N
N

N

HAL

open science

Existence result for a two-dimensional system of

conservation laws with unilateral constraints
Florent Berthelin

» To cite this version:

Florent Berthelin. Existence result for a two-dimensional system of conservation laws with unilateral

constraints. 2022. hal-03689472

HAL Id: hal-03689472
https://hal.science/hal-03689472

Preprint submitted on 7 Jun 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03689472
https://hal.archives-ouvertes.fr

Existence result for a two-dimensional system of
conservation laws with unilateral constraints

F. Berthelin

Université Cote d’Azur
INRIA Sophia Antipolis, Project Team COFFEE
Laboratoire J. A. Dieudonné, UMR 7351 CNRS,
Université de Nice Sophia-Antipolis, Parc Valrose,
06108 Nice cedex 2, France
e-mail: Florent.Berthelin@unice.fr

Abstract

The aim of this paper is to study a pressureless model with unilateral constraint
in two dimensions. The corresponding one-dimensional case is a traffic flow model and
was studied in [8]. The two-dimensional extension is linked to pedestrian flow. Several
difficulties, geometric and analytical, appear with respect to the one-dimensional case.
We get the existence of weak solutions for general initial data and the constraints in a
strong sense.
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1 Introduction

1.1 Context

In this paper, we consider a system of conservation laws with constraints in two dimensions
and we prove existence and stability of weak solutions. We start by introducing the studied
model. For this, we must remember the Aw-Rascle-Zhang model

{ Op + 0:(pu) =0,
d(p(u+1p(p))) + 0z (pu(u+p(p))) =0,

which is a very well accepted model for traffic flow [1, 29] where p is the density of cars, u there
velocity and P(p) is a function of the density. We observe that, in this model, upper bounds
on the density are not necessarily preserved through the time evolution of the solution. In
practice, the density of cars is bounded from above by a maximal density p* corresponding to
a bumper to bumper situation. However, the Aw-Rascle-Zhang model does not exclude cases
where, depending on the smallest invariant region which contains the initial data, solutions
satisfy the maximal density constraint p < p* initially but evolve in finite time to a state, still
uniformly bounded, but which violates this constraint. Then paper [8] presents a model which
improve the Aw-Rascle-Zhang model and preserves the constraints. In order to obtain this, we
take in the Aw-Rascle-Zhang model, the pressure

I
P =z(-——] T
e( ) (P p ) p=p
and assuming that this term have a limit p when € — 0, which acts only when p = p*, it leads

to the system
{ O + O0x(pu) =0, (1.1)
O (p(u +p)) + Oz(pu(u + p)) =0,



with the constraints
0<p<p, u>0, p>0, (p"—p)p=0. (1.2)

The term p represents the speed capability which is not used if the road is overloaded or if
the cars in front impose a reduced speed than that desired. We proved in particular existence
and stability of solutions in [8]. After this paper, some improvements of the model have been
completed in [9] for p* depending on u (case where the maximum density of cars depends on the
cars velocities) and in [7] for p* depending on z (multi-lines case). Particle approximation of
this constrained model was obtained in [10]. Let’s mention also [19] for other congested model
and self-organization. We remark that the important property of the contraint (p* — p)p = 0
is its link with the property

Suppp C Supp (p — ).
Notice that the structure of the system is related to the pressureless gases system

{ Bi(pu) + 8, (pu*) = 0. (1.3)

The system (1.3) was studied in [11], [14], [20], [22], [13]. It is known that this system gives
Dirac distributions on p in finite time, even for smooth initial data. It is clearly incompatible
with a constraint for the density. In [12], a system arises in the modeling of two-phase flows as

Orp + Oa(pu) = 0,
{ i(pu) + 0z (pu® + 1) = 0, (1.4)

with constraint and pressure Lagrange multiplier

and extremality relation

(1—p)mr=0. (1.6)

The model (1.4)-(1.6) is an hyperbolic constraint model which corresponds to gas dynamics
when m = 0 and gives a bound for the density. Existence and weak stability of suitable weak
solutions was obtained in [3]. There are now a lot of domains in which constraints models take
place. We could find other hyperbolic problems with constraints in [2], [24] and [25]. In [6], the
isentropic case of the problem (1.4)-(1.6) was studied with other constraints. See also [5] for
a numerical version of this kind of problems. The case with viscosity was studied in [26]. In
that direction, the limit of barotropic compressible Navier-Stokes to constraint Navier-Stokes
was proved in [15] for the one-dimensional case and in [27] for the multi-dimensional case. In
the paper [4], we studied the multi-dimensional extension of this pressureless model for a gas
system with unilateral constraint. In two-dimension, this system is written

Oip + 0x(pu) + 0,(pv) =0,
O (pu) + 0y (pu* + 1) + 0, (puv) = 0, (1.7)
i(pv) + 0 (puv) + 8, (pv* + m5) = 0,

with the constraints
0<p<1l, m >0, m>0, (1.8)



and the exclusion relations
pPTT1 = T, PTo = Ta. (19)

By the way, these exclusion relations were in this context only taken by a reformulation in a
very weak sense. Thus it is not the most satisfying study. This is why we turn our attention to
the model studied in the present paper: in order to get solutions in most classical spaces and
with contraints in the classical sense.

In the present paper, we want to study the two-dimensional extension of the model (1.1)-
(1.2), that is to say the system

O + 0z (pu) + 9y(pv) =0,
A (p(u+p)) + Ou(pu(u+p)) + 0y(p(u + p)v) =0, (1.10)
A (p(v +q)) + 0u(pu(v + q)) + 9y (pv(v +q)) = 0,
with the constraints
0<p<pY uw>0, v>0, p>0, ¢=>0, (1.11)

and the exclusion relations

(p=p)p=0, (p—p)g=0. (1.12)
It can be viewed as the modelization of a pedestrian flow coming from West and South and going
to East and North and crossing together. The term (p, q) represents here the speed capability
of a pedestrian, which is not used if a pedestrian in the same direction imposes a speed smaller
than that desired. The constant p* > 0 is the maximal density of pedestrians. This model
has different properties and requires a different approach than the one from (1.7)-(1.9). In the
present paper, we will get the exclusion relations in a strong sence and for all initial data unlike
the case of (1.7)-(1.9). Notice also that we have to get a more robust block approximation
which is Proposition 3.2. In this result, we have to perform a nice BV approximation and also
to keep the contraints. In order to get all these things together, we will have only (3.47) but
it will be enough to get the constraints at the limit. For pedestrian flow model, we refer for
exemple to the articles [16, 17, 18] and references inside.

1.2 Main result

In the present paper, we are focusing on extending the existence and stability result of [8] for
this system (1.10)-(1.12) in two dimensions.

An important tool for this result is the sticky block dynamics. In dimension one, the density
and momentum of blocks are sum of terms of the form

(p(1), p(H)u(t)) = p* (1, wi(1) Lot (ty<a<are)

with a density equals to p* and a velocity u;(t) constant on the block al(t) < x < a(t). The
time evolution is defined as follows. The number of blocks n indeed depends on ¢, but is
piecewise constant. As long as the blocks do not meet, they move at constant velocity wu;(t).
When two or more blocks collide, they get stuck, building a new block. Then, in dimension
one, the blocks dynamics is easy because after a collision, we still have a single block.

In multi-dimension, we extend the notion of blocks as

(p(t), p()u(t)p(t)v(t)) = p* (1, ui(1), Ui(t))]lag(t)gxgag(t) ]Ibg(t)gygb;‘(t)



with density equals to p* and velocity (u;,v;)(t), constant on the block al(t) < z < al(t),
bi(t) <y < bi(t). Then a geometric problem appears since when two rectangular parallelepipeds
collide, they do not form a rectangular parallelepiped. The idea presented in [4] to pass over
this difficulty is to approximate the motion of each block by discrete jumps in all the directions
separately in consecutive time steps. In other words, we make a splitting with respect to the
various directions of space on consecutive time steps and then, on each time interval, we do
vary only one direction then, on the next interval, another direction and so on to keep the
geometry at each collision. Then by letting the time step going to 0 and thereby forcing the
splitting to be more rapid, we hope to find the limit of the speed on any directions.

In this paper, we have to consider more complex blocks since we also need pp and pq to be
of this kind. Then, we will call block data sum of terms of the form

(p(t), p(t)u(t)p(t)o(t), pp(t), pa(t))
= p"(Lug(t), vi(t), pi(t), 4i(8)) Loty <o<ar vy Lot (9 <y<ir )

with density equals to p*, velocity (u;, v;)(t) and speed capacity (p;, g;)(t) constant on the block
a;(t) <z < af(t), bi(t) <y < bj(1).

The purpose of this paper is to achieve this approach in the present case and prove that it
works.

Furthermore for block initial data in the one-dimensional case, we get explicit solutions.
Here, in the multi-dimensional case, we will only get approximations of solutions for these
special initial data. Then, the stability and existence of solutions will require additional steps
to work.

Let us also consider initial data

p(0,2,y) = p°(x,y),
p(0,z y)U(O x y) POz, y)u’(z, y),
p(0,z y)v(O,x,y) p°(z, y)v°(z,y), (1.13)
p(0,2,y)p(0,z,y) = p°(2,y)p°(x,y),
p(0,2,9)9(0,z,y) = p°(x,9)¢"(x,y),
with the regularities
P’ e L2®R*) N LYR?), %" p° ¢" € L™(R*) N BV (R?). (1.14)

Let us define precisely the weak solutions we shall consider. We are looking for solutions
satisfying
p € L(]0,4o00[, LT (R*) N L}, (R?)) N Cy([0, +oo], Ly, (R?)), (1.15)

u,v,p,q € L(]0, +oo[, L (R*)) N L=(]0, T[, BVie(R?)). (1.16)

for any 7" > 0.
Hence, (1.10), (1.13) must be satisfied in the sense of distributions:

for all ¢ € C([0, +-00[xR2),

S st [ 000+ o0+ prdyp) v dy
, 00 R

+ //po(a;,y)gp((),x,y) drdy =0, (1.17)



/[0,+oo[ //(,o(u +p)0ip + pu(u 4 p)Opp + p(u + p)voyp) dx dy dt
[P0+ 9% (@, )00, 2, y) drdy = 0, (118

and

/[0 . [//(p(v + q)Owp + pu(v + q)0xp + pv(v + q)0yp) dx dy dt
y 00 R2

+ // (P°(0° + ) (2, 9) (0, 2, ) dx dy = 0. (1.19)

The main result we get in this paper is the following.

Theorem 1.1 (Existence of solutions) Let us consider p* > 0 and initial data (p°,u°,v°, p°, ¢°)
with regularities (1.14) and satisfying

0<p<p’, uw>0, *>0, p">0, ¢ >0, (1.20)

(" =P’ =0, (" =p")g" =0 (1.21)
Then there exists (p,u, v, p, q), with reqularities (1.15)-(1.16), which are weak solutions of (1.10)

with initial data (p°,u®, v, p°, ¢°), that is to say (1.17)-(1.19), with the constraints (1.11)-(1.12)
and satisfying the bounds

0

0<p<p, / p(t,z,y)drdy < //po(fc,y) dx dy, (1.22)
R2 R2
0<u<esssupu’, 0<v<esssupr®, (1.23)
0 < p < esssup u’ + esssup p°, 0<q < esssup v° + esssup ¢°, (1.24)

//aa]|(9wtxy|<1+at/
// |0yw(t, z,y)| < 1—|—at//‘8w xy (1.26)

[—a,a]xR

forw =wu and v and

RX[//M]|8mptxy|< 1+ a2) (// +£

// 10,p(t,2,y)] < (1+ a?) (//’6u x,y) +//’8yp0(:v,y)‘), (1.28)

[—a,a] xR

amp%m,y)\) , (1.27)



| 10wtz ) < (14 ad) ( |+
Rx[~a,q] R?

// 0ya(t, 2, y)| < (1+a7) (//]afu z,y) +//’ayqo(x,y)‘) (1.30)

[—a,a] xR

a$q°<x,y>!) , (1.29)

R2

for any a > 0 and with a; = a + t max(||u®||so + [|P°]l00s [|1°[lce + [|¢°[/00)-

An other important result of the paper is the Proposition 3.2 which gives a very general result
for approximation and can be use as such, or this kind of proof, in other contexts.

The scheme of the proof we have to keep in mind to read the paper is the following. In
order to get the existence of solutions, we approximate the initial data by blocks initial data.
For these blocks initial data, we prove the existence of approximations of solutions. We obtain
the limit of these approximations to get the existence of solutions for initial data with a block
form. Finally, by a stability result, we find a solution for the general initial data. We could
draw the scheme of the proof in figure 1.

(%, u®, 00, p0, ¢°) initial data
approximation by blocks l Proposition 3.2
(P2, u, v?. p?, q) approximations by blocks initial data
dynamics of blocks l Proposition 3.9
(Pkis Ui, Ukl Pris Qri) @pproximations of solutions

k fixed, | — 400 | Theorem 4.1

Y

(P, U, Uk, Pr, qx) SOlutions with initial data (p2, ud, v?)

k — 400 Theorem 1.1

Y

(p,u,v,p,q) solution with initial data (p°, u", v°)

Figure 1.

The paper is organized as follows. In section 2, we present some particular solutions for the
system. In section 3, we prove that we can approx1mate any initial data by block initial (first
arrow of figure 1) and we prove that there exists approximations of solutions in the class for
block initial data : first for the particular solutions of section 2 then for any approximated
solution (Proposition 3.9, second arrow of figure 1). In section 4, we conclude to the existence
result (third and fourth arrows of figure 1).



2 Particular solutions

We first present some particular solutions for the system. It concerns the evolution of solutions
which are sum of terms of the form

(p(t), p()ult)p(t)v(t)) = p* (L, ui(t), Ui(t))][ag(t)gxga;(t) ][bg(t)gygbg(t)-

We start first by studying the dynamics when constraints don’t act. In this very particular
case, there is no specific dynamic of the system and it is similarly as in [4], it leads to the study
of pressureless dynamics equations in dimension two, which are given by

Op + O0z(pu) + 0,(pv) =0,
A (pu) + 0,(pu*) + 9, (puv) = 0, (2.31)
A (pv) + 9. (puv) + 9, (pv*) = 0.

and in this paper, we have the following result just by adding p* to the proof.

Proposition 2.1 Let u,0,a9,bp € R and c¢,d > 0. The functions

p(L,u,0)(t, 2, y) = p*(1, i, 0) Lot Loty <aca(+e Do <y<p(t)+d; (2.32)

where a(t) = ag + at and b(t) = by + 0t, are solutions of (2.31) in the distributional sense with
the initial data

e
P (1,1, 0) Tag<o<ag+e Lbg<y<botd-

The previous dynamics concern some particular evolutions as long as there is no collision. Now
we consider the case with a collision in the z direction at some time ¢*. Then the two (or more)
blocks collide, they get stuck, building a new block, which volume is the sum of the volumes,
and taking the velocity of the block with the smallest velocity. This result is specific to the
studied system. We first have the following Lemma.

Lemma 2.2 Let u,v € R, ¢ € CH[0,400 x R?), ay,as,b1,bo € C([0,+00[,R) such that
ai(t) = ab(t) = u et by (t) = by(t) =v. Then, for any o,s € [0, +00|, we have

as (t) by (t) S
V / o(t, z,y) dydrc]
al (t) b1 (t) o

S ag(t) bg(t)
= /U/G(t) /b(t) (Orp(t, z,y) + udpp(t, z,y) + voyp(t,z,y)) dy dxdt.

The proof of this result can be found in Annex. We have now the result.
Proposition 2.3 Let t*,u > 0, z*, uy, u, p, pr, ¢, d, 01, 0, q1, ¢ € R with up > u, > 0 and
UL, Uy PL, Prs Q1 G > 0. The functions

p(Lu,v)(t,2,y) = Tociers p* ((LulaUl>][al(t)—c§x§al(t)][b(t)gygb(t)—i-u

(1, ttp, V) W, () <o, 0+ D0y <y<bit) 1)
1< p* (1, ur, 01) Lo, 1) —c<a<a, () Doty <y<vity+p
1< p* (1, ur, vr) Loy 1) <a<an (t)+a by <y<b(e)+us



and
p(Lp,q)(t,z,y) = Tociar p* ((Lph QI)]Ial(t)fcgmgal(t) Ty <y<b(t) 14
+(1, 2, @) Lo, (1) <w<ar (t)+a L) <y<be )+u)
+ 1<y p* ((1, wy — Uy + 1, @) Lo, (1) —e<o<ar ) Lot <y<b()+1
+ (Lpr,ar) l[ar(t)ngar(t)+d1b(t)§y§b(t)+u) ,

where a;(t) = z* +w(t —t*), a,(t) = 2* + u,(t —t*), b/'(t) = v (the point x* being the point of
collision), are solution of (1.10)-(1.12) in the distributional sense.

Proof. Let ¢ be a test function with a support on [0, +00[xR? and S : R?* — R be a continuous
function. We have

< Oh(pS(u+p,v+4)) +0u(pS(u+p,v + Q)u) + 9y (pS(u +p. v+ q)v), o >
t* rai(t) b(t)+p
- _/ / / © p*S(uw + pr, v + @) (Opp + wOpp + viyp) dy da dt (2.33)
a(t

t* t)+d b(t) 1
— / / / p*S(ur + pr, vy + @) (Orp + w0z p + 0, 0y) dy dx dt (2.34)
r(t)
/ / p*S(uy + wp — ur + v+ @) (Opp + urOpp + 110y ) dy dx dt(2.35)
ar( t)+d b(t)-HL
/ /b | p*S(ur + pr, vy + ¢) (Orp + w0pip + v, 0,9) dy dx dt. (2.36)
t

Using Lemma 2.2 with a1 (t) = a;(t) — ¢, as(t) = a;(t), bi(t) = b(t), ba(t) = b(t) + p, o = 0 and
s = t*, we have

t* (ll(t
/ / /b(t) S+ pi, v+ @) (Op + wOpp + vi0yp) dy da dt
t*

1 b(t)+n
= S(w+p,u+aq) / / o(t, v, y) dy dz
a1 (t)—c Jb(t) 0

b(t*)—i—u
= /(t ) / Ul‘f‘phvl"‘QZ)SO(t,fan)dydx
ap(t*)—c
b(O
o / S(w + pi, v + q)p(t, x,y) dy dz.
a c

Using Lemma 2.2 with a1(t) = a,(t), aa(t) = a.(t) +d, by(t) = b(t), ba(t) = b(t) + p, 0 = 0 and
s = t*, we have

ar(t)+d t)+u
/ / / S(ur + pr, vr + @) (Orp + 000 + 1,0y ) dy dz dt

t*

ar(t)+d  pb(t)+pu
== S(ur +pr>UT+QT) / / go(t,x,y) dydflf
ar(t) b(t) 0



ar(t*)+d  pb(t*)+u
- /< / S(ur + pry vr + )L, 2, y) dy da
ar t*

0)+d b(O
/ o / S(ur + pryvr + ¢ )p(t, x,y) dy de.

Using Lemma 2.2 with a1 (t) = a,.(t) — ¢, as(t) = a,(t), b1(t) = b(t), ba(t) = b(t) + p, 0 = t* and
s tends to 400, we have

b(t)+
/ / / S(w + pr, v+ @) (Orp + w0pp + v,0yp) dy da dt
t*
+oo

ar(t) b(t)+p
= S(uz-irpl,w-ir(ﬂ)/ - /b(t) o(t,x,y) dy dx

t*

ar(t*)
= / /b(O) ul + o, v+ QI)QO(t, x, y> dy dr.

Using Lemma 2.2 with a;(t) = a,(t), as(t) = a,(t) +d, bi(t) = b(t), ba(t) = b(t) + p, 0 = t* and
s tends to +00, we have

+oo  par(t)+d ,b(t)+p .
/t / /(t) p*S(w + pi, v + @) (Owp + 1, 0pp + 1,0,p) dy d dt

ar(t*)+d  rb(0)+p

= - / S(w + pr, v+ @)t z,y) dy de.
ar(t*) b(0)

Then we get, since q;(t*) = a,.(t*),
< 8t(pS(u+p,v—l—q)) + 0.(pS(u+p, v+ qQu) + Oy(pS(u+p, v+ q)v), ¢ >

b(0)+p
/ 0)— / p*S(w +pr,u+ q)e(t,z,y) dy dx

0)+d  b(0)4p
/ o / p*S(u, + pry v+ g )p(t, x,y) dy de.

Both terms on the right-hand side correspond to the initial data conditions. If we take a test
function with compact support on ]0, +00[xR?, these two terms are zero and for S(w, z) = 1,
it gives
Orp + Ox(pu) + 0y(pv) =0,
for S(w, z) = w, it gives
Oi(p(u+p)) + Ou(pu(u + p)) + 9y(pv(u + p)) =0
and for S(w, z) = z, we get

(p(v +q)) + Ou(pu(v + q)) + Oy (pv(v +4q)) = 0. O

By a similar proof for the case of a collision in the y direction at some time t*, we have the
following result.

10



Proposition 2.4 Let t*,u > 0, x*, u, up, pr, 0r, ¢, d, v, Up, @1, g € R with v;p > v, > 0 and
Uy, Upy Py Prs 1, @ = 0. The functions

p(Luv)(tey) = Tosicr p7 (L, v0) Taw <oyl —esysn
+(1, up, v) 1, (t)<w<a(t)+u b, (H)<y<b,(t )+d)

+]It*<t P (1 Uug, Ur) I a(t)<z<a(t) +;L]Ibr )—c<y<br(t)
+]It*<t P (1 Uy, Ur) I a(t)<z<a(t) +;L]Ibr () <y<b,(t)+d>

and

p(Lp,q)(t,x,y) = To<per p” ((1 P @) Ly <o<a@+udb @) —c<y<bit
+(1, pr, @) Doty <a<a(t)+udo, ()<y§br(t)+d)
+ 1< p* ((Lpz, v — Uy + Ql)][ ( )<x<a(t)+u][br( t)—c<y<br(t)
+ (L, prygr) 1 a(t)y<z<a(t)+p Lo, (1) <y<b, (¢ )+d)

where by(t) = x* + v (t — t*), b.(t) = x* +v.(t —t*), d'(t) = u (the point x* being the point of
collision), are solutions of (1.10)-(1.12) in the distributional sense.

3 Approximations of solutions

In this section, we prove that for any initial data, we can construct a sequence of blocks which
converges in the distributional sense toward this initial data. Then we prove that for each block
initial data, we can construct a sequence of approximations of solutions.

3.1 Discretization with blocks

About approximation of data by block data, the first result was given in one dimension in [3].
It was extended for the BV context in [7]. Then a very precise result was obtained in [4] which
allows to deal with multi-variable functions instead of real-variable functions. In particular, the
arguments with BV functions have to be changed. There are also additional difficulties in the
definition of the blocks which approximate the initial data. Here, we extend again the result to
get the following approximation by blocks result for initial data. It concerns an extension to
functions (u, v, p, q) instead of (u,v) and also the argument for BV approximation for (p,q) is
an important difference with respect to the proof of [4]. Finaly, an other important difference
is that in order to conserve all the bounds, we will only have (3.47) instead of an egality at the

block level.

Definition 3.1 Let p° > 0. We call block initial data a function (p°, u°, v°, p° ¢°) depending
on (z,y) of the form

POz, y) (1,0’ (2, y), (2, y), (2, 1), ¢ (x,y))
I J’
= Z Z pij(lauijavijypijaqij)][(:r,y)ePija (3-37)

i=—1 j=—J

11



where

]I(;U,y)EPi]- = ][a”<x<b ][CzJSySdijJ

with I, 1", J,J" € N and, for —1 <i<I', —J <j<.J,

pi; € {0, p"},

Qij, bija Cij, dij; Uiz, Vij € R such that bij S Ai41,5 and dij S Cij+1-
Proposition 3.2 Let p° € L*(R?), u°, 0%, p%, ¢° € L>®(R?) N BV (R?) such that

0<p” <p* and (p° — p*)p° = (p° — p)g" = 0.

(3.38)

Then, there exists a sequence of block initial data (p3, ud, v, pe, ¢ )1 with p of the form

Zﬂﬂ

i,j=—k?

54+ “Jk[(x)ﬂ]% %”wk[(y)’

with 0 < 1, < 1/k, and such that, for any k € N*,
ph € L'R?),  up,vf, 1}, g € L°(R?) N BVoe(R?)
with the bounds
0<pp <p, //pi(fv,y) dr dy < / P (x,y) dz dy,
R2 R2
essinf u’ <l <esssup u’, essinf v° <o) <esssup v,

ess inf po < pg < esssup po, ess inf qO < q,g < esssup qo,

| |ty <avad ]

RXx[—a,a]

// ‘(9wkacy < (1+a?

[—a,a] xR

for any a > 0, and with w = u, v, p and q, and for which the convergences

pr—p°,  ppup—p%u’, pRul =%, ploh — %", Py — 0"

hold in the distributional sense as well as the constraints

12

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)



Proof. Let k € N* and set for any i,j € Z

Mijk = [, ' ’ Po(xay) dx dy,
i+l g+l itl g+l
ugjk:kQ ik _/J]c u’(z,y) dz dy, z]k:k2/l ’ /]Ic V(x,y) dx dy, (3.48)
% k k k
i+l g+l i+l g+l
pgjk:kQ/i * /J]c p°(z,y) dz dy, q?jk:kQ/i " /]k ¢ (z,y) dz dy, (3.49)
k k k k

Now we set, for any (z,y) € R?,

k2
pr(T,y) =p" D Ly (O PRI () (3.50)
i j=—k2
and for w = u, v, p and ¢,
k2
wp(z,y) = 3wl e (@)1 sa(y) (3.51)
ij=—k?
k‘2
+ 3 (0% Mok () + W Tt jk oo (7)) I 17(y)
j=—k2

+ Z ( EREPN (Y k[(y>+w2k2,k][]k+1/k,+oo[(y)) ][]

i=—k?2

w1 ((®)

EalEN

+ (wgz,k2,k1[]k+1/k,+oo[(?/) + w22,—k2,k][]foo,fk[(y)) ]I]k+1/k,+oo[(l")
+ (wo_kakz,k][]kﬂ/k,ﬁo[(y) + w0—k2,—k27k][]*00,*k[(y)) ][]foo,fk[(l")

1
We prove only the properties which are not obvious. Notice also that /m;;; < TR < T
This element is crucial for blocks to be disjoint. We have (3.41), in particular since
k
/ oz, y)dedy = > myy
RZ i,j:—k2
g ol
k k
= > /Z /J P (z,y) dx dy
i,j=—k? k

< /p (z,y) dx dy.

13



For w = u, v, p or ¢, we have the following BV estimate. For y e]% JT[ the function w? takes
the value

wk z,y) Z wmk][ 4.4 [ (z) + (wng,j,k][]—OO»—k[(x) +w22,j,k1[]k7+00[<x))7

i=—k?
then we get, for such a vy,

k2—1
0(33'72/)‘ = Z ‘wzoJrl,jk - w?jk :
i=—k?

Je.

For y €] — 0o, —k[, the function w} takes the value

wp(z,y) Z wz k2 kl[ il[(x) + wg?,-k?,k]l]k+1/k,+oo[(x) +w0—k2,—k2,k][]—oo,—k[($)a

E
i=—k2

which gives, for such a vy,

J.

Similarly, for y €]k + 1/k, +oo[, we have

k21
o O(xvy)’ = Z |w?+1,fk2,k - wzo,ka,k :
i=—k?

/ (z,y ‘ = Z |wz+1 K2k ?,kQ,k .
i=—k2
Then, for any y € R, we obtain
k2—1
0 0
/R T (IE, y)’ = Z ‘wmk wi—l,jk’ ]I]%7%[(y>
v i,j:—k2
E2—1
0 0
+ > |wisq gz g — Wi 2 p] N—so,—k(Y)
i=—k2
k2—1
+ > |w?+1,k2,k - w?,k2,k| Tjtet1 /b, 400 (V)5
i=—k2
and we get
k2 1
0 0
// (%Z/)‘ < Z ’wl_]k wifl,jk|% (3.52)
RXx[—a,a] ij=—k?
k2—1
+ ) |wi0+1,—k2,k - wz(‘),—kQ,k| (a — k)Mo,
i=—k2
k2—-1
+ > ’w?+1,k2,k - w?,kQ,k:‘ (a = k) Lo
i=—k2

14



Now

1:1 % % J+1
wly il = K[ el ydedy— [1 T w @) dxdy|
- kz/z ; w(x,y)—w(x—k,y)dxdy‘
E %
< K w’(z,y) — w’( k,y)’ dx dy,
% %
therefore
kel | 2 SO .
> |wzyk wi—l,jk|E <y k?/ /] w(x,y) (x — = )’ dx dy
i,j=—k? ij=— k;2 I3 k
w0 (z — 1
< (x )‘ dz dy
< /
Furthermore
k2—1
Z ’wz(‘)Jrl,fk?,k - wz('),ka,k| (a — k) Lo
i=—k?2
k2-1 ) k+1/k 0 1
< allgsi Yk /+1 / w’(z,y) —w (x—k,y)’dwdy
i=—k?2
k+4 k+1/k | (z, y) — O(x _1 y)
< k dx d
= / / 1/k v
and then
k21 k2—1
> ‘wzo—i-l,—k?,k - wg—kQ,k’ (a—K)Tasr+ Y |wz(')+1,k2,k - w?,kz,k‘ (a— k) Tk
i=—k2 =—k2
a0 1
<a?

Finally we get

I

Rx[—a,a]

Yoy <+ ff

15



We turn now to convergences (3.46)-(3.47). Let ¢ € C°(R?) and let kg € N such that supp ¢ C
[—ko, ko). For k > ko, we have

/pkwy p(z,y)drdy — //p z,y)e(x,y) dz dy

k'k() 1 %
i,j=—kko
kk() 1 z+1
< ¥ / / 2] Nl drdy,
i,j=—kko
where _ ,
pO 2 hlzl % 0/~ ~ 0 R
Al(z,y) =k /l o (0(@,9) —p(x,y)) dEdy.
% %
We have
i+l j+1
’ Rk ~ o~ ~ ~
A (2, y)| < kJQ/i ' ; "%z, ) — POz, y)| dE df
® %
2 HI;I % O(5 ~ 0 ~ 0 ~ 0 JO
< 8 [F [T (00~ + w5 — el di di
< "?Q/i / (/ 0up"(2,7) dz| + / 8,p°(Z, z) dz> dz dj
i i . ;
kiJ}gl k% iJIgl %
= kQ/i /J </ Iampo(z,@)|d2+/j |8yp0(az,z)|dz> di dj,
® % ® 1
thus

| )t y) dody - // P, y)p(a,y) du dy

kko—1

J+1 z+1 J+1
< el ¥ 2/ / L) / 0,0° (=, §)| d= di dj e dy
kko—1 J+1 z+1 J+1 g+1
+lello z/ / [ LT ) 0w )z azdgazay
i,j=—kko
kko—1 J+1
< el # 3 kg/ / 0,0 (=.3)| d= dj
i,j=—kko
el S 5 [T [T 0 dea
i,j=—kko k k
<

HSOIIOO}C (//|8wp°(:r,y)| +//|3yp°(x,y)|) 0
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It gives the limit of the new term and we get that p{ — p° holds in the distributional sense. For
convergences (3.46), we refer to the appendix A of [4] adapting the end of the proof with the
argument just above. Since p{p? — p%° and p*p? — p*p° and get (p? — p*)pL —(p° — p*)p° = 0.
Similarly we obtain (p? — p*)gf — 0. Finally, we have (3.47). O

Remark 3.1 In the paper [4], we use a different approzimation :

il 14l
k

1
k K2 2

k

Mijk = | ; P0<9U> y) dx dy,
i J

k

because we need that no colliston happens to time t = 0.

Remark 3.2 In particular if we assume that u®,v°,p°, ¢° are non-negative functions, then using
(3.42)-(3.43), the blocks ul, v, p%, ¢% are non-negative functions.

3.2 Approximations of solutions for block initial data

First we present how we approximate the particular solutions of Section 2. This way, it gives
an idea on how to deal with the general case which will be a succession of such local situations.

1

kN

:-‘»—A

|

We define now the notion of discrete blocks we are going to use. The definition is more
precise than in [4].

Definition 3.3 Let At, Az, Ay > 0. We call discrete block a function (p,u,v,p,q) depending
on (t,z,y) of the form

I J' 400

p(17 u,v,p, Q) (t7 Z, y) = Z Z Z ngl(17 Usj15 Vigl, Pijls Qijl)][(t,x,y)EPijp (353>
i=—1I j=—J =0

at level of discretization (At, Ax, Ay), where

Ui oyer; = Liatci<arnatline<e<inzta; Liny<y<jay+os (3.54)
with I,1',J,J € N and, for -1 <i<I',—-J<j<J,l€EN,
pijt € 10,07},

@i, biji € R, Wiji, Viji, Piji, Qi € [0, +00[, such that 0 < a;j; < Az and 0 < b;j; < Ay.
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Remark 3.3 It looks like the standard numerical discretization, taking a function piecewise con-
stant on a square grid. But the density takes as only values 0 and p* and we have to take into
account the time evolution.

Remark 3.4 To simplify the presentation, we can assume that I = J = 0 which is just a
translation of indices and I' = J by adding zero terms to have the same number of terms
(adding some pyji(1, wiji, Viji, Piji, Qijt) Uw e, with pi; = 0). In the following, we may sometimes
use this change of notations by setting N :==1' +1=J + 1.

Remark 3.5 Notice that the definition of initial block and discrete blocks are consistent together
because for t = 0, the relation (3.53) has only the term for | =0 remaining and we get

p(0,z,y)(1,u(0,z,y),v(0,z,y),p(0,2,y),¢(0,,y))
Il J/

= Z Z pij()(l;uij(bUijOaPijOuQij())]I(O,z,y)EPijoa
i=—1I j=—J

with
][(O,a;,y)EPijo = 1[1A$SI<7,ACE+CL”0 ][]Ay§y<+JAy+b”0

Remark 3.6 Alos, from now on, we will consider special choice of At, Ax, Ay, that is to say
Ax = Ay =1/(kN) and At = 1/N with k, N € N*.

For the case of free dynamics, we now approximate the solution of Proposition 2.1. We use
the following approximation by discrete blocks.

Definition 3.4 According to our initial block data of Proposition 3.2, the case we are going to
use is the particular choice of ag, by € %Z fork € Nand 0 <c,d < 1/k. We set ag = r/k and
by = s/k with r,s € Z.
Let’s set
Ax = Ay =1/(kN) and At =1/N.

For any integer N > 1/k, there exists integers 0 < Iy,mn < N such that IyAx < ¢ <
(In + DAz and myAzx < d < (my + 1)Ay. We consider the approximations given by the
following sum of blocks:

IN mpy 400

(pN7 PNUN, pNUN)(tv xz, y) = Z Z Z p*(lv u, U>]I(t,x,y)€Pijl (355>
i=0 j=0 1=0
where
L ayyer; = Lint<i<rnyaclovine<e<a+@+1)az Lot jay<y<v+(i+1)Ay (3.56)

for0<i<Iy—1and0<j57<mpy—1 and
Lowyyer i = Liat<icqrnaclo +iyae<o<a+elbtjayay<y<n+(+1)ay
for0 <7 <mpy—1

]I(t,x,y)ePleNl = ][lAt§t<(l+1)At ]Ial+iAm§x<al+(i+1)Az ][bl+mNAy§y<bl+d

18



for0<i<lIy—1, and
]I(t,x,y)EPleNl = ][lAt§t<(l+1)At][al+lNA:c§x<al+c][bl+mNAy§y<bl+d

with the sequences (ay), and (b,), defined as follows. Starting from ag and by, we build the
sequences as

2(p + DuAt
Qopr1 = Go + [@Aac)] Az, b2p+1 = pr7
and ) A
+ 1)vAt
bopt+2 = bo + [@Ay)] Ay, A2p+2 = A2p11,

where the big square brackets denote the integer part.

Remark 3.7 Notice that we can also easily add terms pnpn, pngn being this dynamics because
they are just translated in the free dynamics evolution. And then if we have initialy (p° —

p*)p° — 0, then we get (pn — p*)py — 0. We choose not to note them here in order to keep the
presentation simple.

Remark 3.8 At time t = (2k + 1)At, we have a jump for the block in the x direction, and at
time t = (2k + 2)At, we have a jump for the block in the y direction, staying on the fized grid
at level N and taking an approzimation of the movement.

We have the following result which is an adaptation of a similar result of [4]. The main
improvement is a more precise definition of blocks. It gives discrete blocks which approximate
the solution of Proposition 2.1.

Proposition 3.5 Let u,v,ag, by € R such that ag,by € %Z with k € N and 0 < ¢,d < 1/k.
Then there ezists discrete blocks (pn, pyun, pnUN) with initial data
]I(IOSISao-I—C][boSySbo-Fd(l? u, v, 07 0)

such that
Opn + Ox(pyun) + Oy (pyon) =0,
O(pnun) + Oz (pnuiy) + 9, (pyunvn) =0, (3.57)
Oi(pNvN) + O (pnunvn) + ay(pNU]QV) —0,

when N — 400, in the distributional sense.

Proof. We set a(t) = ap + ut, b(t) = by + vt,

+00 +oo
an(t) =Y alin<icgrnar and  ba(t) =D biliarci<qrnac
1=0 1=0

where (a,,), and (b,), are the sequences defined in Definition 3.4. It is proved in [4] that such
functions satisfy

la(t) —aa(t)] < |ulAt+ Az, |b(t) — ba(t)| < |v]At 4+ Ay.

The important limit of this proof can be written in the following Lemma.
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Lemma 3.6 Setting, for any test function ¢ € C>([0, 400, R?),

+o00o
= [ [ otz )ott 2. y) dy d at
0
RQ

and

—+o00
:/0 ///’N(t@ay)@(tax,y) dy dz dt.
RQ

Then we have Ax () — A(p) when N — +oo.
Proof. We have

+<><> (+1)At  pra(t)+
/ / / o(t,x,y) dy dx dt (3.58)

and

N 1my—1+oc0

An(e) = /' Z Z /l+1)At/a

i=0 j=0 [=0

my— 1+oo (I+1)At  paj+c bi+(i+1)Ay
S / / /b o(t,z,y) dy dxdt

j=0 =0 1+HNAz Jb+jAy

In— 1+oo (I+1D)At  pag+(i+1)A bi+d
S / /a /b o(t, z,y) dy dx dt

i=0 =0 l—‘rlAl‘ l+mNAy

+<><> (I+1)At  paj+c bi+d
/ / / o(t,z,y) dy dx dt.
a b

1HinAz l+mNAy

aH(i+1)Az  pb+(j+1)Ay
/ o(t,z,y)dydedt
b

1+HiAx 1+7Ay

Let us denote by T' a real such that the support in time of ¢ is in [0,7]. Denote by Ly an
integer such that (Ly — 1)At < T < LyAt. We have

IN—1myn—1400

(I+1)At a+(i+1)Az  pb+(j+1)Ay
Axe) - A = o 2SS [ ) dya

i=0 j*O 1=0 At 1+HiAx 1+jAy

+(i+1)A b(t)+(j+1)Ay
- / / p(t,z,y)dydz | dt
(t)+iAx

(t)+jAy
my 1 +oo (+1A aj+c bi+(j+1)Ay
+0" Z / </ / o(t,x,y) dy dx
j=0 =0 a+HNAz Jb+jAy
a(t)+c b(t)+(j+1)Ay
- / o(t,r,y)dydr | dt
a(t)+InAz Jb(t)+jAy
In— 1+°° (I+1)At a+(i+1) Az pb+d
+ / / / t,x,y)dydx
p % 1=0 ( aj+iAx bi+mpyAy SO( )
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a(t)+(i+1)Az  pb(t)+d
ein / p(t,z,y)dyde | dt

(I+1)At aj+c bi+d
—l—p* / / / o(t,x,y)dy dx
al+lNAx lermNAy

b(t)+d
—/ o(t,z,y) dydx) dt

(t)+mpyAy

(t)+mnyAy
IN—1my—1 Ly

(1At ra+(i+1)Az rb+(i+1)Ay
DI /l Lo

i—=0  j—=0 1=0”IAt 1+HiAz 147 Ay

‘(¢@wy)—w@x+a@%ﬂmy+wﬂ—mndWMﬁ

my—1 LN (I+1D)At  paj+c bi+(i+1)A
+0" Y / / /
= = a+in Az Jbo+jAy

IN-LLN  (141)At /al—l—(i-i-l)Aw/bz'i‘d
a b

1+HiAx +my Ay

— (p(t,2,y) = o(t,x + at) — ary + b(t) — b)) dy d dt

LN c4DAt  paj+e bi+d
'Y Lo
IAL a;+HI Az Jbj+mn Ay

— (ot z,y) — otz + alt) — a,y + b(t) — b)) dy d dt

Let ¢ > 0. Since ¢ is continuous and has a compact support, there exists n > 0 such that
for any (t,z1,y1) and (¢,z2,y9) in the support of ¢, if |x; — 23| < n and |y; — yo| < 7, then
|90(t7 L1, yl) B Sﬁ(ﬂ L2, y2)| < €.

Let Ny € N* be such that N is greater than (|u| + 1/k)/n and (Jv| 4+ 1/k)/n. Let N € N*
be greater than Ny. Now

1

1
— < - _
at) = aa(®)] < |ulAt + Az = Jul 55 + 17 <

<7

and [b(t) — ba(t)| < |v|— + therefore

N ST

IN—1my—1 Ly

Av) Al < > S S [

al+(i+1)Az/bl+(j+1)Ay
i=0  j=0 =0 b

edydxdt

1+HiAx +iAy

my—1 LN (I+1)A aj+c bi+(G+1)Ay
+p* Z / / / edydxdt
=0 1=0 aj+HnAz Jb+jAy
In—1 LN (I+1)A a+(+1)Az  pb+d
+p° Z / / / edydxdt
i=0 1=0 a;+iAx bi+myAy
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l—‘rl)At al—l-c br‘rd
o / / / e dy de di
a+HIn Az Jb+mn Ay

lN—lmN—l LN mN—l LN

P Z Z ZAtAxAy5+p* z ZAtA$Ay€

i=0 j=0 1=0 j=0 1=0

+p* Z Z AtAxAye + p* Z AtAxAye

i=0 1=0 1=0
< p*(InAz)(myAy)(LyAt)e + p*Ax(myAy)(LyAt)e
+p (InAx)Ay(LyAt)e + p*AxAy(LyAt)e
< 4dp*cdTe. (3.59)

It gives that Ay(¢) = A(¢) when N — +00. [

IN

End of Proof of Proposition 3.5. We use the previous Lemma to conclude to our Proposi-
tion. Let ¢ € C2°(]0, +o00[, R?). The solution (p, pu, pi) of Proposition 2.1 satisfies

+00
0 = /0 // (5O + piadsp + pidyp) dy dx dt
RQ

= A(Op) + uA(9:) + vA(9yp).

We also have
“+o00
/O / (PNOrp + pnunOpp + pyunOyp) dy dx di
RQ

= An(0p) + uAn(ep) + v AN (Dyp).
Since A(0yp) + uA(0xp) + vA(9yp) = 0, then we get that
An(Oyp) + udn(0zp) +vAN (D) | = O

applying the previous Lemma to d;p, 0,¢ and d,p. That is to say

Nt—+o0

+o00
/0 / (onOip + pyunusp + pxuNOyp) dydrdt  — 0
RQ

for any test function .
Since the speeds u and v are constant, they can be factorized on each term, thus we get that

N—+o00

+o0o
/0 // (pNuNatgp + pnuA Oy + pNvNuN(?ygp) dydxdt — 0
R2

and

N—+o00

+oo
/0 // (pNvN&ggo + pNuNUNOLp + pNv]QVé?ygo) dydxdt — 0
R2

for any test function ¢. [
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Remark 3.9 We can also easily add terms pypn, pngn 0 this dynamics because they are un-
changed in the free dynamics evolution.

We define now the dynamics in the case of a collision, to approximate the solution of
proposition 2.3 by discrete blocks. We first consider that the shock happens during the x
direction movement in the splitting.

Remark 3.10 As for the free dynamics case, blocks are initialy considered in subdivision with
path 1/k that we refined by approzimations by 1/(kN).

Definition 3.7 Let w;, p;, v, qi, Ur, Pry U, ¢ > 0 and p* > 0. Assume that u; > u,.. We take,
for k, N € N*,
Ax = Ay =1/(kN) and At =1/N.

We start at t = LAt from a situation with two disjoint blocks:

(p7 pu, pU, PP, pq) (t7 Z, y) = p*<17 U, Uy, Pr, QZ)][me[al—PAa:,al[:[[yE[b,bJru[
+p*<17 Uy Upy Pry QT) ][me[ar,aT+QAgc[][y€[b,b+u[a

T l

with P,Q € N, o!,a" € ﬁZ and such that 0 < a-a < At. Then a collision has to happen
Uy — Uy
r l
o —
in time t* = LAt + between LAt and (L + 1)At. Notice that L changes with At, that
Uy — Uyp

is to say with N. Notice that the values on a discret block are unchanged on [LAt, (L + 1)At].
In order to have the conservation of the mass and a good approximation of the velocity and of
the available speed, we take for time t = (L + 1)At the dynamics:

(p7 puU, PU, PP, PQ) (ta xz, y) - p*(la Uy, Vg, Pr+ UL — Uy, ql)]IzE[af—PAm,Oéf[][ydbvbJrH[
+p*<17 Uy, Upy Pry QT)][me[af,af—i-QAz[]IyE[b,bJru[

where

A
Ax Ax } o

with the big square brackets denoting the integer part.

of — upt* + o + up (At — t*)] A — [o/ + u, At

Remark 3.11 We have similar formulas for a shock in the y direction substituting Ax by Ay
and u by v.

Remark 3.12 Notice that to simplify the presentation, we consider two blocks sharing the same
length in the y direction, which is the fixed direction during this step of the movement. Indeed,
in areas where they have different lengths, only the common area will intervene, otherwise the
block moves at constant speed. It would be the opposite in the x direction for the next step of
the motion.

We prove now that the discrete blocks defined previously are approximations of the solution of
proposition 2.3.
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Proposition 3.8 We denote by (pn,un,vn,pn,qn) the discrete blocks constructed in defini-
tion 3.7. Then the functions (pn, pNun, PNUN, PNPN, PNGN) tend in the distributional sense,
when N — +o00, to the function (p, pu, pv, pp, pq) of proposition 2.3. Furthermore the functions
satisfy

0 <uy < esssup uo, 0 <oy < esssup UO,

0 <pny < esssup u’ + esssup po, 0 < gy < esssup 0+ esssup qO.

Proof. We consider the case of a shock in the x direction with the previous notations. Let’s
denote by L (keep in mind that L changes with At, that is to say with V) the integer such
that t* € [LAt, (L + 1)At[. We fix € small enough in order that t* > LAt + ¢ and assume that
there was no shock betweeen (L + 1)At and (L 4+ 1)At 4+ . Thus before LAt + ¢ and after
(L + 1)At + ¢, the movement is without constraint, which we have studied already. Notice
also that after the shock, the positions of the blocks move as in the case without constraints
starting with the new defined positions at the instant of shock.

On [LAt +¢, (L + 1)At + ¢, the part of the functions located near the collision can be written
as

(PN, PNUN, PNUN, PNDN S PNON) (E, T, Y)
= p (L u,v,p5, ) Vparre<i<pr1)aclai— pas<acat To<y<bin
+0* (L, ur, v, Pry Q) A patse<t<(rnyatlar<o<ar+Qac Tp<y<biu
+p" (1, wp, v, pr + U — Up, Q) N pg 1y Ar<t< (L) At4e Las - pAz<z<al To<y<bip
+p* (1, ur, v, pry Q) Ly ar<t<(p1) At e Lot <ocaf +Qaz To<y<bip-

We consider a test function ¢ € C°([0, +o00[,R?) and S : R — R a continuous function. We
have

—+o0
/O // (pNOrp + pnunOyp + pnunOyp) S(un + pn) dy dx dt (3.60)
RQ

(L+1)At  pal b+u
= / / / p* (Opp + w0pp + v0y0) S(uy + pr) dy dx dt
LAt+e al—PAx Jb

(L+1)At /&T+QA1‘

b+p
+ /b 0 (00 + 1, Dup + 08,0 S(uy + p,) dy da dt

LAt+e

a’
af

(L+1)At+e bty
+ / / / p* (Owp + 1, Opp + v0yp) S(w + pr) dy dz dt
(L+1)At af —PAz Jb

(L+D)At+e  paf+QAz  pbdp
+ / / / P (O + u0pp + v0yp) S(uy + pr) dy du dt
(L+1)At af b

+Ry(¢p),

where Ry (@) — 0 corresponding to the part of py which follows a movement without con-
straints and has already been studied. We denote by (p, pu, p v, pp, p q) the solution defined in
Proposition 2.4 with ¢ = PAx and d = QAy. We have

+oo
/O // (POrp + puduip + pvyp) S(u + p) dy da dt
]RQ
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b(t)+
/ / * (Opp + w0z + 1;0y) S(uw + pr) dy dx dt
LAt+e Jay(t
ar(t Y+d  b(t)+u
/At / / P (O + 1w Opp + v, 0,) S(u, + pr) dy dx dt
+e
(L+1) At+5 S b+
+ / / / " (Opp + urOpp + v10yp) S(w + pr) dy dx dt
(L+1)At+e ;T (t)+d
+ / / / * (0w 4w O0pp + v,.0yp) S(uyr + py) dy dx dt

af b+,u
= o /af Pm/ P (Opp + w0pp + 010,p) (t,x — of + ay(t),y — b+ b(t))S(w; + pr) dy dz dt

af +QAy  pbip
T T O+ i+ 00,6 (1 — T - an(0)y = b+ HO)S e+ ) dy dds
+e
(L+1)At+e b+u
—l—/ /f oA /b P (0rp + 1,000 + 010,p) (t, 2 — of + a,(t),y — b+ b(t)S(u + p) dy dx dt

(L+1)At+e paf+QAY pbtu
b [T g @ b w4 0) (7 — o+ an(0)y — b+ b(0)S (g + i) dy ddi

af
For S(z) = 1 and S(z) = z, the term (3.61) equals to zero. We study the difference between

(3.60) and (3.61).
We have then to consider the quantity

_ /t* / /b+“ (gp(t, z,y) — p(t,x —af +at), )) dy da dt
LAt+E af c
of
N /LtAt+s/ h /bb+u (@(t’ z,y) — otz — ol + ar(t), )) dy dx dt

(L+1)At4e pal4d rbip
* al—c

We have a;(t) = o +u(t — LA), a,.(t) = o” + u.(t — LAt) and * = o' + w(t* — LAt), then
for t € [LAt, (L + 1)At],

laf —af (t)| < Jup(t — LAY)| + Az < |ug|At + Az,

o/ — ()] < |(w —ug)(t* — LAE)| + Jug(At — t)] + Az < (Juy — uyg| + |ug]) At + A,

and
]af —a,(t)] < [(up —up)(t* — LAY)| + |up (At — )| + Az < (Ju, — uyp| + |ug]) At + Az.

Then we do as in the case without constraints (for the terms Ay (p)) to get that By(p) — 0
when N — +o00. The L*> bounds are obvious because of the definition of the dynamics. [J

We obtain a similar result to build discrete blocks which are approximations of the solution
of Proposition 2.4.
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3.3 General case of approximations of solutions and BV estimates

We want now to get approximations of solutions for any block initial data of the form of our
approximation processus, that is to say with the following form (3.50)-(3.51). These blocks
have the form

(0 (z,y), po(:v,y)uo(w,y),po(r,y)vo(x,y),po(x,y)po(:v,y),po(fc,y)qo(w,y))

Z Z P 1 uz]avmapm7%])][a”<:c<b ]Iczjgygdij (362)
i=—1 j=—J

which is a linear sum of terms as the ones considered in previous subsections. Then we have
the following merging result.

Proposition 3.9 Let p* > 0. Let p° € LY(R?), u®, 0% p° ¢° € L*(R?*) N BV (R?) such that
0 < p® < p*. We consider the sequence of block initial data (p,ul, vy, pY, qp)k>1 defined by
(3.50)-(3.51). Then, for any k € N*, there exists (pri, Ui, Vkis Pri, Grt )1 discrete blocks associated
to the initial data (p2,ud, 00, pL, q?) such that

Oepr + O (priurr) + Oy (pravwr) = Rpy — 0,
Oi(prrvir) + O (pratuny (Urt + Pri)) + Oy (Pri (Ut + Pri)vr) = S — 0, (3.63)
Ot(prvrt) + Oz (prittrt (Vi + qia)) + Oy (Privra (Vi + qr)) = Ty — 0,

and (pri — p*)pt — 0, (pri — p*)qrr — 0 when | — 400, in the distributional sense.

Proof. As long as there is no collision, each block moves freely and then locally proposition
3.5 gives approximations of the solution by discrete blocks. Until the first collision between
two blocks, (pi, Pritel, PriVkL, PriPxis Prir) 1S thus defined locally by the sum of functions like
defined in definition 3.4. Every time a collision between two blocks happens, let us say dur-
ing a movement in direction x (it is similar in the y direction), proposition 3.8 gives an ap-
proximation of the solution by discrete blocks, thus at this time, the corresponding part of
(DKL, PrIUEL, PRIVEL, PRIPEL, PriGrt) 1S modified according to definition 3.7. Then, it moves freely as
in proposition 3.5 until the next collision. This way, it defined approximations of solutions as
expected. []

We move on now to the proof of L>* and BV estimates for these functions.

Proposition 3.10 The blocks of proposition 3.9 satisfy, for anyt > 0,

0<pu <p', (3.64)
0 < uy < esssup uo, 0 < vy < esssup 1)0, (3.65)
0 < p < esssup u® + esssup p°, 0 < gy < esssup v° + esssup ¢°, (3.66)
// |Opwi (t, z, )| // EREERDIE (3.67)
4] Rx[—at,at]
// |Oywi (t, 2, y)| // |0, w(x, )], (3.68)

[_a a]XR at,at]XR
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for w=wu and v,

// |0upr(t, 2, y)] // 0,1l (z,y \—l— // 1000 (2, 1), (3.69)

RXx[—a,a] RX[—at,at] —ag,at]

// |0ypri(t, )| // 0,ul(z,y |+ // 10,00 (, )| (3.70)
[—a,a] xR [—at,at] xR —ag,at] xR

J| 1t [ joakey I+ // Ouai(z,y) (3.71)
RX[—& a] RX[—at at —at at]

// 10y qri(t, z,y)| // 10,00(x, y)| + // 10,44 (z,9)| (3.72)
[—a,a] xR [—at,at] xR [—at,as] xR

for any a > 0 and setting

ar = a + tmax([[u”]loo + 1P lloo: [10°lc + lld°loc).

Proof. The L* bounds are obvious by construction. For simplicity, we skip the indice k£ and
[ and denote by u a function ug. We have a relation like (3.52). It allows to consider the
evolution across shocks of quantities

no TLO
Z ’U? - u?fll and Z ’Pg - p?—l‘
=2 =2

with u? the velocities of the successive blocks and i is the indice in the x or y direction if we
are located during an evolution in x or in y. If a collision happens at time t* between blocks
k and k 4 1 during this evolution, then blocks k£ and k + 1 merge with velocity .1, then the
variations of u become

0

g — uf| + [ug —ud| + ... upyy —up| U — up ).

Shock after shock on z direction or y direction, we get a non-increasing of the quantity
// |Opug(t, z,y)| and // |0yup(t, z,y)| and we get (3.67) and (3.68) for w = u tak-

Rx[—a,a] RXx[—a,a]

ing into account the localisation of the blocks. On an other side, on a collision at time t*
between blocks k& and k + 1 during this evolution, then blocks k and k& + 1 merge with ve-
locity w41 but on the term p, we have an increase from |prio — Pri1| + |Pra2 — praa] to

|Dk+2 — Pet1| + [ugs1 — ug| + |Prr2 — Pr1|. Thus we get (3.69) and (3.70). We obtain similarly
(3.67) and (3.68) for w = v and (3.71)-(3.72). O

Remark 3.13 The combination of the bounds (3.44)-(5.45) and (3.67)-(3.72) gives

// |Opupi(t, z,y)]| // O(z,y) §(1+a?)//

Rx[—a,a] —at,aq]

(3.73)
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// |0yup(t, z,y)| // ayu,%(x,y) < (1 —i—af)// 8yu0(x,y)’, (3.74)
—a,a] xR —at,at] xR R2
// |0, vk (t, 2, y)| // ouvp(z,y)| < (1 +af)// 0,0° (. )], (3.75)
Rx[—a,a] —ag,at] R2
// |0yv(t, z,y)| // %v,%(x,y) < (1 —|—af)// 8yvo(x,y) , (3.76)
—a,a] xR —ag,at] xR R2
// Oepra(t, 2, y)| < // (z y // Dupp( y
RXx[—a,a] —ag,at) RX[—at,at]

IN

—~

3.77)

(1+a}) ( J +f axp()(x,y)\),
// Oypri(t, z,y)] < // ’a uk T y // ‘aypk x y

—a,a] xR —ag,at] xR [—at,a] xR

(1+a7) ( o @.w)] + |f ]ayp%,y)\) ,
// 10pqa(t,z,y)| < // x0($y //

Rx[—a,a] RXx[—at,aq] RXx[—at,a]

(1+af) (// +// &cqo(x,y)\),
I eyl < e+ [ o)

[—a,a] xR [—at,at] xR [—at,at] xR
(1+a;) ( Jow*@.w|+ [ iayq%x,y)\) . (3:80)
R2 R2

for any a > 0 and with a; = a + t max(||u®]|oe + [12°/ls0s [|[V°]|eo + ||¢°]|e0)-

IN

—~

3.78)

IN

—~

3.79)

IN

We have now to get stability results in order to get solution for the system with constraint for
a large class of initial data.
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4 Existence results

4.1 Limit of approximations of solutions

In dimension one, we have directly obtained explicit solutions for any block initial data. In the
current two-dimension case, at this stage, we only have approximations of solutions for general
block initial data. We need first to pass to the limit of the third arrow of figure 1, that is to
say in the case where we only have

Oip1 + Oz (prur) + Oy (prvr) = Ry — 0,
8t(pl(ul —i—pz)) + ax(plul(ul +pz)) + Gy(pl(ul +p1)?)l) = Sl — O, (481)
O(pi(ui + @) + Ou(prw(vi + @) + Oy(prvr(vr + @) =1, —0

when [ — +o00, with a limit in the distribution sense, instead of having R; = .5, =1; = 0. We
prove now that in this situation, we can extract a subsequence whose limit is a solution.

Theorem 4.1 (Limit of approximations) Let p* > 0. Consider initial data (p°,u°,v°, p°, ¢°)
with reqularities (1.14) such that (1.20)-(1.21). We consider the sequence of blocks initial data

(P2, ud, v, P, q)r>1 defined by (3.50)-(3.51). For any k, this initial data allows to consider
the sequence (pry, Uty Vil Pris Qi1 defined by proposition 3.9. Then, extracting a subsequence if
necessary, as | — +00, we have

(pkz, Uk, Vkls Pkl le) 4(/%, Uk, Uk, Pk Qk)

in the distributional sense, where (py,ur, Vg, Pk, qr) with reqularities (1.15)-(1.16), are weak
solutions of (1.10), that is to say (1.17)-(1.19), with constraints (1.11)-(1.12) and initial data

(%, ul, v 0. q?). and satisfy the bounds

0<pp <1, //pk(t,oc,y) drdy < //po(x,y) dx dy, (4.82)
R2 R2
0 < wy, <esssupu’, 0<wy, <esssup v°, (4.83)
0 < pi < esssup u’ + esssup p°, 0 < q, < esssup u’ + esssup ¢°, (4.84)

// |0pwi(t, z, )| < 1+at//
[“a,a]
// |0ywi(t, z,y)| < 1+at//‘8w xy (4.86)

[—a,a] xR

for w=u and v and

| Vomntte ) < (4 ad) (//

RX[—a,a]

Oap"(2, y)!) , (4.87)

e
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)| omtayi<ara) | [[loat@|+ [ ap@o|). @)
[—a,a] xR R2 R2

// [Ouai(t, 2, 9)] < (1+a) // 0,0° (2, y) +// 004" (2, y)| | - (4.89)
RxX[—a,a) R2 R2

I oatai<arad | [[los@y)+ [[loa@wl). @)
[—a,a]xR R2 R2

for any a > 0 and with a; = a + t max(||u®||so + [|P°]l00s [|¥°[lce + ||¢°[/00)-

Proof. Since (pg, ug, Vg, Pk, G )x>1 are bounded in L*°(]0, +00[xR?), then there exists a subse-
quence such that

Pr—p, Up—u, Vx—v, ppr—p, q—q in LZ(]0,+oo[xR?). (4.91)

From the first equation of (4.81), the sequence (pi)r>1 satisfies the estimate:

t
/ //RleO
S RQ
C, = sup [|up| g (//Wxsoldwdy) + sup ||| Lo (//lé’ywldxdy) :
k>1 R2 k>1 R2

Adapting the proof of (3.59) but on a time space of length |t — s| instead of T', we similarly get
t

a bound for / / Ry of the form |t — s|eC' (instead of TeC'). Then we get again a bound of
S RQ

< Cylt — s| + : (4.92)

//(Pkl(t7 Z, y) - pkl(sv Z, y))90<x7 y) dx dy

with

the form

< C,lt —s. (4.93)

//(Pkl(ta z,y) = pr(s,z,y))e(x, y) dr dy

Then, applying lemma 5.2, we have py; — pi in C([0, T], L%, (R?)) when [ — +oo. Furthermore
(ug)g>1 is bounded in BVj,.(R?) uniformly in time sur [0,7]. We can then apply lemma 5.1,
with C, = (1+ a%)K, with K = max(K;, K») and we get that pgum — prug in L, (]0, T[xR?).
Similarly, we have pgvg — prvk, prpr — pkpr and prgr — prgy in Ly, (0, T[XR?).

Now the second equation of (4.81) gives that

d
a /Pkl(ukl + o) (t, @, y) (e, y) do dy
RQ

= //Pklukl(ukl + p) (t, 2, y)Opp(z, y) de dy + //pk(ukl + pr)vi(t, z,y)Oyp(x, y) do dy + //Sl%
R2 R2 R2
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thus the sequence //pkl(ukl + pr)(t, x,y)e(x,y) de dy is bounded in BV;. Therefore, in the
R2

same pattern as the proof of lemma 5.2 (see also [7]), we can extract a subsequence such that

//pkl(ukl + pr)(t, 2, y)p(z,y) do dyl_::m//pk(uk + ) (t, 2, y)p(x, y) de dy in L*(]0,T]),

R2

for all ¢ € C>*(R?). We can then apply lemma 5.1 with vi; = pp(ur + pr) this time and
wi = Uy (and also with vy;) and we get that pr(ur + pri)ur — pr(ur + pr)ur and p(ug +
Pr) Ukt — pr(ug +pr)v in L2210, T[xR?). Similarly, we also have pgup (v + qr) — prus (Ve + i)
and prop(vr + qr) — proe(ve + @) in L]0, T[xR?). We can now pass to the limit in the
weak formulation to get 81.17)—(1.19) with the initial data (p° u°, v°). Now pupr — prpr and
Pri — Pr, thus pu(pr — %) = pr(px — p*). But we also have py(pr — p*) — 0. Then by unicity
of the limit, we get p(p — p*) = 0. Similarly, we have ¢(p — p*) =0. O

The first consequence of this result is that we will obtain solutions for any block initial
data (not explicit in every cases here contrary to the one-dimensional case). Then we will get
existence of solutions for any initial data.

4.2 Existence result
We prove here the existence theorem 1.1.

Proof of theorem 1.1. Let p?, uf, v, p, ¢ (k € N*) be the block initial data defined by

(3.50)-(3.51) associated to p°, u®, v°, p° ¢" provided by proposition 3.2. Proposition 3.9 gives,
for any k, a sequence (pgy, Upt, Vkl, Pty @kt )i Such that

Orprt + Ox(privirr) + Oy (privie) = Ry — 0,
Oy (pri(urr + prt)) + Ou (Pt (Urr + prr)) + Oy (Pri(Ur + Pri)Vki) = S — 0,
Oy (pri(vr + air)) + Oz (pratw (Via + qir)) + Oy (Pravi (Vi + qrt)) = T — 0

in the distributional sense. At k fixed, these functions satisfy the bounds of theorem 4.1 and
we can apply it to get that, up to subsequence, and making a diagonal Cantor process, the

convergence (pxi, Uk, Vki, Piis Gkl l_:oo(pk, Uk, Uk, Pk, @k ) holds in the distributional sense for any

k. The previous obtained limits (pg,ur, vk, Pk, qx), with regularities (1.15)-(1.16), are weak

solutions of (1.10), with constraints (1.11)-(1.12) and initial data (p9, u), v, p?, ¢}), and satisfy

the bounds (4.82)-(4.90). We can now adapt the proof of Theorem 4.1, 1t is easier here because

we have 0 instead of the terms R;, S; and T;, to this sequence, and get, up to a subsequence

when k — oo, (pk, Uk, Vg, Pk, @) —(p, u, v, p, q), where (p,u,v,p, q), are weak solutions of (1.10),

\(Vith )constraints (1.11)-(1.12) and initial data (p°, u® 0%, p%, ¢°), and satisfy the bounds (1.22)-
1.30). O

5 Appendix: technical results
The first result is to help us passing to the limit in the products. It is an extension in dimension

two of a similar lemma in dimension one proved in [3]. The proof can be found in [4]. Notice
that we also have to consider locally BV bounds.
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Lemma 5.1 Consider for any k € N, some functions v, € L>®(]0, T[xR?), wi € L>®(]0,T[, BVjoe(
and v € L=(]0, T[xR?), w € L>®(]0,T[, BVioc(R?)) . Let us assume that (y)ren is a bounded
sequence in L(]0, T[XR?) that tends to y in L,(]0, T[xR?), and satisfies, for any T € C°(R?),

JJor =Dty y) dedy, = 0. (5.1

k—+o0

either i) a.e. t €]0,T[ orii) in L} (]0,T]). Let us also assume that (wg)ken is a bounded sequence
in L>=(]0, T[xR?) that tends to w in L:.(]0, T[xR?), and assume that, for any a > 0, there exists
Cy > 0 such that, for any t € [0,T],

// |Opwi(t, z,y)| < Cl, // |Oywi(t, z,y)| < Cq,  for any k. (5.2)
[ a,a)?

[70'70']2
Then yrwy, — yw in L]0, T[XR?), as k — +00.

Remark 5.1 This is a result of compensated compactness, which uses the compactness in (x,y)
for (wi)x given by (5.2) and the weak compactness in t for (yi)r given by (5.1) to pass to the
weak limit in the product Yywy.

The second result gives some continuity in time. The proof is an easy adaptation in dimension
two of lemma 4.4 of [7]. The main idea is to use a countable dense set in C°(R?) for the

L'-norm and Ascoli’s theorem. Since there is no new difficulty, we skip the proof here.

Lemma 5.2 Let (ny)rens be a bounded sequence in L>(]0, T[xR?) which satisfies:
for all o € C(R?), the sequence ([ ni(t, z,y)¢(x,y) dx dy), is uniformly Lipschitz continuous
on [0,T], i.e. 3C, > 0, Vk € N*, Vs,t € [0, T,

(nk(taxvy) - nk(S,QJ,y))(P(QZ,y) dxdy < C@‘t - S"

Then, up to a subsequence, it exists n € L>(]0, T[xR?) such that ny, — n in C([0, T], Ly, (R?)),
i.e.

—> 0.

+o0

vl € L*(R?), sup
t€[0,7]

// ng(t, z,y) — n(t, z,y))l(z,y) d:z:dy

We conclude the Annex by the proof of Lemma 2.2.
Proof of Lemma 2.2. Notice that

ba(t
o(t, dyd
dt (/al t) /bl o y) 4 x)
az(t
/ /( o(t,z,y) dydx
al 1t

+/ t CLQ y)alg(t) - 90(t7 ai (t)a y)all (t)) dy

+ / ot 2, ba(0)Wy(t) — lt, 2, by (£))B (1) da.

32

R?))



Integrating this relation between o and s, we have

2(s) az (o)
(/ / tmydydx)—</2 / txydydx)
ai(s) b1(t) a1 (o) b1(t)
bg(t
_ / / / Bp(t, x,y) dy du dt
(ll

//:2 o(t, az(t),y) — @(t, ai(t),y))udy dt
+// P(t,,b2(t)) — p(t, 2, b1(t)))v du dt

a2 bg(t
= / / / Op(t,x,y) dydedt
b2
_|_/ / / Opo(t, z,y) drudy dt
bl t) a1 t)

agt)
—i—// / Oyp(t,x,y)vdrdt
by

CL2 bg(t
= / / ) /b(t) (Orp(t, z,y) + udypp(t, z,y) + vOoyp(t, x,y)) dydxdt. O
o 1
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