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Mathematical and numerical study
of a system of conservation laws

R. Eymard* and E. Tillierf
October 18, 2006

Abstract

The system of equations (f(u)): — (a(u)v + b(w)), = 0 and us — (c(u)v + d(u)), = 0, where the
unknowns u and v are functions depending on (z,t) € R x Ry, arises within the study of some
physical model of the flow of miscible fluids in a porous medium. We give a definition for a weak
entropy solution (u,v), inspired by the Liu condition for admissible shocks and by Krushkov entropy
pairs. We then prove, in the case of a natural generalization of the Riemann problem, the existence
of a weak entropy solution only depending on z/t. This property results from the proof of the
existence, by passing to the limit on some approximations, of a function g such that u is the classical
entropy solution of u¢ — ((cg + d)(u)). = 0 and simultaneously w = f(u) is the entropy solution of
wi — ((ag + b)(fTV (w)))e = 0. We then take v = g(u), and the proof that (u,v) is a weak entropy
solution of the coupled problem follows from a linear combination of the weak entropy inequalities
satisfied by u and f(u). We then show the existence of an entropy weak solution for a general class of
data, thanks to the convergence proof of a coupled finite volume scheme. The principle of this scheme
is to compute the Godunov numerical flux with some interface functions ensuring the symmetry of
the finite volume scheme with respect to both conservation equations.

Keywords: nonlinear hyperbolic equations, existence of a solution, Riemann problem, admissible shocks,

entropy solutions, convergence of a finite volume scheme.
AMS subject classification: 35A35, 351.45, 65M12

1 Introduction

The modelization of the injection of carbon dioxide (CO3) into natural underground reservoirs, which
seems to be a solution to some environmental problems, involves an increasing number of works (see
[2,4, 8,11, 13, 17] and references therein for examples of modelization and simulation works). The present
paper presents the mathematical analysis of such a model within a simplified framework. We consider
that some COs is injected at a given depth in a porous medium saturated with water. For simplicity,
we focus on the onedimensional problem resulting from the competition between the migration of this
gaseous species by gravity, and its dissolution into water. We denote by x € R the vertical space variable,
increasing with depth. We denote X € [0, X] the molar fraction of COs in water (always comprised
between 0 and the maximum dissolution concentration X € [0, 1], assumed to be constant) and S € [0, 1]
the saturation of water (i.e. the volumic fraction of the porous medium filled by water, the volumic
fraction 1 — S being filled by gaseous COs). These quantities X and S, functions of the space variable x
and the time variable ¢, are assumed to be such that, for a given (z,t):

- either the gaseous phase is present, which means that S(x,t) < 1, and then X (z,t) = X,

- or the gaseous phase is not present, and then S(z,t) = 1, and all values X (z,t) € [0, X] are possible.
This alternative is summarized into the following relation.

*Université de Marne-la-Vallée, France, Robert.Eymard@univ-mlv.fr
TInstitut Francais du Pétrole et Université de Marne-la-Vallée, France, Elodie.Tillier@ifp.fr,



(X(x,t) < X and S(x,t) =1) or (X(x,t) = X and S(z,t) <1). (1)

We then assume that the transport of COg results only from two mechanisms: the flow of the gaseous
phase, and the flow of water phase containing some dissolved gas. In this simplified model, we do not
take into account the diffusion-dispersion phenomena of C'O; within the water phase, nor the effects of
compressibility of the gaseous phase and we assume that the capillary effects are negligible. Under such
hypotheses, the conservation equations of the water component and of CO,, given in a dimensionless
form, read

[S(1— X)), —[(1 = X)ku(S) (P — 1)), =0, 5
[SX +¢(1-09)], — [ka(S) (Pe = 1)+ 5ko(S) (Po — p)} =0, ?

x

where
e the lower index t (resp. x) denotes the partial derivative with respect to ¢ (resp. z),

e ¢ is the ratio between the molar density of the gas phase and that of water, p is the ratio between
the bulk density of both phases, u is the ratio of viscosity of the gaseous phase and that of the
water phase (all these quantities are assumed to be given strictly positive constants),

o ky,(S) and ky(S) are respectively the relative permeabilities of the water and the gaseous phases,
assumed to be Lipschitz continuous functions of the saturation such that k,, is non decreasing with
kw(0) = 0 and k(1) = 1, and kg is non increasing with k,(0) = 1 and k4(1) = 0, and such that
kw(s) + kg(s) is always strictly positive for all s € [0, 1],

e P(z,t) is the common pressure of both phases, function of the space and time variables.
In this model, the following hypothesis is assumed:
X <¢. (3)

Its physical meaning is that a unit volume of gaseous phase contains more moles of CO2 than a unit
volume of water containing dissolved CO5 at the maximum concentration. We then introduce the new
unknown u = SX 4 £(1 — S). Thanks to Hypothesis (3) and using (1), we then express S and X as
Lipschitz continuous functions S(u) and X (u) of u € [0,&], given by

X(u) = u and S(u)=1, Yu e [0,_£ 4)
X(u) =X and S(u) = 5’{;7 Vu € [X, €].

We substitute S and X by S(u) and X (u) in system (2), we introduce the unknown v(z,t) = Py(x,t)
and we define the functions

a(u) = (1 = X (u))kw(S(u)),

b(u) = —(1 = X (u))ky (S (w), (5)
c(u) = X (u)ku(S(u) + 5kg(S(w)),

d(u) = =X (u)ky(S(u) = Ske(S(w))p

{ (f(w)e = (a(u)o +b(u)), io, (6)

Let us first remark that system (6) is not an usual hyperbolic system of equations, since it contains no
term v;. The first idea to solve this system is to eliminate u; between the two equations. Indeed, this



could be achieved on a strong formulation of system (6), assuming that w is sufficiently regular and writing
(f(u))e = f'(uw)ug. Tt would then be easy to get v by solving a first order ordinary differential equation,
and then one could find a function ¢ such that v(z,t) = ¥(u(z,t),t). But reporting such an expression
in any of the two equations yields a nonlinear scalar hyperbolic equation with the unknown function w,
the weak entropy solution of which is in general not continuous (recall that if the weak entropy solution
is discontinuous, there does not exist any continuous weak solution). Hence the above method cannot be
used for solving this problem in the general case.

Nevertheless, the elimination of u; between the two equations can be done in the particular case where
f(u) is an affine function. This is the case if we assume that X = 0 (then f(u) = 1 —u/€), which then
leads to the classical incompressible immiscible two phase flow problem [1]. In this case, it is possible to
eliminate the time derivative of the test functions between the weak formulations of both equations. We
can then express v as a function of u after a simple integration with respect to x and then get the classical
Buckley-Leverett equation. This nonlinear hyperbolic equation has been studied by many authors (see
e.g. [1, 3, 6] and references therein) from the theoretical and numerical points of view. Let us notice
that, in this case, discontinuous solutions u and v can be obtained even in the case of initial regular data,
which shows the necessity to formulate the problem under a weak formulation.

But f is no longer affine taking X > 0, since f is then a continuous piecewise affine function with a
significant slope variation. It then becomes impossible to proceed to an elimination of the time derivative
of the test functions on weak formulations of system (6), which prevents from expressing, at each time
t, v as a function of u. In fact, one cannot expect that such an expression exists in the general case.
Indeed, we show, on an analytical example given in section 2 (inspired by the problem presented in the
beginning of this introduction), that we can observe the existence, for some times ¢ > 0, of points x; and
x9 such that v(x1,t) # v(xa,t) although w(z1,t) = u(xs,t) holds.

System (6) must therefore be solved in a coupled way, including weak formulation senses in order to
take into account discontinuous solutions. We obtain a first simple weak sense by multiplying the two
equations of (6) by a regular test function, and integrating by parts. The particular case, obtained when
f is an affine function, shows that this weak sense cannot be expected to characterize the solution. We
have therefore used in section 2 some works of Liu (see [16, 15, 14]) for deriving a notion of entropy
weak solution for this system. Then, considering a generalized Riemann problem (the situation is not
symmetric with respect to u and v), we prove that system (6) can be solved thanks to the solution of
two nonlinear scalar hyperbolic equations in u, the nonlinear functions in each of these equations being
linked in order to provide the same shocks and characteristic velocities (theorem 2.5). Note that such a
generalized Riemann problem has been studied in a case of multiphase flow in a porous medium, leading
to the determination of the shocks and the rarefaction waves in some physical situations [5]. Then, the
Liu condition of admissibility of the shocks happens to result from a simple linear combination of the
entropy inequalities for both nonlinear hyperbolic equations, using Krushkov entropy pairs [12]. We then
build analytically such two functions on some examples in section 2. We can then provide a proof of the
existence, in the general case, of these two nonlinear functions (the uniqueness of which remains at this
time an open problem), which relies on the construction of simultaneous convex and concave hulls for
two functions (section 3) by passing to the limit on approximate piecewise affine hulls (theorem 2.6).

In order to extend this existence result to more general data than generalized Riemann problems, we then
give a finite volume numerical scheme, the convergence of which to an entropy weak solution is proven
in section 4. Since we have been able in section 2 to state the existence of the solution of a generalized
Riemann problem, it would have been indeed natural to look for a numerical scheme obtained by averaging
(after a discrete time step) the solution obtained from the analytical solution, deduced from the resolution
of a sequence of generalized Riemann problems. Unfortunately, such an approach does not simultaneously
respect both conservation equations, and its convergence properties do not seem to be clear. Thus we
have developed an original numerical scheme, defined in such a way that values are defined for u at
all the interfaces of the mesh using the Godunov numerical flux, simultaneously respecting the discrete
balances resulting from a finite volume scheme applied to both equations. This choice enables the proof



of a bounded variation estimate, and the proof of the convergence of the scheme to a weak solution of
both equation can then be completed. The convergence property is then obtained for a strong topology
for u, but only for a weak one for v. It is worth noticing that the proof of the L estimates on v, and
that on u, cannot hold without the proof of the bounded variation estimate. Thanks to this convergence
result, we are therefore able to prove the existence of a solution to system (6) for a large class of initial
data (theorem 2.7).

So it is possible to compare the numerical results given by the scheme of section 4 and the analytical
solution given in section 2. This is the aim of section 5, where an excellent agreement between these
results seems to be a good indication for generalizing the numerical scheme studied here to less simplified
models.

2 Entropy solutions and generalized Riemann problem

In order to give an entropy weak sense for a solution to system (6), we first state the following hypotheses
on the functions a, b, ¢, d and f, always satisfied if these functions are given by (5) defining suitable
prolongments.

f, a, b, ¢, d are Lipschitz continuous functions defined on R,

Crip = 2% (|2 oo 11 o0+ €'l 1€ o | 1)

a, b, ¢, d are bounded on R and Cpax = max (||al/co, ||b]|co; /€]l cos [|d]|s0) s (7)
there exists f,, > 0 such that, for a.e. s e R, —f'(s) > fin,

a(s) > 0 and ¢(s) > 0 for all s € R,

there exists mg > 0 such that, for all s € R, a(s) + ¢(s) fm > mo.

Remark 2.1 In the framework of the physical problem given in introduction to this paper, the monotony
property of f is related to the fact that an increase of COy must imply a decrease of water content. The
hypothesis a(s) + ¢(8)fm > mo > 0 expresses the fact that, whatever the water and COy contents, the
mixture of fluids must remain mobile.

Let us now define some hypotheses on the initial and boundary conditions.

ug € L>(R) N BV(R) and Wy = ||uol|pv (r), o

there exist Uy, My € R s.t. ug(z) = up for a.e. © € (—oo, My), ()

(we then denote Up,,Un € R s.t. U, < up(x) < Uy for ae. x € R),

7o € L*(R4) is given, and we denote Vo = [T = (=, )-
In (8), we classically define the set BV (R) by BV (R) = {u € L{,_(R), [[ul py®) < oo} with |[ul|gv®) =
sup{ [ u(z)¢'(z) dz, ¢ € CL(R,[-1,1])}, where for all E C R? with d € N*, for all p € NU {oo} and all
F C R, we denote by CP(E, F) the set of the restrictions to E of all C? functions from R? to F with a
compact support.

Remark 2.2 The hypothesis ug € BV (R) is strongly used in this paper. The other hypotheses are done
in order to handle simple boundary conditions. The generalization of the results of this paper to more
general boundary conditions, using in particular the results of [19] and [7], will be the object of further
works. We assume below that v(z,t) is equal to the boundary condition To(t) for small values x. We
could as well give this boundary condition for large x, with minor changes in this paper.

Note that U, = ug — Wy and Uy = ug + Wy always satisfy the third item of (8) from the two previous
assumptions.

We now give the following definition.



Definition 2.3 (Weak entropy solution) Under Hypotheses (7) and (8), the pair (u,v) is said to be an
entropy weak solution of the problem:

ur — (c(uw)v+d(u)), =0
u(.,0) = ug (9)
v(z,.) =Tg for all x small enough,

if it is such that

o the functions u and v satisfy u,v € LR x Ry),

o the first three equations of (9) are satisfied in the following weak sense:
| Gt 09en(a.0) = (atate.0)0(o.6) + bt ) le,0)dede + [ Fao()ple,0)dz =0,
R, R

/R / w(, r(,t) — (elulz, 1)o(e, ) + dulz, )z, ) dedt + /R wo(2)p(, 0)dz = 0,
Vo € C(R x IR+,IR{)

(10)
e the following entropy mequalities hold:
/ / u(x,t) T/ﬁt)—_rm))(pt(x&t)))— o ot
x K c(k))v(x,t)+ x
7 ( u(z, ) Tr) — d(x)) ) wola,t)
+/( o(a )m—m) (2,0)dz
(f(u ff t )TE) = f(K)pe(z,t)—
u(z, t)Tk) — a(k))v(z, t)+ dzdt
—c(k) /R+/ ( ( u(z,t)TK) — b(k)) )Wm(x’t) ) >0,
+ [ (o) Tr) = 7t 01z
(u(z,t) Lk — K)o (x, t)— (11)
(c(u(z,t)Lr) — c(k))v(z, t)+ dzdt
—a(k) /R+/R ( ( (d(u(z,t)Lk) — d(k)) >%”(x’t) )
+ [ (wn(e)Li — 0)p(a,0)do
R
(f(u(z, t) LK) = f(K))pr(z,t)—
/ / (a(u(, t) L) — a(k) o(e, t)+ ) o) | dodt
() | PRS2 (blulest) Li) = (k) o >0,
+ [ (o) 1) = ) (. 0z
Vk €R, Vo € C°(R x R, Ry),
where we denote by x Ty = max(z,y) and zLly = min(x,y), for all x,y € R,
o the fourth equation of (9) is satisfied in the following sense:
VT >0, IM € R, v(z,t) =To(t) for a.e. (z,t) € (—oo, M) x (0,T). (12)

Let us comment the entropy weak sense (11) taken in the above definition. Let us assume that, at some
given time, the solution is such that v — w; and v — v; for x — x¢ with z < ¢ and that v — w, and
v — v, for x — xo with > xg. Then, the Rankine-Hugoniot relations deduced from system (9) gives
the existence of some velocity V' such that

V(f(w) = flur)) = —(a(w)v + b(w) — aluy)vr — b(uy)
V(u — uy) = —(c(ur)vi + d(uy) — c(ur)v, — d(u,)).



The Liu criterion, defining an admissible shock [16], expresses that the shock u; — w, cannot split in two
shocks u; — Kk, kK — u,., for any k € I(u;, u,), where we define

Vs1, 82 € R, 1(s1,82) = [s1,82] if 51 < 89, else I(s1,52) = [s2,51] . (13)

This means that, if V;, V,. and v, are reals such that

Vi(f(w) = f(x) = —=(a(w)vr +b(w) — a(k)ve = b(k)

Vi(u — k) = —(c(u))v; + d(w) — c(k)v, — d(K)),
Ve(f(k) = flur)) = —(a(k)ve + b(r) — alur)v, — bluy))
Vi(k —uy) = —(c(r)ve + d(K) — c(uy)vy — d(ur)),

then the properties V; > V and V. < V must hold. It is then easy to eliminate v, by multiplying the
first and the third above equations by c¢(k), the second and the fourth by a(k), and then subtract the
second to the first and the fourth to the third. The inequalities V; > V and V,. < V can then be seen
as Rankine-Hugoniot inequalities provided by weak formulation inequalities, in the same way as similar
inequalities hold from the entropy weak formulation of a nonlinear scalar hyperbolic inequality using the
entropy pairs of Krushkov (see [20, 18, 19, 7]). Hence (11) can be deduced by analogy.

Remark 2.4 In the case where there exist o, € R with f(u) = au + 8, we can easily deduce from
definition (2.3) that v(x,t) is obtained from u(x,t) by

(a (o) — ac(uo))vo(t) + b(to) — blu(x, 1)) — ad(Uo) — d(u(z,1)))
a(u(z,t)) — ac(u(z,1))

v(x,t) =

, for ace. (z,t) e R xRy,

and u is the unique entropy solution of the equation

w (c<u> (a(o) — ac(@))To(t) + b(To) — b(w) = a(d(To) — d(w)))

a(u) — ac(u)

Fdw) =0,

x

with the initial condition u(-,0) = ug (it suffices to divide (11) by a(k) — ac(k)).

Our aim is now to show that, under particular initial data called “generalized Riemann problem”, we
can exhibit a weak solution (u,v) to system (9) in the sense of Definition 2.3, only depending on z/t,
permitting, in some case, to give the analytical expression of this solution. This generalized Riemann
problem is defined by three reals w;, u, and g;, and by setting ug(z) = w; for a.e. & < 0, up(x) = u,
for a.e. & > 0, and assuming that v(x,t) = g; for small values of x (we again consider a nonsymmetric
condition for v). Let us recall that the concave (resp. convex) hull of a continuous functions f : R — R
on the interval [s1, sg], for given reals s; < so, is the function defined for all s € [s1, s2] by the infimum
(resp. supremum) value in s of all functions w € C?(R) such that w” < 0 and w > f (resp. w” >0
and w < f) on [s1, s2]. We also recall that, if f is Lipschitz continuous on [s1, s2], these functions are
Lipschitz continuous as well on [s1, s3], with the same Lipschitz constant. We then state the following
sufficient condition for an entropy weak solution to the generalized Riemann problem.
Theorem 2.5 (Generalized Riemann problem) Under Hypotheses (7), using notation (13), let three
reals gi,ur, u, be given. Let g : I(uj,u,.) — R be a Lipschitz continuous function such that g(u;) = g
and such that the functions p, v, defined by p(u) = —(c(u)g(u) +d(u)) and v(f(u)) = —(a(uw)g(u) +b(w))
for all u € W(uy,u,), verify V'(f(u)) = @' (u) for a.e. u € I(uy,u,), denoting by i is the concave (resp.
convex) hull of u on I(uy,u,) and by U the convex (resp. concave) hull of v on I(f(u;), f(u,)) if u; > u,
(resp. u; < u,). The existence of such a function is stated by theorem 2.6.
Let us define Vay = ess sup p/(s) and Vi, = ess inf [/(s), let u € LR x Ry) be defined by

sET(u,ur) s€I(ug,ur)

u(z,t) = uy, YVt € (0,+00), fora.e. x € (—00,tVy,)
x =t (u(z,t)), Vt € (0,+00), for a.e. x € (tVy,tVy) (14)
u(z,t) = up, ¥t € (0,400), for a.e. v € (tVyr,+00),



and let v € L (R x Ry) be defined by v(z,t) = g(u(x,t)) for all t € (0,400) and a.e. x € R.

Then (u,v) is an entropy weak solution of the system (9) in the sense of definition 2.3, where hypotheses
(8) are satisfied setting up(x) = w; for a.e. x <0 and ug(x) = u, for a.e. x>0, Wy = |u; —u,|, To = uy,
My =0 and To(t) = g; for a.e. t €R,.

Proof. Thanks to (14) and to the definition of fi, we get from e.g. [20] that u is the unique entropy weak
solution of the problem

up + (u(u))e = up — (c(u)g(u) +d(u))z =0
u(.,0) = . (15)

Therefore it satisfies the classical weak sense, which is a consequence of (17),

A+/ (,t)pe (2, t) (x,t))g@m(x,t))dxdt—k/Ruo(x)ga(x,O)dx =0, (16)
Vo € O (R x R, R),

and it also satisfies
/]R / (u(z, ) Th — k)i, t) + (p(u(z, ) Tr) — p(k))pe(z, t))dedt

(2)Tk — Kk)p(x,0)dz > 0,

/]R / k= u(z, t) Lr)pe (2, t) + (u(k) — p(u(z, t) LK) (z,t)) dadt (17)
/(H ~ () Lk)o(z, 0)dz > 0,
Vi € R, Vo € C°(R x Ry, Ry ).
Similarly, we get that f(u) is the unique entropy weak solution of the problem
(f(w)e + w(f )z = (f(u))e — (a(u)g(u) + b(u))e =0
u(.,0) = uo, (18)
which implies
/ / u(x, t))oe(x, t) + V(f(u(:r,t)))cpm(x,t))dxdt—|—Af(udx))ap(mﬂ)dx =0, (19)
Vgp € CP(R x Ry, R),
/R / (e )T () = FR)pula,t) + (o e, )T () — w7 (), 1))
uo(2)) T f(k) — f(r))e(z,0)dz = 0,
(20)

/R / (F(k) — Flulz, 1) LF(R))pe(z, 1) + ((F () — v(F (ulz, ) LF (5))) s (2 1)) dezd

(f (k) = fluo(x))Lf(k))e(x, 0)dz > 0,
VHER, Vo € C(R xRy, Ry).

We first note that replacing p(u(z,t)) by —c(u(zx,t))v(x,t) — d(u(z,t)) in (16) and
v(f(u(z,t))) by —a(u(x,t))v(z,t) — b(u(z,t)) in (19) gives (10). We then remark that f(s;Ts2) =
f(s1)Lf(s2), f(s1Llsy) = f(s1)Tf(s2) for all reals si,sy. Defining sign™(z) = 1 for all z > 0 else

sign™ () = 0 and sign™ (z) = —1 for all # < 0 else sign™ () = 0, we can write the relations
plula,t)Tr) — p(r) = —sign™ (u(@, t) — k) (c(u(@, t)v(z,t) + d(u(z, 1) — c(k)g(k) — d(x)),
p(r) — pu(z, t) Lr) = —sign™ (u(z, 1) — &) (c(u(z, ))o(z, t) + d(u(z, 1)) = c(rx)g(k) — d(x))
v(F(u(e. )T F()) — v(F(x)) = sign” (u(e. 1) — &) (alulz, O)o(a.1) + blu(r,£)) — a(x)g(x) — b(r))
v(f(r)) = v(f(u(z, £))Lf (k) = sign™ (u(=, 1) — k) (a(u(z,t))v(@, 1) + b(u(z, 1)) — a(k)g(x) — b(k))

7



Using the above relations, we get that the sum of the first relation of (17) multiplied by a(x) and of
the second relation of (20) multiplied by ¢(k) provides the first relation of (11), whereas the sum of the
second relation of (17) multiplied by a(x) and of the first relation of (20) multiplied by ¢(x) provides the
second relation of (11). Relation (12) is an immediate consequence of

VT >0, u(z,t) = u; for a.e. (z,t) € (—oo, min(V;, T,0)) x (0,T),

and of g(u;) = ¢g;. O
An analytical example

We now apply theorem 2.5 to some particular case, for which we can give the analytical expression of the
solutions that we provide. The interest of this example is twofold. First, it follows as closely as possible
realistic data in the case of injection of C'O3 in a porous medium saturated with water. Secondly, it
shows that v cannot be expressed, in the general case, as a function of u. We consider the functions a, b,
¢, d, and f, defined by (4) and (5), and the following data:

[£=007 X=006 p=017 p=01 ku(S)=5 ki(S)=(1-29)]

First example

We consider the case ul(l) =0and vl = SoX + £(1 — Sp) with Sy = 0.1. Hence the left part (the upper
one) is fully saturated with pure water, whereas the right one (the lower one) is initially filled by the
water phase, at the water saturation Sy, containing dissolved gas at the maximum concentration, and
by the gaseous phase, at the gas saturation 1 — Sy. This case corresponds to a zoom on the top of the
region in which some C'O5 has been previously injected. We assume that the water phase does not move
at the top of the region, which corresponds to set the gradient of the pressure equal to the hydrostatic
one gl(l) = 1. Let us denote by 7'}1) = ;—5 = —f"(u), for all u € (X, £). It is then possible to find the set

of values (g ,ult g(l) vih QW ), with ult € € (X, ¢), solution of the following system of equations:

( +b(uf”) — a(u)gl? — (i)
V” “> “> (< > (m) (gl — (i),
() +rm cus))gd! b( D)+ del),

Vuewu$]<<> <><» )(w) + b(u) + 74 d(u) = QLY
9D (u) = >Vuewx1
ww9»4 g +ay (uV) = vih.

The function (7)) is then given by

{@mWM=%RWmmw9L
(B O (1) = (e +dY (u), Vu & [ul?.

Hence the solution is given by a shock between ul(l

M and ug ). In this particular case, it is even possible to give an explicit value

) and ugl), which moves at the velocity Vs(l), and a
rarefaction wave between ug

for ugl).

u(91) _ 57(1 —p) = (Y :f)(ﬂfy)l/z
‘ §—pX
and all the other values are then easily deduced. The functions ¢, ,u(l) and vV are represented on
Figure 1. Since, by construction, in the case u; = ul(l), Up = u(l), g =g ) , the function g = ¢g(!) satisfies
the hypotheses of Theorem 2.5, we thus obtain that the pair of functions (u(l), (1) given by (14) with



g =g, is an entropy weak solution of the system (9) in the sense of definition 2.3. We then get that
the value of g(l)( ) denoted by gr , is given by

D _ e,y _ (1) (1)
QW —b(ut) —rf ) d(ur’)
a(uy)) +7j)e )

gt =

(21)

Second example

Let now consider a second example, coupled with the preceding one (we give hereafter a situation where
both examples are simultaneously encountered). In this second problem, we set ul(z) = ugl) = 50X +
(1 —Sp), u (2) l(l) = 0, and we set g( ) = gﬁl) In this case, the left part (the upper one) is initially
filled by the Water phase with dissolved gas and by the gaseous phase, whereas the right one (the lower
one) is initially filled by pure water. This case corresponds to a zoom on the bottom of the region in

which some CO; has been previously injected. We then define ug) by qu) = X, this value being such
that a shock occurs between ul( ) and u(2) Then the velocity of the shock VS(Q) is given by the solution
(VS(Q) Js ) of the system

V(1) — £l) = — (alu™)gf? +b(uf) — a(ui?)el? b)) )
8(2) ul(2) — ug)) =— (c(ul(Q))gl(z) + d(ul ) — c(qu))gg2) — d(ugz))) .
Therefore (Vs(z), g£2)) is given by
VD = Z(p— g
(23)

() _ 9(2)50( —1)+1

g + (1= So)(1— §>.

We then define the function g(® (u), for all u € [u{?, (2)] by

V() — 10) = = (ool + ) = atwg ) - o)

2 2 2)\ (2
VP (uf?) =) = = ()9 +d(u®) - c(uw)g® (u) — d(w)).
Since, for all u € [ug),ug)] the conservation equations are respectively linear with respect to u and
f(u), there is a contact discontinuity whose velocity VC(Q) is given by VC(Q) =(1- g§2)). We then define
g (u) = g§2) for all u € [u?),ug )] and we set g(z) = ggz). The function (72(?)’ is then given by

@Y (u) = V2, vu e P, u),
(AY () = VP, vu e (ul?, o)

The functions ¢, u? and @ are represented on Figure 2. Since, in the case u; = ul(2), Uy = u$,2),

g = gl(Q), the function g = ¢(®) again satisfies the hypotheses of Theorem 2.5, we thus obtain that the
pair of functions (u(?),v()) given by (14) with g = ¢(?, is an entropy weak solution of the system (9) in
the sense of definition 2.3.

A third example built with the two preceding ones

It is now possible to consider the case of Problem (9), where the function ug of (8) is given by ug(x) = ul(l)

for all x < 2/5, ug(x) = ul = ul(Q) for x € (2/5,4/5) and ug(z) = u? = ul(l) for x > 4/5. We then

assume that v (t) = gl(l), for a.e. t € R;. These data correspond to the case where some CO2 has been



previously injected in the region given by = € (2/5,4/5) (simulations of this case are also considered in
section 5). We then examine the simultaneous displacement of the top of the bubble and its bottom, at
least for a limited period of time. We consider the functions (u,v) given by

u(z,t) = uM(x —2/5,t) and v(x,t) = gV (v (x — 2/5,t)), Vt € (0,T), for a.e x € (—o0,3/5),
u(z,t) = u®(x —4/5,t) and v(x,t) = g (u® (x — 4/5,t)), Vt € (0,T), for a.e x € (3/5,+00),

with T > 0 small enough such that the two following conditions simultaneously hold

T ess sup (AM)(u) <3/5—2/5and —T ess inf () (u) <4/5—3/5.
weu® W] uelul® ul?]

These conditions on T ensure that the solution issued from the first generalized Riemann problem is
equal to the initial data for x > 3/5, and that the solution issued from the second one is equal to the
initial data for x < 3/5, for all time ¢ < T. Then this pair (u,v) is an entropy weak solution of the
system (9) in the sense of definition 2.3 until time 7. We see that in this case, the values v(x,t) for small

values of x and large ones, correspond to the same value of u(x,t) (which is equal to u(l) u? = = 0),

are respectively equal to gl(l) =1 and gﬁz) = g§2), which are different values in the general case (see the
corresponding values on the figures). Note that, although this analytical solution holds only for ¢t < T,

the numerical scheme used in section 5 allows to approximate the solution at any time ¢ > 0.

We now state the existence result, which allows applying theorem 2.5 to any generalized Riemann problem
in the sense given above.

Theorem 2.6 (A coupled convexity property) Under Hypotheses (7), using notation (13), let three
reals g, u;, u, be given.

Then there exists at least one Lipschitz continuous function g : I(u;,u,) — R such that g(u;) = g; and
such that the functions p, v, defined by p(u) = —(c(u)g(u) + d(u)) and v(f ( ) = —(a(u)g(u)+b(u)) for
all w € T(ug,u,), verify U'(f(uw)) = @' (u) for a.e. u € I(uy,u,), denoting by fi the concave (resp. convex)
hull of p on I(ug,u,) and by U the convex (resp. concave) hull of v on I(f(up), f(u,)) if up < up (resp.
Uy > Ug).

The proof of theorem 2.6 is a straightforward consequence of Lemma 3.2 proven in section 3. Let us
conclude this section with the following theorem.

Theorem 2.7 (Existence of an entropy weak solution of the system (9)) Under Hypotheses (7)
and (8), there exists at least one entropy weak solution (u,v) of the system (9) in the sense of definition
2.3, which moreover satisfies u — ug € Lip(Ry; LY(R)) N L= (Ry; BV (R)).

The proof of Theorem 2.7 is given in section 4, by passing to the limit in a finite volume scheme.

3 Proof of theorem 2.6

Recall of method for the decoupled case

In order to proceed to the proof of theorem 2.6 by passing to the limit in some approximation method,
let us first recall a method to approximate, for two given reals u; and w,., the concave (u; > w,.) or convex
(u; < u,) hull 7i of a function y on the interval I(ug, u,.).

For all i < j € N, we denote [i,j] = {k € N,;i <k < j}. Let N € N with N > 2 be given. We define the
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sequences (1(7));eqo,n7 and (Uf(j))je[[o,N]],f(j)<N by

Q:L\J = U —|— %(Ur - ul); vj € |I07N]]’
1(0) =0,
. puug) — p(ug;)

) O T N g,
. 3 ’ J
if 7(j) < N thenq _ plu) = p(ug ;)

I(j+1) is any element of < k € [I(j) + 1, N], uk_—uAJ = Y1)
i I(4)

else I(j +1)=N.

We next complete the definition of the sequence (v;);eqo,n—1] by

ﬁ:min{j € [[O,N]],f(j) :N}
Vj € [0.N —1], Vk € [1(7), 1(j +1) — 1], vx = vg).

Then the piecewise constant function ¢V, defined by
N T(u, up) — R, us vy, for ae. u € Lug, upry), Vk € [0, N — 1],

permits to define the piecewise affine continuous function Z(™):
o™ s T(ug, ue) — R, w e p(w) +/ oM (s)ds,
g

which is the concave hull (u; > u,) or the convex hull (u; < u,) of the function x™) which is piecewise
affine on all T(uy, ugs1), k € [0, N], such that g™ (uy) = p(uy) for all k € [0, N]. Then one can prove
that p(¥) uniformly converges to  on I(u;, u,) as N — oo, whereas i) also uniformly converges to i on
I(uy, u,) as N — oo (note that this result is indeed a consequence of Lemma 3.2 below, in the particular
case where c(u) = 0 and a(u) =1 for all u € R). The approximation method used below is then inspired

by this one.
Some functions related to the Rankine-Hugoniot relations

We now define two functions deduced from the Rankine-Hugoniot relations resulting from the conservation
laws (6). Let us assume that there exists three reals uq, ue and g; such that u tends to u; and v tends
to g1 for x tending to x¢ with z < xg and that u tends to us for z tending to x¢ with = > xy. Then,
from the system of the two Rankine-Hugoniot relations, we can deduce the value gs to which tends v for
x tending to xg with = > g, as well as the velocity of the shock. Indeed, this velocity and the value g
are therefore functions of g1, u1 and usg, respectively denoted V (g1, u1, us2) and G(g1, u1, uz), solutions to
the following linear system of equations in the case u; # uso.

{ Vg, u1,u2)(f(u1) = flug)) = —(a(ur)gr + b(ur) — a(uz)G(gr, ur, us) — b(uz)) (24)
Vg1, w1, uz)(ur — u2) = —(c(u)gr + d(u1) = c(u2)G(g1, ur,uz) — d(uz)).

Indeed, thanks to hypotheses (7) and introducing the notation

h(uz) — h(u1)

U2 — U

Th(u1, ug) = , Vh € C°(R), Yui,us € R with u; # us, (25)

(note that we have —7¢(u1,u2) > fim) we get the following expressions for V (g1, u1,u2) and G(g1,u1, u2)

11



(we prolong the latter by continuity for u; = us).

(c(u2)Ta(u1, u2) — alua)re(ur, uz))g1 + c(ue)mp(u1, u2) — alug)74(ur, us)

a(uz) — c(uz)7y (u1, uz)
(a(u1) — c(ur)Ty(u1,u2))g1 + bur) — b(uz) — (d(u1) — d(uz))Ty(u1, uz)
auz) — c(uz)7y(ur, us) ’ (26)

V(g1,u1,u2) =

)

G(gl,ul,uQ) =
Vg1, u1,us € R with uy 75 U2,

G(glv U1, ul) =41, vglv Uy € R.
Some properties of these functions, used in the next proofs, are given in an appendix.

Approximation in the case of the coupled problem

Let us now turn to the coupled problem considered in this paper. Let reals g;, u;, u, be given. In order
to prove theorem 2.6, we must show the existence of a Lipschitz continuous function g : I(uj,u,) — R
such that g(u;) = ¢ and the functions p, v defined by: p(u) = —(c(u)g(u) + d(u)) and v(f(u)) =
—(a(u)g(u) + b(u)) for all u € I(ul,ur) verify 7' (f(u)) = i (u) for a.e. u € I(uy,u,), denoting by i is the
concave (resp. convex) hull of x on I(u;, u,) and by 7 the convex (resp. concave) hull of v on I(f(w;), f(u..))
if u; > u, (resp. u; < u,.). We then follow the lines of the approximation method given in introduction to
this section. Let N € N with N > 2 be given. Denoting for all i < j € N by [i,j] = {k € N,i < k < j},
we first define the sequences (1(j));efo,n]s (Uf(j))je[[O,N]},f(j)<N and (gf(j))je[[O,N]] (these sequences are
used to define the approximations of the convex or concave hulls which are looking for) by

uj = + 4 (ur — w), Vi € [0, N],
I(O) = Oa g0 = g1,

'l}"( .

gy = A V(grg), v ),

N ke[1(j)+1,N]
if I(j) < N then § 7(j + 1) is any element of {k € [1(j) +1,N], V(9705 Uiy k) = vf(j)},

97G+1) = G705y Uz()> Uis41))

else f(j +1)=N.

(27)
We next complete the definition of the sequences (g;)icjo,n] and (vi)icjo,n—1] by
{ N = min{j € [0,N].1(j) = N} o8)
Vie[0,N—1], VE e [I(4),I(j+1)—1], grt1 = G970y ug(j)> wk+1) and vp = vy ).

Thanks to the definition of sequences (g;)ico,n] and (vi)iefo,N—1], We can now define the following
piecewise constant functions:

{ N T(ug,uy) — R, u vy, forae. u€ l(ug,urr1), Vk € [0,N —1], (29)
I

PN T(f(w), f(ur) = R, w— vy, forae. weI(f(ug), flups1)), Vk € [0, N —1].

The integration of these piecewise constant functions allows to define the following piecewise affine con-
tinuous functions:

AN (g, ue) — R, u s —(c(w)gr + d(w)) + / oM (s)ds
_ Yhy (30)
PN T (), furn)) = R, w e —(a(ur)ge + blur)) + ( »®)(s)ds
fw)
We then denote by ¢, ) the continuous functions which are piecewise affine on all T(ug,upy1),

k € [0, N], and v™) the continuous function which is piecewise affine on all I( f (ug), f(urs1)), k € [0, NJ,
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such that

g™ T(ug,u,) — R, g (ug) = gr, Yk € [0, N,
M) T, up) — R, p M (ug) = —(c(ur)gr + d(ux)), Vk € [0,N], (31)
v T(f (), flur) = R, v (fF(ur)) = —(a(ur)gr + b(uk)), VE € [0, N].

We then have the following property.

Lemma 3.1 Under Hypotheses (7), let three reals g;,u;, u, be given. Let N € N with N > 2 be given and
let N € N and the sequences (I(j))je[[o,ﬁ]]7 (uj)jeqo,n7 (9i)iefo,ny and (vi)icjo,n—1] e given by (27)-(28).
Then the following properties hold:

1. the sequence (Uf(j))je[[o Ro1p and therefore the sequence (v;)jefo,N—1], are non decreasing,

2. the following inequality holds

vj € [0,N], Vk € [1(j) +1,1(j +1) — 1], (32)
VA97G) Uiy ) 2 V(97) U3y UaGany) 2 V(9 ks Uz )

3. if up <y (resp. ur >w) , then the functions aM) s the concave (resp. conver) hull of w® on
L(ug, u,) and DN) is the the convex (resp. concave) hull of v™) on 1(f(w), f(u,)) (these functions
are defined by (30) and (31)).

4. the function g™ is bounded independently of N and is Lipschitz continuous on I(u;,wu,) with a
constant independent of N.

5. the sequence (Ui)ie[[O,N—l]] is bounded independently of N.

Proof.

Proof of item 1 R R
Let us show that the sequence (Uf(j))je[[o,ﬁ]] is non decreasing. Let j € [0, N—2] and k € [I(j+1)+1, N]
be given. By definition of Vg, We have V(gf(j),uf(j),uk) > Vi = V(gf(j),uf(j),uf(jﬂ)). We apply
Lemma 5.2 with g1 = Iy U1 = Uy U2 = UR(yy and uz = ug. We then get that the sign of
V(gf(jﬂ) S UF(j41) uk)—V(gf(j), Uiy ug) is the same as that of V(gf(j) S UF (> uk)—V(gf(j) S UF ) uf(jﬂ)).
Thus, the value V) = V(gf(j),uf(j),uf(jﬂ)), lower than or equal to V(gf(j),uf(j),uk) for k € [I(j +
1) + 1, NJ, is lower than or equal to V(gf(j+1)v uf(j+1)auk)- This proves that Vi) 2 Vi)

Proof of item 2

The left inequality in (32) results from (27). The right one is an immediate consequence of the left one
and of Lemma 5.2 with g; = Ii()r W1 = Uf(jy, Uz = Uk and ug = UF(j41)-

Proof of item 3
Let us now assume that u, < u;, and let us prove that the function ‘™) is the concave hull of x®) on
[tr, u] (the case u, = wy is straightforward, since it leads to constant functions, and the case u, > u; can

be handled in a similar way). For all j € [0, N], we have u) (ug;y) = —(c(u;(j)) 955 + d(u;(j))). We
have
N N
W (ugy) = 0 (g ) = eluzgi) 97500y = oz 97 + Az ) = dlugg) — (33)
The algorithm gives g7, ) = G(gf(j),uIA(j), “f(j+1))’ S0
N N
O () = (g ) = g i) Gl97) UGy )~ Czg)) 97+ Az ) = dluz)), (34)

using the definition of V| we obtain
N N
H i) = 1wz )) = V (976 476y 1) (v — e (35)
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Hence, using the algorithm, we get that, for all j € [0, N - 1],

N N
p M (uzig)) = 1 (g ) = g (“fm - “f<j+1>) : (36)

-~ ~

We have, by construction, vz ;) = v, for all k € [1(j),1(j +1) — 1] so

W (uz) = BV () = vgg) (uig) = vige)
U UT () YT () N (37)
= Y1) = S ou=J ™M) (u)
YTG+1) YTG+1) UTG+1)

This leads to M(N)(uf(j)) = ,L’Z(N)(uf(j)), thanks to definition of p¥). for all j € [[O,]\Af]]. Since for all

ke[l(j)+1,1(j + 1) — 1], we have g = G(gf(j)auf(j)vuk)y we get
W (ugy) = i () = Vg5 wgys un) (g = un)-

Using (32), we obtain that (V) (uzy) — ) (uy) > 5](-N71) (Uf(j) - uk). This proves that ;™) (uy) <

AN (uy,), and therefore concludes the proof that i) is the concave hull of 4™ on [u,,w;]. Similarly,
we get that v(N) (f(uf(j))) = A(N)(f(uf(j))) for all j € [0, N] and that

v (Fluz ;) = VN (Fun)) = Vg g ) (Fluzg) — Flu)).

Therefore, since f is strictly decreasing, we get that v (f(ug)) > 0N)(f(ux)), which shows that 7(V)
is the convex hull of v™) on [f(u;), f(u,)]. The case u, > u; yields to similar conclusions.

Proof of item 4 R

We will first show this item about the sequence 97y j € [0, N]. Thanks to the definition of G, we have
975y = G970;)- U35y Uiy )» and by construction in the algorithm (27), g7, 1y = G(97(;)» Uigj)» Uz(j41))-
By applying lemma (5.1), we get

‘9f<j+1> - gfu)‘ <Cu (‘gfm‘ + 1) ‘“fml) - “fm‘ :
Using 970y = 9> and applying the discrete Gronwall’s Lemma 5.3, we obtain,

N-1
97| < Ugnl + Dexp | Cra Y fugiay) = ugg,
=0

Y

) N-1
Since Z:O UF(ig1) — Ui

= |u; — u,|, we get,

with C1 = (|gi| + 1) exp [C14 |w; — ur| ] = 1. We now turn to the study of the whole sequence (gx)refo,n7-
We remark that, for all j € [0, N] and for all k such that I(j) < k < I(j + 1) — 1, we have

9k = G(gf(j)v UT () ug)
G(gf(j)v UT () UkJrl)'

~ o~

Hence, for all k € [I1(5),1(j + 1)], we get

|91 — gl < Cra (‘gf(j)‘ + 1) k1 — uk (38)
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Since ‘ gf(j)‘ < (4, we conclude that gi is Lipschitz continuous with the constant Cy = Ci4 (Cy + 1).

From inequality (38) and thanks to an easy induction, we then get that
|gk| < g1l + Cra (Cr + 1) [ur — i, VK € [0, N], (39)

which provides a bound for g, independent of N.

Proof of item 5 L

Thanks to (27)-(28), we get that for all k € [I(§),I(j +1) — 1], vk, =  min V(gf(j),uf(j),ui).
i€[1(5)+1,N]

Since |gk| is bounded independently of N for all £ € [0, N], we get from (26) and (39) that for all

51,52 S I(Ul, u’r)7

|V (g, s51,52)] <2 (lgu] +1) <2 (lg:] + C1a (C1 4+ 1) Juy, —wy| + 1), VE € [0, N],

(40)

CLip Cmax CLip Cmax
mo mo

and the conclusion of the proof follows. [
Thanks to the estimates provided by Lemma 3.1, we can now state the following property, from which
theorem 2.6 follows.

Lemma 3.2 Under Hypotheses (7), let three reals g, u,u, be given. Let ¢IV) p(N)  GN) p(N) -y (N)
v and g™ for all N € N with N > 2 be defined by (27)-(31). Then there exists a strictly increas-
ing injection € : N — N, such that the sequences (¢*™))yen, (WEM)nen, (AEM) nen, (5N nen,
(EM) ven, WEMN yen and (g5N))yen converge in the following sense:

1. (¢EMNnen (resp. (V¥ yen) converge in L*(I(ug, uy)) to some functions ¢ € L™ (I(ug,u,)) N
BV (I(ug, u,)) (resp. ¥ € L=®(uy,u,.)) N BV (1(ug,ur))),

2. (BEM) ven, M ven, (M) yen, (5N ven and (g5N))ven respectively uniformly converge
to some Lipschitz continuous functions i, U, i, v and g, with g(ui) = gi, and p(u) = —(c(u)g(u) +
d(w)) and v(f(u)) = —(a(u)g(u) + b(w)) for all u € I(u;, uy).

3. ¢g=n", =70 and (f(u)) = ¢(u) for a.e. u € I(uy,u,).

4. if ug > uy (resp. up < ), the function [i is the concave (resp. convex) hull of p on I(ug,u,) and
the function U is the convex (resp. concave) hull of v on I(f(uy), f(u,)).

Proof.

Proof of item 1

In the case u, < u;, we see that for all N > 2, the functions (b(N ) and w(N ) are respectively non increasing
and non decreasing, and bounded independently on N. Hence, thanks to Helly’s theorem, we can extract
a subsequence such that item 1 holds (the proof is similar in the case u, > u;).

Proof of item 2

We get from Lemma 3.1 that, for all N > 2, the functions g™ are Lipschitz continuous with constants
independent of N and are bounded independently of N. Thanks to item 5 of lemma 3.1, we get that
#™) and ™) are bounded independently of N, and the definition of i and ¥ yields 7™ = ¢(¥) and
()" = V) which proves that these two functions are Lipschitz continuous on I(uy,u,) with constants
independent of N and are bounded independently of N. We have, for all j,k € [0, N,

) ) = 1 ()|

c(uj)g; — c(ur)gr + d(uj) — d(u)
3 le(uy) — c(ur)| g + g5 + 5 le(ug) + c(ur)| lg; — gr| + d(u;) — d(u)] .

IN

From Lemma 3.1 and the above inequality, we easily deduce that (™) is Lipschitz continuous on T(ug, uy)
with constant independent of N and is bounded independently of N. The same conclusion clearly holds
for vV).,
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We can therefore apply Ascoli’s theorem, extracting a subsequence of that defined in the proof of item
1. Thanks to the definition of pN) and v we get that u(u) = —(c(u)g(u) + d(u)) and v(f(u)) =
—(a(u)g(u) + b(u)) for all u € I(uy, u,).

Proof of item 3
This is an immediate consequence of (29).

Proof of item 4
Since the uniform limit of the convex (resp. concave) hull is the convex (resp. concave) hull of the uniform
limit, this item is an immediate consequence of Lemma 3.1 and of item 2.

O

4 Study of a finite volume scheme

We now give a numerical scheme, which applies under Hypotheses (7) and (8) without restrictions. These
hypotheses are therefore assumed in this section. Thanks to the proof of the convergence of the scheme
given in this section (theorem 4.4), we then get the proof of Theorem 2.7.

Let h > 0 be given, which will be called the space step in the following. We define a finite volume
discretization of R by K; = (ih, (i + 1)h), for all i € Z. Let & > 0 be given, which will be called the time
step in the following. We set

1 [G+DR
ul” = — ug(z)dzx, Vi € Z. 41
‘ h
ih

Thanks to Hypothesis (8), the family (ugo))iez is such that there exists iéo) € Z such that, for all i € Z

with ¢ < i(()o), ul? = ug. We then define the finite volume scheme by induction. Let n € N be given and

1
let us assume that (ugn))iez is a given family of reals such that there exists ién) € Z verifying

W™ =7, Vie Zst. i <ilV. (42)
We then define
1 (n+1)é (n)
ul™, =1, o) = 5 To(t)dt, VieZst. i <il". (43)
2 nét

(n)l and ugﬁ

U3

)1 are known. We define in the following the

Let ¢ > i(()n). Let us assume that the values v

Ez)% and uii)% ;

3™ . RxR—Rby
i+5

values v which permits to give the scheme by induction on i € Z. Let us define the function

@En)% (u,0) = ful™)+ % (a(u)v +b(u) — a(uz(,r_l)%)v(n)1 — b(u™, ))

3 — = — =
K3 3 2 3

—f <u§n) + % (c(u)v +d(u) — c(ugf)%)vﬁ)% - d(ugi)% ))) . ()

We remark that this function ‘Iﬁ); is locally Lipschitz continuous with respect to its arguments and
2

verifies

(a(u) — c(u) f' (@™ (u,v))) € ﬁmo, ﬁcmaxu + CLip)], for ae. u,v€R,

™
0 B

" &
i3 h

u,v) =
with ﬂgn) (u,v) = u§") + & (c(u)v +d(u) — c(uf,ﬁ)l )vgf)l - d(uz(,r_l)l)). Thus, for all v € R, the function
2 2 2
v — (I)l('i)l (u,v) is Lipschitz continuous one-to-one from R to R, and its reciprocal function is Lipschitz
2

continuous from R to R. Hence we implicitly define the Lipschitz continuous function gl(j:)l by
2

ggi)% : R—>R, ur v s.t. @5:)1 (u,v) = 0. (45)
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Defining the Godunov flux [10, 9] Fgo(u, s1, s2), for all u € C°(R,R) and for all s1, s2 € R, by

then Fgo(p, $1,82) = max  u(s)
s€[s2,81] (46)
min _p(s).

if S1 Z S92
then Fgo(p, $1,82) =
s€[s1,52]

else if 51 < 89

€ R as a value associated with the Godunov scheme for the flux given by the function

(n)
we define (O 1
(47)

MR =R, we —(c(u)g™ (u) + d(u),

Popr
the left value ugn) and the right value ugi)l, ie.
ugi)% is any element of {s € T(ugn), ugi)l), uz(,i)% (s) = FGo(NEi)% , ugn), “51)1)} . (48)
This allows to define the value ’UEZ)% by:
oy =0y ) (49)

Relations (44)-(45) and the fact that f is strictly decreasing imply that f (uz(,i)l ) reaches the Godunov
2

scheme for the flux given by the function
v R R, wie = (a0 @)glT, (7D ) + b w))) (50)
the left value f(ugn')) and the right value f(ugi)l), ie
D ), Fi). (51)

v (Ffth) = Fao(ry}).
Hence we have defined values uz(,:)l and vx'_')l , and the induction on ¢ € Z with 7 > i(()"), used in the
2 2

definition of the scheme, is now complete. These values are such that

(n)l )UET); - b(ul('ﬁ); ))
2 2 (52)

my L X m) ) (n) ()
flu; )+ n (a(uH%)vH% + b(uH%) - a(uFE
_ (n) (n) \,,(n) (m) y _ (n) \, () (n)
=f <u1 + W (C(UH% Vil +d(ui+%) C(uif%)vif% d(ui%))>.
We then set
n n & n n n n n n .
ug D _ ug )z (c(u( )l)v( ); + d(u( );) — c(u(,_)l)v(_)l — d(u(,_)l)) , Vi€ Z. (53)
h itg7 ity it3 =37 g

Note that, for all 7 € Z with ¢ < i(()") — 1, we get uE"‘H) = y. We also denote by
Fd™), Viez, vneN. (54)

ul") =
Thanks to (52), we can write
n n & n n n n n n .
U%( + = wf )4 = (a(u(, ')l)v( )1 + b(u( )1) - a(u(,_)l)v(_)l - b(u(,_)l )) , Vi e Z. (55)
h it3/ itg it3 T3’ T3 T3
We then see that the value
i =M (56)
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is such that (42) holds, replacing n by n + 1, which allows the definition of the scheme by induction on
n to hold.

(n)

Thanks to the definition of discrete values u; ° and v 1, for n € N and i € Z, we can define the

approximate functions up s : R xRy — R and vp 6 : R >< R4+ — R of w and v by

up,(x, 1) = (n) YV € (ih, (i + 1)h) and all ¢ € [n&, (n 4+ 1)&), Vi € Z, Vn € N,

vp,e(x, 1) = g")l, Vo € ((i — 4)h, (i + 3)h) and all t € [n&, (n+ 1)&), Vi € Z, Vn € N, (57)

We then have the following lemmas, which provides the estimates on the approximate solutions, used
below in the convergence theorem.

Lemma 4.1 Assume that Hypotheses (7) and (8) hold. Let h > 0 and & > 0 be given, and, for a given
n €N, let (ul)icz be a sequence of reals such that (42) holds for some ié") € Z and such that

S lult) —ui™| < W, (58)
i€EL
and
Un <ul™ < Uy, Vi€Z, VneN. (59)

Let (w])iez, (u;‘Jr%)ieZ, (U?Jr%)iez; (H?Jr%)iez and (Vﬁi)%)iez be defined from the values (ul')icz by (43) -

(55). o
Then there exists C3, Cy, Cs, Cs and C7, only depending on Vo, To, Un, Unr, Wo, Craxs Crip, fm, and
mg such that

|vf_’:)%| < Cs, Vi€ Z, (60)

gy e (@, van) < Cay Vi € Z, (61)

g3 ) o Wvae) < Cs, Vi € Z, (62)
1) | W an) < Cos Vi €L, (63)
|, N < Cr, Vi € Z. (64)

Proof. For a given ¢ € Z, we set

o @) = F@) o o0

7f - (n+1) u(n)

else Ti(,?) =—fm.

S By AT — by - (@) - dedly
i+l a(ugi)%) - C(ul(.:)%)ﬁ(r})
Using again Cli, defined by (7), we define
(n) (n)
o _ Wy) maluiy)

7 if u") ;éu , else 7' = CLip,

ia NONT) i3 7 Mg
i+ -3

and we define similarly Ti(z), Ti(z) and Ti(’z), replacing respectively a by b, ¢ and d.
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We can then write vl(j:)% — v(f)% = @™ - ul(.ﬁ)%)(GovEf)% + G1) with

7 z+%
™) (f}) () (Z) (f}) T(z)
G(): z(’ T n?a andG1= T 1, nv,, —
a(uf},) - e(u?)r’} a(uf},) - e(u?)r’}
2 .
and therefore, since a(ugi)l) — c(ugi)l)Ti(r}) > my, we get |Go| < Cs and |G1] < Cs with Cg = CL+OCL|I)
i+ 1 i+ 1774, ,

We then have

oM
z+2 Uifé -

) ugi)l
2

(ol | +1), viez.
2

We can the apply the discrete Gronwall lemma 5.3 (see appendix 2), starting from ¢ > ié"). We thus
obtain

VieZ, i> z(n) ’v(n)l — 1.
it+3

7
< (Vo + exp [ € 3 fury —
j=i§"

1
2
Hence, thanks to (58) and (43), we have

v 1| < (|Vo| —|—1) exp (CsWy) — 1, Vi € Z,

which provides (60) with C3 defined by the right hand side of the above inequality. From definition

(44)-(45), setting u(") R—R, s— uﬁ") +4 (C( )9, (n) ( ) +d(s) —c(u (.")1)1)(")1 —d(u,” (n) )) we get by
' i=5’ iy

derivation, for a.e. u € R,

(G (n) / o ’
(10, (= LE O ) a0 s @)
+} au) — c(u) f' (@™ (u))

(5) ] <

We then apply Gronwall’s lemma, starting from u = ugi)l € [Upm,Up] thanks to (59). Since we have
2

|g7+1 ( )| = |v | < Cj5 by (60), we get (61) with Cy = (C5+1) exp(Cs(Ups —Uyy,)) — 1. This therefore

gives (62) Wlth C’5 Cs(Cy + 1). We thus get (63), with Cs = CripCs + CmaxCs + CLip and (64) with

07 = Cﬁ/mo. 0

)

which gives

Cs(lgfy, (w)] +1).

Lemma 4.2 Assume that Hypotheses (7) and (8) hold. Let Cy be defined by the relation
1

Co=—-— 65
? 7 2max(Cg, Cr)’ (65)
where Cg and C7 are given by Lemma 4.1.
Then, for all h > 0 and & > 0 be given such that
& < Cyh, (66)

the values (uf)ieznen, (W} )ieznen, (U}, 1)ieznen and (V2 1)ieznen, defined by (41) - (55), satisfy

S luly —ui™| < Wo, ¥n €N, (67)
1€EL
Un <ul™ < Uy, Vi€ Z, VneN. (68)
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Proof. We first remark that (67) and (68) hold for n = 0 using definition (41). Let us assume that, for
a given n € N, relations (67) and (68) hold. By the construction of the scheme, (42) holds, thus we can

use the conclusions of Lemma 4.1. For a given i € Z, we define u(n'H) by

~(nt1) _ () Q) () n) ¢ (n) (n) ( (n)y _ (n) ( (n)
" =l — S (Y @) ) ) e ) = ) @) ).

Using again the notations wgn) = f(ugn)) and wgi)l = f(u§+) ) for all i € Z, we define w("Jr ), for all
2

2
i € Z, by

uyh (™) = ) ()

n) #* u+1, then T(nu)

Note that, thanks to (48) and (63), we have 0 < Ti(,:"_’u) < Cg. Similarly, we define Ti(,nju) by

u; 7é U , then T, = 2 2 2 , else ) n,
® 2 (n) i u(n)

Uiy

=Cs

(again, thanks to (48) and (63), we have 0 < T(n’u) < Cg). We now define 7' by

(n) (, (n) (n) ¢, (n)
Vz' 1 (wz ) - I/i (U}l l)
w™ £ w™, | then T(" w) — s 3 , else T(n v = .
07 Wiry + OO
it+i

Note that, thanks to (51) and (64), we have 0 < Ti(fjr’w) < C%. Similarly, we define Ti(fiw) by

, else Ti(fiw) =Cy

(again, thanks to (51) and (64), we have 0 < Ti(ffw) < C7). We then get

o) _ g % () & (), m) & _(mw), ()
U, =uy; (]‘ h( + )) + E z+ H_l + - h z,— Ui_%, (69)
and 5 5 5
@ = w1 = S ) 4 e T e (70)
Defining Cy by (65), we obtain from (69) that
ﬂ§n+1) € [min(u gn)17 gn)7 (:)2) max(u gn)17 gn)7 5:) )] (71)
and from (70) that
@En-k—l) € [min(w (") L w) ), (Z) ), max(w Z(") w! ) (") )]

— F sl ), il 2, )
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We now define the function Mi(n) C Ums Upm) — Ry u— a(ugn))u - c(ugn))f(u) We then get from (71)
and (72) that

Mi(n) (min( l(ﬁ)l 7u§"),u +) )) < a(u ("))~(W+1) (ugn)),@l(n-i-l) < Mi(n) (maX( 5")1,u )7u(") )) . (73)
2

% z+%
From the definition of ﬂgnﬂ) and w; 5" and from (53)-(55), we get

M ) = aw)a Y — e(u)a" Y, (74)

since a(u)u() (u) — c(wyy}, (f(w) = a(uu”y (u) = c(wp,”, (f(w) = —a(w)d(w) + c(uw)b(u), for all

w € [Upm, Unm|. Thanks to (73) and (74), and to the strict monotony of the function Mi("), we can write

)

W) )l ),

€ [min(u u” 1,u7 7 (n)l’ n) (n) )]

max(u, 1,U; U

which shows (68) for n + 1. Thanks to the above property, we can now apply Lemma 5.4, which permits

to conclude
5 ) -t < 3 ).

i€
which completes the proof of (67) for n+ 1. O
Let us now classically deduce some bound for the variation in time, from that of the variation in space.

Lemma 4.3 Assume that Hypotheses (7) and (8) hold. Let Cy be defined by Lemma 4.2 (thus only
depending on Vo, Ty, Wo, U, Unr, a, b, ¢, d and f). Let h >0 and & > 0 be given such that (66) holds.
Then, there exists C1g, only depending on Vo, U, Wo, Um, U, a, b, ¢, d and f such that the values
(u})ieznen, (W})iez,neN, (UJZ_ Jieznen and (v} 7_,_ 1 )iez,nen, defined by (43) - (55), satisfy

[t2/dt]
ST 3wl | < (t2 — 1+ &)Chro, V2 >t >0, (75)
n= Lfl/étJ i€EZ

where, for all s € R, we denote by |s] the biggest integer lower or equal to s.

(") (

l72

Proof. We get, setting u = u( )1 in (44)-(45), that g(n) (u(") )= U ) Using (53), we get
2

11—

n n & n n n n n n n
ug +1) _ Ug )+ o (C(u7(1+)%)gz(+)2( (n) )+d( (n) )_ C(u( ) )g(+) (US_)l

) — d(u™, )) Vi € Z.
v2
Using the Lipschitz constant Cg defined in the proof of Lemma 4.2, this leads to
(n+1)  (n), _ & (n) (n) ‘
|u, —u; | < =Cslu; s —u; 1|, Vi €Z.
¢ ‘ h ity i—g

Therefore, we get
S ™ — ul| < &CeWo,
i€Z
which provides (75) with C1g = CeWy. O
It is now possible to state the convergence of the scheme. This is the aim of the following theorem.

Theorem 4.4 Assume that Hypotheses (7) and (8) hold. Let Cq be defined by Lemma 4.2 (thus only
depending on Vo, ug, Wo, U, Unr, a, b, ¢, d and f) and let C11 € (0,Cy) be given. Let (hp, &m)men
be a sequence of pairs of positive reals such that lim h,, = 0 and such that Ci1hy < & < Cohy, for

m—00

all m € N. Then there exists a subsequence of (N, &m)men, again denoted (N, dm)men, such that the
sequence of functions (Up,, s, Vhy i )meN defined by (43) - (57) satisfies
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1. there exists u € L°(R x Ry) with u — ug € Lip(Ry; L*(R)) N L (R, ; BV (R)) such that

VI € Ry, lim  sup ||up, s, (1) —u(-, 1)o@ =0, (76)

M= ¢c(0,T]

2. there exists v € L (RxRy) such that (vp,,, &,, )men converges for the weak-* topology of L™ (RxR)
to v,

3. this pair of functions (u,v) is then an entropy weak solution of the system (9) in the sense of
definition 2.8.

Proof. Let us examine the first item of the above theorem. It is easy to see that, for all m € N,
luh,, 6 (-5 0) — uollL1®) < himWo thanks to (41). Thanks to Lemma 4.3, we get that, for all t € R,
|Uh 6t (-5 1) — Uol| L1 (R) < A Wo + (£ + &) Cho, which is bounded by ¢C1g + Cio for all m € N. Thanks
to Lemma 4.2, we have ||us,, &, (-;t) — uo| py®) < 2Wo. Helly’s theorem proves that the set A(t) of all
the functions v € L'(R) such that |[v||z1r) < tC1o + Ci2 and ||v| gy r) < 2Wy is relatively compact in
L'(R). We can then apply theorem 5.5 to the sequence (up,, &, — Uo)men, Which allows to extract a
sequence such that (76) holds.

Using (60), we again extract from this sequence a subsequence such that the second item holds.

Let us now prove the third item. Let ¢ € C°(R x R4, R) be given. Let R > 0 and T > 0 such that
support(y) C [—R, R] x [0,T]. We get (12), using (43), (56) and the hypothesis C11hy, < &y, for all
m € N (this hypothesis is only needed here).

Let us now show (11). Let ¢ € C°(R x Ry, Ry) be given, and let m € N. For the simplicity of the
notation, we omit some subscripts m in the following calculations. For a given n € N, relations (53)-(55)

read 5
" = ™ = = (Fao(uy uf™, ul) = Foo(ul™y ,ul™y, ui™)) , Vi€ Z,
h z+2 [3

and

F™) = f@i) = 5 (FeolTs Ful™), i) = Faow!™y f@i™). fu™))) , Vi € Z.
Let k € R be given. We get from the above relations, for all i € Z,

a(r)u" — e(r) f" ) = a(e)ul™ — (k) f(u™)
& n n n n n
~a(x ﬁ(FG (n &l,uﬁ L) = Feo(u™y culy u™))

teln) § (Fao(Zy 1™), F) — Faolol™, F7)), 7))

We thus have the relation \I/(ugnﬂ)) = @(ugﬂ_l), fn), 5:)1) where the functions ¥ and ® are such that,
for all s € R, ¥(s) = a(k)s — c¢(x) f(s) and
Vs1, 82,53 € R, ®(s1,52,83) = a(k)se —c(k)f(s )
(FGO 1+1 ,52,53) — Fc;o(uff)%,sl, 32)>

o
am)g
a (n)
e(m) 3 (Faoly F(s2), £(s)) = Faow™s, f(s1), f(52))) -

i
Thanks to the relation

alk) (7, (5) = 1y (1)) = ) (V25 (F0D) = v, (£ )

1 1
2 2

we have ¥ (k) = ®(k, k, k). We recall that, when g € C°(R,R), the function Fg,(g, -, -) defined by (46) is
Lipschitz continuous and non decreasing with respect to its second argument, Lipschitz continuous and
non increasing with respect to its third argument, with the same Lipschitz constants as g. We then see
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that @ is non decreasing with respect to its first and third arguments in [U,, UM]Q. Thanks to condition
(n)

(66) in which Cy is given by (65), where Cs and C7 are respectively the Lipschitz constants of y;}’, and
2

(n)
Vied
classical reasoning, we get that, if x € [Uy,, Ups], then

we get that @ is also non decreasing with respect to its second argument in [U,,, Ups]. Following a

U (u (nH)T/{) < O(u,_ (m) 1 TR, u( )Tn, ugi)l"l'/s)

This relation holds if K > Uy thanks to ¥ (k) = ®(k, k, k), and it holds if k < U,, thanks to ¥(u (n+1))

D(u gnJ{l), ugn), ugi)l) Hence it holds in the general case of k € R, and we can write ¥(u (nH)TFa) U (k)

B(ul" (n) Tk, u( )T/f,ung)lTﬁ) ®(k, K, k). This gives

IN

a(k)(u E”“m k) — e(r) (f" T TR) = £(8) < alr)(u{™ Tk — k) — c(r) f(u{™ Tr) = f(x))

—a(/i)— (FGO( (i)“ g )Tk, uEJr)lTn) Faolu E )%, E )IT/{ u( )Tn)) (77)

+c</-a>%( oW, F @ TR), U TR)) = Fao(v™y, (™, Tr), f(ui" Tr)) .

i—3

Thanks to the property Fgo(g, s,s) = g(s) for all g € C°(R,R) and s € R, we have

a(k) (FGO(MZ(‘Z)%’STK’ sTK) — FGo(Mgi)%afi; KJ)) —

78
() (Faoly F(sTr), (sTR)) = Fao vy, F(1), £(x))) = —Go(s)g() (s) = Gi(s), Vs € R, ™

where we define

Go : R—=>R, s—a(k)e(sTk) —c(k)a(sTk),
Gi : R—=>R, s—a(k)(d(sTk)—d(k))—c(k)(b(sTk) — b(k)),

where we remark that for all s € R, —Go(s )g(Jr)1 (sTk) — Gi(s) = —Go(s)g l+1( s) — G1(s), since Go(s) =
G1(s) =0 for all s < k. Note that the follovvlng relation holds:

)R 42 ) )02} 10, £09) = —alel) + o)
= 0w Poo(l" ., 5) — (k) Foo ™y 1 (k). 1 ().

We then get from (77), (78) and (79)

(79)

B (@) ™ DT = 1) = () (f "D TR) = F(8)) = alw) (" T — i () (f(u Th) = £ (x))
& (Go( ol + Gr(uy) = Go(u™ o™, = Gr(ul™,)) < &(Wy = W),
(80)
where we set
Wi = —a(k) (F ('U(Jr)l’ g )Tn,ung)le) FGO('“E‘Z)“ (n) L TR, u( n) TH) (81)
(k) (Faolv gzg, (u Tw), f(u}) Tr)) = Foo(v gzg, (u “”m) F@TR)

We then multiply (80) by ¢((i+ 3)h, né). Gathering the terms obtained by summing the result on n € N
and i € Z, we then obtain Tl(m) + TQ(m) + Tém) < T4(m), with

T = = 32 S b (ale) (@l T~ ) = elm) (F ™ Tr) = F(5))) (p((i 5 m) (4 5, (0= 1)),

neN* €7

T4 = =3 b (al)@® T — ) — R (F@Th) — F(5))) @((i + 5)h,0),

1€Z

23



7™ = Say (Go u(n% @% + Gl(ul@%)) (gp((i + %)h,n&) — (i — %)h,%)) ,

neN* 1EZL

= Y &y W) (sa((i — o) — o((i + 3)h. n&))

neN* i€EZ

and

We then classically obtain that

Jim 7 = = [ ] () a0 ) = cl)Hule,)T) = £(9) el i,

m—00

lim 73" = — / (a(k)(uo() Tk — &) — c(k) (f(uo(z) Tr) — f(K))) @z, 0)dwdt,

and, thanks to (67), we get

m— 00

lim 7™ = /R / Go(u(z, t))v(z, t) + Gy (u(z, 1)) pulx, t)dzdt.

Turning to the study of T4(m)

Tu!™,u™),

(n)

; we get, from the Lipschitz continuity properties of Fgo and using u, 41 €
2

K3

(n) (n)

W < Cmax(Cs + C7ClLip) |u Uit — U

Thanks to the above inequalities, we obtain that
(m) _ ) _ | L 1
T4 < Cunnx(Co + CrCui) 3 &3 0l = ul®)| '@((l = ), nd) = o((i + 3)h.neh)
neN* i€EZL
which ylelds, Settlng 013 = ||61§0||Loc(]R><R+)Crnax(Cﬁ + C7CLip)7

LT/é)

(™| < heng Z &y [u)

= i€Z

This gives, using (67) and reintroducing subscripts m, }Tim)’ < A (T4, )C13Wo and finally  lim T4(m) =

m—0o0

0, which concludes the proof of the first inequality of (11). The second inequality is proven exactly in
the same way.

The proof of (10) is similar and simpler. For a given ¢ € C®(R x Ry, R) and m € N, we multiply (53)
and (55) by ho((i + §)hm,ndm), and we sum the result over i € Z and n € N. We then pass to the
limit m — oo, again using the convergence of (up,, &, )men to u in L'([—R, R] x [0,T7]), the convergence
of (vp,, 6., )men for the weak-* topology of L= (R x Ry) to v, the estimate (67), and following the same
reasoning as above. We then get that (10) is satisfied by (u,v). This concludes the proof that (u,v) is
an entropy weak solution of the system (9) in the sense of definition 2.3.00

5 Numerical results

We provide in this section some numerical results, obtained with the generalized Godunov scheme pre-
sented in section 4. We consider the data of the third analytical example in section 2, corresponding to
the simulation of a bubble initially present in the domain. The value for Cg provided by (65) is not sharp
enough to be used for practically setting the value of the time step as a function of the space step. Hence,
using the analytical values taken by the function v, it was possible to assess a much more accurate value
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for &/h = Cy, ensuring the stability of the scheme. We have thus taken & = 107 for h = 10~%. We
show on figures 3 and 4 respectively the functions uy &(z,to) and vy & (2, to) at time to = 0.1.

Let us first observe that the numerical solution is very close to the analytical one shown in figures 1-2.
Classically, we note that the contact discontinuity is more subject to numerical diffusion than the shocks.
We remark that the approximate solution vy, 5 shows monotony properties with respect to =, but presents
periodic oscillations with respect to t (see figure (5)). The period of these oscillations only depends on
the space step, and numerically corresponds to the time needed for dissolving the gaseous component
into the water phase at the maximum concentration in one control volume, starting with pure water (this
time is also that of the apparition of the gaseous phase in this control volume). This is in agreement with
the theoretical convergence properties in section 4, only based on the proof of the convergence of vy, &
to v for the weak-* convergence of L°(R x Ry). Indeed, it is easy to see that some BV estimate could
be considered for v with respect to the space variable, but the lack of term v; prevents from obtaining a
similar estimate with respect to the time variable. However, a time average of vj, &(x,t) can be shown
to accurately converge to the analytical value obtained in section 2. Let us compute the numerical error
with respect to the analytical solution given in section 2. Since in this case, we have up &(x,t) = u(x,t)
for sufficiently large and small values of x, we can compute

E(h,&,1) = / (e, £) — up g (2, £)] da. (82)
R
We then provide e(h) = E(h,Cyh,0.1) as a function of h in figure 6 , showing a numerical convergence
order about 0.5.
Appendix: some technical results

Lemma 5.1 (Lipschitz continuity of G) Assuming Hypotheses (7), let G be the function defined by
(25)-(26). Then there exists Cha, which only depends on Crip, Cmax, Mo and fr,, such that

oo <R S Dl
Proof. Prolonging 7¢(s1, s2) by 7¢(s1,82) = —Chip for s1 = s, and using (25)-(26), we can write
Vs1, 82,91 € R, G(g1,81,52) = g1 + Ho(s1,52)g1 + Hi(s1, 52), (84)
with

W(s1,52) € R, Ho(s1,s2) = (c(s2) = c(51))7¢ (81, 82) — (a(s2) — als1))
a(s2) — c(s2)Tf (51, 52)
(d(s2) — d(s1))7y(s1,52) — (b(s2) — b(s1))
a(s2) — c(s2)7r(s1, 82) '
Let us prove that the functions Hy and H; are Lipschitz continuous on R?, which immediately gives
(83) from (84). Let us first remark that these functions are clearly continuous in all (s1, s2) € R?, with
51 # s2. We now remark that, for all (s1, s2) € R?, with s1 # s2, we have

)

Hi(s1,52) =

Ho(s1,52)  Te(s1,82)77(51,82) — Ta(51, 52)

Sg — 81 a(s2) — c(s2)Tf (51, 52)

which shows that o2 o
i T CLi
V(s1,52) € R?, [Ho(s1,52)] < |s2 — 81— "0

The above relation shows that Hy is continuous on R2. The same conclusion holds for H;. It now suffices
to show that the partial derivatives of Hy and H; are bounded almost everywhere. Let (s1, s2) € R? with
51 # s2. We can write Ho(s1,s2) = Ho(s1, 82, 7¢(s1, $2)), with

(c(s2) = e(s1))t — (a(s2) — als1))

a(s2) — c(s2)t

V(Sl,Sg) S R2, YVt € [_OLip, —fm], ﬁO(Sl,SQ,t) =

25



We then easily get that, for a.e. (s1,s2) € R? and t € [—ClLip, — fm],

7y Ci +02i
|01Ho(s1,s2,t)] < M7
mo
= G ip T 021 Cmax +C i C(max
|02 Ho(s1,52,t)] < (Cip fip)( 3 “p )7

m

0

~ ChLi +Czi Chax (CLi +C2i
|83Ho<sl,82,t>|§|82—sl|< b+ Chap SO * i) )
mo mg

Since we get that

201,
for a.e. (s1,82) € R?, Vi =1,2, |0;7(s1,52)| < | b E
S9 — 81

we conclude that Hy is Lipschitz continuous on R2, since we have
for a.e. (s1,s2) GARQ, Vi=1,2, R
0;iHo(s1,52) = 0;Ho(s1, 82, T (51,52)) + 0iTf(s1,82)03Ho(s1, 52, Tf (51, 52)).
We proceed exactly in the same way for Hy, getting the same conclusion. [J
Lemma 5.2 (Monotony property of V) Under Hypotheses (7), let V' and G be the functions defined
by (25)-(26). Then

Vui, ug, u3, g1 € R, (u1 —ug)(ug —u3) >0 =

85
Ja >0, (V(gr,u1,uz) — V(gr,ur,uz)) = a(V(G(g1,u1,uz2), ug, uz) — V(g1,ur, u3)). (85)

Proof. Let uj,us,us, g1 € R be such that (u; — ug)(us —uz) > 0. Let us denote by go = G(g1,u1, u2),
vy = V(g1,u1,u2), g3 = G(g1,u1,u3), v3 = V(g1,u1,u3) and g5 = G(ga, uz, u3), vy = V(ga, uz, uz). Using
(24), we can write

va(f(ur) — f(uz)) = —éa(m)m + b(u1) — a(uz)gs — b(uz))
v2(u1 — u2) = —(c(ur)gr + d(u1) — e(ua)gz — d(uz)),
v5(f(uz) — fus)) = —(aluz)gs + buz) — a(us)gs — b(us))
vg(ug — u3) = —(c(ug)ga + d(ug) — c(us)gs — d(us)).
v3(f(ur) — f(us)) = —éa(ul)gl + b(u1) — a(uz)gs — b(us))
vs(u1 — ug) (u1)g1 + d(ur) — c(us)gs — d(us)),

This provides, by addition of the first and second system, elimination of g4, and by elimination of g3 in
the third system,

v (e(us)(f(uz) — f(uz)) — a(uz)(ug — uz)) + va(c(us)(f(u1) — f(u)) — aluz)(ur — ug)) =
vz (e(us)(f(ur) — f(uz)) — auz)(ur — ug)).
We thus get
(v5 — v3)(c(us)(f(u2) — f(us)) — a(us)(uz — us)) =
(v3 — v2)(c(us)(f(u1) — f(u2)) — alus)(u1 — u2)),
which gives (85) thanks to Hypotheses (7). O

Lemma 5.3 (Discrete Gronwall’s lemma) Let N € N* be given, and let (gr)refo,n] and (ur)refo,nN]
be discrete sequences of reals, such that there exists Cq > 0 with

lgk+1 = gkl < Ca (Igk| + 1) [uk+1 — uk|, vk € [0, N —1]. (86)
Then the following holds

N—-1

Ca Y |uiyr — u|] —1, Vk € [0, N]. (87)

=0

gkl < (Ig0l + 1) exp
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Proof. Let k € [0, N — 1]. From (86), we get,
k1] = lgrl < Ca (lgr] + 1) [upgr — ul (88)

which gives
l9x+1] < gl (1 + Co |ugy1 — ur]) + Cg |ugs1 — ugl (89)

and therefore
lgk+1] +1 < (lge| + 1) (1 + Cg |upqr — uxl) . (90)

(
Since the above inequality holds for all k € [0, N — 1], we get

k
lgrsal +1 < (lgol + D T (1 + Cr fuirr — wal). (91)
i=0
Hence we obtain,
k
log [|gx+1] + 1] < log (|go| + 1) + Zlog (1+Cq uiy1 — wil) - (92)
i=0
Since Vs > 0, log(1 + s) < s, we have
k
log [|gk+1| + 1] <log(|go| + 1) + Z Ca [uwit1 — u4 . (93)
i=0

k N-1
Therefore, using > |uit1 —w;| < > |uir1 — ui|, we get

i=0 =0

|gk+1] +1 < (lgo| + 1) exp

N-1
Ca Y |uir1 — Ui|] : (94)

i=0
The conclusion of the proof follows. [

Lemma 5.4 (A Total Variation Diminution property) Let (ui)icz, (uiy1)icz and (U;)icz be se-
quences of reals such that

L. Ziez |Uv:+1 - u1| < 09,
2. foralli€Z, Uipy € T(wi, uir1),

3. for alli € Z, U; € [min(u;_ 1, wi, u;y 1), max(u;_1,ui iy 1)].

D i = <D uwigr — wil-

1E€EZL 1EZL

Then

Proof. Let us first remark that the property
Vs1, 2,83, 84 € R, 51 € [min(sa, s3, S4), max(sa, sz, $4)] = (|s3 — s4| + |83 — s2| > |s1 — s4| + |s1 — $2])

can easily be shown by considering the different cases. We thus get that

Ui — Uy 1| A U = Uy 1| 2 (U — Uy 1| UG — Uy L , Vi € Z.
Using that, for all i € Z, we have |u; — u;q1| = |u; — Uppa |+ [Uipy — Uit ], since Uil € T(us, wig1), and

|t; — @igq| < + , we conclude the proof of the lemma. [

UH_%_Ui ui+1—ui+

1
2
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Theorem 5.5 (A variant of Ascoli’s theorem) Let E be a Banach space, let (un)nen be a sequence
of functions from Ry — E such that, for all t € Ry, there exists a relatively compact subset A(t) of E
with un(t) € A(t) for all n € N. We assume that there exists a sequence (&n)nen of non negative reals
which converges to 0, and that there exists C > 0 with

Hun(tg) — un(tl)”E < C (|t2 — t1| + (Stn), Vn € N, th,tg S R+. (95)

Then there exists u € Lip(Ry; E) and a subsequence of (un,&n)nen, again denoted (tn, &, )nen, such
that

VI e Ry, lim sup |lun(t) —u(t)||g =0. (96)
n00 g0, 7]

Proof. The proof follows that of Ascoli’s theorem. Let (¢,,)nen be a dense sequence in R;. One extracts
from the sequence (uy,&,)nen, thanks to the diagonal process, a subsequence such that (u,(tx))nen
converges for all k € N.
Then the property (95) allows to show that, for all t € Ry, (u,(t))nen is a Cauchy sequence. Indeed,
for € > 0, one first chooses k € N such that |t — t;| < €, then ng € N such that &, < e for all n > ny,
and ||un(tx) — up(tr)||g < € for all n,p > ng. The inequality ||u,(t) — up(t)le < ||un(t) — un(te)l|z +
[lun(tr) — up(ti)|lE + lup(te) — up(t)||g < (14 4C)e for all n,p > ng follows.
One then defines, for all ¢ € Ry, u(t) as the limit of (uy,(t))nen. Passing to the limit n — oo in (95)
provides

Hu(tg) — u(t1)||E <C |t2 — t1|, th,tg € RJr, (97)

which shows that « € Lip(R4; E'). Then (96) is again an easy consequence of (95). Indeed, let 7' > 0 and
€ > 0 be given. Since, for all k =0,...,|T/e] (where |z] denotes the greater integer lower of equal to
x), the sequence (u,(ke))nen converges to u(ke), let ng € N be such that ||u,(ke) — u(ke)||g < e for all
k=0,...,|T/e| and all n > ng, and such that &, < e for all n > ng. Then, for all ¢ € [0, 7] and n > nyg,
letting k = |t/e|, we get using (97) and (95), ||u(t) — un(t)||g < [Ju(t) — u(ke)| g + ||ulke) — un(ke)|| g +
|un(ke) — un ()|l g < (1 + 3C)e, which concludes the proof of (96). O
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