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ABSTRACT. This work deals with a mathematical analysis of sodium’s trans-
port in a tubular architecture of a kidney nephron. The nephron is modelled
by two counter-current tubules. Ionic exchange occurs at the interface between
the tubules and the epithelium and between the epithelium and the surround-
ing environment (interstitium). From a mathematical point of view, this model
consists of a 5x5 semi-linear hyperbolic system. In literature similar models
neglect the epithelial layers. In this paper, we show rigorously that such mod-
els may be obtained by assuming that the permeabilities between lumen and
epithelium are large. We show that when these permeabilities grow, solutions
of the 5x5 system converge to those of a reduced 3x3 system without epithe-
lial layers. The problem is defined on a bounded spacial domain with initial
and boundary data. In order to show convergence, we use BV compactness,
which leads to introduce initial layers and to handle carefully the presence of
lateral boundaries. We then discretize both 5x5 and 3x3 systems, and show
numerically the same asymptotic result, for a fixed meshsize.

1. Introduction. In this study, we consider a mathematical model for a particular
component of the nephron, the functional unit of kidney [1]. It describes the ionic
exchanges through the nephron tubules in the Henle’s loop. The main function of
kidneys is to filtrate the blood. Through filtration, secretion and excretion of filtered
metabolic wastes and toxins, the kidneys are able to maintain a certain homeostatic
balance within cells. The first models of nephrons and kidneys were developed in
the 1950s with the purpose of explaining the concentration gradient, [10] (or [16] in
Chap.3). In their attempt, the authors describe for the first time the urinary con-
centration mechanism as a consequence of countercurrent transport in the tubules.
At a later time the point of view starts to change and a simple mathematical model
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for a single nephron has been introduced and described, [17]. Furthermore, thanks
to the work of J.L. Stephenson [26] it turns out that the formation of a large axial
concentration gradient in the kidney depends mainly on the different permeabilities
in the tubules and on their counterflow arrangement. Most mathematical models
were stationary systems of coupled differential equations. It is possible to find an
historical excursus and how these types of models have been developed, referring
to [26]. Sophisticated models have been developed to describe the transport of
water and electrolyte in the kidney in the recent literature. At the microscopic
level of description, cell-based models have been proposed in [23, 30, 14, 31, 4] to
model small populations of nephrons at equilibrium. Macroscopic models have been
also considered in [28, 27, 21, 5, 2, 9] without accounting for cell-specific transport
mechanisms. Despite the development of such sophisticated models, some aspects
of the fundamental functions of the kidney remain yet to be fully explained [15].
For example, how a concentrated urine can be produced by the mammalian kidney
when the animal is deprived of water remains not entirely clear.

The loop of Henle and its architecture play an important role in the concentrated
or diluted urine formation. In order to explain the regulation of urine’s concentra-
tion, we analyse the counter-current transport in the ‘ascending’ and ‘descending’
tubules. There the ionic exchanges between the cell membrane and the environment
where tubules are immersed, take place.

We consider a simplified model for sodium exchange in the kidney nephron : the
nephron is modelled by an ascending (resp. descending) tubule, of length denoted
L. Tonic exchanges and transport occur at the interface between the lumen and
the epithelial layer (cell membrane) and at the interface between the cells and the
interstitium (the surrounding tissue between tubules and blood vessels) c.f. Figure
1. Denoting by ¢ > 0 (resp. = € (0,L)) the time (resp. space) variable, the
dynamics of ionic concentrations is modelled by the semi-linear hyperbolic system
[19, 27, 28, 29] :

a10pu1 + adyuy = Jy = 211 Py (g1 — uyq)

ag0pus — adyus = Jo = 219 Po(qa — ug)

az0iq1 = J1,e =21 Pi(ur — q1) + 2711 e P1 e (w0 — q1) (1)
a101q2 = Jo,e = 212 Pa(uz — q2) + 2772, Po e (w0 — ¢2) — G(q2)

agOrug = Jo = 2711 Py e(q1 — uo) + 2772 e Po e (q2 — u0) + G(q2),

complemented with the boundary and initial conditions

ui(t,0) = up(t), wi(t,L)=wua(t,L), Vt>0
ul(va) = u(l)(x)7 ’LLQ(O,.’E) = ug(x), u0(0= m) = ug(gc), (2)
ql(()?I) = q?(z), qQ(va) = qg(ﬂj), Vz € (OaL)

In this model, we have used the following notations :

e 7; : denote the radius for the lumen ¢ ([m]).
e 7; . : denote the radius for the tubule ¢ with epithelium layer.
e Sodium’s concentrations ([mol/m3]) :

u;(t, ) : in the lumen ¢,

¢:(t,x) : in the epithelial layer of lumen 4,

uo(t,x) : in the interstitium.
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e Permeabilities ([m/s]):

P; : between the lumen and the epithelium,

P; . : between the epithelium and the interstitium.
e Section areas a; ([m?]), i € {0,...,4} are defined as

2 2 2 2 2 2 e+ rde
ay =7ry, ag =7ry, a3 =m(ri, —ry), ag =7(ry, —13), ap =7 - |

In this work we indicate as lumen the limb under consideration and as tubule
the segment together with its epithelial layer. In physiological common language,
the term ‘tubule’ refers to the cavity of lumen together with its related epithelial
layer (membrane) as part of it, [16].

In the ascending tubule, the transport of solutes both by passive diffusion and
active re-absorption uses Na™/K+-ATPases pumps, which exchange 3 Na™ ions
for 2 KT ions. This active transport is taken into account in (1) by a non-linear
term given by Michaelis-Menten’s kinetics :

3
q2
Gt = s () ;

(@2) = Vi, ko + g2 )
where ka2 and V,, 2 are real positive constants. In each tubule, the fluid (mostly
water) is assumed to flow at constant rate o and we only consider one generic
uncharged solute in two tubules as depicted in Figure 1.

Tubule |
lumen |
|
I

e+ 0 | u, l
| ‘]\ Tubule
|

| lumen

Interstitium “\’\
Uo I «| T Epithelial
| I [ Layer q,
-x=L Epithelial _— \ L\ ,u/ /
/

Layer q, \\ \\t\__/ / / /
N —

FI1GURE 1. Simplified model of the loop of Henle. ¢1, g2, u; and
uo denote solute concentration in the epithelial layer and lumen of
the descending/ascending limb, respectively.

In a recent paper [19], the authors have studied, from the modelling and biological
perspective, the role of the epithelial layer in the ionic transport. The aim of this
work is to clarify from the mathematical point of view the link between model (1)
taking into account the epithelial layer and models neglecting it. In particular,
when the permeability between the epithelium and the lumen is large it is expected
that these two regions merge, allowing to reduce system (1) to a model with no
epithelial layer. More precisely, as the permeabilities P; and P» grow large, we show
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rigorously that solutions of (1) with boundary conditions (2) relax to solutions of
a reduced system with no epithelial layer. From a mathematical and numerical
point of view, system (1) may be seen as a hyperbolic system with a stiff source
term. The source term is in some sense a relaxation of another hyperbolic system
of smaller dimension. Such an approach has been widely studied in the literature,
see e.g. [13, 22, 12, 25]. Since the initial data of the starting system for fixed
has no reason to be compatible with the limit system, the mathematical analysis of
this relaxation procedure should account for initial layers. For relaxed convection-
diffusion systems, but in the Cauchy case, for ill-prepared data, (out of equilibrium
with respect to the reduced manifold), the construction of initial layers and the
corresponding error analysis in Sobolev spaces can be found in [6]. The proof of our
convergence result is obtained thanks to a BV compactness argument in space and
in time. This framework is better suited for purely hyperbolic problems. Another
difficulty is due to the presence of the boundary, which must be carefully handled
in the a priori estimates, in order to be uniform with respect to ¢, the relaxation
parameter depending on the permeabilities.

The outline of the paper is the following. In the next section, we provide the
mathematical model and state our main result. Section 3 is devoted to the proof
of existence of solution of our model. Then, we focus on the convergence of this
solution when permeabilies go to infinity. To this aim, we first establish in section
4 a priori estimates. Using compactness results, we prove convergence in section 5.
Numerical illustration of this convergence result is proposed in section 6. Finally an
appendix is devoted to a formal computation of the convergence rate at stationary
state.

2. Main results. Before presenting our main result, we list some assumptions
which will be used throughout this paper.

Assumption 2.1. We assume that the initial solute concentrations are non-negative
and uniformly bounded in L>°(0, L) and with respect to the total variation :

OSU?,ug,q?,qg,ug € BV(0,L) N L*>(0, L). (4)

For detailed definitions of the BV setting we refer to the standard text-books
[7, 32]. A more recent overview gives a global picture in an extensive way [11], it
unifies also the diversity of definitions found in the literature dealing with the BV
spaces in either the probabilistic or the deterministic context.

Assumption 2.2. Boundary conditions are such that
0<wup € BV(0,T)NL>0,T). (5)

Assumption 2.3. Regularity and boundedness of G.
We assume that the non-linear function modelling active transport in the ascend-
ing limb is an odd and W2°°(R) function :

V>0, G(-2)=-G(z), 0<G() <G, 0<G'(2) <G (6)

We notice that the function G defined on RY by the expression in (3) may be
straightforwardly extended by symmetry on R by a function satisfying (6).

To simplify our notations in (1), we set 27r; o P; o = K;, ¢ = 1,2 and 27, P, = ky,
1 =1,2. The orders of magnitude of k; and ko are the same even if their values are
not definitely equal, we may assume to further simplify the analysis that k; = ko.
We consider the case where permeability between the lumen and the epithelium is
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large and we set, k; = ko = é for ¢ < 1. Then, we investigate the limit € goes to
zero of the solutions of the following system :

s + adus = (¢ — u) (7a)
az0pus — adyus = é(% — uj) (7b)
a5 = —(u5 — af) + Ko (5 — ) (7¢)
010005 = (05 — 65) + Ka(ug — d3) — Gla5) (7a)
oy = K (gf — uf) + Kala§ — ) + G(ad) (7o)

Formally, when ¢ — 0, we expect the concentrations uj and ¢ to converge to
the same function. The same happens for u§ and ¢5. We denote u;, respectively
ug, these limits. Adding (7a) to (7¢) and (7b) to (7d), we end up with the system

a10iui + az0iqy + adyui = Ki(ug — qf)
ax0:u3 + ag0:q5 — adus = Ko(uf — ¢5) — G(g5).
Passing formally to the limit when ¢ goes to 0, we arrive at
(a1 + az)0iuy + adzur = Kq(ug — uy) (8)
(Clg + (l4)6ﬂt2 — a0yug = KQ(U() — UQ) — G(UQ), (9)

coupled to the equation for the concentration in the interstitium obtained by passing
into the limit in equation (7¢)

agOiug = Kl(ul - Uo) + KQ(UQ — ’LL()) + G(UQ) (10)
This system is complemented with the initial and boundary conditions

(@) tasde) o (asu(e) + asgd(@))

w(0,z) = (a1 + as3) o ual0m) (a2 + aq) (11)

ug(0, ) = ud(x), (12)
ui(t,0) = up(t), wa(t,L) =wuq(t,L). (13)

Finally, we recover a simplified system for only three unknowns. From a physical
point of view this means fusing the epithelial layer with the lumen. It turns out
to merge the lumen and the epithelium into a single domain when we consider the
limit of infinite permeability. For ¢ fixed, the actual speed at which u; (resp. uz)
is convected in (7a) is a/a; (resp —a/az in (7b)). When e goes to zero, since the
permeability increases, the lumen and the epithelium layer are merged. Thus as qq
(resp. g2) are not transported, this results in a slower convection at speed in

ay +a3
the descending tubule (resp. arta; in the ascending tubule).

The aim of this paper is to make these formal computations rigorous. For this
sake, we define weak solutions associated to the limit system (8)-(10) :

Definition 2.4. Let u{(x), u(x), ud(z) € LY(0,L) N L>(0,L) and wu(t)
€ LY(0,7) N L>(0,T). We say that U(t,z) = (ui(t, ), ua(t,z), ue(t,x))’ €
L*>((0,T); L*(0; L) N L>°(0,L))3 is a weak solution of system (8)-(10) if for all
¢ € Sz, with

Sai={¢ € C'(10,7) x [0,L])°, (T,x) =0, ¢1(t, L) = da(t, L), and éa(t,0) = 0},
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we have

T L T
/ / ui((a1 + as)Oep1 + adydr) dadt + a/ up(t)py (¢,0) di
o Jo 0
L
+ / (a1 + az)u1(0,2)p1(0, x) dx
0
T L L
+/ / uz((ag + a3)Opp2 — a0y p2) ddt +/ (a2 + as)uz(0, 2)p2(0, ) dz (14)
o Jo 0
T L
+ / / {aouo0rpps + Ki(u1 — uo)(p3 — ¢1) + Ka(uz — ug)(d3 — ¢2)
o Jo
L
+ G(u2)(¢3 — ¢2)} dl’dt—l—/ aouo( )¢3(0 .’L') dx = 0.
0

More precisely, the main result reads

Theorem 2.5. Let T > 0 and L > 0. We assume that initial data and boundary
conditions satisfy (4), (5), (6). Then, the weak solution (u$,u$, ¢5, ¢5, uf) of system
(7) with boundary and initial conditions (2) converges, as € goes to zero, to the weak
solution of reduced (or limit) problem (8)—(10) complemented with (11)—(13). More
precisely,

uS —u; i=0,1,2,  strongly in L*([0,T] x [0, L]),

e—0

g —u; j=1,2, strongly in L*(0,T] x [0, L]),

e—0

where (u1,ug,up) is the unique weak solution of the limit problem (8)—(10) in the
sense of Definition 2./.

The system (7) can be seen as a particular case of the model without epithelial
layer introduced and studied in [28] and [27].

A priori estimates uniform with respect to the parameter € (accounting for perme-
ability) are obtained in Section 4. We emphasize that estimates on time derivatives
are more subtle due to specific boundary conditions of system and because one has
to take care of singular initial layers. Concerning existence and uniqueness of a
solution, in previous works [28] and [27], authors proposed a semi-discrete scheme
in space in order to show existence. In this work we propose a fixed point theorem
giving the same result for any fixed € > 0 in Section 3. The advantage of our ap-
proach is that we directly work with weak solutions associated to (7). After recalling
the definition of weak solution for problem (1), we report below the statement of
Theorem 2.7, and we refer to Section 3 for the proof.

Definition 2.6. Let (u{(z), u3(z), ¢%(z), ¢3(x), ud(x)) € (L(0, L)NL>(0, L))5 and

up(t) € LY(0,T) N L>=(0,T). Let € > 0 be fixed. We say that Us(t,z) = (u5(t, x),
ug(tx), a5 (t, ), ¢5(t,x), ui(t,x)) € L°°((0,T); L(0,L) N L>(0,L))5 is a weak
solution of system (7) if for all ¢ = (¢1, d2, P3, P4, d5) € S5, with

(v
)

Ss:={¢ € C([0,T] x [0,L])°, @(T,z) =0, ¢1(t,L) = ¢a(t, L), and ¢2(t,0) = 0}
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we have
T
/ / ui(@dhg1 +aden) + = (g5 — ui)n ) dedt + o / (1)1 (1, 0) dt
0
alul( )91(0, ) dx
T L 1 L
/ (U (a20id2 — adzp2) + = (g5 —U2)¢2) dﬂCdt-F/ (11“2( )92(0, x) d
0 €
e 1 e 13 £ 0
(asa(@1cn) + (a5 — ) — (a5 — ui)on) dadt + | angd ()6 (0.0) do
0
(0405(@ue) + Ko (s — 08)04 — (a5 — u3)6s — Ga5)01 ) d
L
0
+/0 a1qs ()¢ (0, ) dx
T L
+/ / aoug(0:¢s) + K1(qi — uo)¢s + Ka(gs — ug)¢s + G(Qz)%) dzdt
0 0

L
+/0 aouo z)¢s5(0,z) de = 0.
(15)

Theorem 2.7 (Existence). Under assumptions (4), (5), (6) and for every fixed
€ > 0, there exists a unique weak solution U of the problem (7).

3. Proof of the existence result. We define the Banach space B := (L'(0, L) N
L>(0,L))>. We prove existence using the Banach-Picard fixed point theorem (see
e.g., [24] for various examples of its application). We consider a time T > 0
(to be chosen later) and the map T : Xr — Xp with the Banach space Xr =

L>=([0,T]; B), and we denote || - |x; = sup;e(or) |l - [[B. For a given function

U € Xr, with U = (w1, U2, G1,qo, Up), we define U := T(U) solution to the prob-
lem :

a10iuy + aduy = @1;71“),

az0iuy — adzug = @;7“2),

az0iq1 = @ + K1 (o — q1), (16)
as10iq2 = (1125#!2) + Kz (o — g2) — G(G2),

apOruo = K1(G1 — uo) + Ka(Ga — wo) + G(G2),

with initial data u, u9, ¢?, ¢8, v in L1(0, L) N L>(0, L) and with boundary con-
ditions

up(t,0) =up(t) >0, wug(t,L) =uq(t,L), fort>0,
where u, € L1(0,T) N L>=(0,T).

First we define the solutions of (16) using Duhamel’s formula. Under these
hypothesis, we may compute u; and uy with the method of characteristics
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ala

ud(z — 2t)e me aie + L fo e ot ql( an(t—s),s) ds, if o> 2,
up (¢, x) =
wp (t— 42y e za + L (¥ e~ae® V)G, (t - 7(11(“;_1’),:(;) dy, ifz <2t
(17)
with u9(z), and u(t) initial and boundary condition, respectively. We have a
similar expression for uy(t,x) with uy instead of u{ and the boundary condition
us(t, L) = uy (¢, L) which is well-defined thanks to (17). It reads :

(t2) ud(x + otle “25+Efoe a25q2(5 T+ 2 (t—s)) ds, ifz <L-— 2t
xr) =

u (t+a2(r L) L)e ae —|——f esa QQ(t—FaQ(T ) L) dy ifw>L—%t.

(18)

Then, for the other unknowns, one simply solves a system of uncoupled ordinary
differential equations leading to :

to_1 (t=s) 71
q1(t,m)=q(1)( Je —(2+K1) GG + = / o (e TED (g’al"rKl’aO)(S,m) ds,
0

PRGEC TN A S A e RO LD e . -
ar(t2) = g)e TV 4 [T (L, + Kt - G(@) ) (s.) ds,
0

_ 1 [t (t=9) _ B B
’M()(t,af) _ ug(m) (K1+K2) 2 o+ % e (K1+K2) ag (K1q1 + Kogo + G(qz)) (S,(L‘) ds.
0
(19)

Using Theorem B.1, the previous unknowns solve the weak formulation reading :

/ / —un (@1 4 ad,) (b, 2) + (w1 — @) pa(t, ) )

o UO wi (b, 2)en (1, m)dt] :OT +a [/OT wit, w)sm(t,x)] : =0,
L] (- o= o) eattn) + 2 (- @) oatt ) v

s [ [Nttt :T ra| [ uatt oot : —o,

(20)
for any (o1, p2) € C([0,T] x [0, L])2. Using again Theorem B.1 with ® = |-| show
that the same holds true for |u;| (resp. |us| ) :

T L
1 -
/ / —|u1| (a10; + a0,) 1(t, ) + - (Jui] — sgn(u1)qr) o1 (t, z)dzdt
0 0

t=T =L

T
/ |U1|(t,$)<ﬁ1(t»$)] = 0.
0

=0

+a; +«

L
/ s (£, ) pa (£, )
0

t=0

(21)
The same holds also for the other unknowns (¢;);e{1,2) and uo, since for the ODE
part of the system (19) provides directly similar results. In the rest of the paper,
each time that we mention that we are multiplying formally by sgn each function
of system (16) in order to get :

a10¢|ur| + adyz|ur| = = (sgn(u1)q — |ual)

az0;|ug| — ady|ua| = —(sgn(uz)gs — |uzl),

M| =, =
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we actually mean that these inequalities hold in the previous sense, i.e. in the sense
of (21). The reader should notice that the stronger regularity of the integrated
forms (17), (18) and (19) allows to define these solutions on the boundaries of the
domain 9((0,T) x (0,L)). If these would only belong to L>((0,7T); L*(0, L)) they
would not make sense. Now the meaning of the formal setting is well defined, we
then can proceed by writing that one has :

@] + adalu| < (] — o)

@Biluz] — adalua] < 2 (2] — Jual)

asdilar] < Z(1] — latl) + Kl ~las) 22)
a4 q2| < %(|ﬁ2| = la2l) + Ka(lto| — lgz]) — |G(q2)]

aoO|uo| < K1(|q1] — luol) + K2(|G2| — uol) + [G(q2)]-

We have used the fact that sgn(G(gz)) = sgn(gz) from (6), which implies in partic-
ular —G(Gz2)- sgn(gz) = —|G(G2)| and G(§2) - sgn(uo) < |G(Gz2)|. In order to obtain
inequalities in the weak formulation associated to the latter system it is enough to
choose non-negative test functions in C*([0, 7] x [0, L]).

Adding all equations and integrating on [0, L], we obtain formally

d L
G | (@l + asfus] + aoluo] + aslar] + aslaz) < afun(0)
0

1L i i i L
42 [l + foal + il + e do+ (y+ K2) [ o] dn,
0 0
where we use the boundary condition wu;(¢,L) = ug(¢,L) and (6). Let us define

L . . .
WU, Lo,y = fo (Jur] + |uz] + |g1| + g2| + |uol)(t, ) de and integrating with
respect to time, we obtain:

T
(0%
1U(E @)l 220,y < U0, )] L1 0,0)s + / |us(s)| ds (23)
0

min; a;
T o~
+n / 1T 2) s 0.0 s
0

with n = minl_ — (K1 + Ko+ é) > (0. Here the formal computations are to be under-

stood in the following manner : in the weak formulation associated to (22) we choose
the test function ¢ = (1,1,1,1,1), and the result (23) comes in a straightforward
way when neglecting the out-coming characteristic at x = 0.

On the other hand, using (17), (18) and (19), one quickly checks that

CT || ~
0
101z om0, < 185 (10 0.y Mol 0.0 )+ [T ooz
(24)
where the generic constant C' depends only on (ai)icqo,... 4y, (Ki)ieq1,2y and
|G'l| o (ry but not on U nor on the data U°. At this step, 7 maps X into it-

self.
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Let us now prove that 7T is a contraction. Let (U, W) € X2, we define U :=
T(U), W :=T(W). Then, by the same token as obtaining (23), we have

T
wnm—Tmmmmmme—Wmmups¢Anv—wmm@
< 77TH[7 - W”XT'

Again similar computations as in (24), show that
CT ||~
I =Wz o,myx 0,000 < e HU B WHLOO((O,T)X(O,L))5 '

Therefore, as soon as T' < min(1/n,e/C), T is a contraction in Xp. It allows to
construct a solution on [0, 7] for T' small enough. The fixed point solves (17) and
(19) in an implicit way. Along characteristics solutions have enough regularity to
satisfy (7) in a weak sense (20). Choosing then the test functions ¢ := (¢i)icq1,....5)
to belong to Ss shows that the fixed point is a weak solution in the sense of Definition
2.6. Since the solution U(t,x) = (u1(t, z),ua(t, z), q1 (¢, ), q2(t, ), ug(t, z)) is well
defined as on {T'} x (0,L) thanks to regularity arguments stated above, U(T, z)
becomes the initial condition of a new initial boundary problem. Thus, we may
iterate this process on [T,2T], [2T,3T], ..., since the condition on T does not
depend on the iteration.

As a result of above computations, we have also that if U (resp. U?) is a solution
with initial data U0 (resp. U??) and boundary data uj (resp. u?). Then we have
the comparison principle :

10" = U2l oy o,y < 10 = U oo, + ———u} = w2 om)- (25)

«@
min; a;

which shows and implies uniqueness as well.

4. Uniform a priori estimates. In order to prove our convergence result, we first
establish some uniform a priori estimates. The strategy of the proof of Theorem
2.5 relies on a compactness argument. In this Section we will omit the superscript
¢ in order to simplify the notation.

4.1. Non-negativity and L' N L™ estimates. The following lemma establishes
that all concentrations of system are non-negative and this is consistent with the
biological framework.

Lemma 4.1 (Non-negativity). Let U(t,x) be a weak solution of system (1) such
that the assumptions (4), (5), (6) hold. Then for almost every (t,x) € (0,T)x (0, L),
U(t,x) is non-negative, i.e.: uy(t,x), uz(t,x), q1(t,x), g2(t, z), ug(t,z) > 0.

Proof. We prove that the negative part of our functions vanishes. Using Stampac-
chia’s method, we formally multiply each equation of system (7) by corresponding
indicator function as follows:

(a10pu1 4 @Bpu1) 1y, <0y = 2(q1 — 1)1y, <o}

(a20;uz — aax“?)l{u2<0} = é(fh - U2)1{u2<0}

(a30:41)1(gu <0y = £(u1 — q1)1 (g, <0y + K1 (o — q1)1(g, <0)

(a401q2)1{gy<0y = (uz — q2)1{g, <0y + K2(uo — q2)1{g <0y — G(q2)1{g<0}
(a00:10) 1 fug<0y = K1(q1 — 10) 1 fug<oy + K2(q2 — 10)Luo<o0y + G(q2)1{ug<0}-
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Again as in the proof of existence in Section 3, these computations can be made
rigorously using the extra regularity provided along characteristics in the spirit of
Lemma 3.1, [20] summarized in Theorem B.1.

Using again Theorem B.1, one writes formally :

a10pu] + aldyu gy —up)
a20iuy — adyu %(qg —uy )
asdyq; < z(up —aqr )+ Ki(ug —aqp)

a10iq; < L(uy —q3) + Ka(ug — a3 ) + G(g2)1{g,<0}
agdrug < Ki(qy —ug) + Ka(gy —uy) — G(g2)1uy<0}-

Adding the previous expressions, one recovers a single inequality reading
O(aruy +aguy +asqy +aagy +aoty ) +ady(up —uy) < G(g2)(1g, <0} — Liug<o})-

By Assumption 2.3, we have that sgn(G(g2)) = sgn(g2). Thus G(g2)(1{g,<0} —
liuo<0y) = G(a2) (Lia(gs)<0} — liup<oy) < 0. Then integrating on the interval
[0, L], we get :

d L
dt J
< alug (t, L) — uz (t,0) - uy (t, L) +uy (£,0)).

(aruy + aguy +asqy + asqy + aoug )(t, x) de

Since uj (t,L) = us (¢, L) thanks to condition (5), it follows:

d [t
%/ (a1uy + asuy + asqy + asqy + agug )(t, x) de < auy (t,0) = o, (t).
0

From Assumptions 2.2 and 2.1, the initial and boundary data are all non-negative.
Thus uy (0,2),q; (0,2), g5 (0,2), us (0,2),uy (0,x) are necessarily zero. This proves
solutions’ non-negativity and concludes the proof. O

Lemma 4.2 (L* bound). Let (u1,us,q1,q2,u9) be the unique weak solution of
problem (7). Assume that (1), (5), (6) hold, then it is bounded i.e. for a.e. (t,x) €
(0,T) x (0,L),

0< UO(tvx) < ﬂ(1+t), 0< Ui(tvx) < K(1+t)a 0< Qi(tax) < Ii(1+t), 1=1,2,

0 <up(t,0)<k(l+t), 0<ui(t,L)<r(l+1),
where the constant £ > max {||G||so, [|us]locs [|td]locs [|t2]|0cs |a0]locs t € {1,2}}.
Proof. We use the same method as in the previous lemma for the functions
w; = (u; —k(1+1), i=0,1,2, z;=(g; —r(l+1), j=12.
From system (7) and using the fact that

Ziliw; >0} = Zfl{wizo} — 2 1y, >01 < Z]ﬂ wilyy, >0y < wi,
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we get
a10wi + a161 (>0 + adyw < é(zf —w)
a20yw3 + azkl{y,>01 — adyw; < é(z; —wy)
azOizi + azklyz, >0y < é(wf —2) + Ki(wg — 2) (26)

1
a10i23 + asrlz, >0y < g(w; —2) + Ka(wi — 25) — G(q2) 12501

apdiwg + aokliwesoy < Ki(2f —wg) + Ka(z3 — wg) + G(g2)1 w0}
Adding expressions above gives
Or(a1w] + agwy + azz] + aszd + apwd) + ad, (wi — wy)
< —Kl{we>op + G(q2)(L{wy>0r — Liz>01)-
Integrating with respect to x yields

d

L
o7 / (arw + agwy + azz + aszyd + apw)(t, x) dx
0

L
< a(w;(tv L) - w;_(tv 0) - wi_(tv L) + wf‘(t, 0)) + /0 (G(Q2) - ’f)l{wozo} dz,

where we use the fact that G(gz) > 0 from assumption (6) since g > 0 thanks to
the previous lemma. From the boundary conditions in (1), we have for all t > 0,
wy (¢, L) = [ug(t, L) — k(1 +t)]7 = [us(t, L) — k(1 + t)]* = w (t,L). Then,

d

L
%/ (aywf + agwy + azzi + aszy + agwg )(t, ) dx + awy (t,0)
0

L
< a(uy(t) — k(14 )" + (|Glloo — ) / T

If we adjust the constant x such that £ > max {||G||co, ||t ||oc }, it implies that :
d [t
dt Jo

which shows the claim.

For the last estimate on wuq (¢, L), we sum the first and the third inequalities of
the system (26) and integrate on (0, L),

(arw] + agwy + azz + aszd + agwy ) (t, ) dz + awy (¢,0) <0,

d L

L
@/ (aywy + azz]) dr + aw; (¢, L) < aw] (t,0) + Kl/o (wi — 2) dx

L
- ’f/ (L{w, >0y + 1z >03) de.
0

Integrating on (0,7) and since we have proved above that war =0 and zf =0, we
arrive at

T T
a/ wf(t,L)dtSa/ wy (¢,0)dt =0,
0 0

for k > [Jup||oo- O
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Lemma 4.3 (L{°L. estimates). Let T > 0 and let (u1,ua,q1,q2,up) be a weak
solution of system (1) in (L>([0,T]; (L* N LOO)(O,L)))S. We define:
L
H(t) = / (afur] + asfus] + aoluo| + aslar| + aslas|)(t, @) da.
0

Then, under hypothesis (4), (5), (6) the following a priori estimate, uniform in
e >0, holds:

H(t) < afluspro,r) +H(0), VE>0.
Moreover the following inequalities hold:

T
1
[ a0yl < sl o, + 1O,
0
and

T L
/ ur (¢, L)| dt S/ (luf(@)] + |d? (2)]) dz + CT
0 0

with C' > 0 constant.

Proof. Since from Lemma 4.1 all concentrations are non-negative, we may write
from system (7)

a10;|ur| + adp|ur | = L(|qa| — |ual)
ag0¢|ug| — ady|uz| = %(|QZ| — |ual)
az0ilq1| = 2 (Jur| — |q1]) + K1 (Juo| — |qu]) (27)

aslqz] = L(Juzl — q2|) + Ka(luo| — |g2|) — |G(g2)]

aoduol = K1(lq1| — |uol) + Ka(lgz| — [uol) + |G (g2)].

Adding all equations and integrating on (0, L), we get, recalling the boundary con-
dition wy (¢, L) = ua(t, L),

d

2 (1) + alua(t, 0)] = afui (t,0)] = afus(t)]. (28)

Integrating now with respect to time, we obtain:

H@+@A|w@ﬂwh§aélm@N@+H®) (20)

with H(t) previously defined. It gives the first two estimates of the Lemma. Finally,
to obtain the last inequality, we add equations (7a) and (7c) and integrate on (0, L)

to get
d L L
% (a1|u1| -+ CL3|(]1|) dzr + a|u1(t,L)| S a\ub(t)| + Kl/ |U0| dr.
0 0

Since we have shown that fOL luo| dx < i?—t(t) < oo, we can conclude after inte-
grating with respect to time. O
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4.2. Estimates on the derivatives.

4.2.1. Data regularization. Here we detail the notion of regularization for BV func-
tions. The C*°((0, L))-regularization denoted f5 for a BV(0, L) function f follows
the steps below [32, Theorem 5.3.3], i.e.

F5(x) = s+ (FGr)
k=0

where {(,}72, is a sequence of regular cut-off functions s.t.

ng =1lon(0,L)
k=1

where

O =10,
O = {x € (0,L) ; dist(z, {0, L}) > ;} (k=1,2,...)

Vi = @kJrl\@k,l, (k=1,2,...)
and there exists §; > 0 such that
Supp(ns,, * (Ckf)) € Vi,

/ I, * (Cof) — Coflda < 627,
(0,L)

/ Im * (CLf) — Coflda < 627,
(0,L)

Although fs converges strongly to f in L'(0, L), one has only that
tim 0, fsll 301 = 1A (0, D)1

where the right hand side is the total variation of the Radon measure associated to
the derivative of f [32, Theorem 5.3.3]. This result comes partly form the estimates
from above :

||5’a:f6||L1(o,L) < ||f||Bv(0,L) : (30)
Then we set
Fo(w) = (1= xs(2)) fs(2) + exs(x), Va € (0,L) (31)

where c is a given real constant and

o /z )1 ifjzf <1

X € C*(R) being a positive monotone function.

Lemma 4.4. If f € BV(0,L), c € R and f defined as above, one has :

1028202 0y < € (1 1l )

where the generic constant C(c,x) is independent of 6.
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Proof. Differentiating (31) and integrating in space gives :

1 4
10:520 110y < 2008 sy + 5 [ 17°6@) =l W/ a/0) do

S 2 ||a"cf6||L1(0)L) + ”X/HLOC(]R) < 0+ - C‘ + =< / |f6 f(S O+)|d‘r>

<0 (Il + 1£°(0%) el
<€ (Mllsvios + e+ 17°07)1) < € (fllovios + e+ 1 lwrony)
<C (14 lovon)
where we used (30). -

Definition 4.5. If (u,u3, ¢?, ¢3,u)) and u,, are respectively the initial and bound-
ary data associated to the problem (7), under hypotheses 4 and 5, we define as
regular data their regularization in the following manner : we set

ud? (z) == (1 = xs(2) = xo(L — 2))uf 5 + c1xs(2) + caxs(L — z), Va €0, 1]

ud (t) := (1 — x5(t))up5 + c1x5(t), Vvt € [0,T]
uy® () = (1 = xs(L — 2))uf 5 + caxs (L — ), Va € [0, 1)
7" (x) = a5, Ve € [0, ]
g5° (%) = 3.5, v € [0, L]
ud? () == ul 5, vz € [0, L]

where u% s is the approximation introduced above, the same notation holding for
the rest of the initial data.

The matching is C* in the neighborhood of (0,0) in [0,L] x [0,T]. Indeed,

ud %(2) = ¢; when z is close enough to 0 and in the same way u)(t) = c; when t is

near 0, whereas for the derivatives (u(l)’é)(k)(x) = 0 when z is close to zero for any
derivative of order k, and the same holds for (uf)*)(¢) when ¢ is sufficiently small.
The same holds true in the neighborhood of the point (¢,z) = (L, 0).

This regularization procedure allows then to obtain

Lemma 4.6. Assume hypotheses 2.3, and let U° be the solution associated to prob-
lem (7) with initial data U%° = (u(lJ 2 ug 2, q(lJ 2 qg 2 ug 6) and the boundary condition
ud. Then ,U° belongs to Xr := L>((0,T); (L*(0, L) N L>(0,L)))®. and solves the

problem

a0y + ad, )ul = é (qit - uit)

a0y — Oéax)ug,t = é (qg,t - ué,t)

QBatq(ls,t = _% (Qit - U?,t) + K (ug,t - ‘If,t) (32)
@iy =~ (e — ud,) + Falud, — ) — G (ad)d,

aoat“g,l = Kl(q(lst Uo o+ K2(‘12t - Uo ) —G'(a3)ad t
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where uf,t = 8tuf and so on.
utls,t(tv 0) = atug(t)a
alu‘it(O,x) = foﬁmu(l)"s + é (q?"s - u(l)"s)
a2ug’t(0,x) = a@xug’ﬁ + % (qg"; - ug’é)
asad o(0,2) =~ (% ) + Ky (ud? — 1)
(87— 18) + a0 - a2 - e

e
) ) ) ) )
aouf 4(0,7) = K1(q)"° —ug®) + Ka(ay° —ug®) + G(a5”°)

a3 ,(0,2) =

Proof. The Duhamel’s formula obtained by the fixed point method in the proof of
Theorem 2.7 provides a solution U° € Xp. Deriving U°® with respect to ¢, one can
show that 9,U° solves (32) with initial and boundary conditions (33). Applying
then the existence result again proves that actually 9,U° belongs to X7. O

Remark 1. A priori estimates from previous sections, when applied to the problem
(32) complemented with initial-boundary data (33), do not provide a control of 9,U?
which is uniform with respect to ¢.

This remark motivates next paragraphs.

4.2.2. The initial layer. At this step we introduce initial layer correctors. For this
sake, on the microscopic scale we define for ¢t € R, functions (41, @z, ¢1,¢2) solving

104t = G1 — Uy
a0ty = Go — o
a30:q1 = U1 — q1

@40:G2 = U2 — Go,

(34)

with initial conditions
111(0,33) = q(lj)(; - u?ﬁa 112(0’ m) = QS76 - u(2)767 61(0733) = 07 62(07‘%') = 0.
Actually, this system may be solved explicitly and we obtain for i € {1, 2},

a; + Q42 €Xp (—t (ai + a.1+2))
i i 0,6 0,6
—— (g;"(z) —u;"(2))
a; + Ai42

a; (1 — exp (—t (a% + aziz))) (qu‘S(x) - 0’6(35))

1
a; + Qiy2

u;(t ) =
(35)

(ji (t7 (,C) =

4.2.3. Uniform L' bounds of the time derivatives. We introduce the following quan-
tities on the macroscopic time scale ¢t € [0,7] :

’U?(twr) = utls(tvx) + ﬂl(ﬁﬂx)
vy (t,x) = ud(t, x) + ﬁg(ﬁ,m)
Stls(tvm) = q?(t,x) + ql(gax)
Sg(tam) = qg(tax> + (jQ(é,I)

Next, we prove uniform bounds on the time derivatives :

(36)
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Proposition 1. Let T > 0. If the data is reqular in the sense of Definition 4.5,
setting :

L
He(t) = / (a110:07| + a2|05| + a3|0ss]| + aa|dss3| + aolOud)) (¢, z) da,
0
with functions vi, vy, 53,55 defined in (36), one has :

t t
He(t) + a/ |8,03(7,0)| dr + a/ |00 (7, L)| dr
0 0

(37)
0,6
< O (0™ sy + 1bllwesom) > Sor ae t€ 0.T),
where WH1(0, L) denotes the vector-space W1(0, L)®.
Proof. From system (7) we deduce
a1040] + adyv) = L(s§ —v)) + ad, i1 (L, z)
a20pv§ — a0, v = L(s3 — vd) — ad, itz (L, )
azdys] = Z(vf — $0) + Kl — 5) + Kada (£2)
asOpsh =1 (Ug — 83) + Ka(ud — s3) + KZQ2(£ z) — G(gd)
apdyuf = K1(31 —ug) + K3(s3 — uf) — K1671( z) — KaGa(2,2) + G(a3)
(38)
with following initial and boundary conditions:
v} (£,0) = i (t,0) + a1(t,0) = up(t) + a1 (£,0), t€(0,7),
Ug(taL):Ug(taL)_FuZ(;vL) te (OvT)7
v (0,2) = u(0,z) + 1 (0, ) = ¢¥(x), z € (0,L), (39)
vg(07x) = ug(ovx) + ﬂ/2(07‘7") - qg(.’lﬁ)7
sc15(07x) = q(lg(ovx) + (jl(va) = q?(x)a
55(0,2) = g3(0,2) + ¢2(0,2) = ¢3(2).

As G € C%(R), thanks to Lemma 4.6, ,U° € L*°((0,T); (L*(0,T) N L>=(0, L)))®,
taking the derivative with respect to ¢ in system (38), 9;V? = 9;(v{, 03,59, s3,ud)
solves

1) 6 __ 17,6 4 1
a‘latvl,t + aaz“u = g(sl,t — i)+ garul,t

1 6 _ 17,6 [ ~
a28tvz,t - aaz“Q,t = g(sz,t - U2,t) Ozt

5 _ 105 5 5 5 17 =~
azosy = 2(v], —s9,) + Ki(ug, —s94) + cKigue

a46'tsg = 1 (Ug ot Sg,t) + K2(Ug t Sg t) + 1K2qN2 t— G/(qg)QZ t
aOatUo t = K1(51 bt ug ¢) + K2(52 bt uo ) — *K1Q1 t— *chh ¢+ G ((I2)QZ t
in the sense of Definition (2.6). Again formally, we multiply each equation respec-

tively by sgn(v; 9.) with i = 1,2, and sgn( ¢), for j =1,2, and by sgn(uf,) in the
sense explained in the proof of Theorem 2. 7 It gives

a10y|v] | + ady|v] 4| < (‘31 o = 109, ]) + |20t ¢

a26t|”2,t| - a6$|v27t| < 6( i S4l) + 120,02,

azdi|s) ;| < 1(|v(1§t| |59 1) +K1(|Ugt| |59 4]) + [£ K11 4]

ag0y|s5 4| < (1031 — [85 4]) + Ka(|ud | = [55,4]) + | Kodo] (40)

|G/((I2)Eq2,t| - GI(Q2)|32,t|
aods|ud | < Ki(|s9 ] — ud ,|) + Ka(]s5 | — |uf )
+1Kago | + |G (g9) 2 "(49)]85 4]
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Indeed, the right hand side of the 4th and 5th inequalities can be obtained as follows.
On the one hand, we have

G @amsn(sh) = ~66d) (u(t0) — T (L) ) (s
< -G () |shal + 26" (@)
On the other hand
G @) = ~6(@) (8,(00) ~ L (L) ) st
< G (a) |5 + 2 6 (@)

since G is non-decreasing by assumption (6). Summing all inequalities in (40) and
integrating with respect to space on (0, L), we obtain formally

%ﬂt(t) + vy, (t,0)] < Fu(t) + Fa(t) + Fs(t) + Fa(t), (41)
where

Fl(t) = O‘('Ug,t(t7 L) - |U(1;,t(t7 L)|)3 Fy(t) == O‘lv(ls,t(t7 0)|7

1 [t I
FB(t) = */ 81712,15 <t5x> dr + 7/ 8$a1>t (t’x>
€ Jo 3 € Jo €
oKk, [E|. [t 2 L
Fy(t) == =L Qe )| do+ = (|G + K2)
0 € € 0

€
Integrating (41) in time, we get

dx,
t

G2t <,x>’ dx.
€

~ T T ~
Ht(t)+a/0 |vgyt(t70)\dt§/0 (Fi(t) + Fa(t) + F3(t) + Fy(t)) dt + He(0). (42)

Let us consider each term of the right hand side of (42) separately:
e Fj: On the right boundary « = L, one has

T
1 . 5 t
[ e - ptennar< [ - (L) a
0
T

0
< [ Mg =it Dl dr < 5 {[ud"0) = 27 0)] + [1°0) - 3 0)]}

<C|

T

’UO’(SHWM(O,L)

where we used trace operator’s continuity for W11(0, L) functions (using in-
tegration by parts, one shows as well that the constant C' does not depend on
0).

e F%: On the other hand at x = 0, the boundary condition can be estimated as

T T T
[t as [Cadyelds + [ 168°0) - S one ar
0 0 0
S C (HugHWI,l(O,T) + HUO,éle,l(O’L))

as above.
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e [%: With the change of variable 7 = £, we have, using again (35),

g’
T rL|q n L L
- ~ 0,6
/ / —O0pli ¢ <7m)‘ dxdt = / / |05 ¢ (7, )| dedr < C HU ’ ||W1_1(0 L)
0o Jo |€ € o Jo S

which is uniformly bounded with respect to ¢.
e F: similarly, we have

T oLy /g T oL o
/0 /0 ZGit <€,$>’ dxdt :/0 /0 |Gi (7, z)| dedr < C HU ' HWM(O’L)

thanks to the fact that 9,G;(7, ) = (¢¥(x) — ud(z))e 2" with i = 1,2.

It remains to estimate H;(0) in (42). Indeed, using (38) at t = 0 in order to convert
time derivatives into expressions involving only the data and its space derivatives,
one obtains

_ L
A0) = [ (arlof 1 (0,2)] + a2led o0, 0)] + aslsd, 0.2 + sl (0,)| + afu(0,2)]) do
0

= L

So, for instance, for the first term of the sum, we use the first equation in (38) and
we write

a10,02(0, ) = =(s5(0,2) — v2(0,2)) + adyiiy (0, 2) — aduvs (0, x).

Recalling that s{(0,2) = ¢¥(z) and v(0,2) = ¢¥(x) as defined in (39) we get:
a10y09(0,2) = ads(q} () — uf(2)) — ad;{(0,2) = —adyuf(z), then

L L
a 5 :
/O 19,08 (0, 2)| da < 071/0 |0,u]’ (2)] do < CHUO(sHlel(O,L)’

The rest follows exactly the same way. We conclude from (42) and the above
calculations that

T t
Ht(t)—s—a/ |vg7t(t,0)|dt§?-{,t(0)+/ (Fi+ Fy+ Fy+ F))(s) ds
0 0

< C (10 s 0.ty + b lhasom) -

Finally, in order to recover (37), we add the first and third inequalities in (40) and
integrate on (0,7) x (0, L), we get

L T
[ @zl +alst (o dova [l Ll
0 0

T L
< a / [0 (£, 0)] dit + / (aa]o?,(0,2)] + asls? , (0, 2))) da
0 0

T pL
K. t
+// (Klug,t(t»x)Hl it (an)
o Jo g €

We have already proved that the second term of the right hand side is bounded.
We have also proved above that uf, is uniformly bounded in L*((0,7); L*(0, L)).

From (39), we have v‘it(t, 0) = uy(t) + L1 4(%,0). As above, we use the expressions

of 4, and ¢; and a change of variable to bound each term of the right hand side. [

1
+ =

Ozt ¢ (t,x> D dxdt.
€ €

As a consequence, we deduce the following estimates on the time derivatives of
the original unknowns (ug,u$, ¢, ¢3,ud) :
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Corollary 1. Let T > 0, under the same assumptions, there exists a constant
Cr > 0 depending only on the Wb norm of the data but independent on e, such
that :

T (L
| G0t + 0+ 1003+ 10l + o1l b ) it < € [U° g
0 0

T T
5 0,8 5 0,6
/0 [0vu5 (¢, 0)| dt < C U] yr0.1 /0 [0y (8, D] dt < CIU |11, -
(43)
Proof. We recall the expressions
vV=ud iy, vy=ul4dy, =¢+q, $5=a¢+ .

By the triangle inequality, we have for i € {1, 2},
1 -
10cud]| L1 o, m1x 0,21y < 100091l L1 ((o,71x[0,2)) + g”atui(t/s:x)||L1([0,T]x[O,L])7

1
10 |2 o, 71x0,L1) < 10291 L1 (10,71 x[0,2]) + 2 110Gi(t/e, )l qo,m1% 0,2 -

The first terms of the latter right hand side are bounded from Proposition 1. For
the second terms, we have, as above,

/T/Ll oudi (%) dadt — 1/T/L]<q?<x>u9<x>>eze

o Jo € € €Jo Jo
<CHU076HW11(OL)’

T L

L

1 . [t
z Ol (e,x) dxdt = / / —¢¥(x))e”
Furthermore, from (42), we get

< |U05Hw1 10,L) "
LI 5
[ 00 = o

By the triangle inequality, it implies the second estimate in (43)
To recover the third claim in (43), we notice that by definition of v and a triangle
inequality, we have

1
‘utls,t(tﬂ L)| < |’Uf,t(t7 L)' + g

[t 1. o5  os .
e (z—:’L)‘ < |v‘f,t(t7L)|+qu(f’ —up I,y 2%

where again we use the continuity of the trace operator on W1(0, L) functions in
order to recover the dependence between the values at z = L and the W11(0, L)-
norm of the initial data. Integrating in time and using (37) allows to conclude. [

4.2.4. Uniform bounds on the space derivatives.

Lemma 4.7. Let T > 0. If the data is reqular in the sense of Definition 4.5, then,

the space derivatives of functions uS, ud satisfy the following estimates :

T (L 2 2
I (Z 0ud )] + Y qu‘(w) dadt < Or [0 oy
1=0

i=1

for some non-negative constant Cr uniformly bounded with respect to €.
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Proof. Adding equation (7a) with (7c) and also (7b) with (7d) we get
adyul = Ky (u) — ¢}) — a10,us — azdiqs,
—a@xug = Kg(ug - qS) - a23tug - a43tq(2s - G(qg)~
Using Corollary 1 and (6), the right hand sides are uniformly bounded in L((0,T") x

(0,L)). Deriving the ODE part of (7) with respect to the space variable and using
the latter estimates provides the results for ud, ¢0 and ¢3. O

4.3. Extension to BV data. We show here how to use Corollary 1 and Lemma
4.7 in order to obtain BV compactness.

Theorem 4.8. Under hypotheses (2.1)-(2.3), there exists a uniform bound such
that the e-dependent solutions of system (7) satisfy
2 2

0
Z Hui”BV((O,T)X(O,L)) + Z ”qi”BV((O,T)x(O,L)) <C (HU HBV(O,L) + ||ub”Bv(o,T))
=0 =1

where the generic constant C' is independent on €.

Proof. Setting U%(t,x) := (ui(t,x),us(t,x), ¢} (t,x), q3(t, x),ud(t,z)), one has from
the previous estimates :

HU(SHW;;;((O,T)x(o,L)) <C (HUO’(SHW;J(O,L) + H“gHWm(o,T))

Now thanks to Lemma 4.4, one estimates the right hand side with respect to the
BV norm of the data :

[0°wiri0) < € (4 10%Nmvi0sy) - Il oy < OO+ Huslviar)

We are in the hypotheses of [32, Theorem 5.2.1. p. 222] : by L'-continuity, shown
in Theorem 2.7, U? tends to U := (uy,us, 1, q2, u) in L'((0,T) x (0, L)) strongly,
when ¢ vanishes. Then for any open set V' C (0,7) x (0, L) one has

||U||BV,,I(V) = hf;njélf HU&HBVt,m((O,T)x(O,L)) = liggf ||U5HW§;;((0,T)x(0,L))

and since the BV bound of the sequence (U?)s is uniformly bounded with respect to
d, the result extends by [32, Remark 5.2.2. p. 223] to the whole set (0, 7)x (0, L). O

5. Proof of the convergence result (Theorem 2.5). It is divided into two
steps.

1. Convergence : From Lemma 4.2, Lemma 4.3 and Corollary 1, sequences

(u§)e and (u§)e are uniformly bounded in L>*NBV((0,7) x (0, L)). Thanks to

the Helly’s theorem [3, 18], we deduce that, up to extraction of a subsequence,

uj 7w strongly in L'([0, T] x [0, L]),
E—r

us — U2 strongly in L'([0, T] x [0, L]),
E—r

with limit function wy,us € L N BV ((0,T) x (0, L)).

By equations (7a), one shows by testing with the appropriate C! compactly
supported functions in (0,7") x (0, L) and using the definition of the BV norm
(cf for instance,[32, p. 220-221]):

gt — uillzro,m)x0,0)) < Celluillpvo,mx(0.1))
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which tends to zero as € goes to 0 thanks to the bounds in Corollary 1 and
Lemma 4.7. Therefore, ¢§ 5w strongly in L1 ((0,T) x (0, L)). By the same
E—r

argument, we show that ¢5 g U2 strongly in L'((0,7) x (0, L)). Moreover,
E—

since G is Lipschitz-continuous, we have, when € goes to zero,
1G(q3) — G(u2)| L2 ((0,1)%(0,2)) — 0.
For the convergence of ug, let us first denote g a solution to the equation
agOrug = K1(up —ug) + Ka(ug — ug) + G(ua).

Then, taking the last equation of system (7), subtracting by this latter equa-
tion and multiplying by sgn(u§ — ug), we get in a weak sense that

ao0|ug — uo| < Kilgf — u1| + Ka|q5 — ua| + (K1 + K2)|uo — ug| + |G(q3) — G(u2)]
< Kilgf — ur] + Kalq5 — ug| + (K1 4 K2)|ug — uf| + |G’ || |a5 — usl.

Using Gronwall’s Lemma, we get, after an integration on [0, L],

L L (K1+K2)t
/ lug — uol(t,x) de < / e luo — ugl(0, z) dx
0

ey ay)
// =) g — uy|(s, z) dsda

Noo + K2) (K1+K2)
M// ULED () e ) dda

Qa

Thus, one concludes that
ug —g? Uo strongly in L'((0,T) x (0, L)).
e—
2. The limit system :
We pass to the limit in (15), the weak formulation of system (7). Suppose

that ¢ € S5. Taking ¢; = ¢3 and ¢o = ¢4 in (15) we may pass to the limit
€ — 0 and we obtain

T (L .

/0 /0 u1 ((a1 + a3)0cd1 + adyp 1) dadt + a/o wp () (8, 0) dt
L

+ [ ando) + aaal(2)01(0.0) o
T (L .

+/0 /o uz((ag + as)0; ¢z fozarsz)d:cdtwL/o (agud(x) 4 asqd(x))d2(0, x) dx
T (L

+/0 /0 ((IOUOath?, + K1 (u1 — uo)(¢p3 — ¢1) + Ka(ua — up)(¢p3 — ¢2)

L
+ G(u2) (g3 — gbg)) dxdt + /0 aguo(0, x)d3(0,x) der = 0.

which is exactly (14) with initial data coming from system (7). Finally, since
the solution of the limit system is unique, we deduce that the whole sequence
converges. This concludes the proof of Theorem 2.5.
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6. Numerical validation. For the sake of simplicity, we assume, in what follows
that a; = 1, for i € {0,4} when we discretise problems (7) and (8)-(10). We
discretize the domain (0, L) with a uniform mesh in space of size N, setting :

Az :=L/N,,

In order to avoid an e-dependent CFL, we discretize the linear parts of the source
term in (7) in an implicit way, while we keep the transport part explicit and use a
MUSCL second order discretization in space [8]. This leads to write the scheme,
fori e {1, N, — 1}

At At
+1 +1
(1 + 8)141 — ?qzl

= (1 — )\5)“21 + )\5u?71}1 —
At\ o1 At L
(1 + E)ulj - ?qi,;

= (1 — )\5)’[,&?2 + )\511,?4_172 —

As(1=2s5) (o n
# ( i+1/2,1 ¢i71/2,1)

As(1—As) ( n (44)

9 i+1/2,2 ¢?—1/2,2)

n+1 n+l _ n
il AtKluz‘,o =4q;1

Z)

At At

At At
—?u22+1—|— (1 + - + AtKg) qZQH — AtKgu%rl =qio — AtG(qu)

—AtK g = AtKqPT + (L + ALKy + Ko))uldt = ull + AtG(g)'y)
where the time step is chosen s.t.
At
A5 1= —a
5 Ax
is less than 1, and the flux limiters are defined as
¢?+1/2,1 := minmod (U?+1,1 — Uiy, Uiy — Uznfm) )
¢?+1/2,2 := minmod (u?+2,2 - u?+1,2a U?+1,2 - u?z) )

and the minmod function is defined in a Generalised minmod limiter [8] :

1
minmod(1,7) := max (07 min <2r, %, 2)) .

We complement the scheme with initial and boundary conditions :

0 1 (i+1)Ax o 0 1 (i+1)Az 0
= — ., V5€{0,1,2}, gq;;:=-— L Viedl,2
Ui, Ax/m uj, Vi€{0,1,2} gy Ax/m q;, Vie€{l,2}
and
1 (n+1)At
up Tt = b = —/ up(t)dt, uNthi=utt 0 VYne {0, N, —1}. (45)
’ At AL B z— 1,

Proposition 2. Under the CFL condition : A5 € (0, 1] which is independent of e,
the scheme (44) preserves positivity and the discrete version of the L*((0,T); LN
LY((0,L)))-norm. Moreover, under the same condition, it is possible to prove that

Ny—1N,—1

2 2
Aty DAt —ul gt - el < C
j=1

n=1 i=1 |j=0
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For the first part, the proof uses at the discrete level similar ideas as in Lemmas
4.1 and 4.2. For the second part, one adds the initial layer (19) to the numerical
solutions for each time step and proceeds as in Proposition 1 and Lemma 1. Since
the ideas are very similar and the properties of the transport part are rather stan-
dard once it is written in a convex form [8, Harten’s Lemma], the proof is left to
the reader for the sake of concision.

For various values of €, we compare the solutions provided by (44) with a similar
discretisation of (8)-(10), reading :

AtK AtK
(1 +— 1)1}2# - Supgt

Asz(l = A3) ( n

= (1= X3)vi!y + A3y y — 1 it1/2,1 ¢?—1/2,1)

AtK: AtK:
<1+ 5 2)112;1— !

)‘3(1 B >‘3) n n n
1 ( it1/2,2 ¢i71/2,2) — AtG(vi'y)

—AtKlef'l - AtKw’féH + (1 + ALKy + KQ))'UZS_I = vy + AtG(v}'y)

%

= (1 — )\3)7)22 + )\37)?+1’2 —

where
\ At A5
= 00 = —
7 2Ax 2
We initialize the data setting :
0 u?,l + qgl 0 u22 + qu 0 0
Vi1 = 9 Vio = 9 Ui0 = U40-

and boundary conditions are similar to (45). We compare (uf;),.i; and (v}';)n.i.;
using the discrete L' norm in space and time. Indeed we compute

Ng

N, 2
E.np = AtAxZ Z Z }21}3]» — (ui; + q%)! + |vﬁo - u20| ,

n=0i=0 | j=1
the results are displayed in Fig. 2.
Appendix A. Stationary system. Although the study of the rate of conver-

gence for the dynamical system is quite complicated, explicit computations may be
performed for the stationary system. This system reads, for « € (0, L),

adyiiy = é((ﬁ — 1) (46a)
— adyis = %(qg i) (46b)
0= %(ﬂl —q1) + K1 (o — q1) (46¢)
0= é(ﬂz — q2) + Ka(to — ¢2) — G(q2) (46d)
0= Ki(q1 — o) + K2(q2 — o) + G(q2), (46e)

completed with the boundary conditions

U (O) = Up, U2 (L) = U (L)
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FT T 11777 T T T 11T T T T TTTT] T T T 11T

109
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™
Nl=

Ll
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FIGURE 2. Numerical error estimates

This system may be reduced by noticing that, after adding the equations in (46),
we obtain

Otaw(ﬂl — ﬂg) =0.

From the boundary condition at x = L, we deduce that u; = 2, we denote u :=
Uy = ty. With (46a)—(46b), we get

20 =q + qo- (47)
From (46e), we deduce
 Kiqi + Koo G(g2)

Uy = . 48
0 K1+ K» K1 + K (48)
Injecting this latter expression and (47) into (46¢), we obtain
_ KKy 2e Ky _ _ _
14 2e = Kogo + G + qo.
Q© ( il +K2> X +K2( 202 + G(@2)) + &2
With (46e), we deduce
eK
=g : G(g2). (49)

T R 2K K,
Using also (46a), we obtain the following Cauchy problem

Q(Kl+K2+€(2K1K2+K1GI(QQ))>8QC(?2 :KlG(QQ), ( )
ek, o 50
G = Uup.
TR R 1 KK, ) =
Solving this system, we deduce o, then we compute @, ¢1, and wg thanks to relations
(49), (47), and (48).
When, € = 0, system (50) reads

{ a(Ky 4+ K2)0.42,0 = K1G(G2,0),
61270(33 e 0) = Up.

@(r=0)=¢g, with ¢

(51)
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In order to have semi-explicit expression, we introduce an antiderivative of 1/G
denoted G, i.e. G' = é Then, integrating (50) we get

a(Kl YKy + 25K1K2)Q(dz) + acnG(g)
= Kz + a(K1 + Ko + 25K1K2)g(q3) +aelnG(q)).
By the same token on (51), we have
a(Kq + K2)G(G2,0) = Kz + oK1 + K2)G(up).
Subtracting the last two equalities, we obtain

(K1 + K2)(G(q2) — G(q2,0)) =(K1 + K2)(G(@)) — G(ws)) + 26 K1 K2(G(33) — G(q2))
+e(InG(9) — InG(q)).

Thanks to a Taylor expansion, there exist (2 between g» and g2, and (3 between
@) and w; such that

@2 — G20 = g((gzog(qg —up) + 26 K1 K2(G(39) — G(32)) +e(InG(33) — InG ()

KlG 2 G 7(2) B
T +€K2 +(2Ce)l(1(lcég))G(g§) +2e K1 K2 (9(0) — G(2))

+e(nG(39) —InG(q2)),

where we use (50) for the last equality. Hence we conclude that, formally, the
convergence of g, towards @3 is of order &.

Appendix B. Mild solutions of transport equations. We define the problem :

Ou + adzu = w(w — u) (t,x) € (0,T) x (0,L)
v — 0yv = w(z — v) (t,x) € (0,T) x (0, L) (52)
u(t,0) = up(t), v(t, L) = vp(t) te (0,T)
u(0,z) = uo(z), v(0,z) = vo(z) (t,x) € {0} x (0,L)

where the data (w, z, ug, vo, up, vp) satisfy
(w,z) € L=((0,T) x (0,L))?, (uo,v0) € L=(0, L), (up,vp) € L>=(0,T)?,
and (a,w) € (R4 )2. We define by Duhamel’s formula

up(t — z/a) exp (—wz/a) +

0 if ¢
u(t,x) = +w/ exp(—w(s + z/a))w(t + s,z + as)ds ift>a/a
—z/a
uo(z — at) exp(—wt) + w fi)t exp(—w(s +t))w(t + s,z + as)ds otherwise
(53)

and v is similarly defined as a function of (vg,vp,z). Then one has, as in [20,
Theorem 2.1, Lemma 2.1 and Lemma 3.1], that
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Theorem B.1. Let (u,v) be solutions of (52) defined in the sense of characteristics
through Duhamel’s formula (53), then u (resp. v) satisfies (52) in the weak sense :

T L L t=T
/ / B(ult, 2)) (— 0y — Ds + w) o da dt + / B(ult, 2))p(t, v)dz
o Jo 0 t=0
T e=L T
+ /0 D (u(t,x))p(t, z)dt B :/0 O’ (u(t, x))ww(t, x)e(t, z) dx dt

for all ¢ € C*°(]0,T] x [0, L]) and every ® € Lip(R).
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