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MONGE-AMPERE GRAVITATION AS A T'-LIMIT OF GOOD RATE FUNCTIONS

LUIGI AMBROSIO, AYMERIC BARADAT AND YANN BRENIER

Monge—Ampere gravitation is a modification of the classical Newtonian gravitation where the linear
Poisson equation is replaced by the nonlinear Monge—Ampere equation. This paper is concerned with
the rigorous derivation of Monge—Ampere gravitation for a finite number of particles from the stochastic
model of a Brownian point cloud, following the formal ideas of a recent work by Brenier (Bull. Inst.
Math. Acad. Sin. 11:1(2016), 23—41). This is done in two steps. First, we compute the good rate function
corresponding to a large deviation problem related to the Brownian point cloud at fixed positive diffusivity.
Second, we study the I'-convergence of this good rate function, as the diffusivity tends to zero, toward a
(nonsmooth) Lagrangian encoding the Monge—Ampere dynamic. Surprisingly, the singularities of the
limiting Lagrangian correspond to dissipative phenomena. As an illustration, we show that they lead to
sticky collisions in one space dimension.

1. Introduction

Monge-Ampére gravitation. On a periodic domain such as T¢ = (R/Z)¢, Newtonian gravitation is
commonly described in terms of the density of probability f(z, x, &) to find gravitating matter at time ¢,
position x € T and velocity & € R?, subject to the Vlasov—Poisson equation

8l‘f(t7x7 S)“*’diVx(sf(tvxv S)) —dng(Vgﬂ(I,X)f(l,X, S)) :07
A<p(z,x)=/Rdf(t,x,g)dg—1, (t,x,&) e Rx T¢ x RY,

where ¢ is the gravitational potential. Notice that the averaged density, say 1, has been subtracted out
from the right-hand side of the Poisson equation, due to the periodicity of the spatial domain. This is a
common feature of computational cosmology and it lets the uniform density be a stationary solution. The
Vlasov—Poisson system can be seen as an “approximation” to the more nonlinear Vlasov—Monge—Ampere
(VMA) system

O f(t,x,8) +dive (51 (1, x, ) —dive (Vo(t, x) f (£, x, §)) =0, (D
det(l+D?p(t, x)) = /Rd flt,x,6)ds,  (t,x,6) e RxTY xR, (2)

where the fully nonlinear Monge—Ampere equation substitutes for the linear Poisson equation of Newtonian
gravitation. Indeed, for “weak” gravitational potentials, by expanding the determinant around the identity
matrix [, we get

det(14+D%p(t, x)) ~ 1 + tr(D*¢(z, x)) = 1 + Ap(t, x)
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and recover the Newtonian model approximately (and exactly as d = 1). In this paper, we will speak of
“Monge—Ampere gravitation” (“MAG” in short). The Vlasov—-Monge—Ampere system was introduced
and related to the Vlasov—Poisson system in [Brenier and Loeper 2004], and studied as an ODE on the
Wasserstein space in [Ambrosio and Gangbo 2008]. It can also be solved numerically thanks to efficient
Monge—Ampere solvers recently designed by Mérigot [2011]. It was argued in [Brenier 2011] that MAG
may also be seen as an approximation of Newtonian gravitation for which the “Zeldovich approximation”
[1970] (see [Frisch et al. 2002; Brenier et al. 2003]), popular in computational cosmology, becomes exact.

Derivation of a discrete model of MAG. In what follows, we will not be directly interested in the
aforementioned system, but rather in its discrete version, i.e., when the number of particles is finite.
As is well known in optimal transport theory [Brenier 1987; 1991; Villani 2003], the Monge—Ampere
equation (2) is solved by the unique function ¢ such that the map Id+ V¢ realizes the optimal transport with
quadratic cost from the density | f d& to the Lebesgue measure. Then, the kinetic equation (1) is known
to be the continuous version of the Newton equations of classical mechanics in a potential given by ¢.

In the discrete setting, the stationary Lebesgue measure is replaced by a family A = (ay, ..., ay) €
(RY)N of N > 1 points in R? (here we make the presentation in R? instead of T¢ for the sake of simplicity).
One can for instance think of a regular lattice approximating in some region a constant density, even though
in the sequel the particular choice of (ay, ..., ay) will play no role. We will consider the evolution of a
cloud X = (x1, ..., xy) of N particles xq, ..., xy in R? whose dynamic is ruled by the (—1/N)-convex
function induced by the discrete optimal transport problem

N N N
. | . 2 laof1 1
F(X):=— min 55 le i — o) * = =5 W5 (ﬁ ;5 5 ;8) 3)

where W is the so-called Wasserstein distance on P, (R?), the set of Borel probability measures on R4
having a finite second-order moment. At least in the case where the optimization problem in (3) admits a

unique mMinimizer oop; = U())I()t’ the analogue of (1), (2) in this framework is easily seen to be formally,
d 2
foralli =1.....N. 5xi(0) = 2(1) = doyi. )
which can be rewritten as, letting &; := (x((¢), ..., xny (1)),
1 d?

Following the ideas of the recent paper [Brenier 2016], we will derive this discrete dynamic from the
very elementary stochastic model of a Brownian point cloud. However, in [Brenier 2016], the derivation
was obtained by applying two successive large deviation principles (LDP), through a purely formal use of
the Freidlin—Wentzell theory [1998]. The main purpose of the present paper is to explain how such a
derivation can be made rigorous by substituting for one of the applications of the LDP a PDE method
inspired by the famous concept of “onde pilote” introduced by Louis de Broglie [1927] at the early stage
of quantum mechanics.
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Dealing with the singularities. Due to the lack of uniqueness in the discrete optimal transport problem,
solutions of (4) are not always well-defined a priori. Otherwise stated, F' is singular, and therefore V F
in (5) is not everywhere meaningful. A standard choice to give sense to (5) is to restate it as

1d?
_N@Xt € IF (X)), (6)
where 0 F (X;) is the subdifferential of F at X}, or
1 d? =
_ﬁ@)(t = VF(Xt),

where V F (X;) is the element of d F (X;) with minimal Euclidean norm (see Definition 8 below). In these
formulations, existence results are available even in the nondiscrete case [Ambrosio and Gangbo 2008].

This is not what we do: our approach selects minimizers of actions appearing as I'-limits of good rate
functions associated with some LDP, under endpoint constraints. These curves do solve (4) in the case
where o, is unique, but this time, the relaxation is made at the level of the Lagrangian formulation, and
not at the level of the Hamiltonian one. In view of (5), we would expect to find the action

oLk
— NF(X;) ¢ dt, (7
to 2
where 1y, t; are some prescribed initial and final times. Instead, our derivation ends up with the smaller
action - . 5
(A, X, — V(X
/{|t|+|t f( t)|}dt’ 8)
0 2 2

N N
— g — . — d\N
f(X):= ;relg)liv leaa(,) = 2x1a6(3§t(i)’ X =(x1,...,xy) € (RH™.
1= 1=
Note that these two actions coincide on curves X such that, for almost every ¢, acjg’t is unique (see
Section 2.7 for more details). Unexpectedly, this action is exactly the one previously suggested by the
third author in [Brenier 2011] in order to include dissipative phenomena (such as sticky collisions in one
space dimension) in the Monge—Ampere gravitational model!

The classical theory for sticky particles vs. our approach. Systems of particles moving along the line
and that stick together when they meet have been studied for a long time, for instance because they were
suggested to model the formation of large structures in the universe [Zeldovich 1970]. On the mathematical
side, a lot of works have been devoted to studying the limit of this kind of system when the number of
particles tends to infinity (see for instance [E et al. 1996; Brenier and Grenier 1998]), and the most recent
works generally build on a connection with the theory of optimal transport (see [Natile and Savaré 2009;
Brenier et al. 2013; Hynd 2020]). An example illustrating this link, which is one of the main theorems
in [Natile and Savaré 2009], is that up to a change of time, the one-dimensional pressureless Euler system
with sticky collisions is the gradient flow in the Wasserstein space of —%W%(m, -), where m € P> (R) is
a reference probability measure on the line. In plain English, in these models, particles are only allowed
to stick when they meet, and it corresponds to the optimal way of decreasing a certain functional.
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Our approach is different. In fact, our model is a least action principle, and therefore is conservative
and time-reversible. In this context, sticky collisions happen due to the presence of an internal energy,
corresponding to the discontinuities of the potential energy X +— ——|X v f(X )|? (see formula (51)),
and which grows when particles aggregate. Kinetic energy can hence be transferred into internal energy
through perfectly inelastic shocks. An output of these considerations is that in our case, particles are not
only allowed to stick together; they can also separate.

Outline. In Section 2 we show how to derive MAG starting from a finite number of Brownian particles.
This is done in several steps, the main one being the I'-convergence towards the “effective” singular
functional (8) of the good rate functions associated with the large deviations of the solutions of a family
of SDEs (up to a change of time). This is stated in Theorem 9, which is our main result. Section 3 is
devoted to the proof of Theorem 9. The purpose of Section 4 is to show that in one space dimension, the
dissipative phenomena induced by this functional lead to sticky collisions.

Notation. We will work with N particles in R?, and hence in (R?)". Points of (R?)" will be denoted with
capital letters, mainly X, Y or Z. Curves with values in (R%)"
X, Y or Z. The positions of X',  and Z at time ¢ € R will be denoted by &}, )J; and Z, respectively.

In order to avoid heavy notation, in most cases, the laws of the processes that we will consider will

will be denoted with calligraphic letters

be continuously parametrized. In these cases, we will use abuses of notation: for instance, we will say
that the family of laws (u,),~0 is tight whenever it is tight for sufficiently small values of 7. This is
equivalent to (i,, )sen being tight for all (1,) € ([R{jr)N decreasing to O.

2. Derivation of the discrete model

2.1. The stochastic model of a lattice with Brownian motion. Take A = (ai, ..., an) € (R)" to be a
family of N > 1 points in R?. We assume each point of this lattice to be subject to Brownian motion for
times ¢ > 0. At time ¢, the position of point i is

a; +/eB!,

where (B");—1_._4 is a family of N independent normalized Brownian curves and & monitors the (common)

level of noise. As a consequence, at time ¢ > 0, the density of probability p. (¢, X) for the point cloud

(a1 ++/¢B!,....ay +eB))

to be observed at location X = (x1, ..., xg) € (RH)Y, up to a permutation o € Gy of the labels, is easy

.....

to compute. We find

pu(t, X) = dN Z HGXP( ,—ag(,)| )’

N oeGy i=1
or, in short,

1 |1X — A°|?
X ew(- ),
N\ 2met &t

O'EGN
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where | - | denotes the euclidean norm in R¢ or (R%)N depending on the context, and where, for all
X =(x1,...,xy5) € RHN, we let

X7 = (Xg(1), -+ s Xo(N))-

This was the starting point of the discussion made in [Brenier 2016], using a double large deviation
principle.

In the present paper, we rather turn to a PDE viewpoint, where p, is the solution of the heat equation
in RHN,

9: ( xy= £ Ap(r. X) )
8t l - 2 p8 ’ 9
with, as initial condition, the delta measure located at A = (ay,...,ay) € (IRd)N and symmetrized with
respect to o € Sy, namely
1
Pe0,X) =~ D bae. (10)
O'EGN

In some sense, we have solved the heat equation in the space of “point clouds” (R%)" /&y, with initial
position A, defined up to a permutation o € Gy of the labelsi =1, ..., N.

2.2. “Surfing” the “heat wave”. After solving the heat equation (9)—(10), in the space of “clouds”
(RY)N /&y, we introduce the companion ODE in the space (R?)V:

&

d‘Xt &
dt =v8(taXt )’ vé‘(th)=

&

2

Vlog pe(t, X), (11)
or, more explicitly

1 2peey (X = A7) exp(—|X — A%?/2¢1))

2t > sesy EXP(—|X — A° 12/ (2¢t))

1 < 2oesy A7 exp((X - A")/(St)))
= —| X —
2t D oeay SXP((X - A7)/ (1))

ve(t, X) =

(12)

where if U and V are in (R9)", then U - V denotes the inner product between U and V. This velocity is
chosen so that

0
%(n X) +div(pe (7, X)ve (1, X)) =0,

i.e., for the density p. to be transported by the velocity field v.. We may solve this ODE for arbitrarily
chosen position X;, € (RY)N (up to reordering) and initial time 7y > 0.

Put another way, we consider the characteristics corresponding to the heat equation (9)—(10), interpreted
as a continuity equation, associated to our Brownian point cloud.

Remark 1. By doing that change of perspective, we just mimic the idea of quantum particles driven by
the “onde pilote”, as imagined by Louis de Broglie [1927; 1959] at the early stage of quantum mechanics.
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Indeed, in our case, the velocity v¥ = V¢? is the gradient of the scalar function ¢* := (—&/2) log p?,
and the pair (p?, ¢°) is easily seen to solve the system

0 p® +div(p*Ve®) =0,

az¢e+l|V¢£|2=_£AVp8 (13)
2 JpE

2

that is, the characteristics follow the trajectories of Newton’s law in a potential induced by p°.
In the quantum case, something very similar can be found with the help of the Madelung transform
[1927]. Namely, if the complex function W# solves the Schrodinger equation

9,0 + %Aqﬁ =0,

writing W = /p€e'?"/¢ for a pair (p°, ¢°) of real functions, then this pair is shown to formally solve the

very similar system
0 p® +div(p*Ve?) =0,

a¢8+1|w8|2=fAVpg 14
t 2 2 /—ps )

and this observation was the starting point of de Broglie’s interpretation of quantum mechanics. In this
case, the potential in the right-hand side of the second equation is called the Bohm quantum potential.
However, the analysis of (14) is substantially more difficult than the one of (13), due to the possible
vanishing of the wave function W¢ during the evolution.

This analogy is not a coincidence. Indeed, it is known [von Renesse 2012] that the Schrédinger equation
in its Madelung formulation (14) is formally the Hamiltonian flow corresponding to the Lagrangian

5.y =L [11vel = [EVi0g o]
quantum P, % _2 % 2 ng P,

in the geometry of optimal transport, while system (13), which admits solutions of the heat equations as
particular solutions, is rigorously the Hamiltonian flow corresponding to the Lagrangian

LE voy =L [[ivol? +|E¥10e o
heat (P 90)-—2 |90|+2 ogp| (P,

in the geometry of optimal transport [Conforti 2019]. The latter Lagrangian appears naturally in the
theory of entropic optimal transport; see [Gentil et al. 2017; Gigli and Tamanini 2020].

2.3. Large deviations of the “heat wave”’ ODE. Let us now add to the ODE of the previous subsection a
noise of the form

dXS " = v (e, X7 dt + @dW,, (15)

where 7 is a positive number, (W) is a standard Brownian motion in (R?)", and where the scaling
prefactor 1/4/t has been chosen to recover MAG at Section 2.6. That is, we include a second time-
dependent level of noise to the model: we perturb the characteristics that were already generated, through
the heat equation, by the Brownian motion of our original point cloud.



MONGE-AMPERE GRAVITATION AS A I'-LIMIT OF GOOD RATE FUNCTIONS 2011

Our main finding is that when n and € are small and up to a change of time, the trajectories charged
by the solution of this SDE starting from P € (RO at time ty > 0 and which happen to be close to
0 € (RHN at time 11 > to are well-approximated by MAG.

The purpose of the rest of this section will be to make this rough statement precise. When we say that
some random trajectories are well-approximated by MAG, we mean that they are close in the uniform
topology to minimizers of the action (8), with large probability. Justifying this fact will require several steps
and intermediate functionals. As the times 7 and #;, as well as the endpoints P and Q, will be fixed in what
follows, we decided not to refer to them in the notation for the different functionals and laws that will appear.

Since for fixed ¢ > 0 and ¢ > 1y > 0, v, is a smooth velocity field, the existence of a strong solution
and pathwise uniqueness for (15) is standard once fixed a law for the initial position X,‘Z’" at some fy > 0.
Since we want to consider indistinguishable particles, a relevant choice of initial law consists in taking
X,‘;’” = P° with probability 1/(N!), given some P € (R?)" and o € Gy. For convenience, from now on,
we denote by {P?} the set {P° : 0 € Gy}. The law just described is nothing but the uniform law on { P?}.
Remark 2. Actually, at this stage, it would be possible to reintroduce distinguishability: Theorem 3,
Corollary 4, Proposition 7 and Theorem 9 below could easily be written for distinguishable particles,
that is, with constraints on the endpoints of the curves, and not on these endpoints up to reordering.
We decided to keep on working on clouds of indistinguishable particles in order to avoid crossings of
trajectories in Section 4.

The first step consists in using classical Freidlin—Wentzell theory [1998] (see also [Dembo and Zeitouni
1998]) in order to pass to the limit » — 0, while ¢ > 0 is kept fixed, in the sense of large deviations
(we omit the proof since it consists in adapting in a straightforward way [Dembo and Zeitouni 1998,
Theorem 5.6.3] to time-dependent entries and more general initial law for the SDE).

Theorem 3. Let us fix two positive times 0 < ty < t; and P € (RY)N. For fixed ¢ > 0 and as n — 0, the
family of laws (e, ) of the solution of (15) between times ty and t and starting from the uniform law on
{P°} satisfies the LDP on CO[to, 111; (RHN) with good rate function LS defined for all X = (X;)te(1,11 bY

VA — v, )P x tde if X € H' (1o, 1]; (RDN) and X, € [P},

Lox)=12"/n 16
¢ () {+ (16)

else.

’

In the rest of the article, we will call these kind of functionals “actions”, instead of the usual terminology
“good rate function”.

An outcome of this result is that with large probability, when 7 is small, Xt'f’g is close to the position
at time f; of the solution of the ODE (11) starting from P, up to reordering. But now, we want to use
Theorem 3 in order to describe the behavior of the solutions of the SDE (15) when 7 is small, under the
large deviation assumption that its final position X,f’" is far from this expected value.

For this, we take Q € (R?)V, and we assume that we observe Xfl’" to be close to Q, up to reordering.
To quantify this closeness, we consider a new small parameter § > 0, and we work with the laws (u, )
from Theorem 3, conditioned to the event {th’77 € ereN B (Q°, 8)}, where for a given X € (RHN,
B(X, 8) stands for the closed ball of center X and radius §. MAG will be obtained by studying the limit
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of these conditional laws when n — 0, then § — 0 and finally ¢ — 0. We refer to Remark 12 for a
discussion about the order in which we let the different parameters tend to 0.
Concerning the limit 7 — 0, Theorem 3 implies the following.

Corollary 4. Let us fix e, 8 > 0, and call £ the closed subset of C°([ty, t1]; (R)N) defined by

&= {X e COlto. nl: RHM): 1, e ) B(Q”. 5)}.
O’GGN
The family of conditional laws (“g,n = e y( - 53)),,>0 is tight. Moreover, its limit points for the topology
of narrow convergence as n — 0 only charge minimizers of the functional

L IM& v, X)Pxede i X € H (0,11 RDY), Xy € (P} and X, € Uy e, B(Q, ),
+00, else.

8
L (X)= {
A7)
Proof. Let us first prove the tightness property. Let X be a curve in the interior of £%. As it satisfies an
LDP associated with a good rate function in a Polish space, by virtue of [Dembo and Zeitouni 1998,
Exercise 4.1.10], for fixed ¢ > 0, the family of laws (i, ,),~0 is exponentially tight. Hence, there is a
compact K (we call K€ its complement in C°([to, #;1; (R9)")) such that
lim sup 1 log e, (K€) < —L2(x) — 1.
n—0
Therefore, we find
lim sup 17 log u , (K©) = lim sup{n 10g e, , (K N %) — 1log e 5 (£%))
n—0 n—0

<limsup n log pe ,(K) —lim i(r)lfn log p,gy,,(é"s)
n—0 n—

<—LYX)—1+L%x) < -1
The tightness follows.

Now, let us consider p a limit point of (,ugn) as n — 0, and (n,) a sequence of positive numbers

8

decreasing to 0, with ug n, —> 1 asn — +oo. We will argue that whenever X’ is not a minimizer of Ly,

then X is not in the support of w. First, for all > 0, the support of /Lﬁ’n is a subset of £%. As the latter
is closed, this is also the case for the support of . So let us take X € £%, which is not a minimizer
of Lg. In particular, Lg(é\,’ ) > infgs Lg. As Lg is lower semicontinuous, there exists an open set U of
C%([to, 11]; (R)N) containing X such that inf;; L > infgs L. Let us show that u(U) = 0.
By the Portmanteau theorem, we have
.. 5
nU) < gglfgug,nn(U)-
By the definition of (14 ), we have
N log 1l (U) = 11,108 ey, (U NE®) = 0y 10g e, (€°) < 0y 10g phe., (U) =y 1og pre , (7).

The large deviation principle of Theorem 3 lets us estimate the lim sup of this quantity by

lim sup 1, log ug p, (U) <inf Lg — inng.
s»fin 505 l7

n—+00
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To conclude that this quantity is negative, and therefore that '““g,nn (U) tends to 0 as n — 400, it suffices
to notice that infy, L% = infgs LY (for instance by the easy fact that the infimum of L? is continuous with
respect to §), and to use the definition of U. The result follows. (|

2.4. From the I'-convergence of the actions to the narrow convergence of the laws. In the previous

subsection, we justified why the conditional laws (ui,n) from Corollary 4 are well-described by the

action Lg defined by formula (17) as n — 0: in this limit, these laws mainly charge small neighborhoods

of minimizers of that action. Now, we want to argue that in order to study these laws when not only 7 is

small, but also § and &, we have to study the action L? in that regime, in the sense of I'-convergence.
This assertion relies on the two following lemmas:

Lemma 5. Let (2, d) be a metric space, and (L,),eN be a sequence of lower semicontinuous functionals
Sfrom Q to Ry U {400} having compact sublevels, uniformly in n € N. Assume that (L,) has a I'-limit L.
Assume furthermore that L is not uniformly equal to +o0. Finally, consider (it,) € P(Q)N a sequence of
Borel probability measures on 2, such that, for all n, |, only charges minimizers of L,. Then, (i) is
tight, and any of its limit points in the narrow topology only charges minimizers of L.

Lemma 6. The family of actions (Lg) defined in (17) have compact sublevels in C°([ty, t;]; (RHN),
uniformly in ¢, 5 > 0.

Using these lemmas, we see that if we manage to identify a I"-limit L for Lg as g,8 — 0, then in this
limit, any family (149) of limits of (Mg.n) as 1 — 0 will mainly charge small neighborhoods of minimizers
of the limiting L. Before doing so in the next subsection, let us prove our two lemmas.

Proof of Lemma 5. Let x be a minimizer of £, and (x,) be an associated recovery sequence, that is,
Xp — x as n — 400, and limsup,_, , . £,(x,) < L(x) =inf L. Up to forgetting the first terms, we can
assume that £, (x,) is finite for all n € N. Now, call M := sup,,.y £, (x,). By assumption, the set

K:=|JlzeQ: Li(2) < M)
neN
is compact, and by definition of M it contains all the minimizers of all the functionals £,, n € N.
Therefore, for all n € N, ©,(K) = 1, and the tightness follows.

Let  be a limit point of () for the topology of narrow convergence. Up to considering a subsequence,
we assume that i, — w. Let x be in the support of w. It is easy to see that there exists a sequence (x;,)
such that x, — x as n — 400, and, for all n € N, x, is in the support of u,. But then by assumption,
for all n, x, is a minimizer of £, and therefore, by standard considerations about I"-convergence, x is a
minimizer of L. O

Proof of Lemma 6. For all ¢, § > 0, the action Lg coincides with Lg (defined in (16)) inside of the closed set
£% and is 400 outside of this closed set. Therefore, we just need to prove that L(g) has compact sublevels,
uniformly in ¢ > 0. Actually, precompacity suffices by lower semicontinuity of Lg. To do so, we will
use the following bound, which holds as a consequence of (12) for all ¢ > 0, f € [ty, #;] and X € (RN

A X
lve (2, X)| < A+ 1] |- (18)
2to
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We will prove that, for all M > 0, there exists M’ > 0 (uniform in ¢) such that, for all ¢ > 0 and
X e CO[1o, t11; (R)N), whenever L2(X) < M, we have

1 ne 2 /

= || dt < M.

2/
This is enough to conclude since it is well-known that the set H Y([to, t11: RHN) is compactly embedded
in C%([10, 111; RHN).

So let us consider M, ¢ > 0, and a curve X such that LS(X) < M. Note that in particular, X;, € {P°}.

We have, for all ¢ € [1g, 1],

1/H%P$=/w&—wcﬂo+wmﬁwﬁd
2 o o 2

N . t
§/|%—%@%WM+/|M&%W®
fo

To

1 131 A 1 t
s—/|&—m@&ﬁxmwu7/um+mww
fo 4t0 10

fo

M (H—1)|AF 1 [! s,
—+%+—2/ Xzo+/ er‘f
o 2t0

2M ) — |A|?
<—+— —+|P| + |X| dr ds
fo %

where we used (18) to get the third line. We deduce our claim from the Gronwall lemma. Il

2
ds

2.5. The convergence results. As already explained, understanding the behavior of families (14%) of limit
points of (ugn) as 1 — 0 when ¢ and § are small amounts to understanding the behavior of the family
of actions (Lg) in the I"'-convergence sense. This is what we propose to do now. More specifically, we
will see that (L?) has a ['-limit, when first § — 0, and then & — 0. Doing so, we ensure that limit points
of the family (112) in the relevant asymptotic only charge minimizers of the corresponding actions; see
Corollary 11 below. We discuss the question of swapping these limits in Remark 12.

Thanks to the smoothness of v®, the first I'-limit, as § — 0, is very simple and we omit the proof.

Proposition 7. Let ¢ > 0. As 8 tends to zero, the family of actions (Lg) I"-converges to

LAn:{%gvh—%mxm%um if X € H'(lto, 11]; R)N), X, € {P°} and X;, € {Q°}
_l’_

00, else.

The second I'-convergence, as ¢ — 0, is more intricate and can be seen as the main result of this paper,
because it involves the singular limit of the vector fields (v®) as ¢ — 0. Before stating it, we need to
introduce a few objects.

Define the following smooth functions, which are convex in X:

foralle >0, >0 Xe(Rd)N fe(t, X):=¢tlo L Zex XA (19)
9 ) ’ & ) L g N' p tg .

’ UEGN
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It has the property that, for all e > 0, # > 0, and X € (RHN,
X—-Vfit, X
ve(t, X) = +

As a consequence, we can rewrite L for all ¢ > 0 as

. m_{% G — (X =V £, X)) /@D P xrde it XeH ([, 1]; R)V), X, €{P7} and X, €{Q"},
()=

400 else.

When ¢ tends to zero, by virtue of the so-called Laplace’s principle, we have the pointwise convergence

lim f(z, X) = max X - A° =: f(X). (20)
e—0 oeGy
Notice that f is linked to the function F defined in (3) by the formula,
A2+ 1X)?
for allXe(IRd)N, f(X)=%+NF(X). (21)

The function f no longer depends on the time variable, and it is a convex function with finite values.
As a consequence, for each X € (RN, the subdifferential 9 f(X) of f at X is nonempty. We will consider
the extended gradient V f (X) of f at X defined as:

Definition 8 (extended gradient). We define the extended gradient of a real-valued convex function &
at X, denoted by Vh(X), to be the element of 34 (X) with minimal Euclidean norm.

We are now ready to state our result concerning the limit & — 0.

Theorem 9. As ¢ tends to 0, the family of actions (L;)¢~q ['-converges to

LX) = {% ==V )/ @ Pxide if X € H (1o, n]; RDN), X € {P7} and X, €{Q°},
400 else 22)
for the topology of uniform convergence of C%([ty, t11; (RHM).

Remark 10. It is relevant to wonder what exactly in the convergence f, — f implies Theorem 9. It is not
so simple to answer due to the dependence in ¢ of f, and because the proof involves several manipulations
of formula (22). However, the main step of the proof is Lemma 15 below. Now, at least in the autonomous
case, several works that are posterior to the first version of the present paper study results similar to
Lemma 15 in greater generality, namely in Hilbert spaces [Ambrosio et al. 2021] or in measured metric
spaces [Monsaingeon et al. 2023]. In [Ambrosio et al. 2021], the good notion of convergence for f, — f
is Mosco convergence. We give more details on this in Remark 16.

As a consequence of Lemmas 5 and 6, this theorem clearly implies the following.

Corollary 11. Consider the family of laws (“g,n) defined in Corollary 4, and three sequences (1) neNs,
(8m)meN and (ep) pen decreasing to 0. Then, there exist subsequences (1,)neNs (8,)men and (8;;)])6’\]
such that the triple limit
lim  lim  lim pd"
p—~>+00 m—>+00 n—+o0 Pt

exists in the topology of narrow convergence and only charge minimizers of L as defined by (22).
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In particular, if L admits a unique minimizer X, the whole family converges:

lim lim lim u, = 8x.
e—>0 §—0 n—0 &

Let us now comment on the order in which these limits are taken.

Remark 12. Up to potentially considering subsequences, we are studying the behavior of the conditioned
laws (“g,n) in the limit lim,_, ¢ lim;s_,¢ lim,_,, and one could wonder whether these limits could be
swapped. We recall that ¢ stands for the level of noise of the original point cloud, that n stands for the
level of perturbation of the companion ODE, and that § is the precision of the observation at the final time.

o Swapping lim,_,o and lims_,¢ is easy: it amounts to studying the dependence of the limiting action (22)
when Q varies. Essentially, this swap would be a consequence of the fact that v® is bounded on compact
sets, uniformly in time and €.

 Swapping lims_,¢ and lim,_,o would be more delicate, but doable as well. We would first need to prove
that the family (“g,n) from Corollary 4 converges when § — 0, with fixed ¢ and 5, as classically done
in the theory of bridges of processes, and then write a large deviation principle for these bridges in place
of Theorem 3.

« Finally, not taking into consideration the limit in § because of the two previous points, the question
of how to swap lim,_, o with lim,,_,( relates to the question of building solutions to SDEs with singular
coefficients, and lies beyond the scope of this article. A related question that we also do not want to
address is the question of quantifying how small 1 needs to be with respect to ¢ to be able to take a
simultaneous limit in ¢ and 5. To answer it, we would need to study the dependence in ¢ of the rates
of convergence in the large deviation principle, which is probably a very delicate question, once again
because of the singularities of v® appearing as ¢ — 0.

We will prove Theorem 9 in Section 3 below, but before doing so, let us show that up to changing time,
we recover MAG. Notice L has compact sublevels as a consequence of the I'-convergence and Lemma 6.
Hence, the existence of global minimizers for L (and hence for all the forthcoming functionals) follows
from the direct method of calculus of variations.

2.6. A change of time leading to Monge-Ampére gravitation. Through the change of variable
t =exp(20), Zy= Xexp(20)7 6y = %log to, 61 = %log t,

we observe that, for all X € CO([t, 11]; (RH)Y), L(X) = 3A(2), with

AE) = LI 2o — (29— V f(Z0))I7d0 if Z€ H' ([0, 01]: (RD)N), 25, € (P7} and Zp, € (Q7),
+00 else.

(Recall the definition (20) of f.)
It turns out to be equivalent to the following one (in which we recognize (8)):
w1202 +5120—V f(Z0)P}do i Z e H'([60,61]: R)Y), Zg, € {P°} and Zy, € {Q7},

+00 else.

A’(Z)={
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To see this, it suffices to expand the square and to remark that the mixed product is an exact time derivative,
so that its integral only involves the endpoints P and Q. This is done in a slightly different context in the
proof of Lemma 14 below.

2.7. Application of the least action principle. We observe that the points Z where f is differentiable are
those for which the maximum in the definition (20) of f is reached by a unique permutation oo so that
V f(Z) is nothing but A°rt. For such points Z, we get

}Z V@) =31Z~ A% = -NF(Z)
(by definition (3) of F), while, on the set A of nondifferentiability of f, we rather have
51Z=Vf(@D)P <-NF(2);

see for instance Proposition 27 below in the case of dimension 1. So the action we have obtained in the
previous section, namely A’, bounds from below

W 31Z01> = NF(29)}do  if Z € H' ([0, 01]: (R)N), 25, € (P7} and Zp, € {Q7),

AT (2) =
+00 else.

This second action, already announced in (7), is definitely strictly larger than the first one for those curves
0 — Zy which take values in N (where f and F are not differentiable) on a set of times 6 € [0, 6;] with
positive Lebesgue measure. So the least action principle may provide different optimal curves, depending
on the action we choose. However, if a curve is optimal for A’ and almost surely takes value outside of N,
then it must also be optimal for A*. Clearly, it is much easier to get the optimality equation for such a
curve, by working with A™ rather than with A’. By varying action A™, we get (6) as optimality equation.
Therefore, the optimal curves of our functional A’ taking value in N for a negligible set of times solve (4)
(in a distributional sense), which is the MAG discrete model announced in the Introduction.

Of course, these equations have to be suitably modified for those curves which are optimal for the
action A’ but not for A" because they take values in A for a nonnegligible amount of time. At this stage,
we do not know how to do it. However, at least in the one-dimensional case d = 1, such modifications
are tractable and correspond to sticky collisions as x; (¢) = x;(t) occurs for different “particles” of labels
i # j and during intervals of times of strictly positive Lebesgue measure; see Section 4.

3. Proof of the I'-convergence
The purpose of this section is to prove Theorem 9.

3.1. The proof as a consequence of three lemmas. As we will see, Theorem 9 will be a consequence

of three lemmas that we state below. Lemmas 14 and 15 both involve a family of smooth functions

1

(8¢)e=0 on [6p, 01] x RP for some 6y < 6 and p € N, pointwise converging to a L, .

function g. On these
functions, we will assume the following:

Assumptions 13. (H1) For all ¢ > 0 and 6 € [0y, 0:], g-(6,0) = 0.

(H2) For all ¢ > 0 and 6 € [0y, 011, g(0, -) is convex. Therefore, g(0, -) is convex as well.
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(H3) The maps Vg, are uniformly bounded, that is,

L:=sup sup sup |[Vg.(0,Y)| <+oo. (23)
£>00€[6p,01] Y eRP

Therefore, we also have

sup sup IVg(@®,Y)|<L.
0€l60,61]1 Y RP

(H4) The distributional derivative dgg is L2([0p, 61]; L.(R?)N), and, for all ¥ € H'([6p, 61]; (RHN),

loc

the map 6 — g(0, )y) is also H', with, for almost all 8 € [y, 6],
d
o’
(H5) The maps dg Vg, are uniformly bounded, that is,

0, Vo) =086, Ys) +Vg©®, Vo) Vp. (24)

M :=sup sup sup |9pVg:(6,Y)| < +o0. (25)
e>00€[6p,01] Y eRP
In order to keep the proofs simple, we did not try to optimize these assumptions for Lemmas 14 and 15,
which are probably true in a far more general context (see Remark 16 in the case of Lemma 15). However,
as we will see in the proof of Theorem 9, it suffices to check these assumptions for the family (f;)e-0
after suitable change of temporal and spatial scale. This is done in Lemma 17.

Lemma 14. Let us consider 6y < 01 € R, n € C*([0y, 01]; RY) and a family (g¢)e=0 of smooth functions
Sfrom [0y, 01] X R? to R pointwise converging to a function g, which satisfy (H1), (H3), (H4) and (HS)
from Assumptions 13. If a family of curves (V)g=0 in H'([60, 611; RP) uniformly converges to a curve
Y e H'([6y, 611; RP), then
6 6
Vi - Vge (0, V5)n(®) do —5> Vo - Vg0, Yo)n() do.

e—0
0o o

Lemma 15. Let us consider 6y < 01 € R, n € C*([0y, 01]; RY) and a family (g¢)e~0 of smooth functions
from [0y, 01] x R? to R pointwise converging to a function g, and satisfying (H2), (H3)and (HS) from
Assumptions 13. Let us fix R, S € RP and define fore > 0and ) € CY([6y, 61]; RP)
Koo |2 S {90 V2@ Y0 PYn@) d6 - if V& (101,611 RP), Yoy = R and Yy =S,
+00 else,
LI U3 +1V8(0, Vo) Pin®) do if Y € H'([61.61]: R”), Vg, = R and Yy, = S,
+00, else.

K () 22[

Then (K;)e~o I'-converges to K for the topology of uniform convergence of C 0([6, 6;1; RP).

Remark 16. This lemma is the keystone of the proof, and one may wonder how it can be generalized and
what is really necessary among our assumptions. In [Ambrosio et al. 2021], we show that at least when (g;)
and g have no dependence on 6 and 1 = 1, the result holds true, even in Hilbert spaces, whenever (g.) is
a family of proper lower semicontinuous uniformly A-convex functions Mosco converging towards g,
plus some uniform Lipschitz conditions at the extreme points.
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Lemma 17. With the notation of Theorem 9, let us define 6y :=logtg/2, 61 :=logt, /2, p =dN, and for

0 €6y, 6i],e>0and¥ € (RHN,
__ Je(exp(20), exp(0)Y) __ Sf(exp(0)Y)
8:(0,Y):= oxp(26) and g(0,Y) = T op(20) (26)

Then (g:)e>0 converges pointwise to g, and satisfies (H1), (H2), (H3), (H4) and (HS) from Assumptions 13.

In the next subsections, we will prove these three lemmas one by one. The most involved one is
undoubtedly Lemma 15, which can be seen as the main step in the proof of Theorem 9. Let us start by
proving Theorem 9 using Lemmas 14, 15 and 17.

Proof of Theorem 9. 1In this proof, the notation X = &; will stand for a generic curve from [y, #]
to (R9)N. Associated with X', we define by V = )y the curve from [6p, 61] to (RN, where 6 := logty/2,
01 :=logt/2, and, for all 6 € [0y, 01], Vo := Xexp26)/ €xp(0). Note that X is H' if and only if Y
is H'. If (X®),-¢ is a family of curves from [fy, #;] to (RN, we define in the same way the family of
corresponding curves ()*).~o from [6p, 6] to (RHN.

A quick computation shows that, for all X € H L([0o, 011; (RHM), considering 1(0) := exp(26) and
(g¢)e>0, g as defined in Lemma 17, we have

Nl X =V, &) Pdr o
Lgmzlf g G VI ) —=1f 196 + Vg (6, Vo) Pn(9) db @7)
2 Ju 2t t 4y
1 ., 5 1 (7.
=3 | WP +1V&@ 3P @ a0+ 5 | I Vee®. Yn®) a0 (28)
0 0
and
n X =V |Fdr o . _
=3 [ & - L L [T 54 Te0. v oo a0
1o ! ! 4 o
o o o _
=7 9 (13612 + V26, Y) P} () do + 5 35950, 30m@) a0, (29)
0 0

(Note that due to Lemma 17, g is convex with respect to the space variable, and so Vg is well-defined.)

Proof of the '-liminf: Let A* ——> A’ for the topology of uniform convergence. Of course, we also

have Y* —> V. Without loss of generality, we can suppose
limi(r)lng(X‘g) < +o00.
&—

Indeed, if it is not the case, there is nothing to prove. Let us take (g,),en to be a sequence tending to 0
along which the liminf is achieved.
As Vg.(6,7Y) is bounded uniformly in ¢, 6, Y (this is (H3)), we easily deduce with (27)

01
lim sup/ IL))g”l2 df < 4o0.
)

n—+00 o
In particular, by the lower semicontinuity of this H' seminorm with respect to uniform convergence, ) is
in H' ([0, 611; (RY)N). Applying Lemma 14, thanks to Lemma 17, we have

01

o . —
9 V5" Vge, (0, Y n(®) df ——— j Yo -Vg(®, Vo)n(0)do. (30)
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On the other hand, for n sufficiently large, L, (X*") < +00. So the endpoints of X** belong to a finite
set, and because of the convergence X'*» — X, for even larger n the endpoints of X'** are independent of 7.
In other terms, X,f)” = P9 and X,gl” = Q°' with oy, o independent of n. Hence, for such n, Y% satisfies
the endpoint constraint for K., with R := P%/,/tp and S := Q°'//f;. Hence, applying Lemma 15
thanks to Lemma 17, we have

1

61 . —
5 [ 1l +1V8(0, V)" }n(0) 4o = K (V) < liminf K., (V*")
6o n— 400

01
| .
=liminf 5 | {|V5"*+|Vge, O, Vi) IFn@)ds.  (31)
Oo

n——+00 2

The result follows easily by gathering (28), (30), (31) and (29).

Proof of the [-limsup: Let X € C%([1, t;]; (RY)N). Without loss of generality, we can suppose that
X € H'([tg, t;]; (RY)N) and that it satisfies the endpoint constraint for L. In particular, ) belongs to
H'([60, 61]; (RY)N) and satisfies the endpoint constraint for K with R := X;,//fp and S := X, //11.
Lemmas 15 and 17 let us find a family ()*).-¢ converging to the corresponding ) such that

lim sup K, (V%) < K()). (32)

e—0

In particular )¢ is in H' for sufficiently small ¢, and by Lemmas 14 and 17,

o o _
Vo Vg0, YIn(®)do > | Yo -Vg(®, Vo)n(®)do. (33)
9() 90
The result follows easily from (28), (32), (33) and (29), by noticing, that because of (32), J* satisfies the
endpoint constraint for K. Hence, for such ¢, X satisfies the endpoint constraint for L.. U

3.2. Proof of Lemma 14. The proof of Lemma 14 just consists in integrating by parts and using the
convergence properties of (g:)e=0-

Proof of Lemma 14. Integration by parts: First, notice that as soon as Y € H I ([60, 61]; R?) and ¢ > O,
then 6 +— g. (6, Vy) and 6 — g(0, )y) are also in H 1 with, for almost every 6,

800, 35) = Dy (0, V) + Vge(0, %) Ty and (60, V) = (6, Vo) + Vg(®. ¥ - -

It is clear in the case of g, because g. is smooth, and it is the assumption (H4) in the case of g. As a

consequence, by an integration by parts, it suffices to prove that whenever ()*)..( converges to ) as
& — 0 for the topology of uniform convergence,

01 01
ge(el,ygl)n(é’l)—88(90,)750)77(90)—/0 86(073)98)77/(9)(19_/9 8= (6, Vg)n(0) do
0 0

01 01
m)g(91,y01)'7(91)—8(90,3790)'7(90)—/9 g(e,ye)n%e)de—/e 9g(6. Vo) (6) do.
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Convergence term by term: The convergence

8e (01, Vg )n(01) — ge (o, Yg,)1(60) s=5> 801, Yo, )n (1) — g(Eo, Vo)1 (6o)

is an easy consequence of the pointwise convergence and of the uniform Lipschitz bound (H3).
For the same reason, we have, for all 6 € [0y, 01], g.(9, V) = g(6, YVy). But on the other hand,
because of (H1) and (H3), g. is locally bounded, uniformly in . Hence,

91 91
/ 2:(0. V' (0) d8 —5> /9 2(0, Yo)n'(6) do

6o 0
is a consequence of the dominated convergence theorem.

Because of (H1) and (HS5), for all 8, (dypg.(8, -))e~0 is compact for the topology of local uniform
convergence. But its only possible limit point is the distributional derivative dgg. As a consequence,
(098¢ )e>0 converges pointwise to dp g, and because of the uniform bound (H5), for all 6, dpg.(6, V) =0
098 (0, Vp). Because of (H1) and (HS), dy g, is locally bounded, uniformly in ¢, and so

01 91
/9 99200, VEIn(6) d6 —o> /9 92 (0. Vo) (0) do

is also a consequence of the dominated convergence theorem. 0

3.3. Proof of Lemma 15. Before entering the proof of Lemma 15, we need to state a few standard results
concerning the extended gradient V as defined in Definition 8, and its links with the so-called resolvent
map. These tools could even be set in the infinite-dimensional setting, that is, in Hilbert spaces [Stromberg
1996], or in metric spaces [Ambrosio et al. 2005].

The following proposition is a lower semicontinuity property of the slope with respect to both conver-
gence of the function and of the evaluation point.

Proposition 18. Consider h : R? — R a convex function with finite values. Let (hy).~q be a family of

convex functions on RP pointwise converging to h, and let (X?).~q be a family of points in RP converging
to X. Then
IVA(X)| < liminf VA, (X?)].
e—0

Proof. As all these functions are convex and /4 has finite values, standard arguments show that the
convergence of h, — h is also locally uniform. First of all, if
limiélf IVh,(X?)| = 400,
E—>

there is nothing to prove. Else, up to considering a subsequence, there exists D € R” such that

lim Vh,(X?) = D.

e—0
But sending ¢ — 0 in the inequality,

forall Y e R?,  hy(Y) > ho(X®) 4+ (Vhe(X?), Y — X°),

and using the local uniformity of the convergence, we see that D € dh(X) (that is, the subdifferential is
upper semicontinuous). So |D| > |IVAh(X)|, and the result follows. O
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For T > 0 and X € R?, define the resolvent operator by

. Y —X?
Jrp(X) :=argmin A(Y) + ————
Y eRr 2t
Once again, the following proposition is standard. It is an application in the very simple case of convex
functions in finite dimension of the so-called maximal monotone operators theory in Hilbert spaces,
for which we refer for instance to [Brézis 1973] (see in particular Section 2.4 for the properties of the
resolvent in a general setting).

Proposition 19. (1) We have for all X € R? and t > 0,

X — -]r,h(X)
T

IVA(Je 1 (X)) < < |VA(X)|. (34)

(2) If h is differentiable at J; ,(X) for some X € RP, then the following first-order condition holds:

Lﬁh(}() = Vh(Jrp(X)).

(3) If (he)e=o is a family of convex functions on RP pointwise converging to h, then, for all T > 0
and X € R?,

Jepn (X) =5 Jen(X). (35)

Proof. By [Brézis 1973, Lemma 2.1], we have

X —Jon(X
%”’() € (T (X)). (36)
The first inequality in (34) and the second point of the statement follow.

To get the second inequality in (34), apply the monotone inequality of [Brézis 1973, Definition 2.1]

to the maximal monotone operator 0/ (see [Brézis 1973, Example 2.1.4]), with x; = X, xo = J; ,(X),
y1 = Vh(X) € dh(X) and (X — Jrn(X))/t € 0h(Jr p(X)), thanks to (36). We find

_ X — J, (X
<Vh<X) X)) Jr,h<X>> > 0,
T
which can be rewritten as
X— T, X [X=J.,X) —
‘ o.h(X) §< . ( ),Vh(X)>.
T T

Therefore, the result follows from the Cauchy—Schwarz inequality.

Let us now focus on the third point. Let us fix t > 0 and X € R?”, and set,
w2
foralle >0, Y e R?, f.(Y):=h(Y)+ |2—| and f(Y):=h(¥)+ |2—
T T

The family ( f;).~0 converges pointwise to f, but by convexity and finiteness of the limit, as before, this

_|2

convergence is also locally uniform. As a consequence, the only thing to prove is that for sufficiently small



MONGE-AMPERE GRAVITATION AS A I'-LIMIT OF GOOD RATE FUNCTIONS 2023

go > 0, the set {J; p, (X) : 0 < & < ¢gp} is bounded. Indeed, if it is the case, by local uniform convergence,
any limit point Z of J; 5,(X) as € tends to 0 would satisfy

f(2) =limsup f(Jep, (X)) = im f (o5 (X)) = f (Jen (X)),

e—0
so that, by the definition of J; 5 (X), Z = J; 4(X), which lets us conclude.
Call B the open ball of center J; 5 (X) and radius 1. We have by the strict convexity of f and minimality
of J; n(X)
fUrn(X)) < Ylng f ),
and this property is open for the topology of local uniform convergence. Hence, we can find ¢g sufficiently
small so that for all ¢ < g

fe(Ten(X)) < Yient)fB fe(Y).
Then, if Y ¢ B, we call Y the projection of ¥ on 0B and A := 1/|Y — J; ,(X)| < 1, so that Y =
(1 =2)Jrn(X)+1Y. As soon as & < g9, fe(Y) > f(Jr.n(X)). By using the convexity inequality

fe(V) = (1 =0 fo(Jen (X)) + A fe (V),
we find f(Y) > fe(Jr.n(X)). As a consequence, {J;  (X) :0 <& < g} C B and the result follows. [
We are now ready for the proof of Lemma 15.

Proof of Lemma 15. Proof of the I'-lim inf: It is straightforward using Fatou’s lemma, Proposition 18 and

the lower semicontinuity of ) /0? || d6 with respect to the topology of uniform convergence.
Proof of the I'-lim sup: Let us consider a curve ) € H'([6, 6;]; R?) with Yo, = R and Yy, = S (else

there is nothing to prove). For all ¢ > 0 and t > 0, we define

V10 Jrg0,) Vo),

and correspondingly
V'O Jr g0, (Vo).
First, we prove
61 01
. . 1 T,€12 7,652 1 ) 12 N 2
limsuplimsup - | {17 " +1Vge(0, V) ["n(0)d0 < 5 | {Ip]"+1Vg(®, Vo)|"}n(©) do. (37)

T—0 e—0 6o 6o

We will then choose 7 as a function of ¢ and show how to fix the endpoints.

Proof of (37): By the second point of Proposition 19, for all ¢, t, 8, we have
Yo=Yy +1Vge(0, ;).

For all 8, g.(0, -) is convex, so Y — Y +Vg. (6, Y) is invertible and its inverse is 1-Lipschitz. In addition,
the smoothness of g. = g.(9, Y) with respect to 6 lets us deduce from ) € H ! that Y™¢ is in H!, and
that, for almost all 6,

Vo= (+1D%(0, V%) - Vp* +186Vg: (0, V).
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By the convexity of g., we have | <[+ rngS in the sense of symmetric matrices, and hence

V51 <195 — T Ve (0, V) < |Tol +TM. (38)

Recall that M was defined in the uniform integrability assumption (25) on dgVg.. (In the case when
99 Vg. = 0, we recover the known fact that for # independent of time, J; j is contractive.) Then, we

deduce
. 1 T _ 34),(38) I Vy—YTe 2
limsup > {|y9 2+ Vge (6, Vo’ )2 }77(9)(19 < limsupz / (1 Vg |+7M)*+ AR n(0)de
e—>0 2 o e—0 2 6o T
391 [ Vo—Y§
23 [ Moo 22 }w)de
o
(34) o
1 : 2, 2
< 3 {(| Vel +TM)"+|Vg(0, Vo) | In(0)do.
o

Formula (37) follows.

Choice of T = 7(¢g): Because of (37), and because,

forall ¢ > 0, ygos —o> R and yﬁtls 5,

=0

it is possible to find a nonincreasing function T = t(¢) converging sufficiently slowly to O so that

o _
{| ViR 4 Vg0, V)2 ©)do < [ (132 + Vg0, Y Pn@) do,  (39)

hmsup
e—0 2 2 6o
Vi —p» R and Vi —p 8. (40)

Fixing the endpoints: For fixed ¢ and small § > 0, we will define Z%¢ as a slight modification of the
curve V7@ in such a way that zoe joins R to S. For this, we just set for 8 € [0, 6]
R+ (0 —00)/8)(V55° — R) i 6 € [60. 60 + 51,
zZpt =1y if 6 € [0+ 38, 0y — 8],
S+ (01 —0)/8) Vi~ ) if 0 e[0 —5,01].

A quick computation shows

01
1 .
3 {|Z§8|+|Vge(0,23’s)lz}n(9)d9
r(e)s Rlz 1V T(S)E

19, |2
_2f (135 +|Vgs<9,y§<”’8>|2}n(9>d9+||n||oo( — = +8L2>, @1

268 268

where L is defined in the uniform Lipschitz assumption (23) for g..
r(e) e

Let us estimate |V, 5" — R|?/28. We have

6o+38 Bo+6
26 - 8 8 - 8

(e),e 2 T(e),¢e 2 I(S) € 7(8),€2 T(e),¢e 2
|Vos” — R| N7 — R| | — Vo | N7 —R| bo+s
< <% +/ 13517 do.
o

0
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Because of (38), (25) and ) € H', the integral f6i0+8 A ©)-£12 49 tends to 0 as § — 0, uniformly in &: we

bound it by a function v; = v;(§) tending to 0 as § — 0. In the same way,
Vo =8P _ 19— sP
28 - )

+vr(d),
where v (§) — 0 as § — 0.

Plugging these bounds into (41), we get

01

1 .

5 [ UZ5 P+ 1986, 25 P)n(®) do
fo

01
1 . u(e)
<3 / (V5P + V80, V5 P n(6) do + ||n||oo<T + v<5>),

o
where u(e) := |V;©° — R> +1V; " — 5> — 0 as & — 0 by (40), and v(8) := v; (8) +v(8) +5L> — 0
as § — 0. Hence, choosing §(¢) := +/u(e), we find with the help of (39) that 258 s a reECOVery sequence
for the I' — lim sup of K, towards K. O
3.4. Proof of Lemma 17. The proof is straightforward, and relies on explicit computations.
Proof of Lemma 17. Let us define for X e (R9)N

1 g

h(X):= 1og[m Z exp(X - A )]. (42)

’ O‘EGN

Fore >0, 0 € [0y, 0;] and Y € (RY)V, we have by the definition of f; and g, (formulas (19) and (26)

respectively)
Y
gg(e,Y)=eh( (9)). )
£ exp
Proof of (H1): It is obvious.

Proof of (H2): By (43), it suffices to check that % is convex. Differentiating (42) twice, we get for all
X € (RHN

D*h(X) = (A7 ® A%)x — (A%)x ® (A%)x = (A" — (A”)x)x ® (A" — (A%)x)x, (44)

where if a is a function of o, then {(a(o))x stands for

2066Na(0) exp(X - A%)
Y oesy EXP(X - A%)

It follows that D?4(X) is a nonnegative symmetric matrix.

Proof of (H3): In view of (43) and as 6y > —o0, it suffices to check that V4 is bounded. Differentiating (42)
at X € (RN leads to

(a(o))x =

Vh(X) =(A%)x,
which is clearly bounded by |A|.
Proof of (H4): By the definitions (20) of f and (26) of g, we have for all 6 € [0y, 6;] and Y € (RHN
_f)

80 1) = @)
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The integrability property of dyg is clear; let us check (24). Let us consider Y € H L([60, 611; (RH)N). The
function g is locally Lipschitz both in # and Y. As a consequence, the map G : 6 — g(6, )p) is also H'.
Now, instead of proving (24), we will prove that for all curves D = Dy such that, for almost all
6 € [6o, 01], Dy belongs to the subdifferential of g(6, -) at Y = )y, we have for almost all 6 € [6p, 6]
d
@g
so that (24) is an application of this property to Dy := Vg(8, Vs). Notice that this property implies that
up to negligible sets, Dy - )y does not depend on the choice of D. Let us give ourselves such a curve D.

0, Vo) = 3086, Vo) +Dp - Vo,

Let us take a point 8 € (6, 61) where both )V and G are differentiable (this happens for almost every 6).
We have

G0) =1 1 { fQoys) Qo) } SO . 808, Vors) — 88, Vo)
(#) =1lim - — =— +lim
810 6 |exp(@+68) exp(0) exp(@) slo 1)
> SO0 up Dy YT 00, 3+ Dy - i
exp(0) 540 )

where we used g(0, Vo+s) = g0, Vo) + Dy - (Vo+s — Vo) to get the second line.
In the same way, we have

G'(0) = lim =
@) slﬁ)la

1 { fQo)  fVs-s)
exp(0) exp(@ —9)

The result follows from gathering these two inequalities.

Proof of (HS): Using (43), we get forall e > 0, 6 € [6p,01] and ¥ € (RHN,

Vg (0,Y)=— ! (Vh( Y >+D2h< Y ) Y )
oY ) = T (0) ¢ exp() cexp@) ) eexp@) )

As we already saw in (H3) that V/ is bounded, it suffices to prove that X + D?4(X) - X is bounded. Let
us expand everything in (44) and apply X to the right. We get

3 ey X (A — AT)A% exp(X - (A” + A7)
Yoy EXP(X - (A7 + AM))
As a consequence, it suffices to show that, for each o, n € Gy,
X - (A° — AN exp(X - (A% + AM))
> eey EXP(X - (A7 + AT))
is bounded, uniformly in X. First, if n = o, then T (o, o, X) = 0. Else, let us use the bound

} < 3g(®,Ye) +Dy-Vs.

D’h(X)-X =

T(o,n, X):=

> exp(X (A% + A7) <exp(2X - A”) +exp(2X - A7),
o/, n"eGy
obtained by only keeping the terms corresponding to o’ =1’ = o and o’ = ' = 5 in the sum. This leads to
| X - (A7 — A |exp(X - (A" + AT)) |X - (A7 — A"
exp(2X - A%) +exp(2X - A")  exp(—|X - (A7 — AN)|) +exp(|X - (A7 — AN)])’

IT (o, n, X)| <

which is clearly bounded uniformly in X. The result follows. O
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4. The case of dimension 1: sticky collisions

In this section, we will study the global minimizers of the functional A’ obtained in Section 2.6, in
dimension d = 1. If we call ¢ the time variable and if we replace 8y and 6; by 0 and T respectively, due
to the invariance of the functional through translation in time, A’ reads

N (@)= ST EPH 2 -V F(E)1P)de if Z€ H'(10, T RY), Zp € (P°} and Z7 € {Q°}, 45)
B +00 else,

where

f(X)=max X-A°, XeR". (46)
O'GGN

Here, we chose a strictly ordered A = (ay, ..., ay), thatis, such thata; <--- <ay, P, Q € RN and
T > 0. Once again, when X = (x1,...,xy) € RY and o € Sy, we let X7 := (X5 (1), -+ Xo(n)), and
{P°} and {Q7} referto {P° :0 € Gy} and {Q° : 0 € Gy} respectively. Of course P = (py, ..., py) and
0 =(qi,--.,qn) can be supposed to be ordered, thatis, p; <--- < py and gq; <--- < gn. We recall

that we defined the extended gradient V f in Definition 8. As already noticed in Section 2.5, the existence
of global minimizers for A’ follows from the direct method of calculus of variations. Uniqueness does
not hold in general, even up to permutations.

The purpose of the section is two-fold. On the one hand, we will show that the model has nice regularity
properties: any global minimizer of A’ is smooth except on a finite number of “sticking” or “separation”
times.! On the other hand, we will justify as claimed in Section 2 that A’ describes a model with sticky
collisions in the sense that a minimizer Z = (z1(¢), ..., zy (¢)) of A’ will typically exhibit some sticking
effects as z; (1) = z;(¢) for i # j on nontrivial intervals.

To describe the sticking effect, it is convenient to introduce the following definition:

Definition 20 (partition of [1, N])). Let X € R". We say that X is divided according to 77 (X) when 7 (X)
is the partition of [1, N] induced by the relation,
forall (i, j) € [1, NI?, i~j < xi=ux.

We call C(X, 1) the class of i € [1, N] in 7(X), namely, C(X, i) = {j : x; = x;}.

The main result of the section is the following:
Theorem 21 (regularity of the optimal trajectories). For given A, P, Q € RN and T > 0 as before, let Z
be a global minimizer of N defined in (45). Then Z is continuous and there exist

O=tn<ty<---<t,=T,

a family of times such that, for eachi = 1,..., p, Z is smooth on [t;_1, t;], and 7w (Z) is constant
on (ti—1, ;).

It will be quite clear from the proof that sticking effects do occur. This exactly means that there exist
trajectories Z for which, with the notation of Section 2.7, A'(Z) < A1 (Z). For such trajectories, Z; is

INotice that A’ is invariant under time inversion, so that if particles are allowed to stick, they are also allowed to separate.
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located on the set where f is not differentiable for a set of times of positive Lebesgue measure. But in
dimension 1, this set is exactly the set where at least two particles are located at the same place. That is,
the set of times when 7 (2) # {{1}, ..., {N}} is typically of positive Lebesgue measure. As a consequence
of Theorem 21, it is even a finite union of intervals.

Still it might be convenient to illustrate the sticking effects included in the model by the following
easy proposition. It asserts that the set of times when all the particles are stuck is an interval: if all the
particles are stuck at two different times, the cheapest behavior between these two times is to remain
stuck. It also shows that this phenomenon occurs: if all the particles are sufficiently close at the initial
and final time, then they necessarily stick together during a nontrivial interval along the evolution.

Proposition 22 (intervals of full degeneration). (1) For given A, P, Q € RN and T > 0 as before, let

Z=(z1(),...,zN(t)) be a global minimizer of N. Suppose there exist two times 0 <t; <t, <T
such that
z1(t) =---=zn(t1) and zi(t) =---=zn(t).
Then, for allt € [t, t2], we have 7;(t) = - - - = zn(2).
(2) For given A € RN and T > 0 as before, the set U of endpoints P, Q € RN with the property that, for
all minimizers Z = (z1(t), ..., zn (1)) of N, the set of times
{rel0,T]:z1(t) =---=zn (D)}
is a nontrivial interval, is a neighborhood of {P, Q e RN : p1=-..=pyandq; =--- =qn).

The proof of Proposition 22 uses almost nothing and is given in Section 4.2. Except for that, the whole
section is dedicated to the proof of Theorem 21. For this we take once for all A, P, Q € RN and T > 0,
A being strictly ordered and P, Q being ordered.

Even if all the arguments are elementary, we will need a certain number of steps, including:

« The explicit computation of the potential |X — V f(X)|? (Section 4.1 and 4.4).

o The justification of a priori knowledge on the optimal trajectories: they can be supposed to be ordered
at all times (Section 4.3).

o The conservation of energy and momentum holds during shocks? (Section 4.5).

Then, the main ingredient in the proof of Theorem 21 is an estimate given in Section 4.6: during
a nonpathological shock (pathological shocks are excluded a posteriori), at least one particle has a
lower-bounded jump in its velocity (Proposition 31). We finally provide the proof of Theorem 21 in
Section 4.7.

Throughout the section, we will work with several types of finite sets: the partitions of type (X)
and the class of particles of type C (X, i). Some of the arguments or computations will deal with their
cardinality. Thus, if F is a finite set, we will denote by #F its cardinality.

ZWe say that Z presents a shock at time ¢ if ¢ is a discontinuity point of 7 (Z); see Definition 30.
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4.1. Properties of the extended gradient. In Lemma 24, we gather easy properties of V f that will be
needed in the following. Before doing so, let us introduce some notation.

Definition 23. Let 7 be a partition of [1, N]. We call E,, the linear subspace of RY of all X such that 7
is a refinement of 7 (X), that is,

E, = ﬂ ﬂ{X:(xl,...,xN)e[RN:xi=xj}.

Cermi,jeC
Lemma 24 (properties of V f). (1) The extended gradient V f has the following symmetry:

forall X eRY, 0 e Gy, V(X7 =V (X))°. (47)
(2) The function X — |X —V f(X)| is symmetric:
forall X eRY, 0 € Gy, |X°=VFX)>=|X-Vf(X). (48)

(3) If X is ordered, then V f(X) is the orthogonal projection of A on Eqx).
@) If X isorderedandi € {1,..., N},

_ 1
VIO =455 > (49)

JjeC(X,i)

(Recall that C (X, i) is defined in Definition 20.)
Remark 25. The extended gradient Vv f is completely characterized by points (1) and (3) (or (4)) of
Lemma 24.
Proof. (1) Let 0 € & y. By the definition (46) of f, forall X e RV, f(X°)= f(X). Letting I° : X > X°,
we easily deduce that at the level of subdifferentials: df (X?) = I°(df(X)). We conclude by the fact that
1° is orthogonal.
(2) It is a direct consequence of point (1).
(3) Let X = (xq, ...xy) € R" be an ordered vector. Considering the definition (46) of f and noticing
that the maximum is achieved exactly for those o such that X° = X, it appears that V f(X) belongs to

the convex hull:
Conv({A° : 0 € Sy such that X° = X}).

For a giveni € {1, ..., N}, we call Vi e RV the vector whose j-th coordinate is 1 if j € C(X,i) and 0
otherwise. On the one hand, we have E,x) = Span{Vf :i=1,..., N}, and on the other hand, for all i,
the scalar product V- Y is constant on the above-mentioned convex hull. So we deduce

A=V f(X) € (Exx)™.

Hence, we just have to prove that V f (X) € E(x). If i, j € {1, ..., N} are such that x; = xj, let us apply
formula (47) to the permutation o := (i, j):

(VX)) = (VX)) = (VX)) = (Vf(X));.

The result follows.
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(4) Let X be ordered andi € {1, ..., N}. As ﬁf(X) € E;(x), with the notation of the proof of (3),

VX = o Z VIX0) = pez 7 VS0V
jeC(X,i) ( )

1 1
= v 'Vl = A v E a]v
#C(X, i) #C(X, i) . )
jeC(X,i)

where we used A — V f(X) L V' to get the first identity in the second line. O
The three next subsections will be dedicated to consequences of this lemma:

A proof of Proposition 22.
e When proving Theorem 21, it is enough to consider ordered trajectories (Proposition 26).

o For ordered trajectories, the potential in A’ can be decomposed as sum of a smooth “external”
potential and an “internal” energy only depending on 7 (X) (Proposition 27).

4.2. Proof of Proposition 22. With the help of Lemma 24, we are ready to prove Proposition 22.

Proof of Proposition 22. (1) Without loss of generality, we can suppose t; = 0 and #, = 7, that is,
=pt,...,pn)and Q =(qq,...,qn) aresuch that py=---=pyand g; =--- =gn.

Call ¥ the orthogonal projection on the line Epj yy:={X = (x,...,xy) € RV |x; =--- =xy}. It
suffices to prove that when Z is a continuous trajectory joining P to Q, then A'(W(Z2)) < A'(Z), and with
equality if and only if Z = W(Z). As W is 1-Lipschitz, it reduces the kinetic part of A’. For the potential
part, we remark that, for all X € RY, Erw(x) = Eq1.n3 C Ex(x)- As a consequence, by point (3) of
Lemma 24, we have as soon as X is ordered §f(\IJ(X)) = W(?f(X)). Hence

W(X) = VXD = WX -V X)) <IX-VFXI,

with equality if and only if X € Ej yq, i.e., if and only if W(X) = X. This property is extended to
nonordered X using (48), and the result follows.

(2) The function A’ = A'(P, Q) , defined for all P, Q € RV as the minimal value of A/, is continuous.
Indeed, if P, P’, Q, Q' € RY are chosen so that |P' — P|+|Q’— Q| <« 1 and if Z is a trajectory joining P
to Q, we can find a trajectory Z joining P’ to Q' with?

N(Z) < N(2Z)+ o (I). (50)

(P, Q")—>(P.Q)

To do so, it suffices to choose T ~ | P’ — P|+|Q’ — Q], and to define Z as the trajectory joining P’ to P
in straight line between times O and 7, joining P to Q between times 7 and 7 — 7 by following Z with
a proper affine change of time, and finally joining Q to Q' in straight line between times 7 — 7 and T.
This shows that A’ is lower semicontinuous, but the continuity is obtained by noticing that the o in (50)
is locally uniform on P, Q € R". The argument is easily adapted to show that N=N (P, Q), defined

3with a slight abuse of notation, we do not refer explicitly to the dependence of A’ on P, Q.
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for P, Q € RN by
K/(P, Q) :=inf{A'(Z) : Z whose set of  such that Z, € Ef; yj is negligible},
is also continuous. Additionally, the set ¢/ defined in the statement clearly satisfies
V:={P,0eRY: N(P, Q) < N(P, Q)} CU.
By the continuity of A’ and A, Vis an open set. Hence it remains to prove that
{P,OQeR :py=---=pyandqi = =qy}=Epny X Efi,ng C V.

To do so, we take P, Q € Ey1 vy and Z a curve joining P to Q such that {¢ : Z, € Ef1 vy} is negligible,
we still call W the orthogonal projection on Ef; y7, and we prove that

N(Z)= N¥(2)) +a,

where a > 0 does not depend on Z. Let us call ® :=1d — W the orthogonal projection on the orthogonal
of Ef1.yy- As in the proof of the first point, Vf o W = W o V f. As a consequence

T T
A/<Z>=/O {|\v(2t)|2+|w<zt>—wﬁf(zz>)|2}dr+/o {RE)I*+12(2) — D(VF(2))*) dt

T
_ N W)+ /0 (ZLP 112 — (T f(2)P)dr.

where 21 = ZtL = ®(Z;) is a curve joining O to 0. But for almost all ¢, Z; ¢ Ey1 nj, so as we saw in the
proof of the first point, Vf(Z)¢E [L.N7- As Vf only takes a finite number of values (see Lemma 24),
for almost all t, ®(V £(Z,)) belongs to some finite set, say G, which does not contain 0. Hence,

T T
/ (ZSP 412 — @ fE )P di = / (2112 + dist(Z, )2 dr,
0 0

where dist(Z, G) denotes the distance from Z to G. Because z+ joins O to 0 and G does not contain 0, this
last integral is easily seen to be bounded below away from 0 independently of Z, and the result follows. [

4.3. Ordering of the particles. The purpose of this subsection is to show that when proving Theorem 21,
we can restrict ourselves to study trajectories that remain ordered (see Figure 1). This is due to the
following proposition.

Proposition 26. Let Z = Z; be a global minimizer of N'. We call Z = Z, the trajectory obtained by
reordering the coordinates of Z in increasing order. Then Zisalsoa global minimizer of A

Moreover, Z has the regularity stated in Theorem 21 if and only if Z does.

In particular, N' always admits an ordered minimizer, and it is enough to prove Theorem 21 for such

minimizers.

Thanks to this proposition, from now on, we only work with ordered minimizers of A". These minimizers
Z = Z,; satisfy in particular Zy = P and Z7 = Q (as we chose them to be ordered in the first place).



2032 LUIGI AMBROSIO, AYMERIC BARADAT AND YANN BRENIER

T 41 92 q3 T 41 92 q3
T ¥

p3 pi p2 p3

Figure 1. These two trajectories share their initial and final positions up to ordering and
their actions. But to the right, the order is preserved, while to the left, this is not the case.

Proof. Let Z and Z be as in the statement of the proposition. Point (2) of Lemma 24 implies

T T
/ AR AT =f 12, — T F ()P dr.
0 0

We call W : RY — RY the operator that reorders the coordinates of a vector in increasing order, so that
in particular, for all ¢, Z,=W(Z). A simple application of the rearrangement inequality shows that W is
1-Lipschitz. In particular, it reduces the action of curves

T - T .
/|zt|2dzs/ PAR S
0 0

By adding the two last formulas, and by noticing that the endpoint constraint is fulfilled, we get A’ (2) <
N (Z). As Z is a minimizer, this inequality is in fact an equality, and Z is also a minimizer.

Note that both Z and Z are continuous because they have finite action. Hence, the second claim of the
proposition is a consequence of the two following facts:

e Forallt € [0, T], #n(Z,) = #1(Z,).

« For any continuous trajectory ¢ € I — X; € R", where I is an interval, t > 7 (X,) is constant if and
only if ¢ — #m(X};) is constant.

Indeed in that case, r — 7 (Z;) and t — n(g ;) are constant on the same intervals, and the result follows.

The first point and the “only if” part of the second point are trivial.

For the “if” part of the second one, we reason by contraposition. Suppose s — 7 (X;) has a discontinuity
at time ¢ and we prove that s — #m(X;) also does. If s — 7 (X;) has a discontinuity at time ¢, we can
find two distinct accumulation points 71 and mp of s — 7 (X;) at time ¢. As the set E; is closed for all ,
we find that X; belongs to E;, N E,. But this set is nothing but E;, where 7 is the finest partition of
which ; and 7, are refinements, that is, the partition corresponding to the relation

i~j <= thereexists C € m; Um, such that {i, j} C C.
In particular, 7w (X;) is a refinement of 7 and as ) # 7o,
# (X)) < #m < max(#my, #m17).

So s — #m(X;) has a discontinuity at time #, and the result follows. O
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4.4. Decomposition of the potential. Here, we compute explicitly the values of the potential X
|X — V f£(X)|? on ordered vectors X € R". Notice that, for such vectors X, 7 (X) has an additional
structure: if C € w(X), then C is an interval of integers. We say that such partitions are ordered. We
prove the following:

Proposition 27. For all ordered X € RV,
X =V XOP =X - AP +h(n (X)) — AP, (51)
where h is defined on a partition w of [1, N] by

h(w) := Z %

Cen

2

2.4

jeC

(52)

In particular, h has the following monotonicity property: if w and 7w’ are two ordered partitions and if 7’
is a strict refinement of 7, then h(w) < h(z’).

The more particles are stuck together, the lower % is. This is the reason for which A’ favors the sticking
of particles. The function —//2 can be understood as the internal energy of the system.
Dropping the constant term |A|?/2 in (51) and defining A” on a trajectory Z by

LITUZPH 2~ AP+h((Z))) e if Ze H'(10, T;RY), Z9= P and Z7 = Q,

A// (Z) —
400 else,

(53)
it is clear that A" and A” have the same minimizers in the class of ordered trajectories. Hence, as a
consequence of Proposition 26, it suffices to prove the conclusion of Theorem 21 for the minimizers
of A” in the class of ordered trajectories.

Proof of Proposition 27. Let X € RY be an ordered vector. By point (3) of Lemma 24, we have
A— ﬁf(X) € (E;,(X))L and both X and ﬁf(X) € E;(x). So using the Pythagorean theorem twice, we get
X =VIXOP=1X-AP=|A=VfXOP =X - AP+ IV f(X)I? - AP,

The identities (51) and (52) are obtained by computing IV £ (X)|? using (49).

If we recap, h(7r) is the squared norm of the orthogonal projection of A on E;. Butif 7’ is a refinement
of m, E; C En, and hence h(w) < h(x’). The strict inequality is obtained by noticing with the help
of (49) and using the strict ordering of A that if in addition 7 and 7’ are ordered and 7’ # 7, then the
projection of A on E+ does not belong to E;. O

4.5. Conserved quantities. In this subsection, we discuss two simple and yet structural properties of the
dynamic prescribed by the functionals A’, A”: the Hamiltonian of the system is conserved (Proposition 28),
and its center of mass draws a smooth curve (Proposition 29). In particular, the momentum of the system
is conserved during shocks.

Proposition 28. Ler Z be an ordered minimizer of N'. Then
E=E@)=HIZ ] —12 — AP — h(n(Z)} (54)

is constant in the sense of distributions.
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Proof. The proof is completely standard and is done by comparing the value of A” on Z and ¢ — Z; 0
for small ¢ and functions ¢ that are smooth and compactly supported in (0, T'). (|
Proposition 29. Let Z = (z1(¢), ..., zn(t)) be an ordered minimizer of A’. Call a := (a1 +---+an)/N
and fort € [0, T]

| |

M) = ;zi (1) and P():= ngi (1).
1= 1=

(M is well-defined for all t, and P for almost all t.) Then M, P solve distributionally
M) =P(), PE)=M(@) —a.
In particular, M is smooth and P coincide almost surely with a smooth function.

Proof. Here the proof consists in comparing the value of A” on Z and t > Z; + e¢(¢)V for small ¢,
smooth and compactly supported ¢, and where we call V = (1, ..., 1). The only somehow unusual thing
to remark is that 7 and hence % o 7w are invariant under translations in the direction of V. g

4.6. Shocks, isolated shocks and minimal deviation. This subsection contains the main estimate that
allows us to prove Theorem 21. Roughly speaking, if at time ¢ some of the particles stick or separate,
there is a lower bound on the change of the velocity of at least one particle. The proof of Theorem 21
will then consist in showing that this cannot happen an infinite number of times.

Let us first define as “shocks” these sticking and separating behaviors:

Definition 30 (shocks). Let X = X, = (x| (¢), ..., xy(¢)) be a continuous trajectory on R,

(1) We call a shock of X a triplet (¢, g, C) witht € [0, T], ¢ € Rand C C [1, N] such that

» Cen(X),
e foralli e C, x;(t) =gq,
e for all T > 0, there exists s € (t — 7, t 4+ 7) such that C ¢ mw(Xj).

(2) If (¢, g, C) is a shock of X', we say that it is isolated if (¢, ¢) is isolated in
{(', q") : there exists C" C [1, N such that (¢, g’, C’) is a shock]},
i.e., if there is no other shock than (¢, g, C) in the neighborhood of (¢, g) € [0, T] x R.

We provide in Figure 2 a picture of a shock which does not seem to be isolated. The following result
is the main step in the proof of Theorem 21.

Proposition 31. Let Z = (z1(2), ..., zn(t)) be an ordered minimizer of N (or equivalently a minimizer
of N’ in the class of ordered trajectories), and let t € [0, T1].

(1) If particle i is not involved in a shock at time t, then for s in the neighborhood of t, C := C(Z;,1) is
constant and z; is a smooth solution of

55 =2(5) — 5 2 (55)

jeC



MONGE-AMPERE GRAVITATION AS A I'-LIMIT OF GOOD RATE FUNCTIONS 2035

T q3

T +
0 4

P1=p2=p3

Figure 2. A shock with three particles which does not seem to be isolated. We will see
later on that this kind of shock cannot occur in our model.

In particular, if i is involved in an isolated shock at time t, then z; admits left and right derivatives at
time t, denoted by z; (t—) and z; (t+) respectively.

(2) Thereis « = a(N, A) > 0 such that for any isolated shock (t, q, C), calling i == minC,
zi(t—=) —zi(t4) = a. (56)

(Note that the quantity z; (t—) — z; (t+) is not affected by time inversion. In particular, this lower
bound is coherent with the invariance of the Lagrangian through time inversion.)

Proof. (1) If particle i is not involved in a shock at time ¢, by the definition of a shock, it means that
C:=C(Z;,i)en(Z) for all s in a neighborhood of ¢. In particular, for all j € C and s sufficiently close
to ¢, by (49),
V1)) = g Yt
keC
On the other hand, it is easy to find a neighborhood U of (¢, z;(¢)) in [0, T] x R such that, for all
Jje{l,...,N}andalls € [0, T], (s,z;(s)) € U implies j € C.

As a consequence, if £ : [0, 7] — R is smooth and compactly supported in a sufficiently small
neighborhood of ¢, and if ¢ is sufficiently small, by defining Z= (z1(s), ..., zZy(s)) forany j {1, ..., N}
and s € [0, T'] by
zj(s)+e&(s) if jeC,

Z;(s) else,

Zj(s) == {

then 7(2) and 7(Z) (and hence V f(Z) and V f(Z)) coincide at all time. The ODE follows from
comparing the values of A’ on Z and trajectories of type Z.

In particular, by boundedness of Z, if particle i is not involved in a shock at time ¢, |Z;| is bounded by
a constant that is not depending on ¢. The existence of z; (—) and z; (+) at the times of isolated shocks
follows easily.

(2) This is the heart of our study of the dynamical system, and maybe the less standard part of Section 4.
But still the idea is very easy: with the notation of the statement, if z; (r—) — z; (¢+) is too small, then it
is cheaper to stick particle i with other particles, as shown in Figure 3. The proof goes as follows.
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t+o t t+o t
t+Ao 1 t+Ao 1
! . ! q

Figure 3. To the left, a piece of the trajectory Z, and to the right, the competitor Z%*
that we describe in the proof.

Step 1: Definition of a competitor. Let us consider (¢, g, C) an isolated shock. Because it is isolated, we
can find t > 0 such that the particles of C are not involved in another shock between times r — v and
t + 7. By the definition of a shock, we cannot have C € 7w (Z;) for all s € (¢t — 7, t 4 1), so either, for all
se(t—r1,t), C¢n(25) or,foralls € (t,t+ 1), C ¢ n(Z;). Without loss of generality, we suppose
that the second one holds: the particles of C are not all stuck right after the shock. Moreover, by our
choice of t, for all C' C C, the assertion C’ € 7w (Z;) is either true or false independently of s € (¢, t + 7).
Then, for s € (¢, t + 7), the following definitions of C, C, € w(Z;) do not depend on s:

C;:=C(Z,,i) fori=minC and Cr:=C(Z,i) fori=minC\Cj.

(The classes C; and C; are the two leftmost packs of particles of C right after the shock.) Let us define
forj=1,2

. kv +kavy
ki :=#C;, =zt fori € Cj, d =— 57
g vj:=z;(t+) fori an P (57)
For 0 <o <t and A € [0, 1), we define a competitor Z%* = (ZT’)‘(S), c, Z%A(S)) by setting for all
i={l,...,N}ands € [0, T]
zi (s) ifi¢gCiUCrors ¢(t,t+0),
Z;’*’\(s)z g+(s—1t)p ifieCiUCyand s € (¢, 1+ 1o),
140 =5 (0t aop)+ 32029 Loy ifieCiUC, ands € (1 + Aoyt +0).
(1-XA)o (1-Mo ™ ’

(See Figure 3 for an illustration of this competitor.) We will get a lower bound on v, — v; by comparing
the value of A” on Z and Z°*, and by differentiating the corresponding inequality first with respect to &
at 0 = 0 (we zoom so that the particles of Z only travel along straight lines), and then with respect to A
at A = 0 (we compute the first variation of the action when we let the particles stick together).

Step 2: A lower bound on v, —v;. The partitions 7 (Z{ **) and 7 (Z;) coincide at all times except between
t and r + Ao, when 7 (Zy) is a strict refinement of n(Z;”A). Hence, letting

8§ =8(N, A) :=min{h(rw) — h(n') : (7w, ®") ordered partition of [1, N, m strict refinement of 7’} > 0,
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we have, for all s € (¢, ¢t + Ao),
h(w(Z17)) +8 < h(n(Zy)). (58)

As Z? coincide with Z for times outside (¢, + o) and for coordinates that are not in C; U C», by
definition (53) of A”, we have

t+o
N(EZH=-N(@Z)= ) UEPH O+ 120 9) —ail? = 12:(9)) = |zi(s) — ai [P} ds
iEC]UC2t t+ro
[ e~ herzoyas
t+o
T V2 (5 ()12 ds —
< > / 1277 )P = 1) ds —8ho + 0 (@), (59)

ieC1UC,

where to obtain the second line, we used (58) and the fact that between times ¢ and ¢ + o, both z; and Z?’A
remain at a distance of order o of g.
Let us consider i € C; for j =1, 2. On one hand, as z; admits v; as a right derivative at time 7, we have

t+o
f ()P ds =vio+ o (o). (60)
t o—

On the other hand, we can compute explicitly

z,»(r+a)—(q+xpa))2

t+o
<o, 2 2
. ds=A +(1—-A
/t 1277 (s)|7ds = Ap~o +( )0( T

1
2 2
=Ap 0+m(¢1+?}j0+030(0)—6]—)~190)

2 2 ¢
=ip7o+(j—Ap) ——+ o (o). (61)
1—X o-0
By plugging (60) and (61) into (59) and by using the definition (57) of k1, k> and p, we get

ki (v — Ap)? + ka2 (v2 — Ap)?
1—A

N'(Z7M = N'(2) < {(lq +k)Ap? + — kv — kpv3 — 5,\}0 + o0 0(0)

A
={(k1 +ka)p +krv] +kav3 = 2p(kivs +hovo) = 8(1 = M)} 0 + 0 (o)
- o

(k11 + kovy)? A
=kt hovr——— 2 51—
{ Vi + v k1 + ko ( ) 1—)\.0+020(0)
kiko 2 A
= — —5(1—=A) —— .
{k1+k2(v2 v)” —8( )}1_k0+0g0(0)

By the minimality of A”(Z), this quantity must be nonnegative. If we divide it by Ao, and if we let o
and then XA go to zero, we end up with
kiko
ki + ko

(v —v1)? = 8. (62)
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Step 3: Conservation of momentum during an isolated shock and conclusion. Because (¢, g, C) is isolated,
it is easy to justify that we can replace V by the vector V¢ whose j-th coordinate is 1 if j € C and 0
otherwise in the proof of Proposition 29. Doing so, we obtain the “local” conservation of momentum

1 . 1 . c
ic Zz,-(t—) =1c Zz,-(wr) = PC@).
ieC ieC
By ordering of the particles, we have, for i = minC,

. 1 . kl #C—kl
C § :

(t=)>P (1) = — (t+) > —v +

Zl( )_ () Cieczt( )_ C 1 C

U2.

(Indeed, j € C+ z;(t—) and j € C > z;(t+) are clearly nonincreasing and nondecreasing respectively.)
By recalling that v; = z;(#+) and using (62), we get

)y 2 TR L #C—k btk
(t=) —z; > vy —vp) > .
& . gc 2 #C kika

The minimal right-hand side’s value is v/8/(#C? — #C), obtained for k; = #C — 1 and k, = 1. Hence, we
get the result by choosing a = /8/(N% — N). g

4.7. Conclusion: proof of Theorem 21. We are now ready to give the proof of Theorem 21. We give

ourselves Z a global minimizer of A’. Thanks to Proposition 26, we can suppose that Z is ordered, and
thanks to Proposition 27, we can consider A” instead of A'.

Because of Proposition 31, it suffices to prove that there is a finite number of shocks. Indeed, in that
case one can take for 0 =7y < t; <--- <t, =T the moments of these shocks (and the endpoints of
[0, T']). The smoothness of Z on each [#;_1, 1], i =1, ..., p, follows directly from Proposition 31. Then
m(Z2) is constant on each (t;_1,t;), i =1, ..., p, because by Definition 30 of a shock, at each time of
discontinuity of 7 (Z), there is at least one shock.

The set

{(¢', q") : there exists C’ C [1, N] such that (¢', ¢’, C’) is a shock}

is easily seen to be compact. So if it is not finite, it admits at least one accumulation point. That is, if
there is an infinite number of shocks, then there is at least one shock which is not isolated. Let us consider
such a shock (¢, g, C) with minimal number of particles involved, i.e., with minimal #C. The rest of the
proof is dedicated to showing that the existence of (¢, g, C) leads to a contradiction.

Step 1: The velocities are bounded. As Z is continuous on [0, T'], it is bounded. On the other hand, by
definition, 7 < |A|%2. Now ifi € {1, ..., N} and ¢ € [0, T] is such that Z is differentiable at  (which is
true for almost any ¢), recalling the definition (54) of &,

40 <127 <28 +12, — AP+ h(m(2),
which is bounded uniformly in .

Step 2: All the shocks in the neighborhood of (¢, g) that are distinct from (¢, g) are isolated. Let U be
a neighborhood of (¢, ¢) in [0, T'] x R such that, forall s € [0, T] and i € {1,..., N}, (s,z;(s)) € U
implies i € C. This is possible since Z is continuous and, for all j ¢ C, z;(t) # g by Definition 30 of a
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shock. Let us consider (¢/, ¢’, C’) a shock with (¢, ¢") € U. If #C' < #C, then (¢, ¢’, C’) is isolated by
the minimality of #C. If #C’ = #C, then C’ = C by the definition of U. But then it is easy to adapt the
proof of point (1) of Proposition 22 to prove that C € 7 (Z;) for all s between 7 and ¢, and so there is no
shock in U between ¢ and ¢’. Hence there exists at most one such shock in U: either one before ¢ or one
after ¢, but not both because else (¢, g, C) would contradict the third point of the definition of a shock.
Up to reducing U, we can then exclude (¢, ¢’, C’).

Step 3: Conclusion using Proposition 31. As (¢, g, C) is not isolated, there is an infinite number of
(isolated) shocks in U. Without loss of generality, we can assume that there is an infinite number of shocks
in U after time ¢. Call i € C the smallest index such that particle i is involved in an infinite number of
shocks in U after time . When i # min C, up to reducing U and by the minimality of i, we can assume
that no particle j € C with j < i is involved in a shock in U after time ¢.

As the shocks in U involving i after time ¢ are isolated (Step 2), we can enumerate their times in
decreasing order (7,) pen. The boundedness of Z together with (55) allows us to take M as an upper
bound for Z; between the times of shocks. For all p € N and s € (¢,41, 7,), taking « as in (56), we have

P tr s
2i(s) =zi(to—) + Z{ii (=) — zi(tx+) — / Zi(7) df} - / Zi(r)de
k=1 =1 I
> zi(to—) + pa — M (o — 1),
which contradicts Step 1 as soon as p is sufficiently large. O
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