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Abstract. The existence of the solution to an elliptic system arising in electro-
chemical modelling is proven here. The elliptic system of interest here is composed
of two diffusion equations; one of them is posed with a Dirichlet condition which
couples it to the other equation on an interface, and a Signorini condition on one of
the boundaries. The other one is posed with Neumann conditions, which are also
coupled at an interface. The existence of the solution is proven by using Schauder’s
fixed point theorem, which requires some previous local regularity properties of the
solution to the “Signorini problem”.

1. Introduction. The modelling of an electrochemical reacting interface
[5] gives rise to the following system of equations posed over the physical
domain 2 represented in Figure 1. The domain )4 represents the electrode
and is defined by Q4 =]0, 1[x]0, 1], the domain 2 represents the electrolyte
and is defined by Qp =]0, 27%% x|z 0. Let Q = Q4 UTUQp, where
I = {(21,0),z1 €]0,1[}. The boundary 909 of Q is composed of seven parts:

Iy = {(0,22), 22 €]0, 1]}, % = {(z1,1), 21 €0, 1]},
% = {(1,22), 22 €]0, 1]}, Iy = {(0,22), z2 €lz5™, 0]},
I% = {(z1,25""), 21 €]0,27°[}, Th = {(21"**, x2), 22 €],0},
'y = {(x1,0), 21 €)1, 27 [}.
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Q=q,UQq,

Figure 1. Domain of study

The electrochemical phenomena which need to be modelled are:

— The diffusion of oxygen in the electrode €24; the oxygen concentration
in 4 is denoted by u, and the oxygen flux is proportional to Vu.

— The conduction of electrical (ionic or electronic) current in both elec-
trode 24 and electrolyte Q5. The electrical current is given by Ohm’s law
with respect to the electrical potential ®. The conservation of the oxygen in
Q4 and the conservation of electrical current in Qp yield equations (4) and
(8) below. These equations are coupled by Faraday’s law, which states the
conservation of electric charges at the interface between Q4 and Qp (con-
ditions (11) and (14) below). They are also coupled through Nernst’s law,
which expresses the potential jump at the electrolyte with respect to the
concentration. A Signorini boundary condition (see (7) below) is written on
one of the boundaries of 24 to account for the fact that the transmission of
oxygen through the electrode wall is limited both for the concentration and
concentration flux. For reasons of symmetry, all fluxes are null at z = 0 and
xr = z"** (conditions (5), (10), (13)).

Let a, ca, cg € R% and b € HY(T'%) such that b > 0 and b(0) = 0.
In order to express Nernst’s law, let 7' be a function defined from L2(I) to
H?(I) such that

0<T(p)(s) <a Vo € L*(I), foraescI, (1)
AM e R*, |T(p) a2y < M Vo € L*(I), (2)
T is continuous from L2(I) to H(I). (3)

With these notations, the conservation equations, interface and boundary
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conditions lead to seeking u : Q4 — R and ® : 2 — R satisfying

—Au(z)) =0, z€Qq (4)
Vu(s)-n=0, sel’ (j=1,2) (5)
u(s) =T(Pa, — Pp),)(s), sel (6)

u(s) < a,
Vu(s) -n < b(s), sel?, (7)

(u(s) —a)(Vu(s).n —b(s)) =0,
—A(®;(z)) =0, z€Q; (i=A,B) (8)
Da(s) =0, sel? (9)
Vda(s) - n=0, scl’ (j=1,3) (10)
V®,4(s) -nr =caVu(s) -n;, sel, (11)
dp(s) =0, secl% (12)
Vop(s) n=0 sely (j=1,34) (13)
Vogp(s) -ny=cgVu(s) -n;, sel, (14)

where ®; denotes the restriction of ® to the domain €2; (i = A, B) and ny is
the unit vector normal to I external to the domain €2 4.

Note that in fact, Nernst’s law, which is an experimental law, gives the
ideal potential jump for an electrochemical reaction with a chemical species
of concentration u as:

U:T(q)Ah_(I)Bh) a.e. on I,

where T is continuous from R to [0, a]. However, with an argument similar
to that of [3], we may replace the pointwise dependency of u on ® through
a dependency of u at point x with respect to the values of ® in the neigh-
borhood of z. Such a model may be obtained by replacing, for instance, T’
by T defined from L?(I) to H?(I) such that:

T(p)(s) = /T(@)(y) pn(h(s) —y)dy ae. sel, (15)

I
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where py, is the classical mollifier defined by

1 =z

pr(z) =5 p(3) Vo eR,

with p € C2°(R,R*) such that supp p C [-1,1], and [, p(z)dz = 1; thus
pn € CZ(R,R*), supp p, C [—h,h] and [, pn(x)dz = 1; and 1 is defined by
Y(z)=x—2hx+h Vrel.

The function T thus defined clearly satisfies assumptions (1)—(3)). More-
over, we have

T()(0) =T(p)(1) =0 and T(¢)'(0) =T(p)'(1)=0.  (16)

The aim of this paper is to prove the existence of a solution to the system
(4)—(14). In order to do so, we need to define in which sense this solution
may be obtained. Let us first define the adequate functional spaces and
(bi)linear forms for i = A or i = B:

Hjo(Q) ={v e H' (), Vs = 0 a.el, (17)

Ai(®, ) :/ Vo(2)V¥(x)de, V&, ¥e HY(Q,), (18)
Q;

Lo i(0) :ci/IVu(s)-n\I/I(s) ds, (19)

YO € H' (), Yu € H'(Q4) st. Vu-n e L*(I),
K, ={ve H (), v, =T(p) ae, v, Saael, Vo€ L*(I),
A

(20)
L(v) = /F

where v|, designs the image of v € H'(;) (i = Aor B), by the trace
operator defined from H'(€2;) to L?(I).
Consider the following variational problem:

{ ®; € Hyo(%) (i = A, B), satisfying :
Ai(®i, V) = L, i(V), V¥ eHj,Q) (i=A, B);

b(s)v‘ri (s)ds, Yve H'(Qa), (21)

3
A

(22)

u € K, satisfying :
Aa(uv —u) > Lo —u), Yo € Ky, (23)
with Y = (I)A\I — (I)B\I‘
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We shall prove in the following section that, under some regularity assump-
tions, Problem (4)—(14) is equivalent to Problem (22)—(23).

The existence of the solution to the problem (22)-(23) will then be proven
by using the Schauder fixed point theorem. Our proof is inspired by the proof
of the existence of the solution to another coupled problem (see [4]). Here,
however, the proof of the continuity of the fixed point operator requires some
previous regularity results on the solution of the “Signorini problem”, i.e.,
Problem (23) with a given ¢; these results are proven in Section 3. Section
4 is devoted to the actual proof of the existence result, which includes the
construction of the fixed point operator and the properties which are to be
satisfied in order that the assumptions in Schauder’s theorem hold.

2. The variational problem.

Proposition 2.1. Let Q@ = QaUITUQpg, with Q4 =|0,1[x]0,1[, Qp =
10,z [x]a5* ™, 0], and I = {(x1,0),21 €]0,1[}. Let a, ca, cp € RY and
be HYT3) such that b > 0 and b(0) = 0. Let T be a function defined from
L3(I) to H?(I) satisfying the assumptions (1)—(3) and (16). Assume that
® € L3(Q) is such that ®; in C*(Q;) for i = A, B; and u in C?(Qa), then
(u, ®) is solution to variational problem defined by (17)—(23) if and only if
(u, ®) satisfies equations (4)—(14).

Proof of Proposition 2.1. Assume u such that u € C2?(Q,), satisfying
equations (4)—(7). Thanks to equation (6) and to the first relation in (7),
u € K, with

=24, — Pp|,-

Let v € K, from equation (4), we obtain

Vu(z) V(v — u)(z)dr — Vu(s) -n(v—u)(s)ds =0.
Qa A

Using equation (5) and the fact that u, v are in K, yields

Vu(z) V(v —u)(x)de = Vu(s) -n(v—u)(s)ds.

Q4 3

Adding and subtracting b and a in the right-hand side, yields

Vu(z) V(v —u)(x)de = / (Vu(s) -n—b(s)) (v(s) —a)ds

Qa T3

+ /F (Vu(s) -n—>b(s)) (a—u(s))ds+ / b(s) (v —u)(s)ds.

3 3
A 1—‘A
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Since v € Ky, v, —a < 0; from conditions (7) on u, it follows that
A

Vu(z) V(v — u)(z)dx > / b(s) (v —u)(s)ds.

Qa r

134

Hence, u is solution to the problem (23). The proof that ® such that ®; €
C?(Q;) i = A, B satisfying the equations (8)-(14) also satisfies (22) is
straightforward.

Reciprocally, let (u, ®) satisfying the regularity assumptions u € C?(Q4)
®; in C%(Q;) for i = A, B and the variational problem defined by (17)—(23).
Let us show here that u satisfies the third equation in Signorini’s conditions
(7). Our proof is inspired by Baiocchi and Capelo’s (see [1]), for a similar
problem with a Signorini boundary condition on the whole boundary.

Let T, = {s € I'} such that u(s) < a}. Notice that the third equation of
(7) is equivalent to Vu-n =b, on I',. Let g be a function in C2°(I', ), and
denote by § the extension by zero of g on I'} and ¢, a function of H'(Q4)
such that Pols = g a.e. and Pg|, = 0 almost everywhere.

A

Let © > 0 be defined by

infess(a — u(s), s € suppg)
sup([g(s)], s € I'a)

W= ifg#0, =0 ifg=0.

Note that p is defined for any u € H(Q4).
Let v1 = v — g and va = u + ppy, then vy and v € K, (with ¢ =
4|, — ®py,); taking vy (respectively vo) in equation (23), yields

/F (Vu(s) -m—b(s))g(s)ds <0

(respectively [—(Vu(s) - n —b(s))g(s)ds > 0), and therefore,

[ (uls) n—bsg(s) ds =0 g € C2(T7)

which, in turn, yields conditions (7). The other equations (4)-(14) of the
strong formulation are easy to obtain. [

In order to use the Schauder fixed point theorem (see, for instance, [7]),
we have to study the continuity of a fixed point operator. This requires a
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previous regularity result for the solution to the Signorini problem (4)—(7)
which are studied in the next section.

3. A regularity property of the solution of the “Signorini prob-
lem.” Let Q4 =]0,1[x]0,1[, a € R%, b € HY(I'¥) such that b(zs) > 0
Vzo € T3 and b(0) = 0. Let ¢ : I — R be defined by

Y e H*(I), 0<p(x)<a Vo, €1,

, , (24)
$(0) =4(1) =0 and ¢'(0) =¢'(1) = 0.
Let u be the unique solution to the following problem:
uc Ky ={veH (Qa), v, =1 ae, v, <aae}, satisfying :
A
(25)

[o, Vu(x) - V(v - u)(z)dx > fFi b(s)(v — u)|F?4 (s)ds, Vv € Ky.

We shall prove here the local H? regularity of the solution u to (25). Let us
start by proving the following estimate:

Proposition 3.1. Let Q4 =|0,1[x]0,1[, a € R%, b € H (%) such that
b(z2) > 0 Voo € T3 and b(0) = 0. Let v be a function defined from I to R
satisfying the assumptions (24). Let u be the unique solution to (25), there
exists C' > 0 independent of u and of v, such that

el oy < € (16l + 1Bl ey )- (26)

Proof of Proposition 3.1. Define, for a.e. (z1,22) € Qa, u?p(xl,azg) =
w(gill) Remark that, by assumptions (24), uy, € K. Taking v = uj, in (25),
yields:

/ ] V(u% —u)(z) |? dz
Qa
< / Vu?b . V(u?p —u)(z)dx —/ b(u?p —u)|_5 (8)ds;

Qa 3 ‘A
since uf}} —u € H& 7(©4), by Poincaré’s inequality and by continuity of the
trace operator from H(Q4) to L?(T'3)), there exists C' > 0 such that

I, — ull (@) < Clluglr@a) + 1012 (rs,))-
which, in turn, yields (26). O

Let us now prove the following maximum principle on the solution u of

(25).
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Lemma 3.1. Let Q4 =]0,1[x]0,1[, a € R%, b € H (%) such that b(z2) > 0
Vzo € T3 and b(0) = 0. Let 1 be a function defined from I to R satisfying the
assumptions (24). Let u be the solution to Problem (25), then u(xy,z2) >0
for a.e. (x1,x2) € Q4.

Proof of Lemma 3.1. Since —Au = 0 in L?(Q4), multiplying by v~ =
— infegs (0, u), integrating the product and using the Green formula, yields:

/ Vule) - Vu () - [ b, (s1ds =o.

Iy

where Ty = {(z1,22) € T3, s.t. Vu(z1,22) -n = b}, (recall that u. =0on
Lo =T/Ty = {(z1,22) € T3, s.t. u(z1,22) = a}, and that Vu-n = 0 on
rLur?).

Since u~ € Hj ;(Q4), there exists C' > 0 such that

lu™ o) < —C’/ b(s)ul_rb (s)ds,
Iy

However, v~ > 0 and b > 0 a.e., hence u~ = 0 a.e. on {24, which concludes
the proof of Lemma 3.1. O

The following H? estimate on u holds:

Proposition 3.2. Let Q4 =]0,1[x]0,1[, Q4,2 =]0,1[x]0, [, a € R% and
b€ HY(T3) such that b(z2) > 0 Vae € T3 and b(0) = 0. Let ¢ be a function
defined from I to R satisfying the assumptions (24). Let u be the solution to
Problem (25), then v € H*(Q4/2), and there exists C > 0 independent of u
and of 1 such that

ol 2200 < C(Nullrs oy + Iy + Bl ). (27)

This estimate and the continuity of the trace operator from H?(Q4/2) to
L?(I) yields the following estimate on the trace of the normal derivative of u,
which is crucial for the proof of the existence of the solution to the original
coupled problem.

Corollary 3.1. Let Q4 = (0,1) x (0,1), T3 = {(1,22),22 € (0,1)}, I =
{(z1,0),z1 € (0,1)}, a € RY and b € HY(I'®)) such that b(zs) > 0 Yz, €
I3 and b(0) = 0. Let ¥ be a function defined from I to R satisfying the
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assumptions (24). Let u be the solution to problem (25), then Vu-n € L?(I),
and there exists C > 0 independent of u and of 1 such that

IVu- 02y < (el + 102 + 18 s )-

Proof of Proposition 3.2. The proof of Proposition 3.2 consists in two
steps. First, a symmetrization of the domain )4 is performed, in order to
deal with the corners (z; = 0,22 = 0) and (z; = 1,22 = 0). A function w
is constructed on the symmetrized domain, the restriction to 24 of which is
equal to u.

The local H? regularity of w on the symmetrized domain is then shown
by the method of the translations, due to Niremberg, see [2].

Step 1: Symmetrization. Let Q4 =]0,1[x] —1,0[ and define @ : Q4 — R
by

(2, 20) = —u(xy, —x2) + 20(21) ae. (z1,22) € Qa;

note that, if u is regular enough, one has u(z1,0) = u(x1,0) and

ou ot

—('7;170) = a—m(xho)

for a.e. z1 €]0,1].
LetQ:QAUQAUIanddeﬁnew:QHRby

w(zy,x2) = u(z1,z2) for ae. (r1,22) € Q4 UI, and
- 28
w(zy,x2) = w(x1,x2) for a.e. (x1,x2) € Q4. (28)

Let T3 = {(1, ), 2o €] —1,0[} and I'® = T3 UT3 U(1,0). Define b € L?(I'3)
by

b(s) = b(s) for a.e. s € T3 and b(s) = —b(—s) for a.e. s € T3, (29)

Let f € L*(Q) such that f(z1,22) = 0 forae. (z1,22) € Q4 and f(z1,22) =
—2¢"(xq) for a.e. (z1,22) € Q4. We shall now use the following result:
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Lemma 3.2. Let Q = Q4 UQu U I, with Q4 =]0,1[x]0,1[, Q4 =]0,1[x] —
1,0[ and I = {(x1,0),z; €]0,1[}. Let T3 = T3 UT3 U (1,0), with T3 =
{(1,22),29 €]0,1[} and T% = {(1,22), 22 €] — 1,0[}. Let a € R% and
b e L2(T%) be defined by (29). Let b be a function defined from I to R
satisfying the assumptions (24). Let w be the function defined by (28), then

w satisfies the following problem

we K ={veH(Q), Vs <A U, > —a a.e}, satisfying :
A

03
1HA

/QVw(x) V(v —w)(z)dr > / b(s)(v —w))|_,(s)ds (30)

T3
+ /Qf(a:)(v —w)(z)de, YveK

Proof of Lemma 3.2. Let us first show that w € K. Since @(z1,0) =
u(x1,0) for a.e. x1 €]0,1[, it is easily seen that w € H'(2); moreover,
one has, for a.e. 3 €] — 1,0[: w(l,z2) = u(1,22) = —u(l, —z2). Hence
wlfi > —a a.e. and w € K. Let us now show that, for any v € K, w satisfies

(30). For v € K, define, for a.e. (z1,22) € Qa, 0(x1,22) = v(z1, —22).
Integrating by part and thanks to a change of variable, one has

_ Va(z) - V(v —a)(r)dz
Qa
:/0 /0 Vu(zy, z2) - V(=0(x1, 22) — u(z1, 2) + 29 (21) )dr1drs
0,1
2 [ [ - e e

Therefore, defining v(z1,2z2) = 5% (21,22) 4+ ¥(z1) for ae. (z1,22) € Qa,
one has

/QVw(x) V(v —w)(x)dx
= 2/0 /0 Vu(zy,x2) - V(U(21, 22) — (21, 22))drdrs

0 1
—2/_1/0 " (z1) (v — @) (x1, v2)dz1dTs,
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since 7|, € Ky, inequality (25) with v = ), together with the above
equality yields

/QVw(:L’) V(v —w)(x)dx
1 0 1
> 2/0 b(x2)(T — u)(1, x2)dxs — 2/_1/0 " (21)(v — @) (x1, v2)dr1dTs,

that s,
b/vm x)¢x>/da@xv—ux1xgma
+/'M@xv_m1a@¢@—2/'/‘w/ V(v — @) (21, 22)day da,

which concludes the proof of Lemma 3.2.

Remark. Note that, if w is regular enough, then it satisfies the following

problem:
—Aw =0, in €,

Vuw(s) - n=0, sel! % %,

w(s) <a, sel¥,
Vw(s) -n<b(s), sel?,
(w(s) —a)(Vw(s)m —b(s)) =0, sel3,

(5) > —a, sel3,

Vw(s)-n>—b(s), sel3,

(w(s) + a)(Vw(s)m +b(s)) =0, sel3,

with I'% = {(z1, —1), 1 €]0,1[} and T'* = {(0,z2), 22 €] — 1, 1[}.

Step 2: Method of translations. Let ;5 =]0, 1[x] —1/2,1/2[; we now
show that w € H?(£) /) and give an estimate of [wl|z2(0, ,5)- We use here
the method of translations, which was developed by Brezis [2] to show the
regularity of the solution of the Laplace operator, and can also be found

applied to a problem with a Signorini boundary condition on the whole
boundary of the domain in [6].

g
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Let ¢ € C°(R?) such that ¢ = 1 on Q4/5, 0 < ¢ < 1 on R? and
suppy C Rx] — 2 3[ Let h > 0 and H = (0,h). Let us show that, for h
small enough, there exists € > 0 depending only on H such that

v=w+eD_g(pDy(w)) € K, (32)
where

w(z £ 1) —w()
ul

Di,(z) ==+ Vn € R?, forae. z € /9,

7| denoting the Euclidean norm of 7. For h < 1, v is clearly in H'(£2). Let
us show that, for an adequate choice of €, v is such that V)y = —@ A€ Let
A

x9 €] — 1,0], then

v(1,22) +a = (w(l,25) +a) (1 - %wu,m + (1,25 — )

+ % (p(1, 22 — h)(w(l,z2 — h) + a) + (1, z2)(w(1l, 22 + h) + a)).

Remark that (w(1,z2)+a)(1— =(¢(1,22) + (1,22 —h)) is positive if
e < %2; hence, let € = h2—2

As h >0,
o(l,z9 —h) (w(l,zo —h) +a) >0 fora.e. zy€]—1,0]

and
o(1l,z2) (w(l,z2 + h) +a) >0 for a.e. zo €] —1,—h].

By Lemma 3.1, u(z1,z2) > 0 for a.e. (z1,22) € Q4, and therefore,
w(l,fL'Q +h) +a>0 Vzg E] —h,O[.

Hence, v, > —a a.e.; in the same way, one may prove that v , <a a.e.
FA l—‘A

Then, the function v, defined in (32) with h < } and € = %2, is in K.
Hence it may be taken as a test function in (30)

£ / Vw(z)V(D_pg(pDyw))(x)dzx
Q

>€ /FS b(s)D—n(eDpw ;) (s)ds + E/S)f(x)(D_H(goDHw))(x)d:U,
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and therefore
| 9 Duw)@) - V(D) a)da
< /F o Dub(s) Dy, (5)ds + /Q oD f(@)Dyw(z)de.  (33)
Let 6 € C2°(R?) such that § > 0 and 62 = ¢, (33) becomes
/Q |0V (Dyw)(z)|*dx + 2 /Q O(z)Dyw(x)VO(x) - V(Dyw)(x)dx
< 0D gw| g1 () (C1I10DRb L2 rs) + 0D s fll 10 (34)

where (7 is the continuity constant of the trace operator from H'(Q) to
L2(I'®). noticing that

0Dl = [ 10D e+ [ 1906 D@l (@)
+ [ 0@ VDgu)@)de +2 | 0()Daw(@)V0(a) - T (Daw) (@)
from (34) and (35), one has
6Dl < [ 1060 Durte) P+ [ 1900) Duwlde (30
+ 10Dl oy (CIODEB| sy + 10Dm f -1 ) -

The right hand side of (36), will now be estimated thanks to the following
lemma, [2], p. 153.

Lemma 3.3. Let Q be an open set of RN, u € HY (), w an open subset of
Q and let n € RN such that Vo € w,  +n € w, then

[1Dnulle(w)y < IVullL2(9)-
Noticing that

/ 10(2) Dyyw(x) 2da < / D) 2dz,
Q SupponQ
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with
suppf C Rx| — %, %[
and since h < i, applying Lemma 3.3 yields
/ Do) 2de < [ Vw2 ). (37)
SupponQ
Similarly, one has
/Q IV0(x) Digw () Pdz < Col| Va2, (38)

with C5 > 0 a constant depending only on . Since b € H'(T3), b e H*(T'3)
and b is continuous at 0, one has b € H*(I"®). Thus, by Lemma 3.3,

/ 10y (ODAB(E) P < [ 91, (39)
I

Now, noting that

| f(@)Dyp(z)da |
10Dx fll 1) < sup Jsupps
YeH () 1] 1 (@)

and using Lemma 3.3, one obtains
10Dn flla-10) < Ifllz2(0)- (40)
Then, inequality (36) becomes, thanks to (37), (38), (39) and (40),
10D W]} o) < (14 Co)|[ V|20

+ 10Dl m @) (Cullbllas o) + 1 2o -
Let
C = (1+ Co)||Vwllz2(), B =Cillbllm =) + |2y, X = 10Drw][F ).
Since X2 — BX — C < 0 one has

_ B+ (B2 +40)2
= 2

Nl=
+
&

X <C




COUPLED ELLIPTIC SYSTEM 239
and therefore,
1 ~
10D g w| ) <((1+ Co)|[Vwllzze))? + Crllbll sy + [ fllz2 @)

using the definitions of w, b and f, yields

[N

10D aw| o) < (1 + C2)Cllullgr ) + 1Yl )
+ 2C1 10l rsy + 2019 | 2 ()

Thus, there exists C' > 0, independent of ¢ and u (C' = 3+2C3 +2C1), such
that

IDrwlm(e,,,) <C <HUHH1(QA) + [¢ll2(ry + !!bllHl(rg))- (41)

Let us now show that w € HQ(Ql/Q), i.e., there exists g; ; € LZ(Ql/z) such
that

0? ..
/ ) g (e = /| au@ple)ds Vo€ O @up)s 17 =1.2

Let ¢ in C2°(£2;2), using the Green formula

Iy ow '
w(z)D_py(5—)(x)dx = Dy(—)(z)e(z)dz, i=1,2,
/91/2 Iz Q1 2 ox;
hence,
880 ow '
‘/ )D- H(G dw‘ = HDH(@ )HL2(91/2)H@Hm(nm), i=1,2.
Q1/2 €g

Using (41) and letting h tend to 0, yields

‘ /91/2 61’1833‘2( )dx‘

< C(llull ) + Il + Iblls s ) 1922000
VQO € Cc (91/2)7 7= 1,2 (42)
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Since —Aw = f in D'(;2), one has

0%y
- d
L, ) g @

0%p o
[ w@gE@det [ faeds Yo e CE ()
Q12 L2

Q12

hence, there exists C’ > 0, independent of u and ¢ (C’ = C' + 2), such that

e
’/91/2 83:28%( z)dz
< C' (Il any + Wl + Iellen es ) el 2@

\V/SO € Cc (91/2)7 Z)j = 1a 2. (43)
Consider the application
0%
Fi i d )
siem | we)g e

from C2°(21/2) to R. Since Fj ; is continuous on C2°(€24/2), we can extend
by density this application to G ; € (L*(21/2))*, such that

Fij(p) =Gij(p) Vo€ CZ()2).

By the Riesz Theorem, there exists g; ; € L?( /2) such that
Guilo) = [ s@plarts
1/2

for any ¢ € LQ(QI/Q), and therefore

0% oo .
/Ql/2 ’LU(CC) 8{17181;] (.Z')dﬂf - [21/2 gZ’J(.Z')QO(.Z')de VSD € Cc (QI/Q)7 1,) = 17 27

since g; ; = %g;j, w € H? () /2). Moreover, the following estimate holds

9w .
||8$ oz, (L2, ,2) < I(HUHHl(QA) + 1Yl a2y + HbHHl(Ff’4)> , 5,7 =1,2.

(44)
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To conclude the proof of Proposition 3.2, we recall that w = w in 2 4, hence
u € HZ(QA/2) with Q4,5 =]0, 1[x]0, %[, and there exists a constant C > 0
independent of u and 1 such that

[ull g2 (0, ,0) < C(”“HHl(QA) + [l 2y + HbHHl(FSA))-

4. Existence of the solution.

Theorem 4.1. Let
D=0Q,UIUQpg,

with Q4 =]0,1[x]0,1[, Qp =]0, 27 [x]z5",0[, and I = {(x1,0),21 €
10,1[}. Let a,ca,cp € RY and b € H (T'%) such that b > 0 and b(0) = 0.
Let T be a function defined from L*(I) to H?(I) satisfying the assumptions
(1)=(3) and (16). There exists (u, ®) satisfying (17)—(23).

This theorem is proven thanks to Schauder’s theorem (see e.g. [7]):

Theorem 4.2. Let E be a Banach space and F an application from E
to E, continuous, compact and such that there exists R > 0 such that
F(Bg(0,R)) € Bg(0,R) (where Bg(0,R) = {u € E s.t. ||u|lg < R}),
then F' admits a fized point w € Bg(0,R), such that u = F(u).

In order to use Schauder’s theorem, let us first write problem (22)—(23)
as a fixed point problem.

4.1. Construction of the fixed point operator. For a given ¢ €
L?(I), there exists, by a theorem due to Stampacchia (see [2] p. 83) a unique
solution u, € H*(Q24) to

{ u, € Ko, (45)
Ag(ug, v —uy) > Lv—uy,), YveK,
with B
K, ={ve H (), v, =T(p) ae, v, < aael,
A
An(®,0) = / Vo(z)V¥(x)de YV, ¥e H'(Q),
Qa
and

L(v) = /1“3 b(s)v| 5 (s)ds Vv € H'(Qy).

A
A
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Remark. The set K, is non empty, thanks to the property (1) of the
function T. Take, for instance, ul,(x1,z2) = T(¢)(x1), V(x1,22) € Qa then
u?o € K.

Consider now the following problem:
61‘ S H&Q(Qz) (Z = A, B), (46)
Ai(®;, V) = L, ;(¥), V¥ e Hj,(%) (i=ADB);

with
Ai (@, 0) = / Vo (2)VU(2)dx, V&, ¥ e H'(Qy),

Q;
and

Ly (V) = Ci/Vu(s) -0V, (s)ds, V¥ € H'(Q;), Vue H' ()
I

such that Vu - n € L*(I).

Lemma 4.1. Let
N=Q,UIUQpg,

with Q4 =]0,1[x]0,1[, Qp =]0, 27 [x]z5",0[, and I = {(x1,0),z1 €
10,1[}. Let ¢ € L*(I) and uy, be the unique solution to Problem (45), then
Problem (46) has an unique solution.

Proof of Lemma 4.1. In order to apply Lax-Milgram’s Theorem, let us
show that u, solution of (45), is such that

Vu, -n € L*(I).

This result is a consequence of Corollary 3.1. Indeed, thanks to properties
(1)—(3) and (16) satisfied by T, 1 = T(¢) clearly satisfies the assumptions
(24); hence u, = u, where u is the solution to Problem (25) with ¢ = T();
therefore, we can apply Corollary 3.1 with u = u,. U
Let E = L2(I) x L?(f2), and define the operator F from E into E such
that
F:(QO,(I))I—>(<I>A|I—(I)B|I,<I>), (47)

where ® is the solution to Problem (46). Note that F(y,®) is independent
of ®. Let (p,®) € E, we define ||(p,®)||% = Hg0||%2(1) + ][@H%Q(m. Let us
prove now that F' is continuous and compact from F into a ball of E. Hence,
Theorem 4.1 will be proven by Schauder’s Theorem.
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Proposition 4.1. Let
N=Q,UIUQpg,

with Q4 =]0,1[x]0,1[, Qp =]0, 27 [x]z5".0[, and I = {(x1,0),21 €
10,1[}. Let E = L*(I) x L?(Q) and F be an operator from E into E de-
fined by (47). There exists R € R, independent of ¢ and ®, such that

|F(p,®)|zs <R Y(p,®)€E.

Proof. By definition,
1F (e, @)% = 1®a), — 5,72y + 1P]Z2 )
and therefore,
I (0, @)% < 201®ay, 1221y + 2185, 7o) + 1Rall o) + @B 00

Therefore, by continuity of the trace operator from H(Q;) to L?(I), i = A,
B, there exist C'4 and Cp € R’} such that

I (0, @)% < Call®alli i, + Col®slinq,)- (48)

Lemma 4.2. Let
Q=Q,UIUQpg,

with Q4 =]0,1[x]0,1[, Qp =]0, 27 [x]25",0[, and I = {(x1,0),21 €
10,1(}. Let E = L*(I) x L*(Q) and (p,®) € L*(I) x L*(Q). Let uy, be
the (unique) solution to Problem (45) and ® the (unique) solution to Prob-
lem (46), then there exists R; € RY, independent of ¢, u, and ®, such
that

1®ill ey < R (i = A, B).

Proof. Taking ¥ = ®; in (46) yields

/ Vgl : Vgl = ci/Vugo : naia
Q; I

and therefore, using Cauchy Schwartz’ inequality and the trace operator in
the RHS and Poincaré’s inequality for the LHS, there exists C; > 0 such
that

H(I)ZHHl(Ql) < czCZHVuLp nHLQ(I) (49)
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From Corollary 3.1 with ¢ = T(¢), there exists C; > 0 independent of u,
and ¢ such that

IV - nllz2ry < Cr (gl o + T2y + bl s )

thanks to Proposition 3.1, there exists C; > 0 independent of u, and ¢ such
that

IVug - nllzzy < C(IT@) ey + 6l s, (50)

and since by Assumption (2), T is uniformly bounded from L?(I) to H?(I),
the result of Lemma 4.2 follows from (49) and (50). We deduce from (48)
and from Lemma 4.2, the result of Proposition 4.1.

Lemma 4.3. Let
Q=0Q,UIUQpg,

with Q4 =]0,1[x]0,1[, Qp =0,z [x]z5" 0], and I = {(x1,0),2; €
10,1[}. Let E = L?>(I) x L*(Q) and F be an operator from E into E de-
fined by (47). The operator F is compact from E to E.

Proof. Let (5, ®,)nen be a sequence of E, let us show that there exists a
subsequence (¢, , Pn, )keny and w € E such that F(¢,,,P,,) — win E, as
k — 4o0.

Let " be the solution to the following problem

6" € L2(Q)7 5@” € H(%,2(QZ) (Z =4, B)>
Ai(®", W) = Ly, (), YU eHl,(Q) (i=ADB),

where u,,, is the solution to the following problem

{ USO‘IL E K‘pn’
Aaltg, v —=up,) > Llv—uy,), YveK,,

and A;, Ly, i, L and K, are defined in (18)-(21).
From Lemma 4.2, one has

H6in||H1(Qi) <R, VneN (i=A, B);

hence there exists a subsequence (Ez»nk)keN and w; € H'(€;) such that
-

®, " — w; in HY(£;) for the weak topology, as k — +oc. By compact-

ness of the injection from H'(€;) in L?*(£2;) and of the trace operator from
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HY() in L2(I), ;"
k — 4o00.

Let w € L?(Q) such that wy, =w; (i=A,B)and W = (wa), —wp|,,w),
then F(pp,,Pn,) — W in E, as k — +o0.

The operator F' maps F into a closed ball of F and is compact. We
shall show in the next section that it is continuous from E to E. Hence
by the Schauder fixed point theorem, there exists (¢, ®) € E such that
(¢, ®) = (P4, — ®p|,»P), where ® is the solution to Problem (46). This
concludes the proof of Theorem 4.1.

— w; in L*(Q), and &, — wy, in L*(I), as

4.2. Continuity of the fixed point operator F. In order to prove
that F' is continuous from E into E, let us first show the following result:

Proposition 4.2. Let (¢n)neny C L?(I) be such that v, — ¢ in L*(I); let
uy,, € H'(Q4) be the solution to the following problem

{ u‘Pn e K@n’

51
Ag(ug, v —1uy,) > Llv—u,,), YveK,, (51)

with Ky, = {v € H' (Qa), v, = T(pn) a.e, v, < aae} and Aa, L
A

defined by (18) and (21). Then uy, — u, in H*(Q4), for the strong topology
(recall that u, is the solution to problem (45)).

Proof. From the H! estimate obtained for the solution of the Signorini
problem (51) (see Proposition 3.1) choosing ¥ = T'(¢,,), yields the existence
of C7 € R% , independent of ¢,,, such that

g, @) < Co(IT(on) i cry + 1ell 2qrs, )

and thanks to Assumption (2), there exists Cy € R? independent of n such
that
”uaanHl(QA) <(Cy VneN.

Hence, there exists a subsequence (ug,, Jren C HY(Q4) and @ € HY(Qa)
such that
Ugp, — U in H'(Q4) for the weak topology, as k — 4-o0c. (52)

Let us now show that @ is the (unique) solution to Problem (45), hence
U = ugp, and that [lup, [[m1(s) — lugllmr(9,), which yields the strong con-
vergence of uy,, towards u, in H 1(Q4) as k tends to +o0o. The convergence
of the whole sequence u,,, follows by a classical argument.
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For the sake of simplicity, let us from now denote by (u, )nen the subse-
quence (u%k Jken. For any n € N, u,,, satisfies to the following problem

{ uwn € K@n’

53
Aa(ug, , vy —ugp,) > L(v, —uy,), Vv, € K, . (53)

In order to pass to the limit as n — +o0 in (53) and obtain that @ is solution
to (45), one possibility is to construct, for any v € K, a sequence (v, )nen
such that v, € K, and v, — v in H*(24). This, however, does not seem
to be straightforward. We shall deal with this problem by showing that
Problem (45) is equivalent to the following (easier to deal with) problem

G, K, ={veK,, v<aaeinQu},
{ ® ® { ® = A} (54)

A (i, v —iy) > L(v —i,), YveK,.

That is, if u, is the solution to (45) and @, is the (unique) solution to
(54), then u, = i,. Indeed, let u, be solution to (45), since K, C K,
one only needs to prove that u, < a a.e. on Q4, in order for u, to be
solution to (54). The proof of the maximum principle consists in taking
v = uy, — (up, —a)t € K, in (45), which yields ||V (u, — a)+HL2(QA) =0;
since (u, —a)t € H&F% (Q4), this, in turn, yields u, < a a.e..

Hence Problem (45) is equivalent to Problem (54), and we only need to
show that @ is the solution to Problem (54).

From the equivalence of the Problems (45) and (54), u,, < a a.e. in Q4.
Therefore,

/ (a— p,)(2)(a — @)~ (x)dz > 0,
Q4

and since u,, — @ in H' for the weak topology, [|(a — @)~ [|r2(q,) < 0,
therefore, 4 < a a.e in 4.

In order to show that Aa(@,v — @) > L(v — 1), Vv € f((p, let us state the
following lemma, the proof of which will be addressed further.

Lemma 4.4. For any ¢ € L*(I), let
K, ={ve H (), v, =T(p) ae, v, <aae}
A
and K, = {v € K, v < a a.einQa}. Let (pn)nen C L*(I) such that

¢on — @ in L*(I), then for any v € K, there exists a sequence (vy)nen C
K, such that v, — v in H(Q4) as n — +oo.
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Letv € IN(W thanks to Lemma 4.4, there exists a sequence (v, )neny C Ko,
such that v, — v in H'(Q4); since L is continuous, L(v,, —u,, ) — L(v—1a)
as n — 00, similarly, it is easily seen that A4 (uy,,vn) — Aa(%,v); passing
to the upper limit on n in (53), one obtains

Aa(t,v) > L(v —a) + limsup Aa(ue, Uy, ), (55)

n—-+o0o
which holds for all v € K; taking v = @ in (55)

Aa(a,a) > limsup Ay (ug,, uy, ). (56)

n—-+4o0o

Since

An(n,u) = /Q 1Vl (2)d,

it is easily seen that

Al @) < liminf Aa(ug, 1, ). (57)

Thus, from (56) and (57), it follows that Aa(uy,,u,,) — Aa(t, @) as k —
+o00. Hence 1 is solution to Problem (54) and finally & = u,,, which concludes
the proof of Proposition 4.2 [

The continuity of the operator F' is stated in the following proposition:

Proposition 4.3. Let (¢n)nen C L?(I) such that ¢, — ¢ in L*(I). For
n €N, let 3" be the unique solution to the following problem

{ 5” S L2<Q)7 6: € H&,Z(QZ) (7’ = AvB)? (58)

Ai(®;, ) =Ly, (), YUeH},(Q) (i=A4DB),
where u,,, is the solution to Problem (51). Then, ®,' — ®; in H'(S) for
the strong topology, where ®; is the solution to

O e L*(Q), ®; € Hj,(Q) (i = A, B),
Ai(®i, V) = Ly, (), YV eHj,(%) (i=A,B);

=N

and therefore, (52‘1—5;],@ ) = (®a;,—Pp),,®) in E (= L*(I)xL*(2)).



248 S. GERBI, R. HERBIN, AND E. MARCHAND

Proof. Let ¢, € L*(I), u,, be the solution to Problem (51), L, be
defined by (19) and ®" be the solution to Problem (58). By continuity, if
Lu, & — Lu,;in (H'(Q))* as n — +o0, then B — B, in H'() as
n — +oo. Let us show that L, ; — Ly, in (HY(%))* as n — +o0; by
definition of L., ;, this is satisfied if Vu,, -n — Vu, -n in L*(I). Using
Propositions 3.1 and 3.2, taking ¢ = T'(,,) and thanks to Assumption (2),
there exists C' € R, independent of n, such that

g, |2 (24,0 <C VR EN,

where Q4 /5 =|0,1[x]0, %[ Hence there exists a subsequence, still denoted
by (e, )nen C H?(Q4/2) and ¢ € (H*(Q4/2))? such that Vu,, — q in
(H! (QA/Q))2 for the weak topology. By Proposition 4.2, Vu,, — Vu,
in (L*(Qa/2))?, and therefore Vu,, — Vu, in (H'(Q4/2))? for the weak
topology, since the trace operator is compact from H1<QA/2> to L?(I), one
has Vu,, -n — Vu, -n in L?(I), and by a classical argument, the whole

sequence converges.
Proof of Lemma 4.4. For ¢ € L*(I) define ul(x1,22) = T(p)(x1)
V(x1,72) € Qa. Let (on)nen and ¢ € L3(I) such that ¢, — ¢ in L*(I),
and let v € K,. For n € N, let v, = min(v — u) 4+ ud, ,a). Let us
show that v, € K, . Clearly v, € Hl(QA) and Un|rs, < a a.e.; since

Vp|, = min(ugnll,a), and ugnh < a a.e. from the property (1) of the func-
tion 7', hence vy, = u?onll =T(p,) a.e..

Let us now show that v, — v in H'(24) as n — +o00; we shall use the
following Lemma, the proof of which is given below.

Lemma 4.5. Let Q be an open bounded reqular domain of RN, w a function
of HY() and (un)nen a sequence of H* () such that u, — u in H(Q),
then min(u,,w) — min(u, w) in HY(Q), as n — +oo.

Since, thanks to property (3) of T, ugn — ug in H'(Q4), applying this
result with u,, = v — u?o + u?pn, u = v and w = a, one deduces that v,, — v
in H*(Q4), as n — +oo0.

Proof of Lemma 4.5. Let (up)neny C H'(Q) such that u,, — u in H'(Q),
and w € H'(Q). First since | min(u,,w) — min(u,w) |<| u, —u | and
u, — u in H'(Q), one immediately obtains that min(u,,w) — min(u,w)
in L?(Q). Let us then show that min(u,,w) — min(u,w) in H*(Q) for the
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weak topology. We note that
IV (min(un, w)) 72 () < IV (a)llZ2 () + 1V (w)lI72(0)-

since u, — u in H'(£), there exists C' € R such that ||V (up)||r2(0) < C,
hence, there exists a subsequence of (min(u,,w)),en and g in H(Q) such
that min(u,,,w) — g in H*(Q) for the weak topology, as k — +o00. By
uniqueness of the limit, min(uy,,,w) — min(u,w) in H(Q) for the weak
topology.

Let us now show that

V (min(uy, , w)) — V(min(u, w))

in L?(Q) for the strong topology. Assume that there exists a subsequence of
(min(uy, , w))ken, which for the sake of simplicity, will still be denoted by
(min(up, ,w))ken, which is such that V(min(u,, ,w)) does not converge to
V(min(u,w)) in L2(Q). Therefore, since min(u,,w) — min(u,w) in H*(Q)
for the weak topology, there exists € > 0 such that

lim inf ||V (min(wn, , )| Z2(0) = |V (min(u, w)|[Z2(0) + &

Since
| V(max(ug, ,w))|* + | V(min(u,, ,w)) [*=| Vue, |*+|Vw

passing to the limit in & yields

liminf/ | Vg, |? d/\+/ | Vw | dA
k—+4o00 Q Q

= liminf/ | V(min(uy, ,w)) [* d\ + liminf/ | V(max(u,, , w)) |* d,

where A denotes the 2D Lebesgue measure.
From the assumption HV(min(unk,w))Hiz(Q) — ][V(min(u,w))”%2(9) +e,
we obtain

liminf/ | Vi, 2 d)\+/ |V |2 dA
k)*)+00 (9] QO

=c —1—/ | V(min(u,w)) |* d\ + liminf/ | V(max(up, ,w)) |* dA\.
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Since min(uy, ,w) — min(u,w) in H(Q) for the weak topology, (and simi-
larly max(uy, ,w) — max(u,w) in H*(Q) for the weak topology), and since
U, — uin H(Q), one has

/]Vu]2d)\+/\Vw]2d)\
Q Q

> 5+/ | V(min(u, w)) |2 d/\+/ | V(max(u, w)) |* d,
Q Q
and therefore,

/]Vu\2d)\+/|Vw\2d)\25+/|V(u)|2d)\+/\V(w)|2d>\,
Q Q Q Q

which is in contradiction with € > 0. Hence, Lemma 4.5 is proven.
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