STICKY PARTICLE DYNAMICS WITH INTERACTIONS

Y. BRENIER, W. GANGBO, G. SAVARE, AND M. WESTDICKENBERG

ABSTRACT. We consider compressible pressureless fluid flows in Lagrangian coordinates in one
space dimension. We assume that the fluid self-interacts through a force field generated by the
fluid itself. We explain how this flow can be described by a differential inclusion on the space of
transport maps, in particular when a sticky particle dynamics is assumed. We study a discrete
particle approximation and we prove global existence and stability results for solutions of this
system. In the particular case of the Euler-Poisson system in the attractive regime our approach
yields an explicit representation formula for the solutions.

1. INTRODUCTION

In this paper, we consider a simple model for one-dimensional compressible fluid flows under
the influence of a force field that is generated by the fluid itself. It takes the form of a hyperbolic
conservation law for the density o, which is a nonnegative measure in time and space and describes
the distribution of mass or electric charge, and the real-valued Eulerian velocity field v. For suitable
initial data (p,v)(t =0,-) =: (9, ), the unknowns (g, v) satisfy

atQ + a:r(Q'U) =0
9 (ov) + 9z (v®) = flo]

The first equation in (1.1), called the continuity equation, describes the local conservation of
mass or electric charge. Without loss of generality, we will assume in the following that the total
mass/charge is equal to one initially and that the quadratic moment is finite so that o(t, ) € Z5(R)
for all ¢ > 0, with Z5(R) the space of probability measures with finite quadratic moment. The
second equation in (1.1) describes the conservation of momentum. We will assume in the following
that v(t,-) € Z%(R, o(t,-)) for all t > 0 so the kinetic energy is finite.

The map f: P2(R) — #(R) (see §6 for its continuity properties) in (1.1) describes the force
field, with .# (R) the space of signed Borel measures with finite total variation. The force depends
on the distribution of mass or electric charge and we will assume that f[g] is absolutely continuous
with respect to g. For further assumptions see Section 6. The typical (simplest) form of f is

flol = —00zq, with g,(z) =V(z) +/RW(x —y) do(y) (1.2)

} in [0,00) x R. (1.1)

for suitable C! potential functions V, W with (at most) linearly growing derivatives.
Another relevant example we have in mind is the Euler-Poisson system, for which

flo] = —003q, with g, solution of — ixqg =Xeo—o0). (1.3)

Here A € R and 0 € .#(R). When p is absolutely continuous with respect to the one-dimensional
Lebesgue measure £', then the function g, admits a representation similar to (1.2), with

V() = —%/R|x—y|do(y), W) = Slal (1.4)

If p is not absolutely continuous with respect to £!, then we have a similar representation with a
nondifferentiable W, so that f[p] must be defined by a suitable approximation process.
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The Euler-Poisson equations in the repulsive regime (with A < 0 and negative concave potential
W) is a simple model for semiconductors. In this case, g describes the electron or hole distribution
and the scalar function ¢, represents the electric potential generated by the distribution of charges
in the material. Here o is the concentration of ionized impurities. The Euler-Poisson equations in
the attractive regime (with A > 0 and positive convex potential W) is the one-dimensional version
of a cosmological model for the universe at an early stage, describing the formation of galaxies.
Now g, represents the gravitational potential and o = 0.

1.1. Singular solutions and particle models. Since there is no pressure in (1.1), there is no
mechanism that forces the density ¢ to be absolutely continuous with respect to the Lebesgue
measure. In fact, the system (1.1) admits solutions that are singular measures. Assume that we
are given initial data in the form of a finite linear combination of Dirac measures:

N N
0= Zﬁ%% and pv = Zmi@i&gi, (1.5)

i=1 i=1
where = (z1,--- ,Zxn) € RY are the initial locations of N particles denoted Py,--- , Py, with
corresponding masses m = (my, - - ,my) and initial velocities © = (71, -+ ,0x). We require that
m; > 0 and ), m; = 1 so that g € Z(R). For all times ¢ > 0, we can assume that the positions
x(t) = (z1(t), -+ ,xn(t)) are monotonically ordered, so that they are unambiguously determined

and attached to the particles. Then (at least formally) there is a solution of (1.1) in the form of
a linear combination of Dirac measures:

N
)= Zmiézi(t) and  (ov)( Zm Vi ()02, (1) (1.6)
i=1

where the functions (z;, v;) solve the system of ordinary differential equations
j’:i(t) = ’Ui(t), 1')1'(15) = am)i(az(t)) and (xi,vi)(t = 0) = (fia@i) (17)

between particle collisions. Here am, () is the value in the point z;(t) of the Radon-Nikodym
derivative of the force f[o] with respect to the measure g, so that

Zamz mydq, if Q—Zmz R (1'8)

which is well defined when all NV partlcles are distinct.
Upon collision of, say, two particles with masses my, and m41 at some time ¢ > 0, the velocities
of each one of them are changed to

MV (t—) + My 1041 ()
mi + Mp41

ve(t4) = vesa () = 7 (1.9)
so that the momentum is preserved during the collision. Since both particles continue their journey
with the same velocity, they may be considered as one bigger particle with mass my + mp41.
Collisions of more than two particles can be handled in a similar fashion. We will refer to any
solution of (1.1) in the form (1.6) as a discrete particle solution and we will say that it satisfies a
global sticky condition if particles after collision are not allowed to split. In this case, after each
collision, one could relabel the particles so that the system (1.7) still makes sense (with N reduced
in each particle collision) and induces a global in time evolution.
Let us denote by KV the closed cone

KY = {mERN:I1<I2<"'<IN}7 (1.10)
whose interior is int KV = {w ERV iy <9< < N}. The construction of discrete particle
solutions as outlined above can be done rlgorously whenever the functions a, ; : int KN — RN

are uniformly continuous in each bounded set (so that they admit a continuous extension to KV
still denoted by a, ;) and satisfies the compatibility condition

Am k() = am p+1(x) if 2 = 2y for some 1 <k < N. (1.11)
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This is certainly the case when the potentials V, W considered in (1.2) are of class C'. On the other
hand, the case of the Euler-Poisson system is much more subtle and presents different features in
the attractive or the repulsive case.

The Euler-Poisson case in the repulsive regime: splitting and collapsing of masses. Let us consider
the simplest situation of N distinct particles with equal initial velocities v, in the repulsive regime
A= —1witho =0. Let My :=0, M; := 22:1 mj;fori=1,...,N and set A; := %(Mi_l +M;—1).
Then it is not difficult to check (see Example 6.9) that in the repulsive regime

ami(x) = A; foralliif z € int KV, (1.12)

and so there is no continuous extension satisfying (1.11). Starting from distinct initial positions,
particles follow (at least for a small time interval) the free motion paths

1
xi(t) = & + 10 + 5Ait?. (1.13)

Since A; < A;4; for all 4, there are no collisions. Taking the limit as the initial positions of two
or more particles coincide we obtain the same representation for every & € K. On the other
hand, if two particles Py, Px11 coincide at the time ¢t = 0, i.e. Ty, = T+1 = T with the same initial
velocity o, then the “sticky” solution @y(t) = zgy1(t) = T + t0 + 3 (Ax + Agy1)t* gives raise to
an admissible solution to (1.1) which is different from the previous one. One could also consider
a solution where Py, Py stick in a small initial time interval [0, s] and then evolve according to
(1.13). Solutions are therefore not unique.

Considering a situation where the number N of admissible particles grows to infinity with a
uniform initial mass distribution concentrating at the origin, one can guess that a “repulsive”
solution arising from a unit mass concentrated at Z should instantaneously diffuse, becoming
absolutely continuous with respect to the Lebesgue measure £': the explicit formula is

1
o(t,) = u(t, )L with w(t,z) = ﬁx(g—chl—)t,%tQ’ierJr%tz)(l‘) forallz e Rand ¢t > 0. (1.14)

An even more complicated situation occurs e.g. if v; = 0 for ¢ # k,k+1, but 0 > 0 > U1 in such
a way that a collision occurs between Py and Pry; at some time ¢t = r, after which the particles
could stick or wait for some time and then evolve as in the previous example.

It is therefore be important to find a selection mechanism that gives raise to a stable notion of
solution and to obtain a continuous model by passing to the limit in the number of particles. In
this paper we study a criterium of the following type: Assume that two particle Py, Pr11 collide
at some time r > 0 with incoming velocities vi(r—) > vg41(r—). Then the particles will stick
together for all times r < t < s provided that s is small enough so that

vg(r_) —|—/ A i (2(7)) AT = v (£) = Vi1 (t) = Vg1 (r2) —|—/ A o1 (2(7)) dT (1.15)

for all r < t < s. Conversely, if (1.15) becomes false for some time s > r, then the particles
separate again. A rigorous formulation of condition (1.15) in the case of a simultaneous collision
or separation of more than two particles, or of a continuous distribution of masses, can be better
understood in the framework of differential inclusions in a Lagrangian setting, which we will
describe in the next Section 1.2 and in Section 5.1. Before giving an idea of this approach, let us
briefly consider how (1.15) simplifies in the attractive regime.

The attractive Euler-Poisson system and the sticky condition. In the attractive case, we can simply
invert the signs in (1.12). It turns out, however, that the behaviour of the two-particles example
considered in the previous paragraph changes completely, since the limit when two particles col-
lapse exhibit a strong stability: after a collision, two or more particles stick together and do not
split ever again, giving raise to a global sticky solution.

This reflects the fact that the sticky condition in the attractive regime implies (1.15) for all s > 7:
the functions @, ; defined by the negative of (1.12) always satisfy am, k() > am k+1(x) and the
incoming velocities of two particles Py, Pyt colliding at some time r satisfies vg(r—) > ver1(r_),
so that any sticky evolution corresponding to zy(t) = xr41(t) for ¢t > r will satisfy (1.15).
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As we shall see, the differential description in the Lagrangian setting we will adopt encodes
(1.15) and corresponds to a sticky condition whenever the acceleration field is continuous (as in
(1.11)) or it is of attractive type. In the repulsive case it will model a suitable relaxation mechanism
allowing for separation of particles after collision, still preserving the stability of the evolution.

1.2. Lagrangian description and differential inclusions. In this paper, we will give an inter-
pretation of system (1.1) in the framework of differential inclusions. As before, let us first consider
the simpler case of the dynamic of a finite number of particles. We can identify the positions of
a collection of particles Py,---, Py with a vector z = (x1,---,2y) € RY: since we labeled the
particles in a monotone way, it is not admissible for particles to pass by one another, so the order
of the locations must be preserved and the vector = is confined in the closed convex cone KV

defined by (1.10). Denoting by v = (v1,--- ,vy) € RY the vector of the velocities of the particles,
their trajectories between collisions are determined by a system of differential equations
z(t) =v(t), () =am(x(t)), (1.16)
where @m, (z) = (am1(x),  ,am n(x)) is a vector field defined for x € KV as above, which in
the simplest case is continuous. Whenever the vector @(t) hits the boundary
OKN ={w e K" : Qp #2}, Qp={j:a;=a,41,j=1...N—1}, (1.17)

however, an instantaneous force changes its velocity in such a way that it stays inside of K.

In order to find a mathematical model that describes this situation, we must first identify the
set of admissible velocities at each point 2 € K, which is called the tangent cone of KV at x. It
is defined by

T,KY =l {9(y —x):yeKkY, 0> 0}. (1.18)
In our situation, it is not difficult to check that

TmKN = {v cRY: v; <4 forall j € Qz} (1.19)

Assume now that x(t) € 0KV at some time t and let v(t—) be the left-derivative of the curve
t — x(t) at time t. The instantaneous force that is active on impact must change the velocity
to a new value in the tangent cone Tw(t)KN of admissible velocities. Typically, there are many
possibilities. Assuming inelastic collisions, we impose the impact law:

v(t+) = PTm(t>KNv(t_)7 (1.20)

where v(t+) is the velocity immediately after impact. We denote by Pz (k~ the metric projection
onto Tw(t)KN with respect to the weighted Euclidean distance induced by the norm

[]lm =

N
Zmiv? for all v € Ty K" C RY. (1.21)
i=1

Hence v(t+) is the unique element in Ty K" closest to v(t—).
It is well-known that the metric projection onto closed convex cones admits a variational char-
acterization of its minimizers; see [25]. In particular, we have

(v(t—) - u(t+>) ~u <0 forall u € TypKY.

We deduce that the instantaneous force that changes the velocity upon impact onto the boundary
OKY | must be an element of the normal cone Nw(t)KN , which is defined as

NGKV = {neRN:n-(y—;c)<0for auyeKN}. (1.22)

Note that the normal cone N,K equals the subdifferential OIx~ () of the indicator function I~
of KV at the point . This follows immediately from the definition of the subdifferential.
This suggests to consider the second-order differential inclusion

=v, ¥+ NKN3a,,(x) in|0,00). (1.23)
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Notice that since v can exhibit jumps, solutions to (1.23) should be properly defined in a weak sense
in the framework of functions of bounded variation. Second-order differential inclusion have been
studied in the literature and existence of solutions has been shown in a genuinely finite dimensional
setting. We refer the reader to [6,16,22] and the references therein for further information. Due to
the possible nonuniqueness of solutions to second-order differential inclusions [22] and to the lack
of estimates to pass to the limit when N — oo, we need a better understanding of the particular
features of our setting, in particular of the convex cones K.

The sticky condition and an equivalent formulation of (1.23). It has been shown in [18] that the
one-parameter family of normal cones Nw(t)KN along an evolution curve  : [0,00) — K¥ for
which a global stickyness condition holds, satisfies the remarkable monotonicity property

Ny KN C Ny KN for all s < t. (1.24)
Consequently, for any selection £ : [0, 00) — RY satisfying &(t) € Ny K" (such as am (x(t))—v(t)
in (1.23)) we have
¢
/ E(r)dr e Nm(t)KN for all s < t.

An integration of (1.23) yields, at least formally, that
t
v(t) + Ny KN 2 v(s) +/ a(x(r))dr (1.25)

and therefore the system (1.23) can be rewritten in the form

t=v, v+N K>Sy, §=am(z). (1.26)

Introducing new unknowns (x,y), we can rewrite (1.26) as a first order differential inclusion

&+ No K" 2y

Y= am(z)

for which an existence and stability theory is available, at least when a,, is a Lipschitz map.
We will show that formulation (1.27) enjoys interesting features and always induces a measure-
valued solution to (1.1). When the field a., satisfies the compatibility condition (1.11), solutions to
(1.27) satisfy the sticky condition, and the same property holds also for the Euler-Poisson equation

in the attractive regime. In the repulsive case, we will see that (1.27) is a robust formulation of
condition (1.15). Let us now consider the infinite-dimensional case.

(1.27)

1.3. Diffuse measures and differential inclusions for Lagrangian parametrizations. In
order to deal with general measure-valued solutions of (1.1), we had to recourse to Lagrangian
coordinates, using ideas of optimal transport as considered in [18].

Monotone Lagrangian rearrangements. In this approach, the discrete parameter set {1,2,--- , N}
involved in the representation of discrete particle measures (1.5) will be substituted by Q = (0, 1).
For every particle labeled by m € 2, we will denote by X (t,m) € R its position at time ¢t. The
map X can be uniquely characterized in terms of the measure p: it is the uniquely determined
nondecreasing and right-continuous map X : 2 — R such that

X(m)<z <= m< Q((*Oo,l‘]) for all x € R. (1.28)

Equivalently, the push-forward Xum of the one-dimensional Lebesgue measure m := £L!|q under
the map X equals p. Recall that the push-forward measure is defined by

Xym(A) :=m(X(A)) for all Borel sets A C R. (1.29)

Therefore the map X is the optimal transport map pushing m forward to o. We refer the reader
to Section 2 for further explanation.

In this way, to any solution (p,v) of (1.1), we can associate a map X : [0,00) x @ — R with
X (t,+) nondecreasing and a velocity V : [0, 4+00) x © — R such that

[0, +
X, )gm=op(t,-) forallt>0, V(t-) =0t X)) =0X(t,-). (1.30)
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Our goal is to show that (1.1) can be associated to a differential inclusion in terms of (X, V'). This
observation allows us to derive existence and stability results (see Sections 3 and 4) for (suitably
defined) solutions of (1.1), which together with the existence of discrete particle solutions (see
Section 5) imply a global existence result for (1.1) for general initial data; see Section 6.

Differential inclusions. The framework of first-order differential inclusions, analogous to the set-
ting we already discussed for the discrete case (1.23), serves as a guiding principle for our discussion.
The role of the cone K is now played by the cone of optimal transport maps

H o= {X € Z2%0): X is nondecreasing} (1.31)
in the Hilbert space # := £%(Q). Its normal cone Nx.# at X € J# is given by

Nx = {W € 22(Q): /

Q
Again we have that Nx.#" = 0 (X). It can be shown that Nx.# = {0} if and only if the map
X is not strictly increasing in Q2. That is, whenever Qx # @& where

W(X—X) dm < 0 for all X ejé/}. (1.32)

Oy = {m € Q: X is constant in a neighborhood of m}. (1.33)

Consider now a family of densities ¢t — o(¢,-) that satisfies (1.1). Let ¢t — X(¢,-) € & be the
associated family of optimal transport maps; see (1.30). We want to interpret X as a solution of
differential inclusions, similar to (1.23) and (1.27).

Even at the continuous level, the monotonicity property (1.24) for sticky particle evolutions
plays a crucial role. Note that the optimal transport map X € J# takes a constant value z € R
on some interval (a, 8) C Q if the mass 8 — « (the Lebesgue measure of the interval) is moving
to the same location, thereby forming a Dirac measure at x. Therefore sticky evolutions will be
characterized as curves ¢t — X (¢, -) with the property that

for any t; < t2 we have Qx(¢,) C Qx(4,)- (1.34)

Notice that (1.34) implies that once a Dirac measure is formed, it may accrete more mass over
time, but it can never lose mass.

A formulation via differential inclusions needs a Lagrangian expression of the force term in
(1.1). That is, we must find a map F: # — £%(Q) with the property that

/d}(x)f[g](dff) =/¢(X(m))F[X}(m)dm for all » € Z(R), (1.35)
R Q

whenever X € # and Xym = o. We refer the reader to Section 6 for further discussion about
the existence and properties of maps F' satisfying (1.35). In the following, we will assume that F'
is continuous as a map of % into .£?(1).

We then could expect X to be a solution of a second-order differential inclusion, but arguing
as for the discrete case (1.23) at least in the case of sticky evolutions (1.34) we end up with

X(t) + 0Ly (X(t) 3 V+/otF[X(s)} ds (1.36)

for a.e. ¢ > 0. This formulation and its consequences is at the heart of our argument.

It is a remarkable fact (see Theorem 3.5) that solutions to (1.36) always parametrize measure-
valued solutions to the partial differential equation (1.1). Provided F satisfies suitable continuity
properties, it will be possible to prove existence (and uniqueness, when F' is Lipschitz) of solutions
to (1.36) for any initial data (X,V) € # x Z%(Q) by combining the theory of gradient flows of
convex functionals in Hilbert spaces [9] with suitable compactness arguments.

When F satisfies a suitable sticking condition, which is satisfied e.g. in the case of C! potentials
in (1.2) and of the Euler-Poisson system in the attractive regime, then solutions to (1.36) form a
semigroup and have the sticky evolution property (1.34). Even for general F' (and in particular
for the Euler-Poisson system in the repulsive regime) the differential inclusion (1.36) still selects
a stable parametrization of solutions to (1.1). This is somewhat surprising since the reduction
from second-order to first-order differential inclusion was motivated by the monotonicity (1.34),
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which typically is false without additional assumptions on F'. In this Introduction we refer to such
solutions as “robust.”

Representation formulae for the Euler-Poisson system. In the case of the Euler-Poisson system

(1.3) with o = 0 one can show that the Lagrangian representation of the force f is given by
1
F[X](m) =—XA(m) where A(m):=m — 7 (1.37)

Note that the map F[X] is independent of X and (1.36) becomes
X(t)+ 0Ly (X(t) 2V — XA

In the attractive regime when A > 0, an explicit representation formula for the Lagrangian solution
can be obtained (see Theorems 6.11). In fact a careful analysis shows that the solution X to (1.36)
can be computed by solving the trivial ODE in X obtained by eliminating the JZ-constraint:
d
dt
(whose solution is X (t) = X +tV — 2At?A), and then projecting X onto

X(t)=V - XA

X(t) =Py (X(t) =Py (X +tV — ;At2A>.

Applying the characterization given in [18], the metric projection of P onto .# can be found by
introducing the primitive functions

F(m) = /OmX(z)cw, V(m) = /Omf/(@cw, A(m) = %(m2—m),

and the time evolution
_ _ 1
X(t,m):=X(m)+tV(m)— 5)\t2A(m),

and then taking the derivative with respect to m of the convex envelope X**(¢,) of X(t,-):
0
X(t = —X"(t
(t,m) = 5" (t,m),

which defines a density o; = X(t)gm. It is then a simple exercise to recover formula (1.14) in the
case X(m) =z, V(m) =0, since X(t,m) = X**(t,m) and X(t,m) =T + tv + 3t*(m — 1).

1.4. Time discrete schemes. In this section, we show that the first-order differential inclusion
(1.36) can be used to design a stable explicit numerical scheme to compute robust solutions to
(1.1). This scheme is basically the same as the one introduced in [8] for “order-preserving vibrating
strings” and “sticky particles”, with just mild modifications. For simplicity, we concentrate on the
pressureless repulsive Euler-Poisson system with a neutralizing background

Oro+ 0, (ov) =0, (1.38)
0 (ov) + 6:L’(QU2) = —00:q, — Oy = _<Q - 1)7 (1'39)

(cf. (1.3) with A = —1 and 0 = 1). We assume the initial conditions to be 1-periodic in x and
the density g to have unit mean so that the system is globally neutral and the electric potential
go is 1-periodic in z. Note that we choose the periodic setting only for convenience. In fact, for
any non-periodic solution ¢ of (1.1), one could consider the push-forward of ¢ under the map
x +— x — [z] for all x € R, with [z] the largest integer not greater than z. One obtains a new
density o* that is concentrated on [0,1) and therefore can be extended 1-periodically to the whole
real line. One can then show that o* satisfies the same equation. We refer the reader to [13] for
details.
For smooth solutions without mass concentration, written in mass coordinates

V(t,m)=X(t,m)=v(t,X(t,m)), OnX(t,m)o(t,X(t,m)) =1
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(which requires that 9,, X (t,m) > 0), one can show that the whole system reduces to a collection
of independent linear pendulums labeled by their equilibrium position m and subject to

X(t,m) =V(t,m), V(t,m)+ X(t,m)—m =0. (1.40)
(Notice that, due to the spatial periodicity of the initial conditions, the new unknown X (¢,m) —m
and V (t,m) are 1-periodic in m.) This reduction is valid as long as the pendulums stay “well-
ordered” and do not cross each other, i.e., as long as X (¢, m) stays monotonically nondecreasing
in m. This “non-crossing” condition is not sustainable for large initial conditions and collision
generally occur in finite time. To handle sticky collisions, the concept of robust solutions introduced
in Section 1.3 is a good way to obtain a well-posed mathematical model beyond collisions.
We are now ready to describe the semi-discrete scheme. Given a time step 7 > 0 and suitable
initial data (X,V) =: (X, 0, V;.0), we denote by (X, (m),V;,(m)) the approximate solution at

time t,, :=n7, forn =0,1,2,.. ., defined in two steps as follows:
(1) Predictor Step: We first integrate the ODE (1.40) and obtain the predictors
Xrnp1(m) =m + (X (m) —m) cos(t) + Vi (m) sin(r), (1.41)
Ving1(m) = —(X; n(m) — m)sin(1) + V- ,(m) cos(7). (1.42)

(2) Corrector Step: We rearrange XT)n_A'_]_(m) in nondecreasing order with respect to m and
obtain X ,,4+1(m). Because of the periodic boundary conditions, we have to perform this
step with care. We rely on the existence, for each map m +— Y (m) such that Y (m) —m is
1-periodic and locally Lebesgue integrable, of a unique map m +— Y*(m) such that Y*(m)
is nondecreasing in m and

[ mam= [ty am

for all continuous 1-periodic function 7.

This time discrete scheme becomes a fully discrete scheme, if the initial data X, o(m) —m and
V:.0(m) are piecewise constant on a uniform cartesian grid with step h. (We just have to be careful
with the corrector step, by using a suitable sorting algorithm for periodic data.)

To illustrate the scheme, we show the numerical solutions corresponding to initial conditions

Xo(m) =m, Vy(m) = 4sin(2wm). (1.43)

We use 400 equally spaced grid points m (which corresponds to 400 “well-ordered” pendulums
with m as equilibrium position) and 5000 time steps (see Figures 1-3):

7 =0.001, 0.005, 0.01,
so that the final time T of observation is respectively given by
T=5, 25 50

On each picture, we show the space-time trajectories of 50 of the 400 pendulums, with space
coordinate on the horizontal axis and time coordinate on the vertical one. On these pictures, we
observe a strong concentration, with sticky collisions, of the pendulums at a very early stage (up
to time ¢t = 7/2) around x = 0.5. Later on, some pendulums start to unstick and detach from
each other (which allows new concentrations at later times ¢ > 7 around z = 0 and = = 1). Much
later, after ¢ = 107, there is no further dissipation of energy, and, as pendulums touch each other,
they always do so with zero relative speed. Then the corrector step is no longer active, and the
scheme becomes exact (due to the exact integration of the predictor step). At this late stage, the
solution becomes 27-periodic in time. We study the convergence of the scheme in Section 7.

1.5. Plan of the paper. We collect in Section 2 a few basic results on optimal transport in one
dimension, on convex analysis (concerning in particular the properties of the convex cone ),
and on convex functionals in .£2(Q).

In Section 3, after a brief discussion of the basic properties of the Lagrangian force functional F,
we introduce the notion of Lagrangian solutions to the differential inclusion (1.36). Theorem 3.5
collects their main properties, in particular in connection with measure-valued solutions to (1.1).
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poisson-period-0.001-400-5000.ps

FIGURE 1. Space-time trajectories of pendulums, with timestep 7 = 0.001.

Sections 3.3 and 3.5 provide the main existence, uniqueness, and stability results for Lagrangian
solutions, whereas Section 3.4 is devoted to the particular case of sticky evolutions.

We study in Section 4 a different class of solutions to (1.36), still linked to (1.1), that naturally
arise as limit of sticky particle systems when F' does not obey the sticking condition. These solu-
tions exhibit better semigroup properties than the Lagrangian solutions introduced in Section 3,
but lack uniqueness.

In Section 5 we carefully study the dynamics of discrete particle systems, which we already
briefly discussed in the Introduction. Discrete Lagrangian solutions associated to systems like
(1.27) are treated in Section 5.1, where we also show that they can be used to approximate any
continuous Lagrangian solution, such as the one considered in Section 3. The sticky dynamic at
the particle level is considered in Section 5.2: the main Theorem 5.2 provides the basic results,
which allow us to replace second-order with first-order differential inclusions at the discrete level
and to get sticky evolutions for sticking forces. The particle approach is a crucial step of our
analysis, since it avoids many technical difficulties arising at the continuous level. The general
idea is to prove fine properties of the solutions (such as the monotonicity (1.34) in the sticking
case or a representation formula) at the discrete level and then to extend them to the general case
by applying suitable stability results with respect to the initial conditions. Those are typically
obtained by applying contraction estimates (in the case when F' is Lipschitz) or compactness via
Helly’s Theorem, by exploiting higher integrability and monotonicity of transport maps.

Section 6 applies the Lagrangian formulation to (1.1), presenting some existence and stability
results for solutions in the Eulerian formalism.

In Section 7 we prove the convergence of the time discrete scheme introduced in Section 1.4.
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poisson-period-0.005-400-5000.ps

FIGURE 2. Space-time trajectories of pendulums, with timestep 7 = 0.005.

2. PRELIMINARIES

Let us first gather some definitions and results that will be needed later.

2.1. Optimal Transport. We denote by #(R™) the space of all Borel probability measures on
R™. The push-forward v := Yxp of a given measure p € & (R™) under a Borel map Y : R — R”
is the measure defined by v(A) := u(Y ~1(A)) for all Borel sets A C R*. We will repeatedly use
the change-of-variable formula

. C(y) (Yyp)(dy) = - C(Y(x)) p(dz), (2.1)

which holds for all Borel maps ¢: R"” — [0, 00].

We denote by #5(R™) the space of all p € Z(R") with [, |#|* o(dz) < co. The Kantorovich-
Rubinstein-Wasserstein distance W (1, 02) between g1, 02 € H5(R™) can be defined in terms of
measures g € Z(R"™ x R"™) satisfying Trf#g = p; for i =1...2, by the formula

W22(g1, 02) := min { / |z — y|2 o(dz,dy): g € ZZ(R™ x R”),w;ﬁg = gi}. (2.2)
R™ xR™

Here 7(z1,x2) := x; is the projection on the ith coordinate. It can be shown that there always
exists an optimal transport plan g for which the inf in (2.2) is attained. We denote by I'opi (01, 02)
the set of optimal transport plans.

In the one-dimensional case n = 1, there exists a unique g € T'op (01, 02) realizing the minimum
of (2.2) (when the cost is finite). It can be explicitly characterized as follows: for any o € Z(R)
we consider its cumulative distribution function, which is defined as

M,(z) := o((—o0,2]) for all z € R. (2.3)
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poisson-period-0.01-400-5000.ps

FIGURE 3. Space-time trajectories of pendulums, with timestep 7 = 0.01.

Note that then ¢ = 0, M, in 2'(R). Its monotone rearrangement is given by
Xo(m) :=1inf{zx: My(z) >m} forallmeQ, (2.4)

where 2 := (0,1). The map X, is right-continuous and nondecreasing. We have

mim Ly Kym=g and [ () oldo) = [ (0, 0m)dm (2.5)

for all ¢: R — [0, 00] Borel. In particular, we have that ¢ € Z5(R) if and only if X, € £?(Q).
The Hoeffding-Fréchet theorem [19, Section 3.1] shows that the joint map X, p,: @ — R xR
defined by

Xor.00(m) := (X!_,1 (m), X,, (m)) for all m € Q,

characterizes the transport plan g € T'op (01, 02) by the formula

Q= (XQhQZ)#m; (2'6)
see [10,19,24] for further information. As a consequence, we obtain that
W22(917 92) = /Q |X91 (m) - XQz (m)|2 dm = HXQI - XQz H?%%Q) (27)

The map ¢ — X, is an isometry between %3(R) and %, where # C Z?() is the set of
nondecreasing functions. Without loss of generality, we may consider precise representatives of
nondecreasing functions only, which are defined everywhere.

2.2. Some Tools of Convex Analysis for 7. Let J# be the collection of right-continuous
nondecreasing functions in .#?() introduced in (1.31). Then one can check that .# is a closed
convex cone in the Hilbert space £2(Q).
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Metric Projection and Indicator Function. It is well-known that the metric projection onto a
nonempty closed convex set of an Hilbert space is a well defined Lipschitz map (see e.g. [25]): we
denote it by Py : £2(Q)) — . For all X € £%(Q) it is characterized by

Y =Py(X) < Yeux, /(XfY)(f/fY)go for all V € A (2.8)
Q

The projection P (X) admits a more explicit characterization in terms of the convex envelope of
the primitive of X [18, Theorem 3.1]:

dm

Y =Py (X) = L ), / X(t (2.9)

where 4 d— denotes the right derivative and
X**(m) := sup {a +bm:a,beR, a+bm<X(m) Yme (0, 1)} (2.10)

is the greatest convex and l.s.c. function below X.
Let now Ly : £%(Q) — [0, +00] be the indicator function of %", defined as

0 itX ex
Iy (X):= ’
#(X) { 400 otherwise,

which is convex and lower semicontinuous. Its subdifferential 01 (X) is a maximal monotone
operator in .#2(f2). In particular, its graph is strongly-weakly closed in .£?(Q2) x £2().
Notice that 01, (X) = @ for all X & % since then I, (X) = co. For X € % we find that

afx(X)z{Ze,s,ﬂ?(sz);w/QZ(X—X) for allXE%/}, (2.11)

so that O » (X) coincides with the normal cone Nx.# defined by (1.32).
Now (2.8) implies the following equivalence: For all X,Y € #?(Q2) we have

Y=Py(X) <= X-Yedlyl) (2.12)
Decomposing X =Y + Z in (2.12) with Y, Z € £?(Q), we find that
Z€0ly(Y) < Y =Py(Y+2). (2.13)

Lemma 2.1 (Contraction). Let ¢: R — (—o00, +00] be a convez, l.s.c. function. Then
/ V(P (X1) = Py (X2)) < / P(X1 — Xa)  all X1,X5 € 2%(Q).
Q Q

In particular, the metric projection Py is a contraction with respect to the Z£P(Q2)-norm with
p € [1,00] and for all X1, X2 € £?(2) we can estimate

[P (X1) = Py (X2) |l 2r () < | X1 — Xalv () (2.14)

We refer the reader to Theorem 3.1 in [18] for a proof. Notice that by choosing X3 = 0 in
Lemma 2.1, for which P, (X2) = 0, we obtain the inequalities

/¢ P ))g/w(X) for all X € .£2(Q), (2.15)
Q
[P (X)) 2v(0) < | X #rq) forall X € Z%(Q). (2.16)

A similar result holds for the .#?-orthogonal projection P, onto the closed subspace
Hx = {U € £?(Q): U is constant in each interval (a, 3) C QX} (2.17)
for X € & (see (1.33) for the definition of Qx). Notice that Py (V) =V ae. in Q\ Qx and

B
P (V) = ][ V(s)ds in any maximal interval (o, 8) C Qx, (2.18)

for all V € £?%(Q). Jensen’s inequality then easily yields
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Lemma 2.2 (#—Contraction). Let ¢ : R — [0,00] be a convex l.s.c. function. Then
/Qz/J(P%X(X))dm < /QLZJ(X)dm forall X € 2.
For any pair X,Y € £1(Q) we say that Y is dominated by X (we write Y < X) if

[omyam< [ wam
Q Q
for all convex, l.s.c. : R — [0, 00]. By (2.15), we have Py (X) < X for all X € £2%(Q).
Normal and Tangent Cones. Applying [18, Thm. 3.9] we get the following characterization:
Lemma 2.3. Let X € ¥ be given. For given W € £?(Q) we denote by

Ew(m) = /m W(s)ds for all m € |0,1],
its primitive. Then W € Nx. % if and Snly if Ew € Nx, where

Ny == {Ee C([0,1]):E>0in[0,1] and==0 mQ\QX}.
In particular, for every X1, Xo € & we have
Qx, CQx, = Nx, X CNx, 7. (2.19)
The tangent cone Tx % to & at X € J¢ can be defined as in (1.18) by

Tx A =l {9(5( _X):Xex, 0> o} (2.20)

or, equivalently, as the polar cone of Nx .7

TxH = {U e 22(Q): /Q

Lemma 2.4. Let X € & be given. Then
Tx A = {U € £%(Q): U is nondecreasing in each interval (o, B) C QX}.

U(m)W (m) dm < 0 for all W € lef}. (2.21)

More precisely, the map U € Tx.# must be nondecreasing up to Lebesgue null sets. We may
assume that U is right-continuous in each (o, 8) C Qx.

Proof of Lemma 2.4. Let U € Tx.# be given and fix some interval («, 8) C Qx. For all nonneg-
ative p € 2(Q) with spt ¢ C («, ) we have ¢’ € Nx.# because of Lemma 2.3. Then

B
/ U(m)¢'(m)dm < 0 for all nonnegative ¢ € 2(9) with spt ¢ C (a, 8);
[0

see (2.21). This shows that the distributional derivative of U in («, 8) is a nonnegative Radon
measure, and so U is nondecreasing in that interval.

Conversely, assume that U € £2(2) is nondecreasing in each interval («, ) that is contained
in Qx. For any W € Nx.# we then decompose the integral

Bn

/ U(m)W (m) dm = U(m)W(m)dm+ Y / U (m)W (m) dm, (2.22)
Q Q\Qx —Ja,

where the sum is over all maximal intervals (o, 8,) C Qx (there are at most countably many).

Then the first integral on the right-hand side vanishes because W (m) = 0 for a.e. m € Q\ Qx.

For each integral in the sum, an approximation argument (see again Lemma 3.10 in [18]) allows

us to integrate by parts to obtain

LmUWMWmMmZ?Ew®W@%

n n

where 7 is the distributional derivative of U in («y,, 8,). Since U is assumed nondecreasing and
Zw is nonnegative, we conclude that U € Tx % . O
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Lemma 2.4 immediately yields the equivalence

Uesty <— LU e€TxX. (2.23)
Observe that if X1, Xs € Z then
QXl C QXz — e%ﬂxz C %Xl' (2.24)

Whenever U € #x, then (2.22) equals zero because every term in the sum vanishes since U is
constant and W has vanishing average. Thus

Nx# C ¢ forall X € ¥, (2.25)
with %”XL the orthogonal complement of 7. In particular, we obtain that
Y:PX(X) — Y:P%Y(X), I C Hx. (2.26)

We have in fact a more precise characterization of 75 in terms of Nx.#": in the following, .# (Qx)
denotes the collection of all maximal intervals (o, 8) (the connected components) of Qx.

Lemma 2.5. For every X € # we have
HE = {WEXQ(Q): W =0 ae inQ\Qy,

8 (2.27)
/ W(m)dm =0 for every (o, ) € J(QX)},
and it is the closed linear subspace of £*(Q) generated by Nx.# . Moreover, it holds
Hf = {W € 22(Q): / W (m)p(X (m)) dm = 0 for all p € Cb(R)}. (2.28)
Q

Proof. Identity (2.27) follows immediately by the definition (2.17) of %% . Then (2.25) shows that
the linear subspace generated by Nx.# is contained in 43 . To prove the converse inclusion it
suffices to check that any U € £2(2) orthogonal to all elements of .# is orthogonal to £, and
thus belongs to . This is true since, if U is orthogonal to Nx. £, then both U and —U belongs
to the polar cone to Nx.# which is Tx . From (2.23) we then deduce that U € #x. Concerning
(2.28) we notice that all U € % can be written as U = uo X for some map u € Z?(R, g), where
0 = Xym. Approximating u in L*(R, p) by functions ¢ € Cy(R) we obtain (2.28). O

Lemma 2.6. For any X € # and U € Tx % we have that
(P, —id)U € Nx X' . (2.29)

Proof. Lemma 3.11 in [18] shows that (2.29) holds if U € ¢ . Since Py, X — X = 0, we obtain
(2.29) for U — X and, since Nx.# is a cone, for arbitrary (U — X), 8 > 0 and U € #. We now
conclude recalling (2.20). O

Remark 2.7. If € is a closed convex subset of £?(Q2) and X € L*((0,T); X) with X (¢) € € for
a.e. t € (0,T) then a simple application of Jensen’s inequality yields

fT X(t)dt € €; moreover /T X(t)dt € € if € is a cone. (2.30)
0 0
2.3. Convex Functions. In this section we recall some auxiliary results on convex functions. We
are interested in functions ¢¥: R — [0, 00) that are
even, convex, of class C'(R), with 4(0) = 0, (2.31)
and for which the homogeneous doubling condition holds:
there exists ¢ > 1 such that ¢¥(Ar) < A%)(r) for all r e R, A > 1. (2.32)

Notice that if condition (2.32) holds for ¢, then it also holds for the map r — ¢?(r), p > 1, with
exponent pg. Combining (2.31) and (2.32), we obtain the inequality

Y(r1 +712) <297 W(r1) +Y(r2)) for all rq, 75 € R. (2.33)
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We will denote by ¥: #1(Q) — [0, o] the associated convex functional
/¢ ))dm for all X € .£1(Q). (2.34)

Lemma 2.8. Suppose 1p: R — [0,00) satisfies (2.31). Then the doubling condition (2.32) holds
if and only if ¢ has one of the following, equivalent properties:

r’(r) < qo(r) for all r > 0; (2.35)

there exists C > 0 such that (2r) < Cy(r) for all v > 0. (2.36)

Proof. Property (2.36) is a consequence of (2.32), and (2.35) follows from
Ar) —a(r oA —1
rg'(r) = im YOV oy ALy

)\~>1+ A—1 Tasir A -1
for all » > 0 and ¢ > 1. To prove the converse statement, we notice first that since 1 is an even,
smooth function, we have that 1'(0) = 0 and so 1) is nonnegative and nondecreasing for all > 0,
by convexity. Moreover, if (2.36) holds, then again by convexity we find

$(2r) —¢(r) ¥(r)

r

P (r) < for all 7 > 0.

Thus (2.35) holds with ¢ := C' — 1, which must not only be a nonnegative number but cannot be
smaller than 1. Assuming now that (2.35) is true, we consider the Cauchy problem

n/(g) _ 77(5)

which admits a unique solution n(s) = 9(r)(r~1s)? for all s > r > 0. A standard comparison
estimate for solutions of ordinary differential equation yields

<(C-1)

for s € [r,00), with n(r) = ¢ (r), (2.37)

q

P(s) < n(s) = (;) P(r) forall s >r>0. (2.38)
Since ¢ is nondecreasing, we conclude that ¢ > 1 and then (2.32) follows for » > 0. By evenness
of ¢ and since ¥(0) = 0, the inequality extends to r < 0 as well. O

Lemma 2.9. Let p € [1,00) be given and suppose that the function n: R — [0, 00) satisfies (2.31)
and the p-coercivity condition

0 < liminf nr) and  lim nr) = o0. (2.39)

r—0+ 7P r—oco 7P

For every q > p, there exists a map ¢¥: R — [0, 00) satisfying (2.31)/(2.32) with

(r) <n(r) forallr e R and lim M = 0. (2.40)

r—oo 1P

Proof. By [20, Lemma 3.7] it is not restrictive to assume that 7 is of the form #? for a suitable
convex function 7 with superlinear growth, and so we may just consider the case p = 1 (see the
remark following (2.32)). By convolution, we can assume that 7 is smooth in the open interval
(0,00), with ¢ :=inf,~o7n'(r) > 0.

We then choose ¢ > 1 and we set 1(r) := §r?/q for all r € [0,1], so that

e(r) <n(r)in [0,1] and (1) =0 <7'(1).
For r > 1 we define 9 to be the solution of the Cauchy problem

¢’ (r) = min {7/(7"), qw?(jn)} for r € [1,00), with (1) = d/q. (2.41)

Then ¢(r) < n(r) for all » > 0 and 1) satisfies (2.35) of the previous lemma.
To prove that v also satisfies (2.31), notice first that ¢’(0) = 0 since ¢ > 1, and that ¢’ is

continuous at r = 1. Hence v can be extended to an even C*(R)-function. In order to check that
¢’ is nondecreasing, let us first observe that if a continuous function 8 is nondecreasing in each
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connected component of an open set A C R that is dense in [1,400), then § is nondecreasing in
[1,400). We apply this observation to 3 := 1)’ and we set A := Ag U A, where

o),
N}

r

Ay = {re (1,00): ¢q

A; := interior of {r € (1,00):7'(r) < q

In each connected component of Ay, the function ¢ solves the differential equation ¢'(r) = qi(r)/r,
and so 9 is of the form cr? for some constant ¢ > 0. Therefore 1)’ is nondecreasing in Ag. On the
other hand, in each connected component of Ay, we have that ¢)'(r) = /(r) and 1’ is nondecreasing,
by assumption. Finally, notice that 1 is nondecreasing on the interval [0, 1] since ¥(r) = ér?/q
there. We can now apply Lemma 2.8 to conclude that 1) has the doubling property (2.32).

It only remains to prove the second statement in (2.40). Since n has superlinear growth, its
derivative n'(r) — oo as r — 0o. Assume now that ¢ (r)/r remains bounded as r — oco. Then
there exists a number r7; > 1 such that

P(r)

W(r) = 9= = for all r € [ry, 00);

see (2.41). But this implies that ¢'(r) = cr? 4 ¢ for all r € [ry,00) and suitable constant ¢ > 0
and therefore is unbounded as r — oo. This is a contradiction. O

Lemma 2.10 (Compactness in J¢). Let U be the integral functional defined in (2.34) correspond-
ing to an even, convez function ¥: R — [0, 00) with

P(r)

| 2

- . (2.42)

|7|—00 I’I“
Then the sublevels # (¥, ) = {X € # : V[X] < a} of ¥ is compact in L*(Q) for all a > 0.

Proof. Because of (2.42), the .£?(Q2)-norm of elements of # (¥, ) is bounded by some constant
A that depends on « and v only. By monotonicity, we find that

1 1 1 1 ) 1/2
<— e
X(w) < )/ X(m)dm < <1_w/w | X (m)| dm)
A
<m foralleQ,

for all X € JZ (¥, «). Analogously, we obtain a lower bound

A
X(’UJ)}-W for all w € Q.
Any sequence {X,,} in # (¥, «) is therefore uniformly bounded in each interval [§, 1 — d] where
0 > 0. Applying Helly’s theorem and a standard diagonal argument we can find a subsequence
(still denoted by {X,,}) that converges pointwise to an element X € .#". Since v satisfies (2.42),
the sequence {|X,, — X|?} is uniformly integrable and thus X,, — X in .Z%(Q). O

3. LAGRANGIAN SOLUTIONS

As explained in the Introduction, when studying system (1.1), one is lead to consider solutions
to the Cauchy problem for the first-order differential inclusion in #2(Q)

t
X(t)+ OLp (X(£) 5 7 +/ FIX(@)ds foraet>0, XO)=lmX() =X, @)
0
and, possibly, satisfying further properties.
Before discussing (3.1), we will state below the precise assumptions on the force operator F;
examples, covering the case of (1.2) or (1.3), are detailed in Section 6.
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3.1. The force operator F. Let us first recall the link of the map F: # — £?(Q) with the
force distribution f: Z(R) — .#(R) in (1.1): as in (1.35) we will assume that

/w(a;) () / WX [X](m)dm for all ¥ € Z(R) and o € Z(R),  (3.2)
R

where X, € % and (X,)zm = p. Recalling (2.28) one immediately sees that F[X] is uniquely
characterized by (3.2) only when J#¢ = {0} or, equivalently, when & = £%(Q), i.e., Qx = @.
Tthis is precisely the case when X is (essentially) strictly increasing.

One could, of course, always take the orthogonal projection of F[X] onto % in order to
characterize it starting from (3.2). This procedure, however, could lead to a discontinuous operator
which would be hard to treat by the theory of first order differential inclusions. This happens,
e.g., for the (attractive or repulsive) Euler-Poisson system. We thus prefer to allow for a greater
flexibility in the choice of F' complying with (3.2), asking that it is everywhere defined on J#" and
satisfies suitable boundedness and continuity properties.

Definition 3.1 (Boundedness). An operator F: % — £%(Q) is bounded if there exists a
constant C' > 0 such that

IFIX]] 220 < 02(1 + ||XH32(Q)) for all X € . (3.3)
We say that F' is pointwise linearly bounded if there exists a constant C}, > 0 such that
|F[X](m)] < cp(1 + X (m)] + HX||$1(Q)) for a.e.m € Qandall X € #.  (3.4)

Notice that if F' is pointwise linearly bounded, then F' is bounded and satisfies (3.3) with the
constant Cy := 2C,. Let us recall that a modulus of continuity is a concave continuous function
w: [0,00) — [0, 00) with the property that 0 = w(0) < w(r) for all r > 0.

Definition 3.2 (Uniform continuity). We say that an operator F': # — £?(Q) is uniformly
continuous if there exists a modulus of continuity w with the property that

1FIX41] = FIXa]|| 4oy < w(HX1 - X2||$2(Q)) for all X1, X € 2. (3.5)

We say that F is Lipschitz continuous if it is uniformly continuous and (3.5) holds with w(r) = Lr
for all » > 0, where L > 0 is some constant.

Notice that if F' is uniformly continuous then it is also bounded. Whenever a uniformly contin-
uous F is defined by (3.2) on the convex subset 7;; of all the strictly increasing maps and satisfies
(3.5) in H;, then it admits a unique extension to J# preserving the continuity property (3.5) and
the compatibility condition (3.2).

As we observed at the beginning of this section, a last property of F' which will play a crucial role
concerns its behaviour on the subset {2x where the map X is constant. Since the force functional
determines the change in velocity, in the framework of sticky evolution it would be natural to
assume F[X] € s for every X € #. We shall see that a weaker property is still sufficient to
preserve the sticky condition: it will turn particularly useful when the attractive Euler-Poisson
equation will be considered.

Definition 3.3 (Sticking). The map F: % —s £2(Q) is called sticking if
F[X] = Py (F[X]) € 0I¢(X) forall X € 7.
3.2. Lagrangian Solutions. Let us start by giving a suitable notion of solutions to (3.1).

Definition 3.4 (Lagrangian solutions to the differential inclusion (3.1)). Let F : ¢ — L?(Q)
be a uniformly continuous operator and let X € # and V € 2 = £%(Q) be given. A Lagrangian
solution to (3.1) with initial data (X, V) is a curve X € Lip,..([0,00); %) satisfying X (0) = X
and (3.1) for a.e. t € (0, 00).

By introducing the new variable
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we immediately see that (3.1) is equivalent to the evolution system
X(t) 4+ 0Ly (X(1)) > Y (1), _
{ (8 + 0Ly (X(1)) 5 Y1) for ae. £ =0, (X(0),Y(0)) = (X, V), (3.6)
Y (t) = FIX(1)],
Notice that the continuity of F yields Y € C1([0,00); £2(Q)).

Theorem 3.5. Let F : £2(Q) — ¢ be a uniformly continuous operator and let (X,Y) be a
Lagrangian solution to (3.6). Then the following properties hold:

e Right-Derivative:
a+
The right-derivative V := EX exists for all t > 0. (3.7
e Minimal Selection:
V(t) = (Y(t) - GIX(X(t))) for all t >0, (3.8)

where A° denotes the unique element of minimal norm in a closed conver set A C £?(Q).
In particular, if we replace X (t) by V(t) then (3.1) and (3.6) hold for allt > 0.
e Projection on the tangent cone:

V(t) = Pry o (Y(t)) forallt>0. (3.9)
e Continuity of the velocity:
V' is right-continuous for all t > 0; (3.10)
in particular, we have
mV(t) =V ifand onlyif V €Tg ¥ . (3.11)

£10

If T° C (0,00) is the subset of all times at which the map s — ||V (s)|| z2(q) is continuous,
then (0,00) \ T is negligible and V is continuous, X is differentiable in £?(Q2) at every
point of T°. Setting o := X (t)gm there exists a unique map vy € L*(R, o;) such that

X(t) = V(t) =Py, (Y(t) = v 0 Xy € Hxy for everyt e TO. (3.12)

e Solution to (1.1): If moreover F is linked to f by (3.2), 0 = Xpm and V = v o X, then
the couple (o,v) defined as above is a distributional solution to (1.1) such that

limo(t,-) = ¢ in Z2(R), lme(t, )o(t,") =0 in .#(R). (3.13)

Proof. (3.7), (3.8), and (3.10) are consequence of the general theory of [9], Theorem 3.5; (3.9)
follows immediately by (3.8) since V' (t) € T'x )% by (3.7) and V(t) + Nx A > Y (t).

Concerning (3.12) we can apply the Remark 3.9 (but see also Remark 3.4) of [9], which shows
that at each differentiability point ¢ of X, its derivative is the projection of 0 onto the affine
space generated by Y (t) — 01 (X (t)), i.e., the orthogonal projection of Y (¢) onto the orthogonal
complement of the space generated by 01 (X(t)). Recalling Lemma 2.5 we get (3.12).

To prove the last statement, we use the crucial information of (3.12) that V' (t) € x4 for a.e.
t > 0, a fact that may have been noticed for the first time in [12]. The projected velocities

v (t) = Pﬁfx(z)v(t) (3'14)

coincide with V(¢) for every t € T9, where 7° is a set of full measure in (0,00). Since any element
V' of Hx ) can be written as v o X for a suitable Borel map v € £2(Q) we deduce that there
exists a Borel map v : [0,00) x R — R such that v(t,-) € Z?(R, o(t,-)) and

V*(t,) =v(t,X(t,-)) forae ze€Qandallt>D0. (3.15)
From Equation (3.14) we also have V (t) = v(t, X (t)) for t € T°.
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We then argue as follows: For all test functions ¢ € Z((0,T) x R) we have
I/ (atw,x)v(t,x) o, z>v2<t,x>> oft,d) dt
o JR
= [T (0upte X))+ 2t Xt X))V, 0)
0o Jo

(o]

= (8t<p(t, X(t,m)) + Opo(t, X (t,m))v(t, X (¢, m))> Y (t,m)dmdt
0o Jo

= [ [ (gete Xm0 ¥ty ama

=~ | [ el X (e, m) FIX(,)](m) dom (3.16)

Applying formula (3.2) in (3.16), we obtain
|7 [ (asttornten) + ettt o)) ot do)ar
0o Jr

_ / / (1, 2) flo(t, ) (dz) dt, (3.17)
0 R

which yields the momentum equation in (1.1) in distributional sense. An (even easier) analogous
argument holds for the continuity equation. This shows that the pair (g, v) defined by (3.14) and
(3.15) is a solution of (1.1). The first limit of (3.13) follows since lim;jo X (t) = X in £?(2) and
Xym =: p. Concerning the second limit of (3.13), we have to show that

/ wo(x) o(dx) = lim | pv(t,x) o(t,dx) for every ¢ € Cu(R). (3.18)
Q =0 Jo

Since V =190 X we have V € #% C Tx. ¥, so that lim; o V(t) = V in £%(Q). Therefore
[ e atda) = [ OV dm =tim [ o(X()V(©)dm
R Q

= lim [ G(XOV* (1) dm =l / p(@)ult, z) olt, dz),

where we used the fact that V(t) — V*(t) is perpendicular to #x ). O
As we already observed in the previous proof, notice that (3.11) surely holds if V € #%.

3.3. Existence, uniqueness, and stability of Lagrangian solutions for Lipschitz forces.
Applying the general results of [9], we can now prove the following result.

Theorem 3.6. Suppose that F': # — £*(Q) is Lipschitz. Then for every (X, V) € & x £?(Q)
there exists a unique Lagrangian solution X to (3.1), and for every T > 0 there exists a constant
Cr > 0 independent of the initial data such that for every t € [0,T] we have

X ()22 + IV ()| 220 < Cr (1 + 1 X || 20 + ||VH32(Q))- (3.19)

Moreover, for any T' > 0 there exists a constant Cr > 0 with the following property: For any pair
of Lagrangian solutions X; with initial data (X;,V;), i = 1,2, for allt € [0,T] we have

[X1(t) = Xo(t)||.22() < CT<||X1 — Xoll g2 + IV1 — V2||$2(Q)> (3.20)

T
| @ -Vl dt < 0r 3 (1l + Vilzea)
i=1...2

x (1% = Zallz2@) + Vi = Valloay). - (3:21)
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Proof. Recalling the formulation (3.6), we introduce the Hilbert space H := £2(Q) x .£?(2) and
the (multivalued) operator A(X,Y) := (01 (X)-Y, F[X]). It is easy to check that A is a Lipschitz
perturbation of the subdifferential of the proper, convex, and Ls.c. functional ®(X,Y) := I (X).
Thus existence, uniqueness, and the estimates (3.19), (3.20) follow by [9, Theorem 3.17].

The same estimate also yields for the second component Y;(t) = V; + fot F[X;(s)] ds that

IVi(t) — 2Ol 22 < Cr (151 = Kallza) + T2 - Vallz2(e) ) (3.22)
and, by the boundedness of F', that

T
[ IOyt < €3 (14 1y + 1Vl
Applying Theorem 2 in [21] to the first equation of (3.6), we obtain (3.21). O

A straightforward application of the previous theorem reveals that Lagrangian solutions are
stable if the operator F' is Lipschitz continuous: a sequence of Lagrangian solutions with strongly
converging initial data converges to another Lagrangian solution.

3.4. Sticky Lagrangian solutions and the semigroup property. We consider here an im-
portant class of Lagrangian solutions.

Definition 3.7 (Sticky Lagrangian solutions). We say that a Lagrangian solution X is sticky if
for any t; < to we have Qx ) C Qx(t,)- (3.23)
By (2.19) and (2.24), any sticky Lagrangian solution satisfies the monotonicity condition
0Ly (X (t1)) C 0Ly (X (t2)), Hx,) C Hx, foranyt; <to. (3.24)
Proposition 3.8 (Projection formula). If X is a sticky Lagrangian solution, then
V(t) € Hxwy for all timest >0 (3.25)
and (X, V) satisfy

X(t) =Py <X + /Ot Y(s)ds) =Py (X +tV + /Ot(t — 8)F[X(s)] ds), (3.26)

V)= Pﬁfx(t) (Y(t)) = ijx(t) (V —|—/O F[X(S)] ds) (3.27)

Proof. Property (3.25) follows easily from (3.10) and (3.12), thanks to the monotonicity property
(3.24). Equation (3.27) then follows from (3.6) (where X is replaced by V') and (2.25).
In order to prove (3.26), for any s > 0 we observe that

E(s):=Y(s) = V(s) € 0l¢(X(s)) COLy(X(t)) ift>s, (3.28)

and we integrate (3.28) w.r.t. s from 0 to ¢ to obtain

¢ ¢
/ E(s)ds:X—X(t)—i—/ Y(s)ds € 01 (X())
0 0
for a.e. t > 0. Recalling (2.12), we get (3.26). O

Lemma 3.9 (Qon_catenation property). Consider Lagrangian solutions X1, Xo with initial data
(X1,V1) and (X2, V) respectively, and let us suppose that

Ng, CQx,) for everyt > 0. (3.29)
If for some 7 > 0 we have

Xz :Xl(T), Yl(T)f‘/Q :ég 681%()22), (330)

then the curve

(3.31)
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is a Lagrangian solution with initial data (X1,V1). In particular, if X1, Xo are sticky Lagrangian
solutions, then X 1is also sticky.

Notice that
the choice Va := V(71) always satisfies (3.30). (3.32)

Proof. 1t is easy to check that

is Lipschitz continuous and satisfies LY (t) = F[X (t)] for a.e. t € (0,00). We must check that X
of

d
at [ ! b
satisfies the first differential inclusion of (3.6) for ¢ > 7 w.r.t. Y. By definition of X, we have

(1)~ SR =i(7) ~ Vot ¥alt — 7) — Valt ~ 7)

= Sy + Ea(t — 7) € 0Ly (Xa(t — 7)) = 0Ly (X (1))
for t > 7 since by (3.30) and (3.29) it holds that Sy € 0L (Xa(t — 7)). O

It would not be difficult to show that Lagrangian solutions in general do not have the sticky
nor the concatenation property. The next result shows that these properties are related.

Theorem 3.10 (Semigroup property). If the force operator F is Lipschitz and
Qx C Qx4 Jfor every Lagrangian solution X starting from (X,V) € JH x A5k, (3.33)

then every Lagrangian solution X with initial data (X,V) € J# x % is sticky and satisfies the
following semigroup property: for every T > 0 the curve X (t) := X (t—7) is the unique Lagrangian
solution with initial data (X (7),V(7)). In particular, for all t > t; > 0 we have

X(t) =Py (X(tl) + (t—t1)V(t1) +/ (t—s)F[X(s)] ds> (3.34)

t1

¢

V(t) = Pox (V(tl) + | F[X(9)] ds). (3.35)
ty

Proof. Let T° € [0,00) be as in (3.12) (so that (0,00)\ 7? is negligible). For every 7 € T° consider

the Lagrangian solution X» with initial datum (X (7), V(7)). By the concatenation property (with

the choice (3.32)), the map X defined as in (3.31) (with X; := X) is a Lagrangian solution and

therefore coincides with X, since F' is Lipschitz. Then (3.33) yields that

Qx(r) CQxpy forevery 0<7<t, 7€ T U {0}. (3.36)
Let us now fix s > 0 and consider a sequence h,, | 0 such that
1

E(X(s) — X(s—hy)) — V- in L*(Q).

Since Tx(s)«%/ is a closed convex cone, it is also weakly closed, so that by its very definition we
have —V_ € Tx (5% We set Z(t) := Y (1) — X (t) € DLy (X(t)) thanks to the differential inclusion
of (3.6). An integration in time from s — h,, to s and (3.36) then yields
S 1 S
][ Y(r)dr — h—(X(s) —X(s—hyp)) = ][ E(r)dr € 0Ly (X(s)).
s—hy n s—hy,

Passing to the limit as n — oo, we obtain

[1]
|
i
=
|
=
m
2
X
>
S

Therefore, by (2.25), we have

Since
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by (2.29) and the fact that —V_ € T'x ()%, we can apply the concatenation property as before,
joining at the time s the Lagrangian solution X; := X with the Lagrangian solution X5 arising from
the initial data X := X(s) and V. The uniqueness theorem shows that this map coincides with
X and therefore (3.29) yields Qx5 C Qx s for every t > s. In particular, we have V(t) € Xx
for every t > 0 so that a further application of the concatenation Lemma 3.9 yields the semigroup
property. (3.34) and (3.35) follow then by the corresponding (3.26) and (3.27). O

We conclude this section with our main result concerning the existence of sticky Lagrangian
solution. The proof will require a careful analysis of the discrete particle models and therefore will
be postponed at the end of Section 5; see Remark 5.4.

Theorem 3.11 (Sticking forces yields sticky Lagrangian solutions). If the force operator F is
Lipschitz continuous and sticking (accordmg to Definition 3.3), then every Lagrangian solution to
(3.1) with initial data X € H and V € A% is sticky.

3.5. Lagrangian solutions for continuous force fields. Using Schauder’s fixed point theorem,
it is possible to extend the existence result of Theorem 3.6 to the case of (uniformly) continuous
force operators.

Theorem 3.12. Suppose that F : & — £?(Q) satisfies the pointwise linear bound (3.4) and is
uniformly continuous according to (3.5). Then, for every initial data (X,V) € 2 x L%(), there
exists a Lagrangian solution (X,Y') of (3.6). For any T > 0 there exists a constant Cp > 0 such

that any Lagrangian solution X with velocity V := %X satisfies

I X#)]l.22) + V(@) 220 < Or (1 + 1 X || 2(0) + ||V||f£2(ﬂ)> (3.37)

forallt € [0,T]. If : R — [0, +00) is an integrand satisfying (2.31) and (2.32) for some q¢ > 1,
then there exists a constant Cyr = 0 such that

WX ()] + W[V ()] < Cyr (1 + WIX] + WIV]) (3.38)
for allt € [0, T), with functional ¥ defined in (2.34).

We omit the details of the proof but we state the related uniform a priori bounds that will turn
to be useful in view of the next applications.

Lemma 3.13 (A priori bounds). Let F: # — £2(Q) be pointwise linearly bounded with con-
stant Cp, > 0 (see (3.4))). Let ¢p: R — [0,+00) be an integrand satisfying (2.31), (2.32) for some
q>1. Let X € Lip(0,T; £2(Q)) and Z,W € £>(0,T; £?(2)) be such that X(0) = X and

V() +0I¢(X(t) >V + /t Z(s)ds forallte[0,T), (3.39)
0
where N

For a.e. t € (0,T), we then have

(t) and Z(s) < F[W(s)].

w(v() < w(V+ / s )ds). (3.40)
T(V(t)) gqu(\p(V) (3t)7~ 10‘1 t+2/0 (W ) (3.41)

U(X(t) <20t (\I/(X) +TIA(T) + (6C,T?) q/ (W ) (3.42)
0
Proof. Recalling Theorem 3.5 and (3.12), equation (3.39) yields

t
V(t) = Py, (V +/0 Z(s)ds) for every t € TP,
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where 70 has full measure in (0,7"). Hence, by Lemma 2.2, we have

W(V () = @(Pﬂx(” (V—i—/OtZ(s) ds)> < q/(v+/0t2(s) ds),

which proves (3.40). Using (2.33) and Jensen’s inequality, we obtain

T(V(t) <277t (xp(f/) + \1:(/;2(5) ds)) < 24—1(\1/(17) 471 /Ot\IJ(Z(s))ds). (3.43)

We use the fact that F' is linearly bounded, that v is even, and ¢(||W 1) < ¥(W), by Jensen’s
inequality, to obtain that for all s > 0 it holds

W(Z(s)) < WF(W(s))] < [Co(1+ W (s) + [ W) < 39208 (w(1) + 20 (s)]).  (3.44)

The first inequality in (3.44) was obtained via Lemma 2.2. We now combine (3.43), (3.44) to get
(3.41). From (3.41), we then obtain

/Ot\IJ(V(S))ds < 2q1<t\IJ(V) (31)" 1Cq t2 +2/ / >
= A(t) + 2(6T)* ' CY /Ot(t—l) (W(D)dl

< A(t) + (6TC,)" / t (W (1)) dl, (3.45)
0

where

A(t) = 2‘1_1(1?\1/(17) (3T)17'Clp(1 )tQ)

U(X(t) = \D(X + /Ot V(s) ds) < 2‘1—1(\1/()‘() + ¢t /Ot\IJ(V(s))ds),

where have used (2.33) and then Jensen’s inequality. This, together with (3.45) yields (3.42). O

We have

4. THE SEMIGROUP PROPERTY AND GENERALIZED LAGRANGIAN SOLUTIONS

We have seen that Lagrangian solutions may fail to satisfy the semigroup property in the natural
phase space for the variables (X, V), V = X (stated in Proposition (3.10) for sticky Lagrangian
solutions). In fact, the formulation given by the system (3.6) shows that the natural variables for
the semigroup property are the couple (X,Y). This motivates an alternate notion of solution (still
linked to (1.1)) that tries to recover a mild semigroup property, at the price of losing uniqueness
with respect to the initial data. Recall that for any X € J# the orthogonal projection Pz, onto
the closed subspace #x C .£?(12) leaves the given function unchanged in 2\ Qx and replaces it
with its average in every maximal interval (o, 8) C Qx; see (2.18). As a consequence, the function
Poe (F[X]) is constant wherever X is.

Definition 4.1. A generalized solution to (3.1) is a curve X € Lip..([0,00); %) such that

(1) Differential inclusion:
¢
X(t)+ 0L (X(8) 5V + / Z(s)ds for ae. £ € (0,00), (4.1)
0

for some map Z € £2([0,00); £2(2)) with

loc

Z—-F[X(t) € %”X and Z < F[X(t)] fora.e.t e (0,00). (4.2)

(2) Semigroup property: For all t > t; > 0 the right derivative V = %X satisfies

V() + 0Ly (X(1) 3 V(1) + / t Z(s)ds. (4.3)

t1
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(3) Projection formula: For all t > t; > 0 we have
12
X(ta) =Py <X(t1) + (te —t1)V(t1) + / (ta — 8)Z(s) dS). (4.4)
t1

Note that for generalized Lagrangian solutions the semigroup property and (4.4) are part of
the definition, while for sticky Lagrangian solutions (3.34) and (3.35) are consequences of the
monotonicity property (3.23). The obvious choice in (4.2) is Z(¢t) := F[X (¢)] for all times ¢ > 0,
which also shows that any sticky Lagrangian solution is a generalized Lagrangian solution.

Remark 4.2. If one is ultimately interested only in the existence of solutions to the conservation
law (1.1), then for this purpose any Z satisfying (4.2) is sufficient. In fact, we proved in Theorem
3.5 that if the force functional F[X] is induced by an Eulerian force field f[g], so that (3.2) holds
whenever X € . and Xyx(m) = p, then any strong Lagrangian solution yields a solution of the
conservation law (1.1). The same argument works for generalized Lagrangian solutions. Because
of (4.2), we have that P, (Z(t)) = Py, (F[X(t)]). On the other hand, it holds

| X ) FIXYm) dim = [ (X (m)Porc (FIX]) )
for all ¢ € 2(R), with a similar formula for Z in place of F[X]. Then the argument on page 19
can be adapted to prove the claim; see in particular (3.17).
Since X is everywhere right differentiable, we have V(t) € T'x ;)2 for all £ > 0. Then
to
V(t) = Pry .z <V(t1) Jr/ F[X(s)] ds) for every t > t1 > 0 (4.5)

ty

because of (4.3). This also yields

V(t) = Py <V(t1) + /t2 F[X(s)] ds) fora.e.t >t > 0. (4.6)

t1
By introducing the new variable

Y(t):=V + /t Z(s)ds,
we easily see that (4.1) is equivalent to the evolutif)n system
X(t) + 0L (X (1) 3 Y (1),
Y(t) = (1),
Z(t) — FIX(t)] € A3,
Z(t) < FIX ()],
notice that the last two conditions include the case of (3.1) where Z(t) = F[X (¢)].

for ae. t >0, (X(0),Y(0)) = (X,V); (4.7)

4.1. Stability of generalized Lagrangian solutions. In this section, we will prove a stability
result for generalized Lagrangian solutions. Instead of relying on a semigroup estimate, strong
compactness now follows from an argument based on Helly’s theorem (recall Lemma 2.10) and on
the closure properties of the map X +— Py (F[X]) for X € 7.

Lemma 4.3. Consider {(X,,, Z,, F,)} C £2(Q) with
X, € X, Z,—F,ecH,
If X,, — X strongly and (Z,, F,) — (Z, F) weakly in £*(Q), then
Z —F e A, (4.8)
Z < F if F, — F strongly in £(Q) and Z, < F,.
Analogously, for any T > 0 consider {(Xyn, Zn, Fn)} C £2((0,T), £3(Q)) with
Xn(t) € A, Zn(t) — Fu(t) € A5y, Znl(t) < Fult) for a.e. t € (0,T).
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If X, — X strongly and (Z,, F,,) — (Z, F) weakly in £?((0,T), £?()), then
Z(t)—F(t) € %”)é‘(t) a.e.,
Z(t) < F(t) a.e. if F, — F strongly in Z*((0,T), L)), Zn(t) < F,(t) a.e.

Proof. By assumption, we know that

/an( )o(Xn(m)) dm = /F (m))dm (4.10)

for every ¢ € Cp(R). Passing to the limit in (4.10) we get

/ Z(m)p(X (m)) dm = / F(m)p(X(m)) dm,
Q Q

which yields (4.8) since the set {¢ 0 X: ¢ € Cp(R)} is dense in H#x.
In order to prove (4.9) we pass to the limit in the inequality

/Q (Z(m)) dm < /Q (Fu(m

for arbitrary convex functions ¢: R — R with linear growth, noticing that

[ oz am <imint [ vz

/w ))dm = lim w( n(m)) dm.

n—oo

(4.11)

The corresponding inequality for convex functions 1/1 with arbitrary growth at infinity can be
obtained from (4.11) by monotone approximation.
The time-dependent result follows by applying loffe’s Theorem. O

Theorem 4.4 (Stability of Generalized Lagrangian Solutions). Suppose that F: ¢ —s £2(Q)
is pointwise linearly bounded and uniformly continuous. Then we have the following result:

(1) Every sequence {X,} of generalized Lagrangian solutions with initial data
X,eX and V, € Hx

converging strongly in £?(Q) to X € # and V € H#%, admits a subsequence (still denoted
by {X,}) such that
(a) X, (t) — X(t) in L2(Q) uniformly on compact time intervals.
(b) For any T >0V, — V in £?((0,T), £%(Q)).

(2) If {X,} is a sequence of generalized solutions satisfying the two convergence conditions
above, then the limit function X is a generalized Lagrangian solution.

Proof. Since (X,,V,) — (X, V) strongly in .£?(2) we can find a convex function ¢ satisfying
(2.31) and lim,_, ¥%(r)/r? = oo with [X,,] + ¥[V,] < C for all n. Here ¥ denotes the functional
(2.34) induced by %. By Lemma 2.9, it is not restrictive to assume that 1 satisfies (2.32). The
estimates of Lemma 3.13 (with W := X)) and Gronwall lemma yields

U[X, )]+ ¥[V,(t)] < Cp forallte[0,T] and all n. (4.12)

By Lemma 2.10, it follows that the X,, take values in a fixed compact subset of .Z2?(Q) and X,
are uniformly Lipschitz continuous in .#?(). Recall that pointwise linearly bounded operators F'
are also bounded. We can then apply Ascoli-Arzela theorem to obtain a convergent subsequence,
which we still denote by {X,} for simplicity. The convergence is uniform in each compact time
interval and the limit function X satisfies the same Lipschitz bound.

Consider now the sequence {Z,,} of functions given by Definition 4.1. Since Z,,(t) < F[X,,(¢)] for
a.e. t and F is bounded, (4.12) implies that the Z,, are uniformly bounded in .£>°((0,T), £%(Q))
for all T > 0. Extracting another subsequence if necessary, we may therefore assume that

Z, — Z weak* in £>((0,T), 22(Q)).
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On the other hand, by uniform continuity of F' we have that
F, := F[X,] — F[X] = F strongly in .Z%((0,T), £*(Q)).

Lemma 4.3 then shows that Z satisfies (4.2).
The uniform bound on Z,, implies that the maps

t
Y, (t) =V, +/ Zn(s)ds forallt>0
0

are uniformly Lipschitz continuous in each time interval [0,7] with values in £?(Q2). Starting
from (4.1) and applying standard stability results for differential inclusions (cf. Theorem 3.4 in
[9], here the strong convergence of X, is crucial), we obtain that X solves

X(t)+0Iy(X(t) 3V + /t Z(s)ds for a.e. t > 0. (4.13)
0

In particular, the map X is right-differentiable in .#2(Q) for each ¢t > 0, with right-continuous
right-derivative V; see Propositions 3.3 and 3.4 in [9]. Therefore (4.13) holds for all ¢ > 0 if X (¢)
is replaced by V(¢). We may also assume that

V, — V  weak* in Z>((0,T), £%(Q))
for all T > 0 (extracting another subsequence if necessary). To show that V,, — V strongly in
£2((0,T), £2(Q)), we multiply the differential inclusion by

4

dt
and integrate in time over (0,7) x ©. Now notice that since X, (t),V,(t) € %, ) and since

Ol x(X) C A for all X € A, the subdifferential terms vanish after integration over 2. Inte-
grating by parts in the force term, we obtain

/OT(T—t)”Vn(tH?gz(Q) dt—/OT </QVn(t,m)Xn(t,m) dm) At

(@ - Hxu0) = (@ = HVa(t) - Xa(t)

T
— 1 [ y(m) X (m) dim — / (T —1) ( / Zo(t,m) X, m) dm) dr.

Q 0 Q
A similar identity holds in the limit. Since the sequence {X,,} converges strongly and the sequence
{(Vp, Zn)} converges weakly, we can pass to the limit and get

T T
Jm [0Vt = [ @ =01V Ol o

for every T' > 0. This, together with (4.12) yields the desired strong convergence. Therefore there
exists an Ll-negligible set N C [0,00) such that (up to extraction of a subsequence if necessary)
Vo(t) — V(t) in £2(Q) for every t € [0,00) \ N. We can then pass to the limit in (4.3) written
for (X,,V,) and obtain the corresponding inclusion for (X, V') in (¢1,00) for all t; € [0,00) \ N.

Since V is right-continuous, formula (4.3) eventually holds for all ¢; > 0.
Identity (4.4) follows by the same argument, passing to the limit for t; € [0,00)\ N and recalling
that, by (2.8), if K,, = P (H,) and K,, — K, H, — H in .£?(Q), then K = P (H). O

We conclude this section with the main existence result for generalized Lagrangian solutions.
As for sticky evolutions, its proof relies on the discrete particle approach we will study in the next
section, see Remark 5.3.

Theorem 4.5 (Existence of generalized Lagrangian solutions). Assume that the force functional
F: At — ff (Q) is pointwise linearly bounded and uniformly continuous. Then for every couple
X e andV € A there exists a generalized Lagrangian solution with initial data (X, V).
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5. DYNAMICS OF DISCRETE PARTICLES

We discussed in the Introduction that the conservation law (1.1) formally admits particular
solutions for which the density consists of finite linear combinations of Dirac measures; see (1.6)
above. In this section, we will reformulate these solutions in the Lagrangian framework and will
prove their global existence. For every N € N let us introduce the convex sets

N
MN::{mERN:mi>OandZm¢:1}, KN::{meRN:zlgng...ga:N}.
i=1

For all times ¢ > 0, a discrete solution to (1.1) of the form (1.6) is therefore determined by a unique
number N € N and a vector (m,z,v) € MY x KV x RY. To find a Lagrangian representation of
(1.6) we consider a partition of 2 given by

i
O0=wy<w; <...<wy:=1 where w; ::ij (5.1)
j=1

fori=1,...,N — 1. Writing W, := [w;—1,w;) we define functions

N N
X = in]lwi and V= Zvi]lwi, (5.2)
i=1 i=1
the (finite dimensional) Hilbert space
N
Ay = {X:in]lwi:a::(scl,o-~ ,mN)GRN} c 2%(9) (5.3)
i=1
and its closed convex cone
N
Hiy = {X =Y wilw,: 2= (a1, ,an) € KN} CH L) (5.4)
i=1
Then clearly X € J,, C # and V € 5%, and we easily have
N N
g:X#m:Zmi(Sz“ V=volX, (gv):Zmivi(Szi. (5.5)
i=1 1=1

5.1. Discrete Lagrangian solutions. We can reproduce at the discrete level the same approach
we followed in Section 3. We can introduce the projected forces

N
FonlX] = P (FIX]) = Y am it i = £ FIX(O)(m) d, (56)

which satisfy the analogue of (3.2),

/w(x)f[g](dx) - / W(X)Fmdm if X € Hom, 0= Xym as in (5.5, (5.7)
R Q

and we can solve the differential inclusion

X(t) + 0Ly, (X) = v+/t Fm[X(s)]ds, X(0) = X, (5.8)
0

for given initial data (X, V) € K, x #k.
Introducing Y (¢) := V + fot Fon[X(s)]ds = Ef\il yi(t)1w,, we end up with the system
X(t) 4 0Ly, (X (1) 3 Y (t), o
{ (£) + 0Lt (X(0)) 5 Y (0 for t >0, (X(0),Y(0)) = (X,V), (5.9)

Y(t) = Fm[X(1)],

which is equivalent to (1.27).
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If F' is Lipschitz continuous, then Fy, : J#,, — , is also Lipschitz and the analogous state-
ments of Theorems 3.5 and 3.6 hold at this discrete level. In particular, as in (3.9), we have
da+
V(t) = 5 X () = Py otm (Y(2))- (5.10)
The discrete analogue of Lemma 2.4 thus justifies condition (1.15), which we introduced in the
simplified situation of a collision of two particles.

Let us now consider a sequence X,, of discrete Lagrangian solutions of (5.8) corresponding to
initial data (X,,,V,,) € Hm, X Him, strongly converging to (X,V) € # x £%(Q). We want to
show that X,, — X locally uniformly in C([0,00); £2(€2)), where X is the Lagrangian solution
associated to (X, V). To make the analysis simpler, we will assume that the distributions of masses
my, give raise by (5.1) to sufficiently fine partitions of the interval (0,1), i.e., we have that

for every K € # there exist K,, € H#,, such that K,, — K in £?(Q). (5.11)

Since Ay, C ¢, assumption (5.11) is equivalent to the Mosco-convergence of the sequence .,
to # in the Hilbert space £2%(Q2) [1, Section 3.3.2]. By first approximating C' ([0, 1])-functions
(which belong to £ — J¢) and then applying a density argument, it is not difficult to show that
(5.11) implies a similar property for the closed subspaces .7, in £?(f), i.e., we have that

for every H € £?(Q) there exist H,, € #,y,, such that H, — H in Z*(Q). (5.12)
Both (5.11) and (5.12) surely hold if, for example, we have

lim ||m,]e =0,
n—oo
where for a generic m = (mq,--- ,my) € MY we set ||m| s = sup; m;.

It is not surprising that we have the following approximation result.

Theorem 5.1 (Convergence of discrete Lagrangian solutions). Let F : # — £?%(Q) be Lipschitz
continuous and pointwise linearly bounded, let m, € M™» be a sequence satisfying (5.11), and
let X,, € Lipy..([0,00); #m,) be a sequence of discrete Lagrangian solutions with initial data
(Xns Vi) € o, X Hip, strongly converging to (X, V) € A x £L*(Q). Then X, — X locally
uniformly in C([0,00); £?(2)), where X is the unique Lagrangian solution with data (X,V).

Proof. We cannot directly apply the stability estimates of Theorem 3.6 since the discrete La-
grangian solutions are associated to convex sets #,,, depending on n. Therefore we combine the
compactness argument of the proof of Theorem 4.4 and a classical stability result for differential
inclusion [1, Theorem 3.74] generated by a Mosco-converging sequence of convex sets.

In fact, we can choose a convex and superquadratic functional ¢ satisfying (2.31) such that

U[X,]+ ¥V, <C.
Then the estimates of Lemma 3.13 (which can be extended to the discrete case) yield
U[X,(¢)] + C[Vn(t)] < Cr for all t € [0,T] and all n.

Arguing as in the proof of Theorem 4.4 we can find a subsequence (still denoted by X,,) locally
uniformly converging to a limit X € Lip,,.([0, 00); £?(£2)) that takes its value in .#". We get that
Fpn, [Xn] — F[X]in L% ([0,00); Z2(£2)) since for every time ¢ > 0 it holds

loc

o 5] = FIXT ey < 1% = X gy + [P K] = FIX o

and Fp,, [X] = Puy,, (F[X]) — F[X] in £%(Q), by (5.12). It follows that
Y. () =V, Jr/o Fo, [Xn(s)]ds — Y (1) =V Jr/o F[X(s)]ds

locally uniformly in C([0, 00);.£?(£2)). We then apply [1, Theorem 3.74] to show that the limit X
also satisfies the differential inclusion X + 01 ¢ (X ) Y and therefore it is a Lagrangian solution
associated to (X, V). Since the limit is uniquely determined (by Theorem 3.6) we conclude that
the whole sequence X,, converges to X. O
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5.2. A sticky evolution dynamic for discrete particles. In this section, we will describe a
different discrete procedure to construct evolution of a finite number of particles. In the general
case, this approach will lead to generalized Lagrangian solutions; when F' is sticking, we will obtain
a sticky evolution which in fact will coincide with the construction in the previous section.

We already explained the basic idea in the introductory section 1.1: At the discrete level, a
collision between two or more particles at some time ¢’ corresponds to the impact of the vector @
with the boundary OK¥ (equivalently, of the Lagrangian parametrization X with the boundary
of Ay, in ). In this case, we relabel the particles and consider the evolution for ¢ > ¢’ in a
reduced convex cone attached to the new configuration, up to the next collision.

Here is a precise description of the evolution. Assume without loss of generality that X does
not belong to the boundary of Jy, in ;. On the time interval [tg,t1), where to := 0 and ¢t; > 0
is to be determined so that X (¢) does not touch the boundary of 9.%5, in [to,t1), we obtain

N N
X(t,) =Y a(t)lw, and V(t,)=> v;(t)lw, (5.13)
=1 i=1

by solving the system
X(t)=V(t), V(1) =Py (FIXD)). (5.14)

Since 4, = x4 in [to,t1), we notice that the projection onto 7 returns a function that is
piecewise constant on the same partition on which (X, V') is constant. Hence (5.14) is equivalent
to the system of the form (1.16), which is well-defined. The time t; is taken as the smallest ¢t > 0
for which X (¢) hits the boundary of %y, in .#5. At time t; we can find an integer N’ < N and
compute a new state vector (m/, &, 0') € 4N x # N xRN'. On the interval [ty, ), with to > ¢
to be determined, we obtain X (¢,-), V(¢,-) as in (5.13) by solving (5.14) with m replaced by m/,
the initial condition (z',v’)(t1) := (2',v'), and the new subdivision W} := [w_;,w}) defined as
n (5.1). Continuing in the same fashion, we obtain K € N, a sequence of “collision times”

0=ty <t <...<tg_1 <tg:=o00,
and a pair of functions (X, V) such that
Hx @) = Ax (- X)) =V(H), V()= Po, (FIX (D)) (5.15)

for all t € [tr_1,tx) and k= 1,..., K. At collision times the space J#x 4, is strictly smaller than
Hx vy for all t <, which implies that K < N. We have

X(tet) = X(te—),  V(tet) = Porq,,, (V(tr—))- (5.16)

It is easy to check that the monotonicity condition (3.23) is satisfied.

5.3. Sticky and generalized Lagrangian solutions for discrete particles. The next theorem
shows that by using the algorithm described in the previous section we can obtain a generalized
Lagrangian solution in the original cone ¥  starting from the discrete initial data (X,V). When
F' is sticking, this coincides with the unique sticky Lagrangian solution.

Theorem 5.2 (Generalized and sticky Lagrangian solutions for discrete particles). Suppose that
F: o — £2(Q) is uniformly continuous. Consider functions (X, V) of the form (5.2) for some
N €N and (m,z,v) € MY x KN x RN, Then we have the following result:

(1) The curve (X, V) described by the previous section is a generalized Lagrangian solution to
(3.1) with initial data (X,V).
(2) If F is sticking, then (X, V) is a sticky Lagrangian solution.

Proof. Let us first prove that the map ¢ — X (t) is a generalized Lagrangian solution with respect
to the choice Z(t) := P (,, (F[X(?)]) for all £ > 0. The fact that V' is the right-derivative of X
follows immediately from the construction. In order to prove (4.3), it is not restrictive to assume
t; = 0. We argue by induction on the collision times. In the first interval [to,¢;) inclusion (4.3) is
satisfied by taking the null selection in the subdifferential 014 (X (t)).
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Assume now that (4.3) is satisfied in [tx_1,t) for some k. Then
t
X(W) = V(tt) + [ Por (FIX(5)]) ds
tr

t
= (V(tk+) - V(tk—)) +V(ty—) +/ Prex ., (F[X(s)]) ds (5.17)
tr
for any t € [tk, tx+1), by (5.15). By induction assumption, we have that

V(tk—)+&6=V +/O ) Poty ., (F[X(s)]) ds (5.18)

for some & € I (X (t;)). Combining (5.17) and (5.18), we obtain

X(t) +¢+ (Vi) - Viten) =V + /O Pore., (FIX(s)]) ds
Because of (5.15), we have that

V(te-) = lim b (X(tk) — X(ty — h)).

Using (5.16), we then obtain
V(ty—) — V(te+)
=V(te—) — P, (V(t—))
= lim h~! (X(tk) — X(tr — ) — P, (X(t) = X(ti — h)))

= hli}Igl+ h_l (ijX(tk) (X(tk — h,)) - X(tk - h)) .

We now use Lemmas 2.4 and 2.6 and conclude that V (ty—) — V (tx+) € 0L (X (tx)), noticing that
Nx ¥ = 0I4(X) for all X € . Property (3.23) implies the monotonicity of the subdifferentials,
which are closed convex cones. This yields

e+ (V(t=) = Vte+)) € 0L (X (1))

for all ¢ € [tg,tr+1). Identities (4.4) and (4.6) can be proved as in Proposition 3.8. We conclude
that X is a generalized Lagrangian solution.

We now show that if F is sticking, then (3.1) holds. Because of (3.23), we have X (t) € 5% s
for all s <t. Then Definition 3.3, the fact that Qx ) C Qx (s, and (2.19) yield

/0 (FIX()]) = Por, (FIX(s)))) ds € DL (X (1)). (5.19)
Adding (5.19) to either side of
V() + 0L (X(5) 3 V + / P, (FIX(5)]) ds,

we obtain (3.1). Therefore X is a sticky Lagrangian solution. O

We already know that any (even a generalized) Lagrangian solution induces a solution of the
conservation law (1.1). Since for each time ¢ > 0 the transport map X (¢, ) is piecewise constant,
the corresponding solution is in fact a discrete particle solution: the density/momentum is of the
form (1.6).

Remark 5.3. Notice that piecewise constant functions as in (5.2) are dense in .£?(2), so we can
approximate any given initial data and then combine the existence result 5.2 with the stability
Theorem 4.4 to get the proof of Theorem 4.5.
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Remark 5.4. The proof of Theorem 3.11 follows by a similar approximation argument. By Theorem
3.10, it suffices to show that any Lagrangian solution X with (X, V) € J& x s satisfies

Qg C Q) forallt>0.

That is, if X is constant on some interval (o, 8) C €, then X (¢) remains constant on (a, 3) for all
t > 0. We approximate (X, V) by a sequence (X,,, V},) of the form (5.2) such that X, is constant
on (a, ). Since this property is preserved by the discrete Lagrangian solution constructed in
Theorem 5.2, the stability estimates of Theorem 3.6 show that the limit function X (¢) is still
constant on (¢, ).

6. GLOBAL EXISTENCE IN EULERIAN COORDINATES

Theorems 3.6, 3.11, 3.12, and 4.5 of the previous sections immediately translate into global
existence results for weak solutions of the Euler system of conservation laws (1.1). Before stating
some of the related results, let us explore in more detail the relation between the force functionals
flo] in (1.1) and their reformulation in the Lagrangian framework.

6.1. The Eulerian description of the force field. Let us first introduce the space
Z(R) = {(0,0): 0 € P2(R),0 € L2(R,0) }.
For all (g;,v;) € Z(R) with i = 1,2, we then define (see also [4, §7.2], [18, §2])
D3 ((91701), (92702)) = W5 (o1, 02) +Us ((.917111)’ (.927112))7

where W5 is the Wasserstein distance and U, denotes the semi-distance

U2 (o 01), (ea,2)) o= [ Jonle) — valw) P, )

- / [01(X g, (1)) — 02(X oy (m))? dn. (6.1)

Here g € T'opi (01, 02) is the unique optimal transport map between the measures g; and go. It can
be expressed in terms of the transport maps defined in (2.4); see (2.6). The sequence {(gn,vn)}
converges to (g,v) in the metric space (Z2(R), D) if and only if Wa(g,, 0) — 0, if gpv, — v

weak™ in .# (R), and if
/|vn|2gn—>/|v|2e.
R R

We refer the reader to [18, Prop. 2.1] and [5] for details (see in particular Definition 5.4.3).

We consider continuous maps f: P5(R) — .#(R) (with respect to the Wasserstein topology in
P5(R) and the weak* topology on .# (R) induced by Cp(R)) such that f[g] is absolutely continuous
with respect to g € Z(R). In that case, we let f, is the Radon-Nikodym-derivative of f[g] with
respect to g, and we assume that f, € Z2(R, o). That is, the operator f can be written as

fld=foo, fo€ LR, o). (6.2)

Definition 6.1 (Boundedness). We say that a map f: Z5(R) — #(R) as in (6.2) is bounded
if there exists a constant C' > 0 such that

Falliag <C(1+ [ laf?de) forall o€ 2a(R).
R
We say that f is pointwise linearly bounded if there exists a C}, > 0 such that
|folz)] < Cp(l + |z +/ |z] dg) for a.e. z € R and all p € Z5(R).
R

Definition 6.2 (Uniform continuity I). We say that a map f: Z2(R) — #(R) as in (6.2) is
uniformly continuous if there exists a modulus of continuity w such that

Uz (01 for): (02, fux)) <eo(Walor,02))  for all 1,02 € 5 (R). (6.3)

In the case w(r) = Lr for some constant L > 0 and all » > 0, we say that f is Lipschitz continuous.
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As discussed in Section 2.1, there is a one-to-one correspondence between measures g € P2(R)
and optimal transport maps X € .£2(Q), given by

Xex and Xym=op. (6.4)

We now want to construct a functional F: # — £2(Q) such that

/so(ff)f[@](dw)Z/@(X(m))F[X](m)dm for all ¢ € Cy(R), (6.5)
R Q

whenever (X, o) are related by (6.4). One possible choice is to set
F[X]:= f,0X for all (X,p) satisfying (6.4), (6.6)

which implies F[X] € £%(Q). Then the boundedness and continuity assumptions on the functional
f in Definitions 6.1 and 6.2 translate immediately into the corresponding properties for F in
Definitions 3.1 and 3.2. It can be useful, however, to also consider different choices for F.

Definition 6.3 (Uniform continuity II). We call map f: Z5(R) — #(R) as in (6.2) densely
uniformly continuous if (6.3) holds for measures that are absolutely continuous with respect to £!
with bounded densities. We define dense Lipschitz continuity similarly.

Lemma 6.4. If f: P5(R) — # (R) is densely uniformly continuous, then there exists a unique
uniformly continuous map F: X — £L?(Q) such that (6.5) holds for all (X, 0) satisfying (6.4).

Note that (6.5) implies that f, 0 X = Pg (F[X]) for all (X, o) with (6.4).

Proof. We denote by #;.s the dense subset of # whose elements are C!(Q)-maps with strictly
(thus uniformly) positive derivatives. For all X € J e, the push-forward g := Xym is absolutely
continuous with respect to £! and has a bounded density. We can then define

FX]:=f,0X forall X € #e. (6.7)
Applying definition (6.1) and (6.3) we obtain

IF[X1] = FXa)| 220 < w(HX1 - X2||$2(Q)) for all X1, Xz € Hyeg.

Then F can be extended to all of £ by density. One can check that this functional satisfies (6.7),
therefore it is uniquely determined by f. O

Definition 6.5 (Sticking). Let f: Z3(R) — #(R) be densely uniformly continuous and let F
be the functional from Lemma 6.4. We say that f is sticking if F' is sticking.

6.2. Existence results and examples. We state here a simple example of possible applications
of the previous Lagrangian results. We omit the details of the proof, which can be derived by the
fine structure properties and the a priori estimates we obtained for the Lagrangian formulation.
It is worth noticing that all the solutions can be obtained as a suitable limit of discrete particle
evolutions. The first statement in the following result follows from Theorem 4.5, the second one
by Theorem 3.6, and Theorems 3.10 and 3.11 yield the last assertion.

Theorem 6.6 (Global Existence). Let us fit o € P2(R) and v € £L*(R, 0).

(1) Suppose that the force functional f: Po(R) — A (R) is pointwise linearly bounded and
densely uniformly continuous. Then there exists a solution (o,v) of the conservation law
(1.1) with nitial data (9,0).

(2) If f: P3(R) — A (R) is densely Lipschitz continuous, then there exists a stable selection
of a solution (o,v) of (1.1) with respect to the initial data (9,v) in (F(R), Da).

(3) If f: P2(R) — A (R) is densely Lipschitz continuous and sticking, then there exists a
stable sticky solution (o,v) of (1.1) with initial data (8,7). Then St : (2,7) — o(t,-),v(t, "))
is a semigroup in (F2(R), Da).

We finish the paper by giving a number of examples of force functionals.
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Example 6.7. Let v: R — R be a continuous function satisfying
[v(x)] < Cy(1+|z|) for all z € R, (6.8)
with C, > 0 some constant. Then the operator defined by
flo] :=pov for all p € Z5(R)

is pointwise linearly bounded. It is Lipschitz continuous provided v is a Lipschitz function. Note
that f[o] is the Wasserstein differential of the potential energy (see [5])

Vo] := / V(z) o(dx) where v ="V".
R
Ezample 6.8. Let w: R — R be a continuous function satisfying (6.8). Then

flol = olwx o) = @< /R w(-— ) g(dy>) for all ¢ € 25 (R)

is pointwise linearly bounded, since

s )@ < Cu [ (1o =al) ofdy) < Cu (15 Jal + [ Iyl o)

It is Lipschitz if w is a Lipschitz function. Writing f, := w * p for all p € Z2(R), we have

@) = ful = | [ wle—a) aitast) - [ w(y—y’)gz(dy’)‘

_ ‘ | (=) = wly =) e’ ay)
< L(Iz —yl+ /M« 2" — 9| Q(dx’,dy’))

where L > 0 is the Lipschitz constant of w and g € T'op (01, 02). This implies
Us ((Ql?f@l)? (Q27fg2)> < ALW3(o1,02) for all o1, 02 € Z2(R).
Note that f[g] is the Wasserstein differential of the interaction energy (see [5])

W o] = . W (z —y) o(dz) o(dy) where w = W".

Ezxample 6.9. Let us consider the previous example with the Borel function

1 ifz>0
w(x): =20 ifz=0,
-1 ifxz<0
which corresponds to W(x) := |z|. To show that f[g] is continuous, note that

folx) =my(x) + My(z) —1 forall z € R,

where m,(z) := o((—o00,)) and M,(z) := o((—o0,]) as in (2.3). Up to rescaling and adding
constants, the function f, is the precise representative of the cumulative distribution function of
the measure p. For convenience, we define

folz) := folz) +1 forallz e R, flo]:=f,0.

We now introduce the sets

Jp 1= {x eR: o({z}) > O} and J, := U (me(z), My(z)).

T€J,
Note that J, is at most countable. If X, is defined by (2.4), then
Xo(m)=x for all m € [my(z), M,(x)] and = € J,,
fo(X,(m)) =2m for all m € Q\ J,.
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For any ¢ € Cy(R) we have

It follows that
/ (@) fole) oldz) = / P(X,(m)) (2m — 1) dm
R Q

Then the map f is pointwise linearly bounded because |f,(x)| < 1 for all z € R. It is continuous
since g, — o in P(R) implies that X,, — X, in Z?(Q2). It is densely Lipschitz continuous
since the associated functional F' is given by

FIX](m):=2m —1 forallme Q, (6.9)
which does not even depend on X € £ anymore.
Ezample 6.10. For o € Z>(R) let g, be the solution of (recall (1.3))
—02,q, = Mo —o). (6.10)

Then g, is locally Lipschitz continuous and its (opposite) derivative a, := —03¢, is locally of
bounded variation. Choosing its precise representative we then define

flo] == pa, for all p € F5(R). (6.11)

Setting Qo (z) := [ o(y) dy it is not difficult to check that
1
ap(x) = —)\(§(mg(x) + My(z) — 1) — Qg(x)> for all x € R,
so that the associated operator F' is given by
1
FIX](m) = 4(5(2m 1) - QU(X(m))> for all m € Q.

This corresponds to the Euler-Poisson system discussed in the Introduction. For simplicity, let us
consider consider the case when o vanishes.

Sticky solutions for the attractive Euler-Poisson system. In the attractive case (when A > 0) the
functional F[X] is sticking: Let Qx be defined by (1.33) and («, 8) C Qx be a maximal interval.
Then P (F[X]) is constant in (a, 8) and equal to its average over the interval. We define

[1]

(m) := /m (F[X](m) — Py (F[X])(m)) dm for all m € (a, B). (6.12)

Then E(a) = E(B) = 0. Since A > 0 and = is concave we have Z(m) > 0 in (o, §). By Lemma 2.3,
we conclude that the functional F' is sticking. Sticky Lagrangian solutions to the Euler-Poisson
system (1.1) (thus obtained as limit of sticky particle dynamics) are therefore unique and in fact
form a semigroup in the metric space (Z»(R), Ds), by Theorems 3.6, 3.10, and 3.11.

We can then apply the representation formula (3.26) and (2.9) to obtain the following result.
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Theorem 6.11 (Representation formula for attractive Euler-Poisson system). The unique sticky
Lagrangian solution of the Euler-Poisson system (A > 0) corresponding to initial data (@,v) with
o0=Xym, X €, andV =00 X, can be obtained by the formula

0

m

where X**(t,m) is the conver envelope (w.r.t. m, see (2.10)) of
m 2
X(t,m) = / (X(e) +tV(¢) — /\tz(% - 1)) de (6.14)
0

Notice that when A\ = 0 we find the sticky particle solution of [18].

Lagrangian solutions for the repulsive Fuler-Poisson system. In the repulsive case A < 0 the
function = defined in (6.12) is convex and vanishes at the endpoints of («, ), thus =(m) < 0 for
all m € (o, 8), and the map F does not satisfies the sticking condition. In this case (6.13)-(6.14)
may be different from the solution given by Theorem 3.6.

Here is a simple example for A = —2: Consider the initial data
X(m):=m—1/2, V(m):= —sign(m —1/2), (6.15)
for which (6.14) yields
1 1
X(t,m) = S(1+ ) (m —1/2)% —tjm — 1/2| —c(t), c(t) := 5 + % — 4t). (6.16)
It is easy to check that
X(t, if |m —1/2] > §(¢), t
X*(t,m) = ( tT) 1 fm = 1/2] = o(¢) where §(t) == ——, (6.17)
T30+ c(t) if fm —1/2] < 4(t), 1+4+¢
so that X (¢,-) is the piecewise linear continuous map
X(t if [m —1/2] > 6(¢ . 0
X(t,m) = (t,m) ' Im —1/2| 2 o(2), where X (t,m) := —X(t,m).
0 if |m —1/2| <6(¢), om
If we introduce
Y(t,m) := éX’(t m) = o X(t,m) =2t(m — 1/2) — sign(m — 1/2)
M T gm0 T & ’
we obtain (recalling (3.6)) that X is a Lagrangian solution if and only if
Y(t,-) — X(t,-) € dL¢(X(t,))) a.e. in (0,00).
By Lemma 2.3, we find the equivalent condition
0
a(2((75,m) —X*(t,m)) >0 in —8(t) <m<d(t), (6.18)

which is not compatible with (6.16) and (6.17). To see this, fix e.g. 0 < d < 1/2, m, :=1/2+,
and ty = 1EV1-40% W, so that 0(t+) =0 < 6(t) for every t € (t—,t;+). Then we have

X(tL,me) — X (tg,ms) =0, X(t,me) — X (t,my) >0 fori_ <t<ty,
which contradicts (6.18).

7. CONVERGENCE OF THE TIME DISCRETE SCHEME OF SECTION 1.4

In this section, we establish the convergence of the time discrete scheme of Section 1.4. Since
the proof does not substantially differ from the one provided in [8] for order-preserving vibrating
strings, we only sketch the main steps. The key point is the non-expansive property of the time-
discrete scheme. Indeed, we first observe that the rearrangement operator, even in the periodic
case, is non-expansive in .Z2(£). More precisely, we have that

1 1
/ V" (m) — Z*(m)|? dm < / ¥ (m) — Z(m)[ dm
0 0
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for all pairs (Y, Z) of maps such that Y —id and Z —id are 1-periodic and square integrable. Next,
we see that the harmonic oscillations (1.40) are isometric in phase space for (X (¢, m)—m, V(t,m)),
for each fixed m. Let (X;,, Vin), (Yrn, Wrn) be generated by the time-discrete scheme. Then

[ X7 nt1 — Yr,n+1\|?$2(9) + Vrn41 — WT,nJrl”E%fQ(Q)
<N Xrns1 = Yot ) + 1Vents = Wenai 2

= HXT,n — Yol 2(Q) + HVT,n - WT,nHEQSﬂ(Q)-

Since (X =id, V = 0) is a trivial solution of the scheme, we immediately get
[ Xr i1 = 1) %2q) + Venti 2 @) < IX =idl %20y + 1V I%2 (-

Because the scheme is translation invariant in m and (discretely) in n, we easily deduce the strong
compactness in C?(.£2) of the discrete solutions, linearly interpolated in time, for each 1-periodic

initial condition (X —id, V), first in 2! and then (by a density argument, using the non-expansive
property of the scheme) in .#2. Let us now examine the consistency of the scheme. To do that,
let us compare a solution of the discrete scheme to any smooth test function m — (Y (m), W(m))
where Y is nondecreasing and (Y (m) —m, W(m)) is 1-periodic. Since the rearrangement operator
is non-expansive and Y = Y™ is nondecreasing, we first get

[ Xr 41 = Y %2i0) + IVentr = W%z
< Xrpg1 — Y% + Vemtr — Wiz (g
= /01 {‘(Xﬂn(m) —m)cos(T) + V; n(m)sin(r) — (Y (m) — m)|2
+ |(X7n(m) — m) sin(r) = Vz n(m) cos(t) + W(m)f} dm.
One can then check that
| X7 n41 — Y||?f2(n) + IVrns1 — W||§z2(ﬂ)
< Xrm = Y30 - WH?%?(Q)

1
+or / [ (X ) = ¥ () Vi aom) — (X0 (m) —m) (Ve () — W (m)) } dm + 5

with constant & depending only on the test functions (Y, W) and the initial data (X, V). Clearly,
this estimate is consistent with the differential inequality

d 2 2
&{HX(@ ) =Yg + V(L) — W||$2(Q)} (7.1)
1
< 2/ {(X(t,m) — Y(m))V(t,m) - (X(t, m) — m) (V(t,m) - W(m))}dm,
0
valid for all pair of 1-periodic functions of form m — (Y (m) —m, W(m)) with ¥ nondecreasing,

which is nothing but the “metric formulation” of (1.36). Indeed, for a.e. t > 0 fixed, by choosing
Y = X(t,-) and W =V (t,-) £ Z for arbitrary 1-periodic Z € £?%(Q), we find that

V(t,m)+ X(t,m) —m = 0;
(1.40). On the other hand, by choosing W = V(¢,-) and Y = 0 resp. Y = 2X (¢, -), we obtain

/Xtm (t,m)—V(t,m))dm =0
/ Y (m)(X (t,m) — V(t,m))dm >0 for all Y nondecreasing with Y (m) — m 1-periodic.

This implies precisely that —X (¢,-) + V(t,-) € 8L, (X(t,-)), which gives (1.36). This concludes
the proof of convergence for the time-discrete scheme.
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