)| D2, U™ D] + | Dy, fIm+Y)]

qr490

_c
(m+1)

<C|D? , u™| + |D, H (qx, (m +1)D,, U™1)| +

9r40

(m+1)
4_|ZDQkf(nb+1)%

from where, using the same arguments as for the conclusion of the first part of (3.30), we find
D opey (m A+ 1)| Dy, 0pul™)|? < C, as desired.
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To show (3.31), we argue similarly. First, from (3.39) we simply have

|atu(m)‘ < |quu(m)”DpH(QOa (m + 1)quU(m+1))| + Z |quu(m)|\DpH(qj, (m+ 1)quU(m+1))|

j=1
+ |L(g0, DpH (o, (m + 1)Dq0U<m+1)))| 4| flmtD)
m 2 m 1 i
S C+ Zm‘quu(m)F ZE‘DPH(q]’(m_i_1)Dq]U(m+1))|2
j=1 j=1

<C,

where we used the previous estimates and the fact that H(qo, quu(m)) and f*1 are locally bounded.
Second, differentiating (3.39) with respect to ¢, we find

070" < [8:D gy ™ || DyH (o, (m + 1) Dgo U™ D) + | Dggu™ || D, H|(m + 1)|0, Dy, U™ V)]

+ Z |6thj“(m)||DpH((Ij7 (m + 1)qu U(m+1))|

j=1

+ > 1Dg,u™|| Dy, H (g, (m + 1) Dg, UM D)| (m 4 1)|0, D, U™ Y|

j=1

+[(m + 1) Dy U V|| DR H(m + 1)|0, D, U™ D))

1
2 2
m m 1
<C 18D(m)2 D, H(a: ].DAU(de)Q
<C+ ;<m+ )10:Dgu™| ;(m+1)| pH (g, (m + 1) Dy, U D)
+ C(m +1)[0,Dg, U™ V)|
" :
+C Y (m+1)|0,Dy, UMV
j=1
Let us notice that by (3.40) we have that
c

(m+ 1)[0:Dg, U™ V| < [8;Dgyu™ | +[8: Dy ™ V| < O +

m+2
where we have used that Y27, (m + 2)|0:Dgya™+1|2 < C. Relying on the previously obtained
estimates and on the fact that by Theorem D.2(3),
> (m+1)[0, Dy, UMV > < C,
j=1

the claim in (3.31) follows. O

Recall that throughout this section, we have imposed that (H1)-(H8) and (H9) hold. We are ready
to state and prove the main theorem of this section.

Theorem 3.22. Suppose the assumptions (H10) through (3.16) are satisfied. Then, the scalar master
equation (3.14) has a unique global in time classical solution of class C\22 ([0, +00) x M x Pa(M)) in
sense of Definition 3.9.

Proof. Let T > 0 be fixed time horizon. Notice that Theorem 3.4 yields that u defined in (3.17) is of
class C2L([0,T] x M x Py (M)).

loc
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Let pp € Po(M), ¢ € M and ¢t € (0,T). Using the representation formula (3.17), by the dynamic
programming principle we have that for s € (0, t)

ult, q, 1) =u(s, Selul(q), oclpl)

+ [ L(SHlta), D H (SHu)(a), Dyt Stlp@) o)) + £ (St ) o))

Hence,
I G DR CEH I CHAT)
s—t t—s
=lim [ L(St[u)(q), DyH (Stll(a), Dyu(r, St{ul(a), ot (1)) ) + F (Sl (@), o2l) ) dr,

where both limits exist and are finite, due to the continuity of the integrand on the right hand side.
Using the chain rule with respect to the measure variable (provided in Lemma 3.23), this is equivalent
to

deu(t, q, p)+Dgul(t, g, ) - DpH (g, Dgu(t, q, 1)) + /M Vawu(t,q, w)(y) - DpH (y, Vuld (s, 1) (y)) p(dy)

=L(q, DpH (g, Dyult, q, 1)) + f (g, 1)
Here above we used that the optimal curve 7 — S%[u](q) satisfies (3.21), while the curve 7 — ot [u]
solves the continuity equation (3.3).
Using that by Proposition 3.13(ii)
un(ta *y ,LL) = V“)U(t, N)() H— a.e.,
one obtains

f(q,p) = Opult, q, 1) + Dyu(t, q, 1) - DpyH(q, Dyu(t, g, j1))

/ Vwult,q, u)(y) - DpyH (y, Dyu(t,y, 1))du(y) — L(q, DpH(q, Dgu(t, q, 1))

= Owu(t, q,p) + H(q, Dgu(t, q, jt)) + /Mun(t,q,u)(y) - DypH (y, Dyu(t, y, p))pu(dy),

where we have used the Legendre duality in the last equation. The arguments in Subsection 4.1
imply in particular that u also satisfies the condition (3.15). This completes the existence part of the
theorem.

Uniqueness. Let u € C’llo’cl([O,T] x M x P2(M)) be a solution to (3.14). Let ¢t € (0,T), u € Pa(M)
and z € H be fixed such that f(z) = p. Using the vector field D, H (-, Dgu(-,-,-)), let (04)sc(o,1) be the
unique solution to the continuity equation

0505 +V - (0sDpH (-, Dgu(s,-,05))) =0, inD'((0,t) x M),

O = .

Since Dyu is locally Lipschitz on [0,7] x M x Po(M) and the vector field M > ¢ — Dgu(t, q,v) is
Lipschitz, uniformly with respect to (¢,v) € [0, T] X B,., the existence and uniqueness of o above follows

from standard arguments and from the adaptation of Theorem 3.3 from [23].
Then, in H we consider the ODE

r_
(3.42) { xh = DyH (x5, Dyu(s, xs,05)), s € (0,t),

Tt = 2.
This has a unique continuously differentiable solution z : (0,¢) — H.
Claim 1. We have that #(z;) = os.
Proof of Claim 1. Indeed, let us denote 7, := f(x5) we have

8565 + V . (EstH('; un(s7 '7US>)) = 07

(3.41)

in the sense of distributions. But the vector field (s,q) — D, H(q, Dyu(s,q,05)) induces a unique
solution to the the continuity equation, therefore ¢ and @ must coincide and the claim follows.
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Claim 2. The unique solution z to (3.42), satisfies the Euler-Lagrange equations

DyL(zs,x.) + VF(xs) = %DUL(I‘S,Z‘ ) and D,L(z(0),2'(0)) = VlUy(x(0)) ae. in Q.

/
Proof of Claim 2. Let us notice first that by our assumptions D, L(q,-) and D,H (g, ) are inverses
of each others for all ¢ € M. Furthermore, we have
DyL(q, DpH(q,p)) = =DgH(q,p), ¥(q,p) € M x R%.

Indeed, this last equation is a consequence of the Legendre-Fenchel identity
H(q,p) =p- DpH(q,p) — L(q, DpH(g,p))-
Now, from (3.42) by continuity, by (H11) and by the fact V,Uo(cs)(xs) = VlUy(xs), one can deduce
that
@'(0) = DyH ((0), Dguo(2(0), 00)) = DypH (2(0), Vuldo(00)(2(0))) = Dy H ((0), Vo ((0))),
which by inversion of D,H (2(0),-) is equivalent to D, L(x(0),2'(0)) = Viy(2(0)).
Then, from (3.42), again by inversion of D,H (zs,-) we have
D, L(xs,2.) = Dyu(s, xs,05).

Since u € CLL([0,T] x M x Py(M)), for a.e. s € (0,t) we have

loc

d
(3.43) £DUL(955, al) = 0;Dqu(s, s, 05) + Dagu(s, xs,05) DpH(2s, Dyu(s, x5, 05))

—|—/ VuwDgu(s,zs,05)(a) - DpH(a, Dyu(s,a,05))os(da)
M
= 0s,Dqu(s, xs,05) + ngu(s, zs,05)DpH(xs, Dyu(s, zs,0))
—|—/ D,V u(s,xs,05)(a) - DpH(a, Dyu(s,a,05))os(da),
M

a.e. in 2, where we have used (3.15) in the last equation. Let us note that the previous computation
is meaningful. Indeed, by the regularity on w (see also the arguments in Subsection 4.1), we can
differentiate the master equation (3.14) with respect to ¢, and so for £! ® L%a.e. (s,q) € (0,t) x M
and for all v € Py(M) we have

(344) 68un(87 q, V) + ngu(sﬂ q, V)DPH(qv un($7 q, V))
+ /M quwu(sa q, V)(&)DPH(G, un(87 a, V))V(da) = qu(Q7 V) - DqH(Q7 un(87 q, V))

We notice that (H11) implies that D, f(q,v) = V,F(v)(¢) and so, by combining (3.43) and (3.44)
one deduces

d
%DUL(xS,x'S) =D, f(xs,05) — DgH (x5, Dqu(s, xs,05)) = Vi F(0s)(xs) + DgL(xs, Dyu(s, xs,05))

= VF(xs) + DyL(xs, Dyu(s, x5, 05)),
and so the claim follows.

Claim 8. For each t € [0,T] and p € P2(M), u(t, -, 1) is unique on spt(u).
Proof of Claim 3. By the strict convexity of the action, the previous claims show that (x,)se(0,¢) is

the unique solution in the action minimization problem (1.2) for (¢, z). But, since U € Cllo’cl([O7 T] xH)
(as we showed in Theorem 1.5(ii)), we have in the same time that the optimal velocity for this curve

is DpH (x5, VU(s,x,)) and so, by the convexity of H in the second variable, one deduces that
Dyu(s, zs(w), 05) = VU(s,x,) (W),

for a.e. w € Q. This further yields that the vector field ¢ — Dgu(s,q,05) is unique (i.e. does
not depend on the solution u) on spt(cy) for all s € [0,¢]. From here we also deduce that for each
i € P2(M), the solution to the continuity equation (3.41) is unique (independent of the solution w)
and this corresponds to the unique minimizer in the action minimization problem, i.e. to the solution
to (3.3).
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Now let ¢ € spt(u) and let (gs)se(o,1) be the unique solution to

A
(345) { gs :quH(qS,DqU(S,qs,US)), S 6 (07t)7
t — 41-

It is clear that ¢ € spt(os) for all s € [0,¢]. Moreover, for each fixed g;, the curve solving (3.45) is
unique (independent of the solution u).
Using the Legendre duality, the master equation for u can be rewritten as

dyu(s, ¢, v) + Dyuls, ¢, v) - DyH(g, Dyu(s, ¢, v / Vou(s,q,v)(a) - DyH(a, Dyu(s, a,v))v(da)
= f(q,v) + L(q, D,H(q, Dyu(s, q,v)))

and replacing in (q, (gs,0s) the chain rule gives us

(3.46)

v) =
di (u(s,qs,05)) = f(gs,05) + L(qS7DPH(qS7un<S7QS708))>'

Now, let @ € Clloi([() T x M x Py(M)) be another solution to (3.14) in the sense of Definition 3.9.

By the previous arguments one has D,u(s,q,0s) = Dyu(s,q,05) for all s € [0,¢] and g € spt(os).
Then, similarly to (3.46), one has that

d
— (U(s,qs,05)) = f(gs,05) + L(stDpH((Isaun(sanUS)))'

75 al

By defining now w : [0,¢{] — R as w(s) := u(s,qs,0s) — U(s,¢s,0s) we have that w'(s) = 0 (by
subtracting (3.47) from (3.46)) and w(0) = 0. Therefore one must have w = 0 and so u(s, ¢s,05) =
(s, qs,05). By continuity one has also that

(3.47)

u(t, qr, 1) =t q1, 1), Vaqr € spt(p).

Claim 4. u is a unique solution to (3.14).

Proof of Claim 4. It remains to show that if « and 7 are two solutions to (3.14), one has u(t, g, u) =
u(t,q, p) for all g € M\ spt( ) Suppose that p does not have full support, otherwise there is nothing
to prove. Let go € M\ spt(u). For & > 0 let p. stand for the heat kernel centered at 0 with variance
€ > 0 and define p. := p * p8 Then one obtained a fully supported smooth probability measure p.
such that Wa(u, ue) — 0 as € | 0. Therefore, we have

u(tv qo0, /~Ls) = H(ta q0, NJE)-

By the continuity of both u and p. with respect to the measure variable, one can pass to the limit as
€l 0 to obtain that

U(t7 q0, ,LL) = H(ta q0, p,),

as desired.
O

Despite the fact that the velocity field v(t,-) := DpyH (~, Vi (t, ,u)) appearing in the continuity
equation (3.3) typically does not belong to 7),P2(M), we have the following chain rule (cf. e.g. [33] in
the compact setting).

Lemma 3.23. We assume that the hypotheses of Theorem 3.22 take place. Let T > 0, to,t € (0,T),
€ (0,t), ¢ € M and p € Po(M) and let (0,t) > s — ol[u] be the solution to the continuity equation
(3.3). Then

U(t(),q, M) - U(to, q,Ug[N])
s—t t—s

= /M Vwu(to, ¢, 11)(y) - DpH (y, Vol (t, 1) (y)) n(dy).
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4. FURTHER IMPLICATIONS OF THE SCALAR MASTER EQUATION

4.1. Improvements on the notion of weak solution to the vectorial master equation. Let
us recall that the first part of Theorem 3.22 asserts the existence of u € CL2([0,T] x M x Py(M)),
which satisfies the scalar master equation

(4.1) 6tu(t,q,u)+H(q,DqU(t,q,u))+/MVwU(t7q,u)(y)-DpH(nyqu(t,yvu))u(dy)=f(q,u)-

Let us observe that all the terms in the previous equation are locally Lipschitz continuous with
respect to the ¢ variable. Indeed, except the nonlocal term, the Lipschitz continuity of the others
is a consequence of the regularity of v and the data. Setting v(t,y) := DpH(y, Vit (t, ,u) (y)) and
denoting T(t, -) the projection of v(t,-) onto T, Po(M), we have that

/ Voult, g, 1)(y) - v(t, y)p(dy) = / By (t, ¢, iy y) - Bt y)p(dy),
M M

where @, is defined in Corollary 2.18. This relationship holds because V.,u(t,q, pu)(-) is the pro-
jection of ®y(t,q,p,-) onto T,Pe(M). Since ®; € CLI([0,T] x M x Py(M) x M), the function

loc

q — fM Dy (t,q, 1, y) - U(t,y)u(dy) is locally Lipschitz continuous and for (Lebesgue) a.e. ¢ € M
we have

/Mquwu(t,q,u)(y)-v(t’y)u(dy)Z/MDq<I>1(t,q,u,y)-5(t,y)ﬂ(dy)7

Therefore, we are allowed to differentiable (4.1) for (Lebesgue) a.e. ¢ € M to obtain
8thu(t7 qa ,U) + DqH(Qa un(ta Q7 /’[’)) + ngu(tv q7 /-L)DPH(Qv un(tv Qa M))

+/MDquU(t7q,u)(y) - DpH(y, Dgu(t, y, p))p(dy) = Do f(q, 1)

By Proposition 3.13(iii) we know that for all (¢, ) € (0,T) x Po(M), Dyu(t, -, p) = VUt p)(-) on
spt(u), where U is the unique solution to (3.1). Since Dgyu is locally Lipschitz continuous with respect
to all of its variables, it serves a very natural extension for V., U(¢, u)(-) to the whole space, and so
we have

(4.2)
OV U(t, 1)(q) + DeH (q, Vul(t, 1)(q) + Dg VWl (t, u)(q) DpH (g, Vuld (t, 1) (q))
+ /MDquu(t,q, m)(y) - DpH (y, Vol (t, 1) (y))u(dy) = Dy f(q, p) = VuF (1) (q),

for all (¢, 1) € (0,T) x P2(M) and for (Lebesgue) a.e. ¢ € M.

In Theorem 3.7 we have seen that V := V,,U solves the vectorial master equation (3.8), when the
variable ¢ needs to be taken in spt(u). Since we have a correspondence between all terms in (3.8) and
(4.2), except the nonlocal ones, we can deduce that we must have

NV VYVt q) = Nu[Vold, Vi, U T (t 1, q) =/MDquu(t,q7u)(y)~DpH(y,un(t,u)(y))u(dy)

for £L%-a.e. ¢ € M.
This fact implies furthermore that

(4.3)
/M DgNVuwult, g, 1) (y) DpH (y, Dgu(t, y, 1)) u(dy) = /M Vi Dqult, ¢, 1) (y) DpH (y, Dgut, y, 1)) p(dy)
=/MVin(t,u)(q,y)DpH(%un(t,y,u))u(dy)
for all p € Po(M) and for L' ® L%a.e. (t,q) € (0,T) x M, which shows in particular that the function

u constructed in the first part of the proof of Theorem 3.22 satisfies also (3.15).
All the previous arguments allow to formulate the following
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Proposition 4.1. The weak solution V to the vectorial master equation (3.8) provided in Theorem
3.7 can be extended in a Lipschitz continuous way to [0,T] x Po(M) x M such that this extension still
solves (3.8) at every (t,u) € (0,T) x Po(M) and at L?a.e. ¢ € M.

Remark 4.2. Relying on the very same procedure as in Theorem D.2 and in Theorem 2.17, if we
assume higher reqularity properties on the data (as H,L € C* with uniformly bounded fourth order
deriwatives, F,U € Clg’(;cl’w and f,uy € C’fo’cl), one can improve further the reqularity of both uw and U

(as u € 01203 and U € C’E’)Clw) Such improvements would imply furthermore that one could have the
vectorial master equation satisfied for all ¢ € M (rather than L%-a.e.). Since these estimates would
not impose additional technical difficulties, to avoid the addition of further pages to the manuscript,

we will not pursue them here.

4.2. Convergence of equilibria of games with finitely many players and propagation of
chaos. Relying on the solution to the master equation (3.14) one can study the convergence of Nash
equilibria of N—player differential games. The Nash system of Hamilton-Jacobi equations for the value
functions v*" : [0, 7] x MY — R associated to these games reads as

N (t,q)  +H(qs, Dgv™™) + 32, Dg;v" N (t,q) - DyH(qj, Dg;v" N (t, q))
(4.4) = fiN(q) + 14N (¢, q), (t,q) € (0,T) x MN
v N(0,q)  =v5N(q), g€ M.

For games with individual and/or common noise in the dynamics of the agents, relying on the
master equation, such convergence results (together with large deviation principle and central limit
theorems) were obtained recently in [9], [18] and [19]. The inspiration for the proofs of the results
below came from these references. However, in contrast with these references, D,u and V,u were
assumed to be bounded (and so global convergence results were obtained). In our case these gradients
are only locally bounded and so, we can obtain only local convergence results after taking some extra
precautions which we specify in Appendix E.

The function v in (3.17), solution to the scalar master equation (3.14), allows to approximate
solutions to N-player deterministic differential games.

To show this, let m € N and set N :=m + 1. Set

1 m
_ (m+1) (N) _ , (m+1) ._
4= (qos---»qm) € MV ™ = pg '_7’”*1;:05%'

We define the coupling functions and initial data f*, uf)’N ‘MY 5 R as
FiN(q) = f (qi,ufj”“)) and ug™ (q) = uo (qi,uflm“)), i€{0,...,m}.

Once can notice that by construction both f“V and ué’N depend actually on the position g; of the

player ¢ and on the empirical distribution of all the players ,u,(]N).

In the same time, we define " : [0,T] x MY — R as
utN(t,q) = u (t,qi,ugm"’l)) , 1€{0,...,m}.
In Subsection 3.3, in particular in Lemma 3.16 we have shown that v € C’llo’cl([O,T] x M), Fur-
thermore, we can formulate the following result.

Proposition 4.3. Let v, i € {0,...,m} be defined as before. Then they solve the approvimate
Nash system
dru"N (t,q) + H(gi, Dgyu"™) + > Dy,u"™ (t,q) - DpH (g5, Dy, ™ (¢, )
) ) J#i
= f"g) + 1" (¢, q), (t,q) € (0,T) x MV
u"N(0,q) = Ué’N(Q)a qg e MV,
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Furthermore, for all T >0, R > 0 and r > 0, there exists C = C(T, R,r) > 0 such that

(4.5) " N|(t,q)] < C/N, ¥(t,q) € [0,T] x Br(0)V, i e B).

Let ¢ = (qo,---,qm) : [0,¢] — MY stand for the Nash equilibria of the game associated to (4.4). In
particular, for ¢ € (0,7) and ¢ € MY they are solutions to the ODE system

{ Gi(s) = DpH (qi(s), Dg,v"N (5,q(s))), s € (0,1),
qi(t) = G-

In the same time, let Q = (Qo, ..., Qm) : [0,t] — MY stand for the curve that we get by taking the

solution in the definition of w(t, §;, pémH)). They solve

Qi(s) = DyH(Qi(s), Dagu(s, Qi(s), n5ih ), s € (0,0),
Qi(t) = G-

Proposition 4.4. Suppose that v&N : [0, 7] x MY — R, i € {0,...,N — 1} is a classical solution to
(4.4) such that Dg,v"N is of class CO1([0,T) x MN) uniformly with respect to N. Then, for all R > 0,
there exists C = C(R,T) > 0 such that if § € Br(0)", then

™~ o) C
W (MQ(S)"“q(S)) SN

Corollary 4.5. Let us suppose that the assumptions of Proposition 4.4 are in place. Let t € (0,T),
N €N, g € Br(0)N, p € Po(M) with p € By for some r >0 and let (0,)se(0,4) be the solution to the
continuity equation (3.3) with oy = u. Then, there exists C = C(R,T,) we have

Wa (MSIN)(S),US> < % + Ct=w, (,uéN),,u) , Vs € (0,1).

APPENDIX A. HILBERT REGULARITY IS TOO STRINGENT FOR REARRANGEMENT INVARIANT
FUNCTIONS

Let & € C?(Py(M)) and let ® € C2(H) be such that ®(u) = ®(z) if  is the law of z. Recall that
(A1) V2&(z)(h, h,) = / Dy(Vu®(p) oz h-hodw+ | Vi, &(u)(z(w), z(ws))h(w) - hy(ws) dwdw,
Q Q2

ifg, & €T, Po(M) and h=§ oz and hy =&, oz
For k € N and g € C?(MF), we define

égk) (z) := /Qk g(@(wr), - w(wk))dwy - - - dwy Va € H,

and
B0 = [ gl auldan) - plda) Ve Pa(h).

Let Px be the set of permutations of k letters. Replacing g by its symmetrization
- 1
g(xla t ,.’ﬂk) - E Z g(wT(l)? T 7x7'(k))
TEP;,
we have <~I>§k) = éék). Therefore, it is never a loss of generality to assume g is symmetric.

We do not know how to write (A.1) for general h,h, € H\{{oxz : & € T,P(M)}. In some
particular cases such as when ® = @gk) for some smooth g, then (A.1) extends to h,h, € H\ {£ox :
& € T,P>(M)}. This can be checked by hand by writing the Taylor expansion of second order of

g(z(wr) + hwr), -+, 2(wk) + hlw)).

Another example is when

(A.2) D(u) = 9(; /M |q|2u(dq)> Yy € Po(M) and so ®(z) =6 (;xHQ) Vo € H.
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Writing the second order Taylor expansion, we have

V(e = (G117 .0

and
(A.3) V2®(z)(h, h) = 9’(;:5”2) ]| + 6" <;||x||2> (z,h)>  Va,hcH.
We conclude

(A.4) D,(vu0) = (5 [ () )1 s Par

and

Vi w®(1) (g, b) = 9”(; /M Iq2u(dQ))q ®b  VueP(M) Vaq,b e spt(p).

Thus, when @ is of the form (A.2), (A.1) continues to hold for all h, h, € H. Note that the expression
in (A.4) is constant on M. In fact, we shall see this is not a coincidence which is the aim of these
notes.

Our goal is to show that if ® € CIQO? (H), then Dy(V,,® (1)) must be constant function on spt(p).

This will allow us to make inference about the dimension of Clzof (H) N {Ci)ék)} for any natural number

k. In conclusion, the set of ® € C’IQOCO‘ (H) maybe too small in some sense and a theory of Mean Field
Games for functions ® € 01203 (H) may be too restrictive. Hence, Cﬁf’w (P2(M)) (cf. Definition 2.11)
is a better space for a general theory.

Lemma A.1. Let o € (0,1] and assume D e 01203 (H) is rearrangement invariant so that it is the lift
of a function ®. If (A.1) holds for all h,h, € H then D, (qu)(,u)) is constant function on spt(p).

Proof. Let € H and let p be the law of z. Fix an open ball B C H that contains x and choose
kg > 0 such that

(A.5) (V20(2) = V20 (y) ) (b, h) < kslla — ]

for all y € B and all h, h. € H such that ||A|], || k| < 1.
Let 0 € C2°(M) be a probability density function whose support is the unit ball in R?. For z, z, € R?
unit vectors and for w,o € Q , we set

w — 0
he = 2z\/02, hi = z:\/0?, 0 (w) := e’dg( )

€

Let y € H have the same law with . We have
(V2o(y) — V2d(2) ) (0, 1)

— [ (Pu(Tu0) (1)) - D1 (T(0) () (o) - ()
4 [ (TR0 (4).5(0)) — V2,800 (). () i) () s,
02
(A.6) = /Q (Dq (Vuw®(1)) (y(o+ €a)) — Dg(V®()) (z(0 + 6a))>z - zp0(a)da
wet [ VR0 (5o + ). plo+ ) 2/a@aldady
—d /Q2 V2@ (1) (z(0+ €a), z(o + €b)) z - 2./ 0(a)o(b)dadb.

Since ® € CY1(B), V2,®(u) is bounded, we use (A.6) to obtain that if o is a Lebesgue point for
(DgV®(p)) oy and (DyV,,®(1)) o = then

lim (V2®(y) — V20(2) ) (1, %) = (g (Tu®(1)) (4(0)) = Dy(Vu® (1)) (2(0)) ) 2 - =
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This, together with (A.5) implies that if y € B then
(A7) 1Dy (Vu®(1)) 0 4(0) — Dy(Vu® (1)) 0 2(0)| < sl — |
In the spirit of the proof of Lemma 2.13, set
Qo = {w € Q| w is a Lebesgue point for x, DyV,®(1) oz} Nz~ (spt (n))

Note that € is a set of full measure in Q and so, z(€) is a set of full g—measure. In fact, we do not
know that z(€) is Borel, but we can find a Borel set A C () of full y—measure.

Assume in the sequel that o € A and set ¢ := z(0). Assume we can find 0 € A such that
g2 = z(0) # ¢q1. Let r > 0 small such that B,.(0o) N B,.(o) = 0. Set

w, if we Q\ (B(0) UB.(0)),
Sp(w):=¢ w—o+0, ifwe B, (o),
w—0+o0, ifwée B.(0).
Since S, preserves Lebesgue measure, x and y := x o S, have the same law . We notice

o=yl =2 [ o) - aw+o-o)Pds

T

and so, for r small enough, y € B. By (A 7) implies
D (Vu®(10)) (@2) = Dy (Va®(2)) (a1)] =] Dy (Vu®(1)) 0 4(0) = Dy (Vur(1)) o (o)

<kp <2/ |z(2) —x(z+0—0)|2dz) .
B, (o)

We let r tend to 0 to conclude the proof. O
Proposition A.2. For any « € (0,1] and k € N, we have
dim (cfog )N {d, : ge CEAMP), |Dg|L~ < oo}) < .

Proof. We aim to use Lemma A.1, since this asserts that DV, ®4(1)(q) is a constant matrix C'(u)
which depends only on u.

In particular, in the case of k = 1, we have D,V,,®,(1)(g) = D?g(q) and this being constant
implies that ¢ is a polynomial of degree 2, os the claim follows.

For k € N general we have

DVuRon)(0) = [ D00 () ()

+...

+/Mk D2 9(qu, a2 qe—1, Q) p(dar) - . p(dgr—1)

In fact by [15]

(A8)  Cl) = DVuy@ =k [ D3 o0 aulde) . u(da)

(A.9) = k/ D} . 9(aq1, a2, - a1, Quldqr) - .. p(dgr—1)  p—ae.

For simplicity, let us set k = 2 (the proof of the result for general k € N follows the same lines). Let
a € M and ¢ € C,(M) has M as its support is a probability density and . is its standard rescaled
function. The measures g.(¢ — a) have the whole M as their support and so,

/ D? .,9(q,42)0c(q2 — a)dga = / D} ,.9(@ q2)0c(q2 — a)dgz  Vgq,q € M.
M M

Letting € tend to 0 we conclude
D ,9(¢,0) = D 4, 9(7, a).
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In fact,
D3 4,9 a) = D3, 9(@.a) = D, 9(a,q) = Dy, 4,9(a,q) = C(a).

lI1Q1 lhlh qzqz qzqz

From these arguments, one can conclude that both ¢; — Dq1q1 (q1,a) and g9 — Dgzng(a7 q2) are
constants for all a € M, therefore the ¢; — ¢(q1,a) and g2 — ¢g(a,g2) are polynomials of degree at
most two for all @ € M. By an adaptation of the result of [12] we conclude that g needs to be a
polynomial of degree at most two. The result follows.

O

Corollary A.3. Similarly, for the ezample in (A.2), if ® € C2(H), then by Lemma A.1 and (A.4)
we have that 0(t) = cot for some ¢y € R.

The result from Proposition A.2 in case of k = 1 is the consequence of the proposition below, where
we show that assuming even only C? regularity (instead of C*<) for functionals on H having local
representations might result in trivialities.

Proposition A.4.
C*(H) N {®, : g€ C*(M), ||D’g|lp~ < oo, ||D?g[lre < 00, D0} =0.
and so,
C2H)N{D, : g€ C*(M), |D*gllp= < o0, [|D*gr < oo}
is a finite dimensional space.

Proof. For simplicity, let us suppose that d = 1 and so 2 = [0, 1]. The result in higher dimensions
follows from similar arguments. }
For x,y € H we can write the following expansion for @,

(A.10)

/ 1 " 2
[ st = [ setwyis - [ g@@)e) - o >>dw—§ | ) ve) - afw) P

/ / / / 259" (2 (w) + ts7(y(w) — 2(w))(y(w) — 2(w))’drdsdtdw.

By the assumptions on g, there exist constants ¢y, ¢1, having the same sign, such that on a bounded
open interval ¢y < g"”" < ¢;. Without loss of generality, let us suppose that this open interval is (—1, 1)
and 0 < ¢y < ¢1.

Claim. The right hand side of (A.10) is not of order o(||x — y||?) when x = 0.

Proof of the Claim. Let z(w) = 0 and y,(w) = w" for w € Q and n € N. Then clearly |y,|* =
2n 77 — 0, a8 n = +o00. We write the previous expansion for y, and z. In particular, the remainder
satisfies

11
(A.11) “© yi(w)dwg// / / 259" (tsTyn(w))y2 (w)drdsdtdw < c—l/yZ(w)dw
6 Jo aJto Jo Jo 6 Jo

We easily find fol Y3 (w)dw = 3n+1 Therefore dividing (A.11) by ||y,]|?> and taking n — +oc we find

2¢o Ii / / / / 2 ///
— < 259" (tsTyn(w))y2 (w)drdsdtdw < < —.
= ||yn||

The claim follows and so does the thesis of the proposition. O
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APPENDIX B. CONVEXITY VS DISPLACEMENT CONVEXITY

B.1. Displacement convexity versus classical convexity. Using the terminology of [9], in the re-
maining of this section will consider weakly Fréchet continuously differentiable functions V : Py(M) —
R and denote their weak Fréchet differentials as ‘W : R x Py (M) — R. Let ¢1, ¢ € C?*(M) be functions
of bounded second derivatives such that ¢; is even Set

Vi) =5 [ e p@ntaa). e Paa)

and

V(p) = Vi(u) + g (q)u(dg), 1 € Pa(M).

Remark B.1. Recall from [9] that ‘;—Z is monotone if and only if V is convex in the classical sense.
Furthermore, the function Vy is twice weakly Fréchet continuously differentiable function, and

2% INY%
5—/j<q,m = (@1emle) golam) = (61 m)(@) + la).
and 52y 82y

(Wl (@, y,1) = ﬁ(q,y,u) =¢1(q —y).

Lemma B.2. If we further assume ¢; € L*(M) then % is monotone if and only if the Fourier
transform ¢1 is nonnegative.

Proof. Denote the Fourier transform of ¢; as (51. Note that for any f € L?(M) by Young’s inequality
we have ¢y x f € L*(M) and so f(¢1 * f) € L'(M). By the Riemann-Lebesgue lemma ¢; € Co( ).

Furthermore, ¢1 is even and has its range contained in the set of real numbers. By Remark B. 1 92X s

monotone if and only if V; is convex. Thus, using the expression of 5 2 in Remark B.1 we conclude

that ‘;‘; is monotone if and only if for any f € C(M) N L*(M) such that [, f(¢)dg = 0 we have

0 < Jga(o1* f)(q) f(q)dg. Thanks to Plancherel theorem, % is monotone if and only if

o< [ ar@f©d = [ aofor©i= [ aolfere

This concludes the proof of the lemma. O

Lemma B.3. Assume A >0, Ay € (—A/2,1/2), ¢ is A—convex and ¢y is Ay —convex. Then
(i) V is k—displacement convez, hence displacement convex, where k := X — 2|A;| > 0.
(ii) If we further assume ¢y is nonnegative, ¢1 = 1 on the unit ball, and ¢1 = 0 outside the ball
of radius 2, centered at the origin, then V fails to be convez in the classical sense.

Proof. (i) As above, denote the Fourier transform of ¢; as $1. Let o € AC5(0,1; P2(M)) be a geodesic
such that its velocity v is not identically null. Since |lv4||o, is independent of ¢, it is then positive. We
have

2
%V(Jt) :/ D2¢(q)ve(q) - ve(@)oe(dg) + | D*p1(g — w)ve(q) - ve(g)oe(dg)or(dw)
M M2

+ D?¢1(q — w)v(q) - vi(w)oy(dg)oy (dw)
M
> MloellZ, + MllvellZ, — [MlllvellZ, > w2,

This completes the verification of (i).
(ii) Since ¢ is even the range of its Fourier transform is contained in the set of real numbers
(including negative ones). Assume on the contrary that the range of ¢; is contained in [0,00). By

Fourier inversion theorem we have for x € M,
< [ talede = [ ariepic = or(0)
M M

/ 927)1 (g)eZﬂiz{dE
M

|1 ()] =
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Since ¢1(x) =1 = ¢1(0) on By(0), the ball of center 0 and radius 1 we must have
(B.1) $1(€) cos(2mz-€) = |61(E)| = di(§)  V(.€) € Bi(0) x M.

Since ¢; is not the null function, él cannot be the null function. Choose &y such that q%l(fo) > 0 and
since ¢; is continuous, assume without loss of generality that & # 0. By (B.1), cos(2rz - &) = 1 for
all z € B1(0) which yields a contradiction. One concludes the proof of (ii) by Lemma B.2. O

B.2. Convexity vs displacement convexity of the action. Here we would like to emphasize the
fact that imposing the joint convexity assumption on the Lagrangian action, as in (H8) comes as a
natural assumption for displacement convex potential Mean Field Games, which are considered in this
manuscript. We compare this to the more standard monotonicity assumption in potential MFG.

Assume L, H € C*(M x R?) are such that H(q,-) and L(g,-) are Legendre transform of each other.
We consider the actions

T
Afo) = [ ([ Dawtoodan + Fon) a
over the set of pairs (o,v) such that
(B.2) Qo +V-(ov)=0  D((0,T) x M)

Recall that if we set V,f(q, 1) '= Vo F(1)(q) then f monotone means F is convex.
We can rewrite AJ (o, v) in terms of the momentum by setting

A (0,n) = /OT (/ML(%:‘ﬁ(q))at(dq) +f(at))dt

over the set of pairs (o,n) such that || < o and
(B.3) Ho+V-n=0  D'((0,T)xM).

In fact, for each ¢ € M we introduce the function L, : R x R? — RU {co} defined as
pL(q, %) ifp>0

(B.4) Ly(p,e) := 0 if p=0,e=0
+o00 otherwise .
Here, 0 := (0,...,0). Since L, is homogeneous of degree 1, whenever p is a probability measure and
&1, ,&q are signed Borel measures, the following function is well defined
Ly(n(dg), dg) if J¢| <
a6 o A o= |, o (vt e <
+0o0 if |¢] & p

e —T .
We can now extend the definition of A, over C to obtain

AL (o) = /OT (A(at, 1) + f(at))dt.

Lemma B.4. If F is convex on Py(M) then (u, &) = A(u, &) + F(u) is convex (we do not assume L
is jointly convex).

Proof. Tt suffices to show that (u,&) — A(u, &) is convex. This is a well-known fact among specialist,
and the proof of it can be found for instance in [36], Proposition 5.18.
O

Denote as C the set of pairs (o, ) such that o € AC5(0,T;P2(M)) and ¢ — ny € M(M) x- - - x M(M)
is a Borel path of vector fields such that each one of its d components is a signed Borel measure on
M and

(B.5) Ho+V-n=0 D'((0,T)xM).
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Remark B.5. (i) Note that the classical theory of potential Mean Field Games which consists in
assuming that f is monotone and L, H € C*(M x RY) are such that H(q,-) and L(q,-) are Legendre
transform of each other ensures that (u,&) — A(u,&) + F(u) is a convex function. Therefore, if we

extend the definition of ﬂg to obtain
T
—T
Ag (,1) 5:/ (A(Utﬂ?t) +]:(‘7t)>dt
0

over C, the action ./TlOT is a convex function in the variables (o,m).

(ii) When replacing the assumption of convezity on the action by an assumption of displacement
convezity, as it is done in this manuscipt, it seems natural to impose that A% (o,v) is displacement
convex on the set of pairs (o,v) satisfying (B.2). This means that

HxH> (X,V) / L(X,V)dw + F(X) is convex,
Q

and thus the Lagrangian L is assumed to be jointly convex on M x R?.

B.3. Convexity of f(-,u) is a consequence of the displacement convexity of F. To study
the scalar master equation, among others we have imposed the assumptions (3.13) and (H11) on the
functions f and F. As we have detailed in the previous couple of lines, in our setting it is natural for
the Lagrangian L to impose joint A—convexity, and we impose that F is displacement A—convex. We
show below that in this sense, imposing (3.13), i.e. that f(-, ) is A—convex, is also natural, and it is
a consequence of the displacement A—convexity of F.

Proposition B.6. Let F : Po(M) — R and f : M x Po(M) — R be of class C? such that they
are related via (H11). We assume that F is is displacement \-conver; M x Po(M) > (q,p) —
DVuwF()(q) = D2, f(q, 1) is continuous and that for any K C Pa(M) compact, there exists C =
C(K) > 0 such that |D?,,F(11)(q1,q2)| < C for any u € K and for any q1,q2 € spt(p).
Then, for any p € Po(M), the function spt(u) 3 q— f(q, 1) is A-convex, i.e.
ngf(x,u) > Mg, V q € spt(p).

Proof of Proposition B.6. Let m € N and we define F(™ : (M)™ — Ras F"™)(q1,...,qn) == f(u,(lm)).

By the assumptions on F, we have that F(") is twice differentiable on (M)™ and by Lemma 2.6, it is

%—convex on (M)™. This means in particular that

A
D2F(m)(q1a . an) > Elmd; v (qlv s aqm) € (M)m
or equivalently
A
a/TDzF(m)(qla s 7qm)a > E‘aﬁnd’ Vae va (qla B Qm) € (M)m,

where | - |;,q stands for the standard Euclidean norm on M™. For ¢ € {1,...,m}, let us choose the
vector a € M™ such that its coordinates between the indices d(i — 1) + 1 and di are not all zero, while
all the others are zero. Then, the previous inequality implies that

A
(BG) D2 F(m)(q1»aqm) Z EIdav (qlw"v(Im) S (M)m

qiqi
We also have (see for instance in [15] Remark 3.5(iv)) that
m m 1 m
nglqu( )((hy o ~,Qm) = quw‘F(:u((J ))(Ql) + Ev?uw]:(:uz(z ))(Qiyqi)7

vm eN, {q1,..-,qm} Cspt(ug').
Let b € M. By (B.6), one has that

1
b DoV F (1™ (g;)b + EbTVfuw}"(qum))(qi, a)b > Ab3, Vm €N, {g1,...,qm} C spt(ul).

Now let us fix p € Po(M) and ¢; € spt(u). For m > 2 natural number, let ¢; € spt(u), i € {2,...,m},

and let us build u((]m) =Y iv, 0g,, as an approximation of .
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We have that
T DV F(ul™) (g w+—ﬂv2f<§mmMWsz.

ww

Since K := {u(gm) :m € N} U {p} is a compact set, by the assumptions, Vﬁ,w]:(uém))(ql,ql) is uni-

formly bounded by a constant C' = C(K) > 0 independent of m. By the continuity of D,V,,F, one
can pass to the limit in the previous inequality to obtain

b" DgV oW F (1)(q1)b > AJbl3,
and equivalently
b D} f(qr )b = AJbl3.
By the arbitrariness of b € R? and q; € spt(u), the thesis of the proposition follows. a

B.4. Failure of smoothness of solutions to Hamilton-Jacobi equation for monotone initial
data. It is well-known in the theory of Hamilton-Jacobi equations on finite dimensional spaces that
typically one cannot expect global existence of smooth solutions. This led to the development of the
notion of viscosity solution by Crandall-Lions and Evans. We emphasize below that this phenomenon
of existence of non-smooth solutions to Hamilton-Jacobi equations is also present on Pa(M).

Let us consider d =1. Let L : R xR — R and ¢ : R — R be defined as

2
L(Q? ) = |U2| ’ ¢(Q) =—-V1+ q2-
Set

) :/fﬁ(q)u(dq), us(q, 1) = ¢(q), L(,6) ::/L(q,ﬁ(q))u(dq)
R R

Note that U, is convex and so, u, is monotone.
Let U : [0,00) x P2(R) be the unique viscosity solution to the Hamilton—Jacobi equation

1
(B.7) atu+§/\ku\2u(dq):o, U0 = 1.,
R

Assume on the contrary that U is of class C'. Then U must satisfy (B.7) pointwise and so, its
restriction defined as
u(t,q) = U(t, dq)

must be a C! function satisfying

(B.8) Oy + %|3qu\2 —0,  w(0,) = ¢
Thus,

(B.9) u(t,q):myin{‘y;q‘erqﬁ( ) : yeR}.
Given ¢ the minimum in (B.9) is attained by y such that

(B.10) v-q_ Y

t ‘/1+y2:

When ¢ = 0, (B.10) has three solutions which are

Yo=0, mi=vtr-1 y=-Vt*-1
They produce in (B.9) the values
1
-1 d —-——.
o 2 2
Therefore for ¢ > 1, we have
(t,0) t 1
U =———-—.
’ 2 2

e v —qf? il of?
Yi — Yi —Yi-q q
ult,q) = u(t,0) < LT 4 o) — (G- + o)) = 4T+ 5

+y;/t belong to the super—differential of u(t,-) at ¢ = 0. Thus, u(t,-) is not differentiable at 0.
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APPENDIX C. HAMILTONIAN FLOWS ON THE HILBERT SPACE

Throughout this subsection, we impose (H1)-(H7). Showing that the value value function of our
Hamilton—Jacobi equation is of class C1'! on the Hilbert space is the starting point before improving
regularity property via a discretization method. We underline that in Subsection 1.3, using ‘direct
techniques’ relying on the convexity of the Lagrangian action, we have shown already that the value
function U is of class C’llo’C1 . In this section, we discuss the regularity properties of the infinite dimen-
sional Hamiltonian flow (1.3), which which could also be transferred to the value function. In this

section, we further impose the stronger condition that there exists ko > 0 such that

(C.1) D?L(g, ) (Z) : (g) > ralo* Vg,q,0,7 € RY
Combining (H2) and (C.1) we have

&
(C.2) L@+ toa+ ta)‘t_o > ky||z)|? + wollal? Va,a,T,a € H

Let us observe that this is a sufficient condition for strict convexity.
Let £,7 : [0,00) x H — H be given by (1.5). Using (1.4) and the last inequality in Remark 1.1 (iii),
we have

(C3) IEt )il +1< (22 + " (]2 + 1) + 1)

for any t > 0 and & € H. We can formulate the following result.

Proposition C.1. Let t € (0,T), u € P2(M) and g € M. Suppose (t,)n C [0,T] converges to t,
(tn)n C P2(M) converges to u and (gn)n, C M converges to q. Then for every compact set K C [0,t)
we have

Jim 184 funl(00) = SEl(@) |, . =0

Proof. To alleviate the notation, we set v (s) := S [11,,](¢»). It is characterized by the property that

tn
(C.4) Wt ns n) = o (75, 00" [Hn)) +/ (L(vfﬂ?) + (o [Mn]))d77 Vi, = n-
0
We assume without loss of generality that there exists > 0 such that (u), C B, and (¢,,) C B, (0).
By Remark 3.2 (ii)
{ot[un] : n €N, s €0,t5]} C Bep(r)-

In light of Remark 3.11 (ii), we may apply the Ascoli-Arzela lemma to obtain a subsequence which
we continue to denote as (y™),, which converges uniformly in C([0,t — §]; M) for every 6 € (0,t). We
have v € W12(0,¢; M) and may also assume (y"),, converges weakly to v in W12(0,¢;M). We use
(3.18) to obtain that v; = ¢. We would like to replace ¢, by t — d. Since the integrand there is not
known to be non negative, we use (H16) to write

tn
Wt G fin) =0 (40 04 (1] + / 00" [1a)(17] + 1)dr
0

+ / (LR AR + £ (0ot ) B0 ) (7] 4 1) ) dr

Thus, since all the integrands are non negative, we have

t—§
0T (0 ) > im0 0 (05, 0 in]) + timint [ 000321+ Dy
t—4
+lim inf (L(V?dl’) + f (0, 07 (1)) — 007 [a]) (177 ] + 1))dT-
n o O
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We invoke the uniform convergence of ("), the pointwise convergence of (o [1i,]),, provided in (3.3)
and the convexity of the functions in (3.13) to conclude that

t—o
tim nf (g0, s) 2000 ) + [ (EG1rr) + £ (rs0tlal) = 00t e+ 1))

n—oo

t—0
+A 6ot L)) (1o | + 1)dr.

We let § tend to 0 to conclude that

lim inf u(ty, gn, pn) = o (Y0, 0h[1]) +/0 (L(%,%) + f(%,ai[u])) > u(t,q, ).

n—oo

Since Proposition 3.15 asserts that u is continuous, we infer

u(t,q,,u) = uO(’YOvJé[/“LD +/0 (L(’YTv’YT) + f(’Yr,UHN]))dT

and so, vs = St{u](q).
In conclusion, we have proven that every subsequence of (Sz [un](qn))n admits itself a subsequence
which converges uniformly on every compact subset of [0, ¢). This is enough to conclude the proof. O

Proposition C.2. Lett > 0. Then the following hold.
(i) X(t,-) given in (1.3) is of class c!

~ loc* ~ ~
(i) & : H — H is a bijection and its inverse is S§. For each natural number m, & is a homeo-

morphism {M? : q € M™} onto {M9 : q € M™}. This means SL™ : M™ — M™ is a
homeomorphism.

(ili) S5o& =& and P{o& =15 for s € [0,1].

(iv) We have VU(t,&(L,-)) = 7(t, ). Furthermore, the vector field B in (1.27) is a velocity for the
flow € in the sense that & = VyH(E, VU(-,E))

Remark C.3. Although ét is a homeomorphism, let us underline that in Proposition C.2(ii) we
state that the image of {M? : q € M™} through ét ts not an arbitrarily closed space but is exactly
{M? : g € M™}. Such special vector spaces are mapped onto themselves. Otherwise, we would not
be able to conclude that the finite dimensional ODEs are restrictions of the infinite dimensional ones.

Proof of Proposition C.2. (i) Since H is of class C, ¥ is Lipschitz continuous. Let x* be the Lipschitz
constant of VH. We have
Lip(z(t, )) < Lip(z(ov '))etﬁ*
for all ¢ > 0. Here, Lip(X(t, -)) stands for the Lipschitz constant of 3(t, ).
Since ¥ satisfies (1.3), we conclude that X is of class C!

loc*

(i) Surjectivity. Given any x € H. Set z := S4[x] and define

v(s) = Silz],  b(s) = VaL(y(s),9(5))-
We have that (v, b) satisfies the same system of differential equations as (é ,7) on (0,t). Furthermore,
~(0) = z and
b(0) = VoL(S;[a], 0.5 [a]ls=0) = Vo (2).

Thus, (,b) have the same initial conditions as (£,7). Hence, conclude that v = £(-,z) on [0,#]. In
particular, z = S![z] = £(t, z) = £(t, St[x]). This shows the surjectivity property.

Injectivity. The above show that Sj is injective and £(t,-) is its inverse. To show that &£(t,-) is
injective, it suffices to show that H is the range of S%. Let zo € H. Set xq := &(t, 2g) set

7(8) = 5(85 ZO)? g(S) = ﬁ(sv ZO)'
Then (v, g) satisfies the same system of differential equations as [0,¢] 3 s — (S%[xo], P![z0]) on (0,1).
We have v(t) = zg and

9(0) = 71(0, 20) = VlUo(20) = Vo (+(0)).
Thus, (v,9)(s) = (St[zo], P![zo]) on [0,t]. In particular, zg = v(0) = S&[xo]. Thus, St is surjective.
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Continuity. Since ét is a bijection of H onto H, (1.26) and the Invariance of Domain theorem imply
that & is a homeomorphism of {M? : ¢ € M™} onto {M? : ¢ € M™}.

(iii) By (ii)

Sho& =idu=¢& and P}o& = VUy(Sio&) =Vl = .

Since s — (5; 0 &, Pst o ét) and s (55, 7s) satisfy the same system of differential equations on (0,t),
we obtain the assertions in (iii).

(iv) We use first Theorem 1.5 (iv) and then (i) of the current Proposition to obtain that VU (¢,£(t,-)) =
7i(t, ). We use the identity &€ = V,H(&,7) to conclude the proof. O

Remark C.4. (i) We notice that Proposition C.1, which imposes (3.13), allows to improve the
continuity property of ft and its inverse to the infinite dimensional space, i.e. this implies that §~t
is a homeomorphism of H onto itself.

(ii) We observe that by Proposition C.2(iv) we have that VU(t,-) = 7(t, St[]), and since both 7 and
5'6 are locally Lipschitz continuous (by (i) of the previous proposition and Lemma 3.3, respectively) we
have that Vl;{(t, -) is locally Lipschitz continuous, just as in Subsection 1.3, by a different perspective
one obtains that U(t,-) € C’lloi(H)

APPENDIX D. REGULARITY ESTIMATES ON SOLUTIONS TO HJES AND HAMILTONIAN SYSTEMS
FOR SYSTEMS OF m PARTICLES

In this section we assume L and H are such that (H4) - (H7) hold. Let ug € C™ (M) be convex
functions with bounded second derivatives. Let F € CN(M) and L such that the corresponding
Lagrangian action, as in (H8), is strictly convex. We fix T' > 0.

D.1. One particle Hamiltonian flow. We study the regularity of viscosity solutions u : [0, T] xM —
R of Cauchy problems of the form

{ Opu+ H(q,Vu) — F(q) =0, (0,T) x M,

(D.1) u(0, +) = uo, ML

Given t € (0,T], we consider the Hamiltonian system
S(s,q) = DpyH(S(s,q), P(s,9)), s € (0,t), g €M,
(D.2) P(s,q) = =DgH(S(s,q), P(s,q)) + DgF(Q(s,q)), s € (0,t), ¢ €M,
S(t,q) = q, P(0,q) = Dug(S(0,9)), ¢ € M,

Such a flow has been considered in a greater generality in Remark 1.6 and has been denoted (S, P) =
(St1, Pt1). Recall S is the unique optimizer in

(D.3) ult,x) = inf{uo<v<o>>+ | 26360 + Fo)as: v(t)=x}~

Similarly, we shall use the flow

S(S,Z) = DypH(&(s,2),m(s, 2)), s€(0,t), zeM
(D.4) N(s,z) = —DgH(E(s,2),m(s,2)) + V4 F(&(s,2)), s€(0,t), zeM
5(072):23 U(O,Z):DUO(Z)v zeM

denoted as (&,7) in (1.3) when our Hilbert space reduces to M.

Lemma D.1. Lett € [0,T)].
(1) The map & : M — M is a homeomorphism Ss := &5 o f;l and Ps := ng o 5{1. We have
£t7nt € CN_l(M)
(2) If we further assume N > 2, then u € Cllo’cl([(),T] x M) is classical solution to (D.1) and
2+ E(t, 2) is a CN7L diffeomorphism from M onto itself.
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Proof. (1) The existence and smooth dependence on the data of the solution of (D.2) is classical,
Proposition C.2 ensures & : M — M is a homeomorphism and S(s,-) := & 0 &, P(s,:) :=ns 0 & L.
(2) By Theorem 1.5, u € Cp:2([0,T] x M) and is classical solution to (D.1). Let us show that
2+ £(t,2) is a global CN ! diffeomorphism. Recall that by Proposition C.2, £ is a solution to
£(s,2) = DyH(E(s, 2), Du(s,£(s, 2))), s € (0,t),
£(0,2) = 2,
from where one has
{ 0sD,€(s,z) = A(s, 2)D£(s, 2), s€(0,1),
zf(ov Z) = Id7

where we used the notation
A(s, z) := D2 H(&(s, 2), Du(s, (s, 2))) + Dp, H(E(s, 2), Du(s, £(s, 2))) Du(s, £(s, 2)).-

Since A(s, z) is locally uniformly bounded, we have that for s > 0 small enough D,£(s, z) is invertible.
Therefore, Jacobi’s formula yields

det(D,&(s, 2)) = exp ( /O ) tr(A(T, z))dT) .

Since A(T,-) € L{=, (M), uniformly with respect to 7 € [0,¢], we have that det(D,&(s,z)) > 0 for all

loc
z € M, uniformly with respect to s. Therefore, D.{(s,z) is invertible for any z € M and for any

s € [0,t]. Thus, by the fact that £(¢,-) € CV~1(M) and the that £(¢,-) is bijective, we conclude that
2+ £(t, 2) is a global CN ! diffeomorphism of M onto itself. a

D.2. m-particles Hamiltonian flow. Throughout this section, we assume to be given a positive
monotone nondecreasing function Cj : (0, 00) — (0, 00). Furthermore, we impose that in the assump-

tion (H4) N > 2 and F™ U{™ e C3(M™).
As in Subsection 1.2 we define

m 1 ¢ m 1 & .
Uy™ (g) ¢=Uo<m26qi>, F™(q) :=]—'<m26qi) Vg e M™.
=1 1=1

We assume to be given Uém), Fm) . M™ — R satisfying Property 2.15(2) with C = Cy(r). We also
consider viscosity solutions U™ : [0, T] x M™ — R of the Hamilton-Jacobi equation
(D.5) 0,U ™ (t,q) + H™ (g, DyU™(t,q)) = F(™(g) =0, on (0,T) x M™,
' umo,-) = Uém), on M™.

By Remark 1.4
U™(t,q) =U(t, M?)  Y(t,q) € [0,00) x M™.
Given t € (0,T) we consider the m particles flows S*™, Pt™ : M™ — M™ in Remark 1.6. In other
words,

(D.6)
S:’m(s,q) = DPH(S:’m(Saq)amPitﬁm(saQ))a (s,q) € (07t) X va
Pit’m(sa q) = _%DQH(Sfm(sv Q)vmpimm(sa q)) + inF(m)(St,m(S’ Q))v (sv(J) € (Ovt) X va
Si™(t,q) = gis PP(0,q) = Do, US™ (S (0, q)) geM™.

This is analogous to the flow (S, Pt™) in Remark 1.6 where we have not displayed the m and ¢
dependence to alleviate the notation. We also consider the m particles flows €™, 7™ : [0, 00) x M" —
M™ in (D.4) and do not display the m dependence. They are defined as

€i(s,2) = DyH(&(s,2), mmi(s, 2)), s € (0,1),
(D.7) Ni(s,2) = —%DQH(gi(s,z),mm(s,z)) + D, F™(&(s,2)), s€(0,t),
i(0,2) = 2z, 1:(0,2) = inUém)(Z)7

for i € {1,...,m}, where z = (21,..., 2m) € M™. We have the following results.
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Theorem D.2. Let U™ : (0,T) x M™ — R be the unique viscosity solution of (D.5) and let v > 0.
Then for all t € (0,T) there exists C(t,r) > 0 such that the following hold for all m € N.
(1) U™(t,-) satisfies the estimates in Property 2.15(2) in B™(0) with constant C(t,r).
(2) Further assume that U(m) and F™) satisfy Property 2.15(8) and (H15) takes place. Then
U™)(t,-) satisfies the estimates in Property 2.15(3) in B (0) with constant C(t,r).
(3) We assume that the assumptions from (1) and (3.16) take place. Then ;U™ (t,-) satisfies
the estimates in Property 2.15(1)-(b) in B (0) with constant C(t,r).

Proof. Since we will study asymptotic properties of terms with respect to m, for an expression A(m)
depending on m, sometimes we use the notation A(m) ~ m to mean A = O(m).

First, let us notice that by Theorem 1.5 U™ is a C’llo’cl(((),T) x M™) classical solution of (D.5),
therefore in particular any point (¢,q) € (0,7) x M™ is regular and not conjugate (by the proof of
Lemma D.1) in the sense of Definition 6.3.4 of [7].

Furthermore, let us notice that Lemma D.1 asserts that £™(s,-) is a O diffeomorphism and
Theorem 6.4.11 from [7] yields that U™ € C3((0,T) x M™). In what follows we aim to obtain
quantitative derivative estimates on U™ with respect to the discretization parameter m.

Step 0. Basic bounds on £"(t, z) when ¢ := £*(2) € B"(0). By Proposition C.2 £™(s, z) = St™[q]

since ¢ = £™(t, z). By the same Proposition, for i € {1,...,m} and z € M"™, we have
(D 8) é;‘n(t? Z) - DPH(gzm(ta Z)amel‘U(m)(tvfm(ta Z)))a te (OvT)a

' §m(0,2) =z,
and

(D.9) 4" (t2) = D, U™ (t,€™(1, 2)) = Dy, U™ (t,), and 0} (0, 2) = Dy, US™ (2).

By Theorem 1.5 there exists §(t,r) > 0 (independent of m) for any ¢ € B"(0) we have

(D.10) Shmigl = €™ (s,2) € B, forall s €[0,1].

Proposition 1.2 ensures U is locally Lipschitz on [0, c0) x H and so, there exists C; (t,7) > 0 (depending

on B(t,r)) such that ||VU(t,&(t, M?)|| < Cy(t,r). Using the relation between VI and 7 provided by
Proposition C.2 (iv) we conclude

(D.11) Zm\nm t,2)? < Cyi(t,r).
We are now well equipped to start the proof of the assertion (1) of the theorem.

Step 1. Estimates on (D,;&i(t, ), Do;mi(t, )7 =1

Claim 1. There exists a constant Cy(t,r) > 0 (independent of m) such that if (¢, z) = ¢ € B*(0),
then for all ¢, € {1,...,m} we have

CZ(tar)7 1= jv
EM(t, - <
|DzJ£z (ta )|OO —{ CQ(t,T) ’L7é_]
and
Cz(tﬂ')7 i=7,
(D.12) 1Dy (t)leo <40 00
' S, 4

Proof of Claim 1. By differentiating the Hamiltonian system (D.7) with respect to the z;, we get
(D.13)
0D, & = Dy H (&, m) D, &8 + mDy  H (&, m™) Dy,

atDz777'Zn = 7% (ngH( ;n’mnl)D%g;n +ngqH( Zn?mnl)DZﬂ?z )+Zl 1 qlq1 (m)(é‘m)Dz7gzn,

m N — Tixd, i =7, m (m)
Dzjgi (Oa )_{ Odxd, 275]7 ) Dzjni (O’Z) q]qu ( )

Let us set
Cy == max{|005H (q,p)| : (¢,p) € R x RY, |a| + |b] = 2}.
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If €"(t,2) = q € B™(0), then in the same way, there exists Cy(t,7) > 0 (depending on S(t,r)) such
that D2, F™ (&), ..., &,) and ngqi Uém)(z) satisfy the estimate (2.9) with Cy(t,7). Set

Q9
Co(t,r) := max{Cy, Ca(t,7)}.

Let us consider the curves X(s) := (X;;(s))/"—; and Y (s) := (Y;;(s)){—; in R™*™, the solution
to the ODE system (D.21) in Lemma D.4. Because of the previous bounds on the data in the system

(D.13), we can derive the estimates on (D;&;(t, ), D2,;mi(t, )i =, from the estimates on (X;;, Yi;)i" _q

in Lemma D.4. Therefore, there exists there exists C' > 0 such that Claim I follows by setting
Cay(t,r) == O
Now, let us denote by ¢™ = (¢/*(t,-), ..., (Mt ) == S5 [q] the inverse of £™(t,-), in particular,
we have that if £ (¢, z) = ¢;, then (["(¢,q) = z;. Next, we derive estimates for D, (7" (t, ).
Step 2. Estimates on (Dg;([")i"—; -

Claim 2. There exists a constant C3(t,r) > 0 (independent of m) such that for all 4,5 € {1,...,m}
we have

Dyt e <] ST TR )
(Mt )] oo < in B(0).
i Sl g,

Since £™(t,) : M — M is a diffeomorphism, we have
(D.14) Dy (t,q) = (D™ (t,) ™ 0 ¢ (t, )

Since we have a uniform lower bound on det(D.£(¢,+)) in M™, we can simply study the asymptotic
behavior of D,(™(t,q) with respect to m via the asymptotic behavior of (D.£™(t,-))~!. By the
previous uniform local estimates on D,£™(t,-), we have that there exists a constant C(¢,7) > 0
depending on Cs(t,r) such that

Id %Id %Id %Id
1
ola 1g %Id %Id
(D.15) D.g™(t,-) ~ C(t,r) ,
1 1 1
EId EId RId Id
and therefore,
mT%Id (2m—z)7?m71)ld (2m7;)r?m71)‘[d Wﬂl
1 @m D nld morld Grnm=nld - Gaehenld

(D:&(t, )" ~ cn . ;

Id Id Id mlld

m—3

(2m—;)77;m—1) (2m—z)7?m—1) (2m—z)ﬂ(’bm—1)
and so Claim 2 follows by setting Cs(t,r) := ﬁ

Now we are ready to conclude about the proof of the assertion (1) in this theorem. Let us recall
that from (D.9) we have

mm (t’ Cm(tv Q)) = DQiU(m) (t7 q)'

Differentiating this expression with respect to g; yields
Dy U™ (t0) = - Dy (mi(t. €™ (1,0) ) Doy G (1)
1=1

= qun?(taCm(ta q))Dq].C]T-”(t,q) + in’ﬁn(t,Cm(ta Q)>qu<z'm(t7Q)

+ > Dyn (¢ ) Dy, G (1),
I#i,1#]5
and using the previous estimates, the result follows.
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Next, let us show the assertion (2) from the statement of the theorem.

Step 3. Estimates on (D, & (), Dayey i ()7 p=1-

Claim 8. There exists a constant Cy(¢,7) > 0 depending on all the previous ones, but independent
of m such that if £(¢,z) = ¢ € B[*(0), then for all ¢, 5,k € {1,...,m} we have

C4(t,’f’)7 1 _J - ka
Cy(t,r ) o ) '
‘Dzkzj m( )|oo§ 47(n )7 i=j3#k i#j=k i=k#j,
C4(t,’l") .
o 1FIFk
and
b ik
t
D22, (t ) so < 04(;T), i=j#k itj=k i=k#],
Cy(t,r .
LUy
m

Proof of Claim 3. Differentiating the system (D.13) with respect to z, we obtain for the first
equation

thkzjé‘zm* Zkngqqp (gz amnl)Dzjgz +szkangqp (E:nvmnl)Dzjg':n
+D3 H(fz amni ) Zkz]gm +mD2k£’L qpp ( i 7m77i)Dzjn;'m
(DlG) erzDZk??z (51 ﬂng)DZ]nz +mD;2)pH( i 7m771)D

ppp 2K 2] 771

together with the initial condition ngz &M(0,-) = Ogxdxd. From the differentiation of the second

equation with respect to zj, we obtain

1 m m m
D ZkZ] 1 = _E( Zkgi qqq (fz , ), )Dzjfi +mD.,n; D pqq (fl » ), )ngfz )
1 m m m m m m
- E (ngH(fz ) T ) 2K 2 5 Dzkf + Dg)qu(gi , T, )Dzﬂh >

1
- E (szanl ppx (gz , M), )D 771 +mD H(Elamnz )Dzkzjni )

(D.17) + Z D& Dy o o F(E™)D., 67”+ZDMF(’”)(§"L) 2o &
l1,lo=1 =1

with the initial condition

(D.18) D2 (0, 2) = U™ (2)

qu qi

Let us notice that for k,j fixed, the asymptotic behavior of (D.,. " (t,-), Dz, .,ni"(t,-)) can be

studied via the solutions of the ODE system (D.19), by formally setting X; := ngq &M and Y; =

ng @ n". One just needs to find the asymptotic properties of A;, Ay and Y} appearing in this system.
Let us set

Cy :=max{|030)H(q,p)| : (¢,p) R x R?, 2 < |a| + 8] < 3},
then we notice that by the assumptions on H, we have that if £™(¢,2) = ¢ € B(0), then
|05 0F H(&™ (¢, z), mn}" (L, 2))| < Cla.

In the same way, there exists Cy(t,7) > 0 (depending on B(t,7)) such that D2 F)(¢™) and

e
qk%qZU(m)( ) satisfy the estimate (2.10) with Cy(¢,7). Set

Cu(t,r) := max{Cy, Cy(t, t)} max{Cy(t,r),1}%
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For k, j fixed we look for the asymptotic properties of the data

(Al)l = Dzkg’t qqp (gz?n?mni)Dsz;n_Fszknz pqp (fz , M7, )Dzjé.z
+szk§ qupH(gznvngn)DZ]nZn+m2Danz DgppH(z 7m772 )Dzjn;,m’

1 m m m
(A2)1 = _E( Zkfl qqq (67, 7m771 )Dzjf +mDZk777, ngqH(fz 7m77i)DZj€i )

- E( Zkg mepq (fz‘mamnr)Dzj771m+m2Dzmz Dipq (fzmvmmm)Dzﬂzm)

+ Z Dzkf qllql2q1 (m)(gm)Dzjff;

l1,l2=1

and

(Yo)i :=D3 U™

qrq;9qi
Using the obtained asymptotic properties on (D ;&;, D.;7;) in Step 1 and the properties of Uém),
one checks the following asymptotic properties with respect to m in B"
Sub-claim 3.
(1) Tk = j =1, then (A1); ~ Ca(t, 1), (Ag); ~ E2LET and (vp); ~ Calbr),
(2) If k= j # i then (A;); ~ LD (A4,), ~ C4<” and (Yp); ~ Sebr).

m2

B)Ifk=i#tjori=j#k, (A1)~ Liﬂﬁ’”, (A2); ~ 702(;2” and (Yp); ~ L,Sf)-
(4) If k # j # i, then (Ay); ~ %, (A2); ~ % and (Yp); ~ %

Now, one can differentiate two cases, when studying the desired properties. Let us notice again
that one fixes k, j.

Case 1. It k = j, (1)-(2) of Sub-claim 3 can be combined with Lemma D.3(1) to conclude the proof
of the Claim.

Case 2. If k # 7, (3)-(4) of Sub-claim 3 can be combined with Lemma D.3(2) to conclude the proof
of the Claim.

Therefore there exists a constant C' > 0 such that Claim 3 holds for Cy(t,r) := etCla(tr),

Step 4. Estimates on (Dg,q; it )7 je1-

Claim 4. There exists a constant C5(¢,7) > 0 depending on all the previous ones, but independent
of m such that for all 4,5,k € {1,...,m}, we have

05(7f,7”), i:j:k,

Cs(t,r .. L, . .
‘D:ck:c] (7)|00§ 5571 )’ Z:j7£k’l7£]:k"£:k7é.7a inBT.

Cs(t, .,

ULy Y

m

Proof of Claim 4. Tt is enough to differentiate the expression (D.14) and use all the previous
estimates on (D? ez §i)i k=1 and on (Dg;(;){%—; from Step 3 and Step 2, respectively.
We have

ngC(t? Q) = { [(sz(tv '))71 Dizg(t’ ')DQC(tv Q) (sz(t7 '))71] © C(tv Q)} :

The previous writing is used for the following short hand notation: for k € {1,...,m}, we have
-1
DquqC(taQ) = - { [( (Z Dzl-D 5 Dqul(t Q)> (ng(tv )) ‘| o C(t,Q)} )
and in particular for i,5 € {1,...,m}, we have

(Z Dlezf(ta qul t q ) ZDle] 7' QkCl(fHQ) = Aij'
=1

]
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For k € {1,...,m} fixed, this last matrix has the following asymptotic behavior: by setting Cs(t,7) :=
Cy(t,r)Cs(t, ), we have

Cs(t,r

gl SETD s sk g i=k imk 4
C‘t,r . .
) gtk

Now, using the asymptotic behavior of (D,£(t,-)) ™" from (D.15), by setting Cs(¢,7) := Cs(t,r)C(t, )2,
we conclude the statement in Claim 4.

Final Step.
Let us recall that from (D.9) we have

Differentiating this expression with respect to x; and zj we obtain

qkq]qu(m) Z Dqulz z12zllni(t7g(t7')) q;Cll +ZDZIT}Z tC )) qquCl( )

l1,l2=1 =1

from where

m 1
D0,V (1) < = (1D Gl Dy Gl + D2, Giloc)

1 Ui m m
+ 5 | D IDaGileclDg,Giloe + Y 1Duilecl Dy, Giloo + D 1D54,Gile
1=1,1%i 1=1,l%#4 1=1,l%#i
1 m
+ @ Z |DQkCl1|00|Dq]'<lz‘oo
l1,l2=1
L #£la i

Using the estimations from the previous steps, we conclude the thesis of points (1) and (2) of the
theorem.

The statement in (3) can be easily obtained by differentiating the Hamilton-Jacobi equation satisfied
by U™ with respect the variable ¢j- Indeed, we have

m ! m 1 m m
[Dg, 00 ™| < —[DyH(gz,mDy, U™)| + Dy H(gz, mDy, U™ m| D2, U™
! 2
+ 3 Dy H{ge, mDy U)|m| DY, U | 4Dy, F )|
i#j
1 1
< 3 |PaH (43, mD,U™)| + | Dy H(gj, mDy, U™

¢ m
+ 4Dy, P,

from where, we obtain

2m|quatU< WsZﬁqu(qﬁmD%U( >>|2+§;E|Dpﬂ<qjvaqu< NP
J= J= J=

+C+Y m|D, F™MP <,
j=1
where we used the assumption on F(m) (3.16) and the fact that since U € C! ([0, 7] x P2(M)) and

Dy H is Lipschitz, we have >.7" | L|D,H(qj,mD,,U™)|? < C. The claim follows, which concludes
the proof of the theorem.

Jlm

]
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Lemma D.3. Let [X Y]T =[X; ... X, Y1 ... Y,,]T € R*™ be the solution of the ODE system
X | | 4 B, B X X0O) | | O

ool =[] m ]l ] Be -]

where Ay, A2, Yy € R™, 0, € R™ is the zero vector and the (m x m)-dimensional blocks B; are such
that

S
sh2)-
e

(D.20) By = By = Lnxm; By =mIpxm and Bs =

-
Sm‘r—‘ .-.
3=

Then there exists a constant C' > 0 (independent of m), such that
(1) If forig € {1,...,m} fized

and
1 1 o,
(AZ)io = (Yo)ig = m (AZ)i = (YO)i = 2’ Vi # o,
then
et i =i, €9 =i
1Xi(t)] <{ e . and i) <{ ™ ’
m i€ {l,....,m}, i#io, fn—(;, ie{l,...,m}, i#io.

(2) If for some k,j € {1,...,m} fized, k # j, we have

(A1); = (A = % (A1) = % Vit itk

and

(A2); = (A)s = (Vo)y = (Vo)e = —5 (o) = (Vo) = — =, Vi jy i # K
then

tC . . .
o Z:]aZ:k7

m

etC

‘m2 Z:.jv Z:ka
and mwz{ j

Xit S t
()] S ie{l,...m), i#£g ik

tC

e ie{l,...,m}, i #j ik

Proof. We analyse the representation formula for (D.19) in the different cases. Since we are only inter-
ested in the asymptotic properties of the solution with respect to m, first let us study the asymptotic
behavior of the exponential and the inverse of the coefficient matrix.
Bl BQ Bl,n BQ,n
Let B := Bs B, Byn Bin } .
Claim. We have the following properties for the blocks B;,, for all n € N and for 4,5 € {1,...,m}
(1) (Bin)ii ~ const., (B1n)ij ~ %, if i # 5.
(2) (Bgm)” ~m, (BQ,n)ij ~ const., lfl 7& ]
(3) (Bsn)ii ~ = (Ban)ij ~ 7z, if i # j.
(4) (B4n)” ~ COTLS?E.7 (B4,n)ij ~ %, le 7é j
Proof of the Claim. This follows from a mathematical induction argument in n.

} and for n € N, let us denote the powers of B as B™ := [

Since we have a characterization of the asymptotic properties in terms of m of the elements of the
powers n € N of the block matrix (which are uniform in n), the property from the Claim will also
hold true for the blocks of the matrix exponential of B. Setting A := [A] AJ]T, the representation
formula for the solutions of (D.19) reads as

{ ;(((f)) } = exp(tB) ([0,, Y,']" + B~'A) - B'A.
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It remains to compute B~! (which exists, since B is nonsingular), for which we have the formula
(using the blocks from (D.20))

B-1_ (I,, —mB3)~! —m(I,, — mBz)~* M —mM
o 7Bg([m — mBg)il I, + mBg(Im — mBg)il - —BsM I, +mBsM |’

where, we have used the notation

_9 — _
0 _1 171t [ ) =
—m m— —m
-1 0 -1 m—1 mom=1 -1
M := (I, —mBs)" ' =m , =
-1 -1 0
— - —2
o o M

Now, in the case of (1), we have that (B™'A4); =0, if i € {1,...,m}, and (B~'A);44, = - and
(B7'A); = L ifi e {m+1,...,2m, i # m + io.

m2°
Furthermore, there exists a constant C' > 0 (independent of m) such that

tC

e, i:io,

tC
%7 ie{l»“'am}vi#iOv
(exp(tB)[0y, Yo'1T), ~{ e

%a i =m + o,
tC . . .
S, die{m+1,...,2m}, i #m+io.

(1) from the thesis of the lemma follows.

In the case on (2), we compute similarly (B~'A); =0, ifi € {1,...,m}, (B7'A); = L ifi=m+j
or j =m-+k and (B~'A); = L otherwise.
Furthermore, there exists a constant C' > 0 (independent of m) such that
tC

= i=j, 1=k,

m

tC
&, 1€{l,...,m}, iF#j, i #Ek
R L O A
Sy di=m+j, i=m+k,
e ie{m+1,...2m), iEmtj, i A mAk
And finally, (2) from the thesis of the lemma follows. |

Lemma D.4. Let X = (Xy5)"_1 and Y = (Xy5)"_; be such that [X YT € R2™*™ js the solution
of the ODE system

X1 [B B [X X0 [ In
(D-21) ‘9'5[1/]_{33 34}{}/}’{}/(0) T Y )
where Yy € R™*™  is set to Yy := Bs and the (m x m)-dimensional blocks B; are defined in (D.20).
Then, there exists C > 0 (independent of m) such that

et i=j, G
X< pe 0 and Y@< ™ ,
%» i g, %7 i# 7.

Proof. This result is a consequence of the asymptotic behavior of the matrix exponential exp(tB),

| Bi B
where B = [ By B,

representation formula

] . Using the asymptotic result from the Claim in Lemma D.3 and from the

(D.22) T | = ewmin, T

the result follows. O
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APPENDIX E. PROOFS OF THE RESULTS FROM SUBSECTION 4.2

Proof of Proposition 4.3. By construction we have u* (0, q) = ué’N(q). Using the same arguments as
in the proof of Lemma 3.21, we have that u*", i € {1,..., N}, solve a system similar to (3.39), that
is

(E.1)

Ol N(t,q) + Dg,uN (t,q) - DpH (qi, (m + 1)Dg, U™V (¢, q))

+2quu (t,q) - DpH(gj, (m +1)Dy, U™ (2, q))
J#i
= L(gi» DpH (gi, (m + 1)Dg, U™V (t,9))) + £V (),
where as in the proof of Lemma 3.21 U+ (¢, q) = U(t, u(m+1)) and U is the unique classical solution
to the Hamilton-Jacobi equation (3.1). Furthermore, as we see in that proof, also have
(m + 1)Dg, U™ D (2, q) = VU (8, ") (@i) = Dy,ult, gs, p" ).

By the definition of ", one has the identities

, 1
Dy u(t,q) = Dgult, g3, p" ) + —— - TVt g, ") (@)

and

- 1
i,N _ m—+1
(EZ) Dqu (t7q) - mku(t7Qz7M¢(I ))(QJ)
We further write
Dy,utN (t,q) - DpH (gj, (m+ 1)Dg, U™V (t,q)) = Dy, uN(t,q) - DyH (g5, Dg,u”™ (t,0)) + 75 (¢, ),
where
N(t7 Q) = Dqui,N@v Q) : DIDH(CIj> (m + 1)qu U(m+1)(t7 q)) - quui,N(t7 q) : DPH(Qj7 Dq;'uj,N(ta Q>)
By the Lipschitz continuity of D,H we have that there exists a constant C' > 0 such that

; c
7N (@) < g (D u N (1 ) [Vt g, ™) (05)].

Similarly,

DyH (qi, (m +1)Dg, U™V (t,9)) = DyH (qi, Dg,u"™ (t,q)) + 7N (¢, q)
with

fi’N(t> q) = DypH(qi, (m + 1)inU(m+1)(ta q9)) — DpH (q;, inui’N(t q))
and

N ()] < — s Valts g 1) @)
So, we also have
L(qi, DpH(gi,(m + 1)Dg, U™V (t, q))) = L(gs, DpH (qi, Dg,u"N (t,q)))
+ DyL(qs, DpH (gi, Dg,u™ (t,q))) - 7N (t,q) + %fi’N(t, q) D3, L(qi, 07" (t, )™M (t, q)
= L(¢;, DpH(q;, inui’N(t, q)) + inui’N(t7 q) - 7N (t,q)

]'~i i, ~1,
+ 57’ )N(ta q)D2 (qla 0 N(t q)) N(tvq)

i i L i ~i
= L(gi, DyH (i, Do, (4,)) + 727 (1,0) + 57 (4,0) D2, L, 07 (1,0))7 (1),
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where 6"V (t,q) is a point in the line segment connecting D,H(q;, (m + 1)D,,U™*V(t,q)) and
Dy, H(gi, Dg;u"N (t,q)). Using the fact that D2, L is uniformly bounded, by setting

s L i ~i
FN(E q) o= 5N (6 @) DY, Lias, 00 (1,.0)7 N (1),

we have that there exists a constant C' > 0 such that

¢ m
mlku(t,qi,ué ) ()]

Having all the previous arguments, one can rewrite (E.1) as

7N (tq)| < Ol (t g <

(E3) atui’N(tv q) + D(Iiui’N(tv Q) : DPH(q27 in, ui’N(t7 q)) - L(Q’Lv DPH(qla Dq@ui’N(t q)))
m
+ D Dy,utN (t,q) - DpH (g5, Dy (t,q))
JFi
= f"N(g) + "N (tq),

where we set N =N (t,q) = 37, r?’N(t, q). Now, by (E.2) we observe that

[N (t, q)| < (CESE 1)2|un(t7qi,ug ) (g2 N(t, @) Vwult, g;, ui" ) (g5))
C m m m
BCESIE \Vwult, g, p{™ ™) (q)* + CESE E IVawult, gi n{™ ) (@) [V wult, g5, n{™ ) (g5)]

J#i

C - m C “ m
< m Z |un(t,(b‘aﬂ¢(1 ) (g))? + m+1)? Z_: \un(ta%ﬂg ) (g;)?

1 2 1 m+1 2 (m41
= ([ Wt @ ) [ 9t ) P )
Since the map b — [i, |[Vwu(t, b, 1) (a)|*1(da) is locally uniformly bounded for € B,, for any R >0
we have that
[ Vustta@Putdn) < [ sup Vyu(t.b)(@) (o).
M M b€ BR(0)
Thus, we have (4.5) and so the thesis follows.
(|

Proof of Proposition 4.4. First, let us notice that by the assumption that Dy, 0" € C%1(]0, T] x M)
uniformly with respect to N, we have that there exists 3 = (R, T) > 0 such that ¢(t) € Bg(0)",
forall t € [0,T], N € N and ¢ € Bg(0)". Similarly, by the by the assumptions on D,H and by the
regularity of Dy u, Q(t) € Bg(0)V, for all t € [0,T], N € N and ¢ € Br(0)"

We closely follow the steps of the proof of Theorem 4.2. from [18].

Using the Lipschitz continuity of D, H and the Lipschitz continuity of Dy, u on [0,T] x Bg(0) x Bg,
we obtain

4:(5) — Qi(s)? < / 4:(r) — Qu(r) 2dr
/ Dy H (4:(7), Dy ™ (7, q(r))) — DypH(Qu(r). Dygu(r. Qu(r). uyiy ) P
<c / l4:(7) — Qu(r)[2dr + C / [Dao™Y (7, 9(7)) = Dygu(r, qu(r), 1t V) P

m+1 (m+1
+C/ w3 (e )
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Gronwall’s inequality yileds

t
() = Qu(s) <€ [ Dy (r0(r) = Dt as(r). ) P +.C / W2 (e w0

Since
m

sz (M(erl) (m+1) )

a() " HQ(r) D)9~ Q0

(m
j=0

applying again Gronwall’s inequality one has

m t
m—+1 m—+1 C 1 m—+1
©a) W (V) £ 25 S [ 1D ) = Dt ()7 P
j=0"s

Using Proposition 4.3, the fact that both quu(~,~,uflj(Y))) and un(-,-,uflj(\.[)))() are uniformly
bounded on [0,7] x Bg(0) and on [0,T] x Bg(0) x Bs(0), following the exact same lines of argu-
ments as the one of Theorem 4.2 from [18] we obtain

N-1 T ) C
S [ 1Dy ra(0) = Dty ()i P <
§=0
This, together with (E.4) yields the desired inequality. O

Proof of Corollary 4.5. Since we are in the setting of Proposition 4.4, we have that there exists a
constant C' = C(R,T) > 0 such that

™y ¢
W2 (Mcxs) “q<s>) SN

Then, Lemma 3.3(ii) implies that there exists a constant C = C(T, R,r) > 0 such that
N —s N
Wa (M((I(s)y Us) < CIW (™ ).

By the triangle inequality
N
Wa (MgN)(S)7JS) < Ws (MS,N)( )s ug(i)) + Wy (ué) )(8),05)

and so the result follows. O
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