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Convex hulls, Sticky particle dynamics and
Pressure-less gas system

OCTAVE MOUTSINGA

Abstract

We introduce a new condition which extends the definition of sticky particle
dynamics to the case of discontinuous initial velocities uo with negative jumps.
We show the existence of a stochastic process and a forward flow ¢ satisfying
Xsyt = ¢(Xs, t, Ps,us) and dX; = E[uo(Xo)/X¢]dt, where Ps = PX:* is the law
of X, and us(z) = E[uo(Xo)/Xs = z] is the velocity of particle z at time s > 0.
Results on the flow characterization and Lipschitz continuity are also given.

Moreover, the map (z,t) — M(z,t) := P(X: < z) is the entropy solution of
a scalar conservation law 0:M + 0;(A(M)) = 0 where the flux A represents the
particles momentum, and (Pt, us, t > 0) is a weak solution of the pressure-less
gas system of equations of initial datum Py, uo.

1. Introduction

Our purpose is to give the most natural assumptions which allow to define
the sticky particles model, and to study its main properties. It is well
known that this model is connected with the pressure-less gas system of
equations

9 (p) + 0z(up) =0

Ay (up) + 0z(u?p) =0

p(dz,t) — Py, wu(z,t)p(dz,t) — up(z)Po(dz) weakly as t — 0F
(1.1)

when P, is a Radon measure and ug is a continuous function.

Definition 1.1. Let (u(-,¢) : ¢t > 0) be a family of real functions and
(p(-,t) : t > 0) be a family of real measures, weakly continuous with
respect to t. The family (p, u) is a weak solution of the above pressure-less

Keywords: Convex hull, sticky particles, forward flow, stochastic differential equation,
scalar conservation law, pressure-less gas system, Hamilton-Jacobi equation.
Math. classification: 52A10, 52A22, 60G44, 60H10, 60H30.
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O. MOUTSINGA

gas system (1.1) if, for any f € CL(R), the space of C'-functions on R
with compact support, and 0 < s < ¢ :

/f p(dx,t) /f p(dzx, s) //f )p(dz, r)dr
/f(w)u(x,r)p(dx,t) —/f(x) u(zx,r)p(de, s) //f 2p(de, r)dr.

The last line of system (1.1) defines the Cauchy problem of the initial
datum Py, ug, and is related to the weak convergence of measures.

In the discrete case (P with discrete support), Zeldovich [8] solved this
system from the sticky particle dynamics. Its solution is given by the mass
distribution p(+,t) and the velocity function u(-,t) of the particles at time
t.

For Py with a continuous support with no vacuum, and wug continu-
ous, E, Sinai, Rikov [5] constructed the sticky particle dynamics from
a generalized variational principle and by two functions (x,t) — ¢ (x),
u(¢¢(x),t) which define respectively the position and the velocity at time
t of the initial particle x. Using discretization of Py, the authors showed
that (Pyg; ', u(-,t), t > 0) is a weak solution of (1.1).

Independently and as in [5], Brenier and Grenier [1] solved the system
(1.1) by discretization of Py which has a bounded support and continuous
ug. Using discrete sticky particle dynamics, they obtained a limit cumu-
lative distribution function (c.d.f.) M (-,¢) which is the unique entropy
solution of the scalar conservation law

M +0,(A(M)) =0 such that M(z,0) = Fy(x) := Py((—o0,x]) (1.2)

with the flux A(m) = [7" uo(Fy ' (2))dz, ¥m € (0,1). The measure 9, A(M)
is absolutely contlnuous with respect to 0, M =: p, and a weak solution of
(1.1) is given by p and the Radon-Nycodm derivative u(-, ). Although this
solution can be interpreted by sticky particles, the authors do not obtain
the sticky particles trajectories.

In [4], Dermoune and Moutsinga defined the sticky particles model from
convex hulls, for any probability Py and any continuous bounded ug, thus
giving new proofs and completing the results of [1] and [5].

A first probabilistic interpretation (of [1, 5]) was made by Dermoune [3]
who deduced a weak solution p(dz, t)=PX; *, u(x,t)=E[uo(Xo)/X; = |
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CONVEX HULLS AND STICKY PARTICLE DYNAMICS

of the pressure-less gas system (1.1) from the ordinary stochastic differ-
ential equation

dX; = E[ug(Xo)/X,]dt as., PX,'=P,. (1.3)

In this paper, we introduce a more general condition on the initial
velocity : ug is allowed to be discontinuous, but must have negative jumps.
Indeed, this condition appears (in proposition 3.3) to be natural in order
to have a sticky particles behavior.

We state several properties of the forward flow related to sticky parti-
cles, such as its characterization or its Lipschitz continuity. To complete
[3], we show that (1.2) can be solved from (1.3), by M(x,t) = P(X; < z),
as soon as X has a forward flow property.

We study in particular the sticky dynamics of the clusters formed be-
fore or at time tp > 0, and starting with the new velocity wu,. Although
this dynamics (starting from to > 0) is often evoked in the literature, its
exact definition is new and is made possible because of the propagation of
negative jumps (along the time).

Most of the details on the present work can be seen in [7].

2. Main results

For any probability P, let its support S(P) = {x € R: Pz — e,z +
g) > 0,Ve > 0}, and the subsets S_(P) = {x ¢ R: Pz —¢e,z) >
0,Ve >0}, S4(P)={z € R: P(z,z+¢)>0,Ye >0}, So(P) = {z €
R: P({z}) > 0}. The notations S, S_, S;, Sy are preferred when there
is no ambiguity. For all real function u, we define the functions v~ on S_,
and u* on S, by

u” (z) = lim sup Jo—e.0y )/ P () , ut(z) = liminf e o) wlm) PLd0)
2P Pl —e) (e + a))

As the function u is related to (1.1), it is a priori a Radon-Nycodim

derivative (of uP w.r.t. P); thus, it is not uniquely defined on S\Sy. We

set u(z) := u (z) for z € S_\(S4 U Sp), and u(z) := u'(z) for z €

S+\(S-USp). Moreover, our version of w is required to satisfy the negative

jump condition on S :

u () >u(r)VeeS_, wulx)>ut(z)VzeS,. (2.1)

This condition is automatically fulfilled if u is continuous (on S).
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O. MOUTSINGA

Theorem 2.1. Suppose that a probability Py and a bounded real function
ug satisfy (2.1). There exists a stochastic process (Xi) solution of (1.3),
such that

1) The trajectories of this process define the sticky particle dynam-
ics whose initial mass distribution is Py and whose initial velocity
function is ug. More precisely, at time t > 0, each x := Xi(w) is
the position of the particle whose mass and velocity are respectively

P,({z}) :== P(X; = x) and w(x) := Elug(Xo)/X; = z].

2) Propagation of negative jumps : For all t, u; and the law
P, = PX; ' of X; satisfy (2.1).

3) Forward flow property : V (s,t), Xs1t = ¢(Xs, t, Ps,us), where
o(+, -, Ps,us) is a continuous forward flow defined on S(Ps) x Ry,
non-decreasing in the first variable.

Then, as in [3], the pressure-less gas system (1.1) is solved from (1.3),
by p(dz,t) := P, and u(x,t) := u(z). We can also get (1.2) from (1.3)
and the forward flow property.

Proposition 2.2. Let X be a solution of (1.3) which satisfies assertion
3) of theorem (2.1). A weak solution of the scalar conservation law (1.2)
is given by the c.d.f. M(x,t) = P(X; < x).

This result is an other proof of the one of [4], without the entropy con-
dition (defined in [2]) which requires properties of the discontinuity lines
of M. One could easily get this entropy condition, if one could show that
these discontinuity lines coincide with the trajectories of sticky particles.
We make the conjecture that it is indeed the case in section 4, where we
give a description of these trajectories (Fig. 1 and Fig. 2).

In fact, M is the entropy solution because it is related to Hamilton
Jacobi equation. Indeed, one can see in next section that the process X
of theorem 2.1 and its c.d.f. M are given by convex hulls. Then, Hopf’s
formula leads to the following, as in [4].

Proposition 2.3. The function (z,t) — U(z,t) = [ M(y,t)dy is the
viscosity solution of the Hamilton-Jacobi equation 0¥ + A(0,¥) = 0,

U(z,0) = [y Fo(y)dy. Hence, M is the entropy solution of the conserva-
tion law (1.2).
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CONVEX HULLS AND STICKY PARTICLE DYNAMICS

Proof of Proposition 2.2. For all (x,t), let Fi(x) = M(x,t). As a weak
solution of (1.2), M must satisfy
[ [[M(z,t)0ih(x,t) + A(M(2,1))d:h(x,t)]dedt =0 Vh e CLR x RY).
Let A be the Lebesgue measure and define the random vector (Fy *, F; 1)
on the probability space ((0,1), B, A). One has F, ' = ¢(Fy ', t, Py, us),
so (Fy ', F7') has the same law as (Xo, X).
Hence, the Heaviside function H = 1jg ;o gives M (z,t) = EH (v — X;)
and A(M (z,t)) = E(uo(Xo)H(z — Xy)).

Then, using the Dirac measure dx, of atom Xy, one gets

/ / Ouh(z, )M (z, t)dedt = E / / Ouh(x, t) H (z — X,)dwdt
—E / / h(z, 1)5x, (dz)dX, = —E / / uh(z, t) H(z — X)dX,de
_ _/ Buh(z, )E (ug(Xo) H (z — X,))dadt

_ _/ uh(z, ) A(M (z,))dedt |
O

Theorem 2.4. (Flow characterization) The following properties char-
acterize the forward flow of the sticky particles with initial mass distribu-
tion P and initial velocity function u (which are supposed to satisfy (2.1)).
)Vz, ¢(z,0,Pu)=umc.

2) For allt, xw— ¢(x,t, P,u) is continuous and non-decreasing.

3) For all (z,t), E(z,t) :={y : ¢(y,t, P,u) = ¢(x,t, P,u)} satisfies

Je(eln + tu(n)] P(dn)

¢($,t,P, u) = P(E(ac,t)) if P(E(xat)) >0,
¢(z,t, Pyu) =z + tu” (z) if P(E(z,t))=0, ze€8_,
o(z,t, Pyu) = x + tu™ () if P(E(x,t))=0, €84

4) If E(z,t) = [a, BN S(P) then Yy € [a, (] s.t. P([a,y))P((y,53]) >0 :
Jiawp 1+ 1P (dn) [y [0+ tu(m) P (dn)
P(la,y)) B P(E(z,t))

P((y, 8])

Moreover, one or all the intervals can be closed in y.
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O. MOUTSINGA

Proposition 2.5. (Lipschitz continuity) Let (P, u¢,t > 0) be defined
as in theorem 2.1, and let C > |Jug|[oc- Y1 >0, ¥s,5', Vo <y in S(F),

|¢(x,SI,Pt,Ut)—¢(y,8,Pt,Ut>’ < C‘S/_8’+’x_y|
+s sup  (ug(e) —u(8)) . (2:2)
2<B<a<y
Vit >0, [|ut||loo < ||uolloo and one has the (Elenick type entropy condition
ug(22) — ug(1) <t (z0 — 21) Vo <z in S(F) . (2.3)
Then, ¥Vt >0, Vs,s', Va,y € S(P),
’gf)(ﬁ, ‘9/’ Ptvut) - ¢(y7 S5, Pt,ut)| §C|S/ - S| + “T - y’(l + Stil) : (2'4)

In next sections 3 and 4, some results are similar to [4]; but all the
proofs must hold account of the discontinuity of ug, and are obtained by
the convex hulls properties.

3. The sticky particle dynamics

Let Py be any probability measure with cumulative distribution function
Fy, and ug be a real function with negative jumps (2.1) on the support S
of Po.

In our construction, each particle, of initial position z, is indexed by
the total mass Fy(z) of itself and all the initial particles situated on its
left; and each mass m indexes two initial particles F; *(m), F;'(m) which
can be confused or separated by a vacuum. We recall that the two inverse
functions of Fjy are defined for all m € (0,1) by

Fg_l(m) = inf{z: Fy(x) >m}, F;'(m)=sup{z: Fy(zr) <m}.

The function F; Uis cadlag and its left-hand limit is Fy L In the sequel,

Fy 1 will stand independently for Fg_1 or I ! (which are equal almost
everywhere). For all ¢ > 0, let H(-,t) be the lower convex hull of any
primitive of Fy!(-) 4 tug(Fy '(+)) :

m e (0,1) — /am [F(fl(z) + tuo(Fgl(z))} dz =: p(m,t) (3.1)

(with @ € (0,1)), i.e. the greatest convex lower bound for ¢(-,t).
We define the sticky particle dynamics with initial c¢.d.f. Fy and initial
velocities given by ug, as follows.
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CONVEX HULLS AND STICKY PARTICLE DYNAMICS

Definition 3.1. (Sticky dynamics) The initial state of the particles is
defined by the set of images m € (0,1) — F, ' (m), Ey N (m).

While there is no collision, particles move with constant velocities de-
fined initially by wug; the state of the particles at time ¢ is given by
m € (0,1) — F; 1 (m) + tug(Fy ' (m)), Fyt(m) + tug(Fy ().

After the first collision, the state of the particles at time ¢ is defined by
m € (0,1) — 8, H(m,t) =: zg(m,t), O H(m,t) =: z4(m,t).

Note that in abscence of collision, the definition seems to depend on the
choice of a version of g, which is arbitrary for z := Fg_l(m) = F;'(m)
if ug (z) > ug (z). In fact, it is not the case since we show that such a
particle of initial position x is collided immediately after time zero (see
proposition 3.2). This fact is due to the negative jump condition (2.1)
which is also necessary here to guarantee the coherence of our definition
with a sticky dynamics, 4.e. particles do not disintegrate.

The idea of using such a condition (2.1) comes naturally from the fol-
lowing inequalities obtained from the convex hull. For all ¢, let & be the
set of abscissas of extremal points of H(-,t). Vm € & :

Fy N (m) + tug (F; ' (m)) < z4(m, t)

< zg(m,t) < Fy'(m) + tug (F; ™ (m))
if Fg_l(m) ¢ So and F; ' (m) ¢ So; ug (resp. ug) is replaced by ug when
F1(m) € Sy (resp. when Fd_l(m) € &p). This is simply given as limits of

g
rates of increase of (-, t), and by definition of ug , ugd. Using the negative

jump condition (2.1), these inequalities become

FyH(m) + tug(Fy ' (m)) < ag(m,t) < zq(m,t) < Fyt(m) + tug (Fy ' (m))

(3.2)
that we call fundamental property of convex hulls.
Proposition 3.2. (Coherence property) We have
xg(m,t) < z4(m,t) = Fg_l(m) < F;'m). (3.3)

Moreover, the state of particles at time t is determined by &, and one has
E CE Vs <t

Proof. (3.3) comes from (3.2). For m ¢ &, Imi,ma st. my < m <
ma, (m1,ma)NE = 0. Hence x4(m,t) = xq(m,t) = xq(mi,t) = z4(ma,t).
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O. MOUTSINGA

This shows also that the state of particles at time t is given by elements
of (c;t.
Last assertion comes from the definition of m € & : Vm; < m < meo,
S [Fo () + tuo (Fy ' (2)) ] d2 _ By (2) + tuo(Fy ' (2))] d=

m —ma mo — M

Seeing the fractions as functions of ¢ (straight lines) which start respec-
tively from [ Fy ' (2)dz/(m—mq) < [ Fy Y (2)dz/(ma —m) , it follows
that m € &, Vs < t. O

Assertion (3.3) implies that initial particles do not disintegrate. The
second assertion suggests the fact (confirmed in proposition 4.2) that the
particles have a sticky behavior, because their “number” decreases.

4. Forward flow

For all ¢, let us define & = {m : (z, m)NE #D, Vz<m}, & ={m :
(m,z)N&E # 0, Vz > m}. From (2.1) and the simple limits of rates
of increase of the function ¢(-,t) (given in (3.1) and which coincides with
H(-,t) on &), we obtain the exact expression of the positions. For all m, ¢
and consecutive my,mg € & :

Fgfl(m) 4 tug (F;l(m)) ifmeé&
zg(m,t) = St [F(fl(m) + tuO(Fgl(m))} dm if m € (mq, mo]
Ty — T 7
(4.1)
Fr(m) + tuo (F (m)) if me &
zq(m,t) = Jme [F(fl(m) +t“0(F51(m))} dm if m € [my, ma)
Ty — My o
(4.2)

Let € € {g,d}. In order to study the properties of trajectories, we define
for all =, ¢ :

M, (x,t) = sup{m : zc(m,t) <z}, M*"(z,t)=1inf{m : z.(m,t) >z} .
(4.3)

These functions do not depend on e. M, (z,t) is the mass of all clusters
whose positions at time t is less than z; the mass of the cluster of position
xis M*(x,t) — My(z,t).
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CONVEX HULLS AND STICKY PARTICLE DYNAMICS

Theorem 4.1. Let C > ||up||oc. We have Vm,t,s,
|ze(m,t) — xe(m, s)| < C|t —s|,
lim ze(m,t + h) — xc(m, t)

h—0t h

except if xg(m,t) = xq(m,t) =: z, Fg_l(m) < F;'(m) and M.(z,t) =
M*(z,t), with

= u(xe(m,t),t) ,

o { [, V=
, B (et <

(4.4)
Furthermore, t— u(z:(m,t),t) is cadlag.
Proof. The proof is due to (4.1) and (4.2), to the following four possibilities
and to following propositions 4.2 and 4.3. Let my(t) = M, (x-(m,t),t),
m*(t) = M*(x-(m,t),t) ¥V (m,t), and let s > ¢t.
1) If mu(s) < m*(t) and ms«(t) < m*(s), then the fact that m.(s), m*(s)
are consecutive in &, with m.(t), m*(t) € [my(s), m*(s)], implies that
o(my(t),s) — o(m*(s),s) o(my(s), s) — p(m*(t), s)
my(t) — m*(s) ma(s) —m*(t)
(with ¢ given in (3.1)). As m(t), m*(t) are also consecutive in &, one has
o (my(t),t) — p(m*(s),1) o(my(s),t) — o(m*(t),1)
m.(t) — m*(s) ma(s) —m*(t)

S xE(ma S) S

Z xs(ma t) 2

Using the fact that o(m/,r) = ¢(m’,0) + rA(m’) ¥(m’,r), one gets
Alma(®) — AG*(6)) _ aalm,5) = aalm, ) _ Alma(s) — A(m(0)
my(t) — m*(s) - s—t - my(s) — m*(t) ’

2) If m = m.(s) = m*(t) < m*(s), then

xg(m,s) —xq(m,t) = (s — t)ug (Fgfl(m)) ,
A(m*(s)) — A(m) _ zq(m,s) — zq(m,t) _
(s —m o : s—td = to (Fdl(m)> ’

Indeed, for the first result (with e = g), the fact that m = m.(t) = m.(s)
implies that m € & N &;, and one concludes with (4.1). In the result
with ¢ = d, the left-hand side is obtained as in 1). For the right-hand
side, the equation m = m*(t) implies that m € &, then zq4(m,t) =
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Ey(m)+tug (F ) From (3.2), zq(m, s) < F; ' (m)+sug (Fgl(m)).

3) If my(s) < ms(t) = m*(s) = m, then (as previously)

zq(m, s) — xzqg(m,t) = (s — t)ug (Fd_l(m)) ,
zg(m, s) — xzg(m,t) < A(my(s)) — A(m) ‘

s—t - my(s) —m

ug (F;1 (m)) <

4) If my(s) = m*(s) = m, then m € & N& NESNES,
ze(m,t) = (s — t)ug (F_l(m))

€

s0 z-(m,s) —

The Lipschitz continuity is then immediate. The derivative of ¢ — z.(m,t)
has thus the form (4.4), provided by the fact (shown in proposition 4.2)
that the functions t +— m.(t), m*(t) are cadlag. This fact implies also the
cadlag property of t — u(xe(m,t),t). O

The velocity is not defined when z4(m,t) = zq(m,t) =z, F;(m) <
E;yY(m), m = mu(t) = m*(t). In this case, m € £ NES Vs < ¢, and
ze(m, s) = F- 1 (m)+suo(F ' (m)). Thus, ug(F,; ' (m)) > uo(Fcfl(m)) and
one can define u(z,t) as any value of [ug(F;*(m)), up(F,; ' (m))]. Remark
that for all s # t, the velocity is well defined in the theorem Indeed, as
functions of s which coincide at ¢, one has z4(m,s) < xzq4(m,s) Vs < t.
For s > t, one gets F, ' (m) + sug(F, *(m)) > E; N m) + sup(Fy H(m)), so
m ¢ & (from (3.2)), and m.(s) < m <m*(s), x4(m,s) = xq(m,s).

The following results show that clusters grow up.

Proposition 4.2. 1) The functions M.(-,t) and M*(-,t) describe the
whole set &;.
2)Vee{g,d}, Vm, Vs>t :

M, (xe(m,s),s) < My (ze(m,t),t) < M* (zs(m,t),t) < M* (x:(m,s),s).
3) The functions t — M (x-(m,t),t), M*(x(m,t),t) are cadlag.

Proof. 1) One can see that V (z,t), M.(x,t), M*(x,t) € &. Moreover,
Vm € &, one has

<p<m7 t) - 90(217 t) < go(m, t) - @(227t)
m— 2z m — 2o '

Vzi <m < z9,
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CONVEX HULLS AND STICKY PARTICLE DYNAMICS

Let us define

t) — t H t) — H(z,t
pi B Pt) _ Hm) HGD
z<m m—z z<m m—z

These equalities follow from the definition of H and z4. As z4(-,t) is non-
decreasing and by definition of M, (x,t), one gets m > M,(x,t). In the
same way, m < M*(z,t). As M.(x,t), M*(z,t) are consecutive in &, i.e.
(M (z,t), M*(z,t)) N E = 0, one gets m € {M,(x,t), M*(z,t)}.

2) Vt, one has m.(t),m*(t) € & and (m.(t),m*(t)) N & = 0. For s >
t,Es C & (see proposition 3.2); so (m.(t), m*(t))NEs = 0. This implies that
ma(s),m*(s) ¢ (ma(t), m*(t)). As [mu(t), m* ()] N0 [m(s), m*(s)] D {m},
one gets [my(t), m*(t)] C [m.(s), m*(s)].

3) This is a consequence of the monotonicity of the functions, with asser-
tion (b) of next proposition. ]

Proposition 4.3. (Regularity of M, and M*)
(a) z <2/ = M*(z,t) < M(2',t) Vt.

(b) If m is a value of adherence of M,(x',s) or M*(a',s) as (2, s)
tends to (x,t), then m € [My(z,t), M*(x,1)]

(c) V(z,t), M.(xz+0,t)=M*"(x+0,t) = M*(z,t),
M. (x —0,t) = M*(x — 0,t) = M (z,1).

(d) M, (resp. M*) is continuous in (x,t) if and only if M.(z,t) =
M*(x,t).
Furthermore, lm M*(xz,t) =0, lim M*(z,t) = 1.

T——00 T—+00

(e) If Mi(z,t) < M*(z,t), thenVm € (M (z,t), M*(x,t)),

A(m) — A(M,(x,t)) S A(m) — A(M*(z,t))
m — M, (z,t) - m— M*(x,t)

One can see that M*(-,t) is a c.d.f.

Proof. (a) If z < 2/, then for all m < M*(x,t), one has x.(m,t) < 2’; so
by definition, M,(z',t) > M*(z,t).
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For assertion (b), one uses the fact that for all (z,t), the function m
©(m,t) — xz(m — a) reaches its lower bound in [M,(z,t), M*(x,t)):

@(M*(xvt)’t) - :C(M*(x’t) - a) = @(M*(xvt)’t) - x(M*(x’t) - a) )
o(m,t) —x(m —a) > p(M(z,t),t) — x(My(z,t) —a) Ym;
o(m,t) —x(m —a) > p(M(x,t),t) — x(My(z,t) — a)

Let (m, x,t) be a value of adherence of (M, (2/, s), ', s) or (M*(2/,s),2’, s).
One has o(m’,s) —2/(m’ —a) > p(M.(2',s),s) — ' (M (2, 8) —a) Vm/.
Then, by continuity, p(m/,t) — z(m’ —a) > o(m,t) — z(m —a) Vm/,
which means that m € [M,(z,t), M*(x,t)].

Assertions (c) and (d) are immediate consequences of (b).

For assertion (e) : let us define, for all s,

@(m, 8) — (p(M*({L‘,t),S) _ QD(M*(ZEJ)?S) — go(m,s) ]

di(s) = dy(s) =

1(s) m — M, (z,t) o () M*(z,t) —m
One has di(t) > da(t) by definition of M,(z,t), M*(x,t). As di(0) <
Fg_l(m) < F;'(m) < dx(0), one gets the desired result : ¢~1(d;(t) —
d1(0)) = ¢t~ (da(t) — d2(0)). u

Forward flow indexed by initial positions

Now, we define precisely a cluster at time t as the set of all initial particles

Ey(m), F;1(m') which have the same position p = zq(m,t) = z4(m/, t).

Let & be the set of these clusters.

Proposition 4.4. (Construction of clusters) The set & is a partition
of the initial support S. Furthermore, the slope of a segment (or simply
a derivative) on the graph of H(-,t), given by abscissas [mi,ma], is the
position at time t of a cluster {F;l(ml),FJl(mg)} NS which has mass

mae —my, where €, € {g,d} are given as follows :

1) m1 < mg consecutive in & (case of massive clusters) :
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ml\mQ Ty <4 Ty =14

Tg < Xq {Fgl(ml),Fgl(mg)} NS [Fd_l(ml),Fd_l(mg)} NS

2y = za || [Fy M), By ma)| 08 | [By ), By ma)| 018

2) my = my = m € & NE&, z4(m,t) = za(m,t) (first case of
massless clusters) : {F; 1 (m), F;1(m)} is a cluster not isolated on
the left nor on the right in &; the two particles (if not confused)
stick together at time t and were not shocked before.

3) mi = mg = m, x4(m,t) < x4(m,t) (second case of massless
clusters) :
If m e & NET, then {F;(m)}, {F;1(m)} € & and these parti-
cles, separated by a vacuum, were not shocked until time t.
If m € E\E', then {F;'(m)} € & and this particle was not
shocked until time t (and Fy*(m) is in a massive cluster given in
1)).
If m € EN\E, then {F;'(m)} € & and this particle was not
shocked until time t (and Fgfl(m) s 1n a massive cluster given in

1)).

These results arise immediately from the above expressions of x4, z4.
As a consequence, we get the generalized variational principle (GVP) in-
troduced in [5]. If Py(G) > 0, let us define

C(G, 1) == (Ro(G))™! /G [+ tuo ()] Po(dr)

Proposition 4.5. (GVP) For all cluster [, 5] NS at time t, we have
Vyr <a<ys st Po(lyr,@))Po(fa,y2)) >0 -

C(y1, @), t) < C([a, y2) t); (GVP),
Vo < B<uy2 st Po((y1,B])Po((B,92]) >
C((y1, B],t) < C((ﬂ,yz] ) (GVP)q
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Vy € [Oé,ﬁ] s.t. PO([avy))PO((yvﬁ]) >0

C(la,y), 1) = C(lev, 8, 8) = C((y, 8, t) (4.5)
and one or all the intervals can be closed in y; if Py([o, 5]) > 0, then
a+tup(a) > C(la, 5], t) > B+ tug(B) . (4.6)

Proof. In proposition 4.4, [«, 5] is given by m; = Fy(a — 0) =: M, (z,1),
mg = Fy(B) =: M*(z,t), with = z4(m1,t) = x4(ma,t). As in the proof
of proposition 4.3, one has

o(m,t) — (M (x,t),t) > z(m — My(z,t)) Vm,

@(mat) - SD(M*(:E?t)’t) > $(m - M*(l',t)) vm ¢ [M*({L‘,t), M*(xat)] :

Then one gets (GVP)g4, (GVP)4 and (4.5), using the change of variable,
for all locally integrable f and m < m’ : if m,m’ € Fy(R),

[ @z = /<F—1(m) sy TP

if me Fo(R — O), m' e F()(R),

[ aE = [ )Rl
m [F (m),Fy ' (m)]

For (4.6), if « € Sy US4 and § € Sy U S_, one gets the result from
(4.5) wheny | cand ¢/ 1 8. If o« ¢ Sy U Sy, then a = Fg_l(Fo(a)) and
zy(Fo(a),t) = a+ tug(a) = zq(Fo(e),t) = C([a, B, t) by construction of
the cluster. In the same way, C([a, f],t) = 8+ tup(8) if ¢ SoUS—. O

Let us define

¢ (z,t, Py, ug) = { z4(Fo(z),t)  if 2€S_US,

xq(Fo(z),t) if xe€ S+\(Sf U S[)) .

This function defines the trajectories of particles since for z € S_ U Sy,
one has x = Fg_l(FO(x)); if not, x = F; ' (Fo(z)).

Corollary 4.6. 1) For allt, the function x — ¢(x,t, Py, ug) is continuous
and non-decreasing on S.

2)V(x,t) € S xRy,
d(x,t, Py, ug) = { C(le,, B),t) if x€[o, NS massive cluster

x +tug(z) otherwise .
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3) Take C > ||ugl|oo. V2 € S,Vs,t:
\qﬁ(x,t, Po,U()) - gﬁ((]},S,Po,Uo)’ < C’t - S’ )
(b(&f,t + h, P(),U()) — ¢(x,t, Py, UO)

hli%l—&- h = ’U(CE,t, POaUO) ;
Jia,g vo(m)Po(dn) ‘
v(@, . Py, ) = Py, B)) if x € [a, ] NS massive cluster
uo(x) for massless {z} € &.

Moreover, for all x € S, the function tw— v(x,t, Py, ug) is cadlag.
4) For any cluster [a, /]S € &, the trajectory s € [0,t] — ¢(a, s, Py, ug)
is concave, and the trajectory s € [0,t] — ¢(8, s, Py, ug) is convex.

Proof. Any cluster [, 5] NS is given, in proposition 4.4, by m; = Fy(a —
0), mo = Fo(ﬁ)

1) f aeS_, then a = Fg_l(ml) = Fg_l(Fo(a)), my € & and

limzy(Fo(x),t) = limxzq(Fo(x),t) = lim ¢(z, t, Py, ug) = x4(m1,1t)
zTa rTa zTa
= o+ tuo(a) = xg(Fg(a), t) = (;3(04, t, Po, UO) .

Idem for 8 € Sy : ¢(B,t, Po,u0) = B+ tug(B) = liflg d(y,t, Po, uo).
v

Moreover, for z < y in S s.t. Fo(x) < Fy(y), one has ¢(x,t, Py, up)
zq(Fo(z),t) < zg(Fo(y),t) < é(y,t, Po,uo). If Fo(x) = Fo(y), then x
S_USy, y € S+\(S_ US()) so ¢(z,t, Py, ug) = a:g(Fo(x),t) < zq(Fo(y),t)
¢(ya t POv UO)-

2) For z € [, B]NS, one has thus ¢(z,t, Py, ug) = x+tug(z) if Py([a, [])
0. If not, one has m; < Fy(z — 0) < Fy(z) < ma, and then z4(m;,1)
o(x,t, Po,uo) = .Ig(TYLQ,t) = C([Fcfl(ml)’ Fg_l(mQ)]vt) = C([a, B, ).
Part 3) is an application of theorem 4.1.

4) Let us show that s € [0,t] — v(a, s, Py, up) is non-increasing. Define
[a(s),B(s)]NS ={y €S : éy,s, Po,up) = ¢(a, s, Po,up)}. As clusters
grow up, one has a = a(s') = a(s) < B(s) < B(s') < B, Vs < s’ <t.

If Py([er, B(s)]) > 0, then

I mIA

Jia 50y wo(m) Po(dn)
Po([a, B(r)])
One has (from (4.5)) C([a, B(5)],s") > C([ev, B(s")], '), with
C(la, B(r)], s") =C(lev, B(r)], 0) + s'v(cv, 7, Po,ug)  Vr € {s,s'},

U(Oé,?“, P(],U(]) = Vre {S,Sl} .
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0 < Po([e, B(8")]) with o = (s), the result comes from
up(a), o+ s'up(a) > C([ev, B(8")], 8") given by (4.6).
= 0 with a = 3(s), then v(a, s, Py, up) = v(a, ', Py, up) =
uo(a).
If Py([ev, B(s)]) = 0 with a < 3(s), then v(a, s, Py, up) is not (well) defined;
but there can exist atmost one such s.

The proof of the convexity of the trajectory of 3 is analogous. O

These trajectories then give a butterfly with folded wings (Fig.1). In
contrast, the endpoints of a vacuum give a butterfly with spread wings
(Fig. 2); the whole interior of the butterfly is then a vacuum.

«a x
Fig. 1. Trajectories of the endpoints of a cluster [«, f]
before their collision at position z and time £.

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

x @
Fig. 2. Trajectories of the endpoints of a vacuum (3, o)
before their collision at position x and time ¢.
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Discontinuity lines

Here, we exhibit and describe some discontinuity lines of the entropy so-
lution M of (1.2), i.e. curves of discontinuity points (z(t),t) of M; they
are usually used in the resolution of this equation ([2]).

As a consequence of proposition 2.3, the function (z,t) — M(z,t) =
M*(xz,t) = P(X; < x) given in the proof of theorem 2.1, is the entropy
solution of (1.2), with X;(y) = &(y,t, Po,up). Then, the trajectory of a
massive particle y, illustrated in the above figures, is a discontinuity line of
M, since M(X¢(y)+0,t)— M (Xy(y)—0,t) = M*(X¢(y), t) = M (Xe(y), t) =
Fo(y) — Fo(y — 0) = Py({y}). All the discontinuity lines of the entropy
solution are not known a priori. We make the conjecture that they coincide
with the trajectories t — X;(y), motivated by the following property of
the entropy solution (see [2]) : for all discontinuity line ¢ — z(t),

dz(t) _ AM*(2(t),1) = AM(2(1), ) _ Jia(o,p0ey vo () Foldn)

di M*(x(t), t) — Ma(x(t),1) Po([a(t), B1)])
with [a(t), B(t)] NS = {X: = z(t)}. Hence

(y), Vyela®),B®)]NS.

dt At
5. Proof of the main results

We recall that the probability Py and the velocity ug satisfy the negative
jump condition (2.1), and Fy is the c.d.f. of Py; for G C R such that
Ry(G) >0, C(G,1) = (R(G)) " Jg [n + tuo(1)] Po(dn).

5.1. Flow characterization and Lipschitz continuity

Proof of Theorem 2.4. We give the proof with P = Py, u = ug. The sticky
particles flow ¢(-, -, Py, up) already satisfies these four properties. Let ® be
a function which satisfies these four properties. Property 2) shows that for
all (z,t), there exist «, 8 € S such that

E(x,t):={yeS : ®(y,t) =D(z,t)} = [, 5]NS .

We will show that E(x,t) € & . First, let us show that each right endpoint
B1 (of an E(z,t)) and each left endpoint ag (of an E(z',t)) such that
Py((f1,2)) > 0, satisfy @(51,t) < C((B1,a2),t) < ®(aa,t). Let the
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stochastic process (X¢(z) := ®(z,t), t > 0) be defined on (R, B(R), )
and P, = POX[]L7 D = 5y(F;). It easy to see that for all ¢,

X = E[Xo + tuO(Xo)/Xt]lp(Xt) + (Xo + t’LLo(XO))ch(Xt)
= E[XO + tuO(Xo)/Xt]

since for Xi(y) ¢ D, X¢(y) = y + tuo(y) if y € (S-)A(S4), and Xi(y) =
y+tug (y) = y+ tud (y) if y € S_ N Sy; in the last case, (2.1) implies
ug (y) = ug (y) = uo(y)-

So, using the fact that C(G,t) = E[Xo + tug(Xo)/Xo € G] for massive
G, we get the desired result from

C((B1,a2),t) = E[Xq + tuog(Xo) /1 < Xo < ag]
= E[Xo + tuo(X0)/P(B1,t) < Xi < (a2, 1)]
= E[Xt/‘P(ﬁl,t) < X < q)(OéQ,t)] .

For all y1 < a < y2 s.t. Po([y1,a))Po([a, y2)) > 0, let 31 be the right
endpoint of E(yi1,t), and ag be the left endpoint of E(ys,t). Suppose
that Py([y1, 51])Po((B1,a)) > 0. One has 1 < a < ag and ®(f5,1t) <
C((p1,a),t) < ®(a,t). Because of the fourth property C([yi,01],t) <
®(01,t), this gives C([y1, £1],t) < C((f1, ), t) < ®(av, t), so one gets from
barycenter calculus C([y1, ), t)<®(a, t). When Py ([y1, £1]) Po((61, ) = 0,
the result is the same. If yo < [, the fourth property says ®(a,t) <
C([ev,y2),t). If B < ya with Py((B,y2)) > 0, then 5 < ag and this leads
(as for yi,a) to ®(5,t) < C((B,y2),t). Using ®(3,t) = C([a, f], 1) if
Py([ev, B]) > 0, one gets from barycenter calculus

C([y17 a)vt) < C([av y?)vt)’

which means that a satisfies (GVP), (defined in proposition 4.5).

In the same way, (3 satisfies (GVP)4 at time ¢, and these two endpoints
satisfy the whole proposition 4.5 (the fourth property gives (4.5) which
implies (4.6)). There exist [a,b] NS, [a/,b'] NS € & such that a € [a, ],
B € [a,V]. Suppose that [a,b] = [da’, V']

If Py([a,b]) = 0, then ®(z,t) = = + tug(x) = ¢(x,t). If Py([a,b]) > 0,
only one of the probabilities Py([a, «)), Po([a, 8]) or Po((5,b]) is positive;
in the contrary case, C([a, ), t) < C([a,b],t) or C([a,[],t) < C((5,b],t)
would contradict property 4) for [a, b]. Now, suppose that Py([a,«)) > 0 =
Py([er,b]). One has a < «, and then o ¢ S_; indeed, if o € S_, there exit
an,y Bn T a st Elap,t) = [an, o] NS, Po([a,an))Po([am, ) > 0, and
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then C([a,an),t) < C([an,b],t), since o, satisfies (GVP),. Necessarily,
a€ S, s0a=p=>b=uz Thus ®(x,t) = x + tup(x), and as in the proof
of (4.6), ¢(x,t) = C([a,x],t) = x+tup(z). One gets the same result, either
when Py([a,(]) = 0 < Po((8,b]) (with ®(z,t) = ¢(x,t) = a+ tup(a)),
or when Py([a, f]) > 0 = FPo([a, ) U (8,b]) (with ®(z,t) = ¢(z,t) =
C([a, B),1)).

In the same way (as for z), one has ®(a,t) = ¢(a,t) = ¢(b,t) = P(b,t),
which means that « = a, 6 = b.

With the same arguments, the case [a,b] # [d/,V], i.e. b < d/, is in
contradiction with the fourth property. O

In order to prove theorem 2.1, we define the process (x,t) — Yi(x) =
¢(x,t, Py,up) on the probability space (R, B(R), Py), and the processes
(m,t) — X; (m) = z4(m,t), X; (m) = z4(m,t) on the probability
space ((0,1),B,)), where X is the Lebesgue measure. It is clear that
the processes (X; ), (X;) are not distinguishable : a.s., X; = X, =:
X, ¥Vt >0, and X, = &(Xo,t, Po,uo) Vi > 0.

Both processes (X;) and (Y;) are illustrations of theorem 2.1.

Proof of theorem 2.1. 1) In the case of Xy = F(;l, we consider the previous
process (X;). By the definition (4.3) of M*, one has X; = F, ! where
Fy := M*(-,t) is the c.d.f. of X;. Theorem 4.1 shows that (X;) is almost
surely Lipschitz continuous. Moreover, if D := {z : Fi(x) > Fi(x — 0)},
then using theorem 4.1 and the same argument as in the previous proof,
one gets

% = u(Xy,t) = up(Xo)1pe(Xt) + Elug(Xo)/Xe]1p(Xy)
= Efuo(Xo)/X4].

In the general case of PXO*1 = Py, the process X; := ¢(Xo,t, Py, up) is
also Lipschitz continuous and we get again the same result from corollary
4.6.

2) Now, we show the negative jump condition (2.1) for P, :== PX; ! and
up = u(-,t). Let S, Sp, S—, S+ be the support of Py and its subsets defined

in section 2. We recall that the functions wu; , u;” are respectively defined
on S_(F), S+(F) by
Jiwr oy we(n) Pr(dn) .

B . e e () B(dn)
S S () B = S T ()
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One has S_(Pt) C ¢(3_,t, Po,uO), S+(Pt) - ¢(S+,t, P07u0). If z €
S_(P) and G(z,t) :=={y € S : ¢(y,t,Py,up) = =} = [, 5] NS then
a € §_. Thus, writing G(2/,t) = [/, /] NS in the term defining u; , one
gets

Jiw<xicay u(X)AP [rocx, oy uo(Xo)dP Jro<xy<ay to(Xo)dP
PHr <Xy <=x})  PHzr<Xy<z}))  PHd<Xo<a}) '’
Jiar ) wo(n) Po(dn)

u; (z) = limsu : =1ug (@) = up(a) . 5.1
¢ (@) = limsup = ) o (@) =uo(a) . (5.1)

If v € S_(P;) NSo(F;), then (4.6) gives o+ tu; (x) > =z = C([a, f],0) +
tug(x), so u; (x) > u(x). In the same way, us(x) > v (x) for z € Sy (P)N
So(P;), since

Je g o (n) Po(dn)
() — Tim inf 2 B8] — (B —
up () = lim inf I (B) =uo(B) . (5.2)
If € S_(P) NS (P)\So(P;), one has u; (x) = ug(a) > up(B) = uf ().
If @ = 3, then w(z) = ug(a) = u; (z) = u (z) = If a < 3, then
up(a) > up(B) and the velocity is not defined, but one can define u:(z) €
[uo(), up()]; the set of such a’s is at most countable.
For z € S_ ( )\(8+(Pt) USO(Pt)), o = ﬁ S Sf\(SJr USO), SO ut(x) =
uo( ) = uy (). In the same way, for z € Sy (P;)\(S—(P)USo(P)), us(x) =
uf () = uo(B).
3) The flow (z,s) — ¢(x, s, P;,uz) is then well defined. Let us define

(z,s) — Y(x,s) == d(y,t +5,Po,u0) Yy st. ¢(y,t, Po,up) = .

This function is also well defined because clusters grow up. The following
lemma 5.1 then implies that ¢ = ¢(-, -, Py, uy). O

Lemma 5.1. Let (P;,u,t > 0) be defined as in theorem 2.1. If a function
1 s such that

7/)(¢(?J,75, P07u0)7 3) = (b(y,t + s, P07u0) v(ya 8) € S(PO) X RJr )
then Y(z,s) = ¢(z,s, Pyu) V(x,8) € S(P) x Ry
Proof. Let us show that ¢ = ¢(-, -, P;, u¢), by proving that v satisfies the
characteristic properties of theorem 2.4 with P = P,, u = u;. Properties 1)
and 2) are immediate. For property 3) while P;({a : ¥(a,s) = ¢(x,s)}) >
0, we remark that

(-, 8) = Ep,[tho + sus (o) /2(-,5)] Vs
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on (R, P;), where 1)y is the identity function. This comes from the process
(X¢(z) = ¢(x,t, Po,up) ,t > 0) defined on (R, Fy), which satisfies for all
s, 1, ur(Xy) = Epy[uo(Xo)/Xe], 0(Xeqs) C 0(Xy), so Epyuo(Xo)/Xiss] =
Ep, [ut(X:)/Xt1s). The fact that X; = Ep, [Xo+tuo(Xo)/X¢] and Py X, ' =
P; then leads to
P(Xt, 8) = Xeys = Epy [Xo + tuo(Xo) / Xers] + sEp, [uo(Xo)/ Xi+s]

= Ep [ Xt/ Xtys] + sEpy[us(Xe) / Xig.s]

= Ep[Xi + suy(Xy) /1(Xy, 5)] = Ep, [tho + sui(tho) /1b(-, 8)](Xe) -

What about elements B(z,s) := {a € S(&) : ¢¥(a,s) = ¢¥(z,s)} such

that P;(B(x,s)) = 07 As (-, s) is continuous and non-decreasing, there
exist a,b € S(P;) such that B(x,s) = [a,b] N S(FP;). One has {y € S :
¢(y7t + S, P(),’LLQ) == ¢($7 8)} = [a7l8] N S € ft-i—s Wlth a = ¢(a7 t7 Pﬂvuﬂ)y

bhz o(B,t, Po,uo), Fi(la,b]) = Po([e, 8]). If Fi(la,b]) = Po([e, B]) =
there are two cases.

i) x = a € S_(F;): in this case, a is an accumulation on the left of elements
of S(P,) = ¢(S,t, Py,up) and o € S_, so
a = ¢(Oé,7f,P0,U0) =a+ tuO(a) ) @(Ol,t + s, POa UO) =a+ (t + S)UO(a) :
We have already seen in (5.1) that in this case u; (a) = up(«) . So¥(a, s) =
a+ suy (a).
ii) 2 =be Sy (P): using (5.2), we get in the same way as in the previous
case (b, s) = b+ su; (b).
Now, let us show that B(z,t) = [a,b] N S(P;) satisfies the fourth prop-
erty. Suppose that P;([a, z])P;([x,b]) > 0. Using previous «, 3, we have
[al’ﬁl] ns:= {y €S ¢(y7t7P07u0) = .%'}

C {y €S:a < ¢(y7t7P07u0) < b}

=, /NS
with Py([a,z]) = Po([e, £1]). The fourth characteristic property of ¢(-,t +
s, Py, ug) for B1 € [, B]NS € &4 means that ¢(«, t+s, Py, ug) < Ep,[Xo+
(t+ s)up(Xo)/a < Xo < p1]. As
Ep,[Xo + (t + s)uo(Xo)/a < Xo < 1]
= Ep,[Xo + (t + s)up(Xo)/a < Xy < x| = Ep [ Xt + sue(Xt)/a < Xy < 7]
= Ep, [0 + sur(tho)/a < o < 7],

7
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we get Y(a,s) = ¢(a,t + s, Py,ug) < Ep, [0 + sug(vo)/a < ¢ < x]. In
the same way, ¥ (a,s) > Ep, [0 + sut(¢0)/z < 1pp < b] which is the fourth
characteristic property of ¢(-, s) for [a,b] N S(P;) = B(x,t). We conclude
from theorem 2.4 that ¢ = ¢(-,-, P, uy). O

Remark 5.2. The stochastic process X; := ¢(Xo,t, Py, up) is such that
X; = E[Xo+tug(Xo)/X¢], simply because of the third characteristic prop-
erty in theorem 2.4.

Proof of Proposition 2.5. From the definition of uy, it is clear that
|[ut||oo < JJuolloo < C
for all ¢t > 0. One has
|¢(‘T) 8/7 Ptaut) - ¢(y7 57Pt)ut)|
S |¢($, 3/7 Pta ’U/t) - ¢(3}', S, Ptaut)‘
+ }¢($a S, Ptvut) - ¢(ya 57Ptaut)|
S C‘S/ - S’ + ‘¢($, S,Pt,’LLt) - ¢(Z/73apt7ut)|-
If x <yin S(F), define
[alv/Bl] N S(Pt) = {CL S S(Pt) : ¢(aa S, Ptaut) = QS(:Ca S, Ptvut)}v
[z, 2] NS(PBy) := {a € S(P,) : d(a, s, Prur) = ¢(y, s, Pryur)} -

If ¢(x,s, Pryut) # ¢y, s, Py, ur), then © < B < ag < y and one gets by
definition of massless clusters or from proposition 4.5 (replacing (Fp, ug)

by (P, ut)) : Br 4 su(Br) < ¢z, s, Proug) < ¢y, s, Pryug) < ag + sug(az).
So

\p(z, 5, Pryur) — &y, s, Pryug)| < ag — Br + slug(aa) — ue(61)]
|¢($7S/,Pt,u7§) - ¢(y7 S,Pt,Ut)} S C|S/ - S‘ + ’.’13 - y’

+5 sup  (w(a) —w(B)).
e<f<a<y

Now, we show (2.3). For t > 0 define
a1, B1] N S(Po) : = {a € S(R) = d(a,t, Po, ug) = x1}
[Ozg,ﬁﬂ ﬂS(PQ) = {CL S S(P()) : (Z)(a,t,Po,U()) = 1‘2} .
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If x1 < zg in Sp(P;), one has

T2 —T1 = ¢(627t7 POv uO) - ¢(ﬁl7tv POv U())
= C([O‘%BQLO) - C([abﬁl]v O) + t[ut(xQ) - Ut($1)] .

As C([ag, f2],0) > ag > 81 > C([a1, £1],0), one gets (2.3). If z; & So(Fy),
then z; = a; + tuo(ai) =03 + tuo(ﬁ,;), with ut(xl) € [uo(ﬁz),uo(az)] O

These results can easily be generalized to the case of infinite mass (mod-

eled by a Radon measure Fy) with unbounded velocity function. In [6], an
extension of the flow for Radon measures was already done.
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