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Abstract

In this paper we prove existence and uniqueness of weak solutions for a general
degenerate elliptic-parabolic problem with nonlinear dynamical boundary condi-
tions. Particular instances of this problem appear in various phenomena with
changes of phase like multiphase Stefan problem and in the weak formulation of
the mathematical model of the so called Hele Shaw problem. Also, the problem
with non-homogeneous Neumann boundary condition is included.

Mathematics Subject Classification (2000): 35J60, 35D02

1 Introduction

Let Q be a bounded domain in RY with smooth boundary 92 and p > 1, and let
a: Q) xRY = RN be a Carathéodory function satisfying

(H,) there exists A > 0 such that a(z,£)-& > M¢|P for a.e. x € Q and for all ¢ € RV,

(Hy) there exists ¢ > 0 and ¢ € L? (Q) such that |a(z,&)| < o(o(z) + [€]P") for

a.e. z € Q and for all £ € RY, where p’ = ﬁ,

(H3) (a(z, &) —a(r,&)) (61 —&) > 0fora.e. v € Q and for all £1,& € RY, & # &.



The hypotheses (H; — H3) are classical in the study of nonlinear operators in di-
vergent form (see [43] or [10]). The model example of function a satisfying these hy-
potheses is a(x, &) = |[£[P72¢. The corresponding operator is the p-Laplacian operator
Ap(u) = div(|DulP~2Du).

We are interested in the following degenerate elliptic-parabolic problem with non-
linear dynamical boundary condition

zt —diva(z, Du) = f, z € y(u), in Qr :=]0,T[xQ
P’Yqﬁ(fagaZOawO) wt+a(x7Du) ‘n=g, wEIB(u)7 on ST :]OaT[XaQ
z(0) =2zp in Q, w(0) =wo in 0N,

where T' > 0, the nonlinearities v and 3 are maximal monotone graphs in R? (see, e.g.
[20]) such that 0 € ¥(0), {0} # Dom(y), and 0 € B(0), vo € L*(Q), wo € L' (9Q),
f e LY0,T; LY (), g € L*0,T; L' (99Q)) and 7 is the unit outward normal on 9.
In particular, v and 8 may be multivalued and this allows to include the Dirichlet
boundary condition (taking 8 to be the monotone graph D = {0} x R), in such a case
we are considering, in fact, the following problem with static boundary condition

zy —diva(z,Du) = f, z € v(u), in Qr
DP,(f,20) u=0, onSr
z(0) = 2o in £,

and the non-homogeneous Neumann boundary condition (taking 5 to be the monotone
graph N defined by N(r) = 0 for all » € R), in such a case we are considering the following
problem

2z —diva(z, Du) = f, z € y(u), in Qr

NP’Y(fagaZO) a(:EuDu)'n:g7 OnST

z(0) = 2o in £,

as well as many other nonlinear fluxes on the boundary that occur in some problems
in Mechanics and Physics (see, e.g., [27] or [19]). Note also that, since v may be mul-
tivalued, problems of type P, g(f, g, 20, wo) appear in various phenomena with changes
of phase like multiphase Stefan problem (cf [25]) and in the weak formulation of the
mathematical model of the so called Hele Shaw problem (see [26] and [28]). Moreover,
if v = N, we consider the following elliptic problem with nonlinear dynamical boundary
condition

—diva(z,Du) = f, in Qr
Bpﬁ(f7g7w0) wt+a(m,Du)-n:g7weﬁ(u), OnST

w(0) = wgy in ON.



The dynamical boundary conditions, although not too widely considered in the
mathematical literature, are very natural in many mathematical models as heat transfer
in a solid in contact with moving fluid, thermoelasticity, diffusion phenomena, the heat
transfer in two phase medium (Stefan problem), problems in fluid dynamics, etc. (see
[8], [23], [29], [45] and the reference therein).

They appears in the studie of the Stefan problem when the boundary material has a
large thermal conductivity and sufficiently small thickness. Hence, the boundary mate-
rial is regarded as the boundary of the domain. For instance, one considers an iron ball
in which water and ice coexists. For more details about above physical considerations
one can see for instance [1]. They appears also in the studie of the Hele-Shaw problem.
Recall that, in [26] the authors gives the weak formulation of the problem in the form
of a non linear degenerate parabolic problem, governed by the Laplace operator and
the multivalued heaviside function, with static boundary condition. From the physi-
cal point of view they assume that the prescribed value of the flux on the boundary
is known. But, in some practical situations it may be not possible to prescribe or to
control the exact value of the flux on the boundary. In [44], the authors consider the
case of nonlocal dynamical boundary conditions and use variationnal method to solve
the problem. In this paper, we are convering the case of general nonlinear diffusion and
local dynamical boundary conditions. Another interesting application we have in mind
concerns the filtration equation with dynamical boundary conditions (see for instance
[46]), which appears for example in the study of rainfall infiltration through the soil,
when the accumulation of the water on the ground surfaces caused by the saturation
of the surface layer is taken into account. Notice that § may be such that Im(p) # R,
so that we can cover the case where the boundary conditions are either dynamical or
static whith respect to the values of w. For instance, one can think about the situation
where the saturation happens only for values of w in a subinterval of R.

In contrast to the case of Dirichlet boundary condition (problem DP,(f, z9)), which
is well known (see [2], [4], [15], [17], [21], [38] and the references therein), at our knowl-
edge there is few literature concerning problems P, 3(f,g, z0,wo), being the results
mostly for particular non linearities and for the Laplace operator. For instance, the
problem NP, (f,g,z0) is treated by Hulshof in [32] in the particular case where 7 is a
uniformly Lipschitz continuous function, y(r) = 1 for » € R*, v € C*(R7), v/ > 0 on
R~ and lim,| o y(r) = 0 and some particular functions g. Kenmochi in [39] considers
the same problem in the case v € C(R) with Ran(y) a closed bounded interval. The
second author of this paper, in [33] and [35], studies the cases where v is the Heaviside
maximal monotone graph and the case where (r) = exp(r), respectively. In one space
dimension, much more literature exists (see [16] and [47] and the references therein).

For elliptic-parabolic problems with dynamical boundary conditions, the cases in
which v and 3 are both linear are well known (see for instance [31], [29], [30], [41], [3]
and the references therein). For the general nonlinear case, that is, v and # maximal
monotone graphs, most of the papers in the literature are for the Laplace operator and
for v and 8 with range equal to R (see [46], [1] and the references therein). The problem
becomes more complicated if one of the ranges of v and 8 may not be equal to R and



there are few results in the literature. In [34] the case where § is a continuous nonde-
creasing function (possibly depending on x) and - is the Heaviside maximal monotone
graph, which corresponds to the Hele-Shaw problem is studied. In [37], the authors
consider the homogeneous case, i.e., f =0 and g = 0, and v and § maximal monotone
graphs everywhere defined.

Roughly speaking, in contrast to the Dirichlet boundary condition, for the Neumann
boundary condition and/or dynamical boundary conditions, the problem is noncoercive
and moreover, the conservation of the mass exhibits a necessary condition for the exis-
tence of a solution related to the ranges of the nonlinearities v and 3 (see (6)). Indeed,
prescribing the value of u at some part of the lateral boudary, one can control the
Sobolev norm of the solution in the interior of €2 by the LP norm of the gradient in €.
This is not possible in the case of purely Neumann boundary condition or dynamical
ones, and one has to find some substitute for this kind of arguments. In the case the
nonlinearities have ranges equal to R and assuming additional assumptions on f and g
one can obtain L*-estimates for the solutions (see for instance [32] and [37]). If one
of the ranges is not equal to R, the L*>-estimates are lost and the existence proof of
solutions becomes complicated.

Another main difficulty when dealing with doubly nonlinear parabolic problems is
the uniqueness. For the Laplace operator, thanks to the linearity of the operator, the
problem can be solved by using suitable test functions with respect to u (see for instance
[37]). For nonlinear operators this kind of arguments turns out to be non useful. In [15],
for an elliptic-parabolic problem with Dirichlet boundary conditions, it is shown that
the notion of integral solution ([9]) is a very useful tool to prove uniqueness (see also [36]
for nonhomogeneous and time dependent Neumann boundary conditions). For general
non linearities, even for homogeneous Dirichlet boundary condition, the question of
uniqueness is more difficult and most of the arguments used in the literature are based
on doubling variables methods (see for instance [21], [22], [38], [17], [5] and the references
therein). In this paper, we use the notion of integral solution and we show that is a
very good technique to prove uniqueness for this kind of problems.

To study the problem we use as a main tool the Nonlinear Semigroup Theory ( [13],
[48]). So we need to consider the elliptic problem

—div a(z, Du) +v(u) 3¢ in Q
(S3:0)
a(x,Du) -n+ B(u) 3¢ on 9f.

In [6], under rather general assumptions, existence of solutions and a contraction prin-
ciple for the problem (Sgg) are obtained. Using these results we prove the existence
of mild solutions for the associated Cauchy problem and under some additional natural
conditions, we show that mild solution are weak solutions. For the uniqueness, we show
that weak solutions are integral solutions.

Let us briefly summarize the contents of the paper. In Section 2 we fix the notation
and give some preliminaries; we also give the concept of weak solution for the problem



P, 3(f, 9,20, wo) and state the existence and uniqueness result for weak solutions of
problem P, 5(f,g,%0,wo) and a contraction principle satisfied by weak solutions. In
Section 3 we study the problem from the point of view of Nonlinear Semigroup Theory,
which is a tool used to prove our results. In Section 4 we prove the existence of weak
solutions and in Section 5 we prove the contraction principle. Finally, in the appendix
we give the proof of the characterization of the closure of the domain of the accretive
operator associated to our problem.

2 Preliminaries and main result

Throughout the paper, Q C R is a bounded domain with smooth boundary 92, v and
[ are maximal monotone graphs in R? such that Dom(y) # {0} and 0 € v(0) N 3(0)
and the Carathéodory function a : Q x RY — R¥ satisfies (H1) — (H3).

We denote by |A| the Lebesgue measure of a set A C RY or its (N — 1)-Hausdorff
measure. For 1 < ¢ < +oo, L4(Q) and W19(Q) denotes respectively the standard
Lebesgue and Sobolev spaces, and W,9(Q) is the closure of D(Q) in Wh4(Q). For
u € WhH4(Q), we denote by u or tr(u) the trace of u on 99 in the usual sense. Recall

that tr(W5H9(Q)) = W7 9(9Q) and Ker(tr) = W(Q).

We need to introduce the following sets,

Via(Q) = {qS € L'(Q) : IM > 0 such that

[ 1601 < Mlullwragoy o € WH0)
Q
and
V14(9Q) = {1/; € L'(89) : 3M > 0 such that
[ 10l < Mol o € WH@) ).
o0

V514(Q) is a Banach space endowed with the norm
[6lvracey i= it >0 [ 160l < Mifolwaace Yo € WD),
Q
and V14(99) is a Banach space endowed with the norm

1¥]lvi.apa) = inf{M >0: / [ < M||v||wraq) Yo € WH(Q)}.
a0
Observe that, Sobolev embeddings and Trace theorems imply, for 1 < ¢ < N,
L9(Q) ¢ LN/ N=a)' () ¢ v19(Q)

and
LY (09Q) ¢ LN=Da/(N=a)"(50) ¢ V19(Q).



Also,
vhaQ) = LYQ) and V'9(09Q) = L'(99) when ¢ > N,

LYQ) c VEN(Q) and LY(0Q) c VIN(99Q) for any ¢ > 1.

We say that a is smooth (see [7] and [6]) when, for any ¢ € L>°(£2) such that there
exists a bounded weak solution u of the homogeneous Dirichlet problem

—diva(z,Du) =¢ inQ
(D) { u=20 on 0,

there exists ¢ € L1(9Q) such that u is also a weak solution of the Neumann problem

— div a(z,Du) = ¢ in
(W) { a(z,Du) -n =1 on 0f.

Functions a corresponding to linear operators with smooth coefficients and p-Laplacian
type operators are smooth (see [19] and [42]). In [6], we prove that a is smooth if and
only if for any ¢ € V1P(Q) there exists v = T(¢) € VIP(9Q) such that the weak
solution u of (D) is a weak solution of (V). Moreover,

/ (T(¢1) - T(da))" < / (61— do)*,
Q

Q

for all ¢1,¢p2 € VIP(Q).

For a maximal monotone graph ¢ in R x R the main section 9° of 9 is defined by

the element of minimal absolute value of ¥(s) if ¥(s) # 0,
9°(s) ;= { +oo if [s,400) N Dom(J) = 0,
—00 if (—o0,s] N Dom(J) = 0.

We shall denote ¥_ := inf Ran(9) and ¥, := supRan(d). If 0 € Dom(¥), jy(r) =
Jo 9°(s)ds defines a convex Ls.c. function such that ¢ = 0jy. If j} is the Legendre
transformation of jy then 9= = 9j3.

In [12] the following relation for u,v € L'(f2) is defined,
u<Lv if

/(u—k)Jr g/@—k)* and /(u—i—k)* g/(v—i—k)* for any k£ > 0,
Q Q Q Q

and the following facts are proved.

Proposition 2.1 Let Q be a bounded domain in RN .

(i) If u,v € LY(Q) and u < v, then |u||, < ||v|lq for any q € [1, +0o0].
(ii) If v € LY (), then {u € L*(Q) : w < v} is a weakly compact subset of L*(£2).



As we said in the introduction, our aim is to study the existence and uniqueness of a
weak solution for the problem P, g(f, g, 20, wo). The concept of weak solution we have
in mind is the following.

Definition 2.2 Given f € L'(0,7;LY(Q)), g € L*0,T;L(09)), 20 € L'(Q) and
wo € L'(09Q), a weak solution of P, s(f,g,z0,wo) in [0,T] is a couple (z,w) such that
2z € C([0,T] : LYQ)), w € C([0,T] : L*(99)), 2(0) = zp, w(0) = wp and there exists
u € LP(0,T; WHP(Q)) such that 2 € y(u) a.e. in Qr, w € B(u) a.e. on Sy and

G [ c0e+ g [ vt [ awouw)-pe= [ joe+ [ gme i o070

_ (1)
for any ¢ € C1(Q).

Remark 2.3 Observe that taking £ = 1 in the above definition, we get

/QZ(tH/mw(t)=/QZO+/mwo+/0t< Qf+/mg> vte[0,7]. (2)

Recall that in the case 8 = 0, for the Laplacian operator and v the multivalued
Heaviside function (i.e., for the Hele-Shaw problem), existence and uniqueness of weak
solutions for this problem is known to be true only if

/on—i—/o ( Qf—l—/@ﬂg) € (0,]2]) for any ¢€[0,T)

(see [33] or [39])). For the maximal monotone graphs v and 3, we shall denote
RE =il 4 1000, R, =~ 19|+ 6109,
We will suppose R 5 < R,Jyrﬁ and we will write R, g :=|R_ g, ’R sl

The main results of this paper are the following contraction principle and the fol-
lowing existence and uniqueness theorem.

Theorem 2.4 Let T > 0. Fori=1,2, let f; € L*(0,T; L*(2)), g; € L*(0,T; L*(9%)),
zip € LY (Q) and w;q € LY(09Q); let (zl,wl) be a weak solution in [0, T of Py, g(fl,gz, Zigy Wig),
i1=1,2. Then

/Q(Zl (t) = z2(t) " + /an(wl (t) —wa(t)" < /Q(Zlo —220)" + /BQ(wlo — wan) "

//fl — fa(r +dT+//mgl ) = g2(7)) " dr

for almost every t €]0,T7.

(3)



Theorem 2.5 Assume Dom(y) =R, R 5 < R,Jyrﬁ and Dom(3) = R or a smooth. Let
T > 0. Let f € L (0,T; L¥ (), g € L? (0, T; L (8Q)), z € L¥ (Q) and wo € L (9N)
such that

v- <20 <y, B Zwo < By, (4)

/Q o (20) + /FJE(U}O) < 400, (5)

/on+/mwo+/ot</ﬂf+/mg>enw Vi€ [0.T). (6)

Then, there exists a unique weak solution (z,w) of problem P, s(f, g, z0,wo) in [0,T].

and

The uniqueness part of Theorem 2.5 follows from Theorem 2.4. To prove Theorem 2.4
and the existence part of Theorem 2.5 we shall use the Theory of Nonlinear Semigroups
(c.f. [9], [13] or [24]). We will show the existence of a mild-solution and we will prove that
this solution is a weak solution of problem P, s(f, g, 20, wo). To prove the contraction
principle we will show that weak solutions are integral solutions. For all this we need to
rewrite problem P, 5(f, g, 20, wo) as an abstract Cauchy problem and to use the results
obtained in [6] for the associated elliptic problem.

3 Mild solutions

First let us recall some basic facts for the elliptic problem (S;fz) given in [6], which will
be crucial for the proof of our main results. In [6] the following concept of solution for
problem (S’lg) is introduced.

Definition 3.1 Let ¢ € L'(Q2) and ¢ € L*(9€). A triple of functions [u,z,w] €

WhP(Q) x LY(Q) x L1(99Q) is a weak solution of problem (S’gg) if z(x) € v(u(x)) a.e.
in Q, w(x) € B(u(x)) a.e. in 9N, and

/Qa(:zc,Du)-DU—F/QZU—F/mwv:/mwv—i-/ﬂmj7 (7)

for all v € L>°(Q) N W1P(Q).
Observe that, if (Sgg) has a weak solution then, necessarily ¢ and 1 must satisfy

RZ S/ w+/¢§7€+.
7 o9 Q 7

Indeed, by taking v = 1 as test function in (7), we get that

/z—l—/ w:/ v+ [ o
Q 0 Fle) Q



Moreover we have the following existence and uniqueness results on weak solutions
of problem (S:Zg) (see [6]).

Theorem 3.2 Let ¢ € LY(Q) and ¢ € LY(09Q), and let [u1, 21, w1] and [uz, z2,ws] be
weak solutions of problem (S’;fz) Then, there exists a constant ¢ € R such that

Uy — Uz =c¢ a.e. i €,

z21—29=0 a.e.in
and

w; —we2 =0 a.e. in 0.

Moreover, if ¢ # 0, there exists a constant k € R such that z1 = zo = k.
(ii) For any [u1, 21, w1] weak solution of problem (ngwl); o1 € LY(Q) and 1 € L1 (09Q),

and any [ug, 22, wa] weak solution of problem (S:Zf%), #2 € LY(Q) and ¢o € L1(09),
we have that

[ [ -t < [ @ oot

Theorem 3.2 (ii) is given in [6] in a different way. We want to point out that with
the technique used in Section 5 we can get exactly the above result.

Theorem 3.3 Assume Dom(y) = R. Let Dom(B) = R or a smooth. For any ¢ €
V5IP(Q) and o € VIP(0Q) with

/Q¢+/mwem,a, (8)

there exists a weak solution [u, z,w] of problem (Slg) Moreover z € VYP(Q), w €

VIP(09Q) and
/a(:v,Du)-Dv—i—/zv—i—/ wv:/ ¢U+/¢U7
Q Q a0 a0 Q

for any v € WHP(Q).

This results imply that the natural space to study problem P, g(f,g, 20, wo) from
the point of view of Nonlinear Semigroup Theory is X = L1(Q2) x L*(99) provided with
the natural norm

ICf )l = N fllzr ) + llgllzron)-

In this space we define the following operator,

BYF = {((z,w), (2,®)) € X x X : Fu € WP(Q) such that

[u, z, w] is a weak solution of (Szfszrw)} ,



in other words, (2,%) € BY%(z,w) if and only if there exists u € WP(Q2) such that
z(z) € y(u(z)) a.e. in Q, w(z) € flu(z)) a.e. in I, and

/Qa(a:,Du)~Dv_/Qév—|—/(mﬁm (9)

for all v € L>(Q) N WP(Q), which allows us to rewrite problem P, g(f, g, z0,wo) as
the following abstract Cauchy problem in X,

V() +B(V(t) > (f.g)  te(0,T)
(10)
V(O) = (Zo,wo).

A direct consequence of Theorems 3.2 and 3.3 is the following result.

Corollary 3.4 The operator BY? is a T-accretive operator in X and, assuming Dom(vy) =
R, and Dom(3) =R or a smooth, it satisfies the following range condition,

{eorevir@xviron: [or [ veryofcrumss),
Q o0

. —————LY(Q)xLY(89Q)
Moreover, we can characterize D(B7:7) as follows.

Theorem 3.5 Under the hypothesis Dom(y) = R, and Dom(8) = R or a smooth, we

have

DB VIO ) e L) X LHOQ) - v <2<y, B <w < B}

The proof of this theorem is quite technical and we prove it in the Appendix.

The above results allow us to prove our main result concerning mild solutions.

Theorem 3.6 Let T > 0. Under the hypothesis Dom(y) = R, and Dom(8) = R
or a smooth, for every zo € LY(Q), wo € L*(09Q) and every f € L(0,T;L'()),
g € LY0,T; LY (09Q)), satisfying (4) and (6), there exists a unique mild solution of (10).

Proof. For n € N, let ¢ = T'/n, and consider a subdivision tg =0 <t; < -+ <tp_1 <
T = t, with t; —t; 1 = €, f,...,fS € LP(Q), ¢5,...,95 € LY (0N), w§ € LP (Q)
25 € LP (99) with

n t;

S [ 50 = £l + 1900 ll2oon) de < ¢
i=1"ti—1

and

126 — 2ol 1) + lJwg — wollL1aq) < e

10



If we set
fe®) =[5, ge(t) =gi for teltir,ti], i=1,....n,
it follows that

T
/o (1F @) = fe®lr ) + 1lg(t) — ge(t) || L2 00)) dt <. (11)

By Theorem 3.3, for n large enough, there exists a weak solution [u§, 2§, w§] of

7971

~v(u§) — ediv a(z, Du§) 3 eff + 25,
(12)
ea(x, Du§) -+ B(uf) > eg§ +w§_4,

for i = 1,...,n. That is, there exists a unique solution (z§,w$) € X of the time
discretized scheme associated with (10),

(26, ws) + eBYP(26,wE) 3 e(ff, gf) + (251, ws_y), for i=1,...,n. (13)

Observe in fact that, by Theorem 3.3 applied recursively for each i = 1,...,n, [uf, 2f, wf] €
WhP(Q) x VIP(Q) x VIP(9Q) and

26 — 2¢ ws — ws
/a(z,Duf-)-Dv—F/ 171_11)—0—/ — =y = ffv—|—/ gsv (14)
Q Q € a0 € [e}9)

for all v € WP(Q). Therefore, taking v = 1 in (14), we have

[ioo fysme(f s ) foae [ oo

From here, it follows that

/Z'LE+/ w'f =¢€ ( f] gg) /ZO / wOa
Q o Q o0 Q o
(

and taking n large enough, condition (8) is always satisfied.
Therefore, if we define V(t) = (2(t), wc(t)) by

2¢(0) = 2§, we(0) = wf,
(16)
ze(t) =25, we(t) =w§ for t€)ti—1,t], i=1,...,n,

it is an e-approximate solution of problem (10).

By using now the Nonlinear Semigroup Theory (see [9], [13], [24]), on account
of Corollary 3.4 and Theorem 3.5, problem (10) has a unique mild-solution V' (t) =
(z(t),w(t)) € C([0,T] : X), 2(t) = L*(Q)—limc_0 2(t) and w(t) = L1 (9Q)—lim,_,0 we(t)
uniformly for ¢ € [0,T]. O

In principle, it is not clear how these mild solutions have to be interpreted re-
spect to the problem P, g(f, g, 20, wo). We will see they are weak solutions of problem

P, 5(f, g, 20, wo) under the hypothesis of Theorem 2.5, which proves the existence part
of Theorem 2.5.

11



4 Existence of weak solutions

As said in the previous section, the existence part of Theorem 2.5 is shown by proving
that the mild solution of problem (10) is a weak solution of problem P, s(f, g, zo, wo)
whenever the assumptions of Theorem 2.5 are fulfilled. Before giving the proof we need
to prove some technical lemmas.

4.1 Preparatory lemmas

We shall use the following integration by parts lemma in the proof of the existence part
and in the proof of the contraction principle. We denote by (.,.) the pairing between
(WLP(2))" and WLP(Q).

Lemma 4.1 Let (z,w) € C([0,7] : L*(R)) x L)) and F € L¥ (0,T; (Whr(Q))),

such that
/ / (e + / /m By = / (F (1), (), (17)

for any ¢ € WHH0,T; WHH(Q) N L ()N LP (0, T; WHP(Q)), (0) = (T) = 0. Then,

T z(t) T w(t)
—1,\0 —10
[ L o) [, ([ o mon)o

T
- / (F(t), H(.,u(t))(0))dt,

for any u € LP(0,T;WHP(Q)), 2z € y(u) ae. in Qr, w € B(u) a.e. in St, for any
¥ € D(]0, T[xRY), and for any H : QxR — R C’amtheodory function such that H(x,r)
is nondecreasing in r, H(.,u) € LP(0,T; W'P(Q)), [ H )°(s))ds € LY(Qr) and
Jo H(z,(571)°(s))ds € L*(St).

Proof. The proof is similar to the one given in [22] for Dirichlet boundary condition.
We give it here for the sake of completeness.

Let ¢ € D(]0, T[xRY), v > 0. And let, for H, =T+ H, 7 > 0,

1 t+7

n(t) =~ [ Ho(u(s)(s)ds.

12



Then 7, can be used as test function in (17) and therefore

[, - // o o

= [7 [ sty B ) = et
o /6 JEIES B ARG
- [ [ O+ [ T g
o o) €0 ([ HA 6P
i) o [ )
y Ho(u®) € Ho (™ (1)) ae. in @

H.(.,u(t)) € H (., 3 (w(t))) a.e. on 99,

we have that
z(t—T)
(z(t—7)— 2z(t))H (., u(t)) < / H.(.,(v"H)%s))ds a.e. in Q
z(t)
and

w(t—T)
(w(t —71) —w(t)Hy (., ut)) < / H.(,(87H°%s))ds a.e. on 0.

w(t)

Therefore

/OT(F(t)aUT(t))dtg/OT/Q%/Z::—T) TR
L 1::7) H, (. (871)°(s))dso(t)
:/OT/Q/OZ(t)HT(-a(W1)0(5))dsw
+/OT/BQ/OWHT(.’Wl)o(swsw'

13



Taking limits as 7 — 07 we get

T
[ .o <

Taking now 7j,(t) = 1 ft+T H-(.,,u(s — 7))¢(s)ds, and arguing as above we get the

T Jt
another inequality. O

To prove the existence of weak solutions we shall also use the following result.

Lemma 4.2 Let {uy}tnen € WEP(Q), {zn}tnen € LYQ), {wnlnen C LY(OQ) such
that, for every n € N, z, € y(u,) a.e. in Q and w, € B(u,) a.e. in Q. Let us suppose
that

(i) if ’Rjﬁ = 400, there exists M > 0 such that

/zj{—i—/ wh <M Vn € N,
Q aQ

(1) if ’R;Lﬁ < 400, there exists M € R and h > 0 such that

/zn—i-/ wn<M<R,JYrﬁ Vn € N
Q o9 ’

and
Jr

R 5~ M
max / |2, |wy| p < —LP—r Vn € N.
{z€Q:iz, (z)<—h} {z€0Q:w, (x)<—h} 8

Then, there exists a constant C = C(M) in case (i), C = C(M,h) in case (ii), such
that
lutller@) < C (I1Du o) +1)  VneN.

In order to prove Lemma 4.2, we use the following well known result (see [49]).

Lemma 4.3 1. There exists a constant C(Q, N,p) such that, for any K C Q with
|K| >0,

C(Q,N,p)

|K|1/p (”DUHLP(Q) + ||u||Lp(K)) ) Vu € Wlﬁp(Q)' (18)

lull ey <

2. There exists a constant C(, N, p) such that, for any T C dQ with |T'| > 0,

C(2, N, p)

EE (I1Dull o) + lullomy) ,  Yu € WHP(SQ). (19)

lull r) <

14



Proof of Lemma 4.2. Consider first that R,Jyrﬁ = +00. Then v = +o00 or 31 = +oo.

Let us suppose first that ¥+ = +oc0. Then, by assumption, there exists M > 0 such
that

/z:{<M vn € N.
Q

Let K, = {a: eN:zM(z) < M} for every n € N. Then

1]
2M 2M
os/ z::/z:—/ <M — (1] - 1K) e 22
Ky, Q O\K, 12| €|
Therefore,
Q
K, >
2

and

2M
i lony < 1EnlY? supry™ <W) .

Then, by Lemma 4.3, for all n € N|

1/p
9 i (2M
ut Nl ey < C(Q, N, p) <(W> 1 Dut || Loy +supy ™! (W)) .

If 3T = +o0, we similarly get that, for all n € N,

. ) 2 1/17 4 _1 2M
HunHLP(Q)SO(Q’N’p) <—|8Q|) ||Dun|\Lp(Q)+supﬂ (—|6Q|> )

where C’(Q, N, p) is given in Lemma 4.3.
Let us consider now that R,J; 5 < +o0. And let 6 = R,J; 53— M. Then, by assumption,

z +/ wy, < R, —6.
/Qn 9 " 7.8

Consequently, for every n € N,

/ Zn <TI0 - g (20)
Q

or

/ wy, < 8709 — é. (21)
09 2

For n € N such that (20) holds, let K,, = {x €N:zp(z) <yt — ﬁ}. Then, on the

1) 1)
Zn = Zn — Zn<__+Kn (’7+_—)7
foo= o f <2t (0 - o

15
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and, on the other hand,

1)
/ zn:—/ |zn|+/ Zn > —= — h|K,|.
K, Kn{z€Qiz,<—h} Knn{zeQ:za>—h} 8

Therefore,

5 L9
- > —.
| K| <h 1] + v ) E

Hence |K,| >0, h — ﬁ +~% >0 and

[
Kol > ————
fo =iy +
Consequently,
0
e < |K,|VP At — ).
P e G

Then, by Lemma 4.3,

)

A T 5
4| _
i @) < C(@, N,p) (%) D6t laecoy + 5007~ (47 = 7 )
8

Similarly, for n € N such that (21) holds, we get Hx €00 wy(z) < BT — ﬁ}‘ >0,

h—ﬁ+ﬂ+>0and

~ 4]09)|

/p
h — _d + ﬁ-i— 1 5
A 20 _
lu! | o) < C(Q,N,p) <+> | Duf || Loy + sup 87 (5+ )
8

where C'(Q, N, p) is given in Lemma 4.3. (]

4.2 Proof of the existence part of Theorem 2.5

Let T > 0. Let f € LV (0,T;L? (Q)), g € L (0,T; L (8Q)), zo € L (Q) and wy €
LP'(09) satisfying (4), (5) and (6). Let V() = (2(t),w(t)) the mild solution of problem
(10) given by Theorem 3.6. Our aim is to prove that (z,w) is a weak solution of problem
Py s(f,9,20,wo).

Following the proof of the existence of the mild solution (Theorem 3.6) for n € N,
let € = T/n, and consider a subdivision tg = 0 < t; < -+ < t,—1 < T = t, with
ti —ti—1 =€, fl,...,fn S L;D/(Q)7 g1,---,9n € Lp/(aﬂ) with

n t l ,
_ £ |IP o p
2/41 (Hf(t) f’LHLp/(Q) + ||g(t) gZHLP'(BQ)) dt < e.

16



Then, it follows that

2(t) = LY () — lim._¢ z.(t) uniformly for ¢ € [0, T,

(22)
w(t) = LY(0N) — lime_owe(t) uniformly for ¢ € [0,T],
where z.(t) and w.(t) are given, for e small enough, by
ze(t) = 20,  we(t) =wo for te€]—o0,0],
(23)
Ze(t) = Zi, wé(t) =w; for tE]tifl,ti], i=1,...,n,

where [u;, z;, w;] € WHP(Q) x VIP(Q) x VIP(9R) sastisfies

/a(I,Dui>.Dv+/ MH/ Wi— Wiz fl.H/ v (24)
Q Q € 0 € Q 0

for all v € WHP(Q).

Taking v = u; as test function in (24), we get

/ a(, Dus)-Dus+ / (—71> wt / (w) vy — / it / s, (25)
Q Q € a0 € Q 0

Since z;(z) € v(u;(z)) a.e. in Q and w;(x) € B(u;(z)) a.e. in I, we have

ui(z) € v H(zi(2)) = 9j5(zi(x)) ae. in Q

and
ui(z) € B Hwi(w)) = djj(wi(z)) ae. in 0.
Hence,
35 (zie1()) = ji(zi(2)) 2 (zic1(@) — 2i(2))us(x)  ae. in Q
and

Jp(wi—1(w)) = j(wi(z)) > (wi—1(w) — wi(w))ui(z) ae in Q.

Therefore,
1 - -k
¢ | G — g5 +

1
€ €

/ (75 wi) — 3 (wi-))
oQ

Zi — Zi— W; — Wi—
S/ < 7 7 1) 'U:z"'/ < [ [ 1> u;
Q € N €

and by (25), we get
1 . i 1 . .
[ ate.Dw)- D+ 7 [ (50 =3 ie0) + 1 [ G =)

€

< fiui+/ Gills.
Q a0

17



Then, integrating in time and adding in the last inequality, we obtain that

Z /t / (v, Dus) - Dui + / (73 (zn) = 55(20)) + /BQ(jE(wn)—jE(wo))

Sé/:l (/inui-f-/mgiui)-

Consequently, if we set fc(t) = fi, ge(t) = g; and ue(t) = u; for t €]t;_1,t], i =1,...,n,
it follows that

T
/ / a(x, Du(t)) - Duc(t)dt + / (7 (zn) — 7%(20)) + / (75 (wa) — 75 (wo))
0 Q Q oN

/ Q f€ UE / /(?Q gE u€
(26)

Then, having in mind (H;) and (5), we get that there exists a positive constant C such

that
/ | Du(t)|P dt < / / a(z, Duc(t)) - Du(t) dt
Q Q

S/QJV(ZO)+/BQJB(TUO)+/O / /mge ue(t

T
< Cl+/0 1@l 2o (@ [we®)l] Lo dt+/0 191l £ (o0 e (@) Lo a2) -

Therefore, using Young’s inequality, for any p > 0 there exists Co(u) > 0 such that

<Ca) i [ (Il + 1Ol o) .

From here, by the Trace Theorem, we obtain that for any g > 0 there exists C3(u) > 0
such that

T T
| [ ipeora< s [ (o + 1Dl d @)
By (22), if R:;B = +00, there exists M > 0 and ng € N, such that

sup / zH(t) +/ wi(t)<M  Vn>ny,
teo,7] /0 r9)

and if R,Jyrﬁ < 400, there exists M € R, h > 0 and ng € N such that, for all n > ng,

sup /ze(t)—&—/ we(t)<M<R,JYrﬁ
Q o9

t€[0,T]

18



and
RY;—M
sup max / [ze(t)], lwe(t)] p < —LE—vo.
+€[0,T) (2€Q:z (t)(z)<—h} (2w, (t)(x)<—h} 8
Consequently, from Lemma 4.2, we get that, there exists a constant Cy > 0 such that
lud @) Lr) < Ca ([Dut @)l Le) + 1) for all ¢ € [0,77. (28)
Similarly, we get that there exists C5 > 0 such that
||U;(t)||L:D(Q) < Cs (HDu;(t)HLp(Q) + 1) for all t € [O,T]. (29)

Consequently, from (27), (28) and (29), choosing p small enough, we obtain that

there exist Cg > 0 such that
T
/ / |\ Du, (O)]? dt < Cs. (30)
0o Ja

By (30), (28) and (29), we get that {u.} is bounded in LP(0,T; W1P(Q)). So, there
exists a subsequence, denoted equal, such that

ue —u  weakly in LP(0,T; WP(Q)) as ¢ — 0 (31)

and
ue —u  weakly in LP(S7) as € — 0%, (32)

Since z. € y(u) a.e. in Qr, we € B(uc) a.e. on St, 2e — z in LY(Q7) and w, — w
in L'(S7), having in mind (31), (32) and using monotonicity argument we obtain that
z € y(u) a.e. in Qr, w € B(u) a.e. on St.

Since {Du.} is bounded in LP(Qr), by (Hz) we have {|a(z, Du.)|} is bounded in
L? (Qr), then we can assume that

a(z,Du.) — ®  weakly in L (Qr) as ¢ — 0. (33)

From (24), we have
a(x, Du - Dv Mv we(t)—we(t—e)v

Q € €

[ ftoo+ /a oty

for all v € W1P(Q). Then, given ¢» € WH1(0, T; WHL(Q) N L>(Q)) N LP(0,T; WHP(€Q)),
¥(0) = ¢(T) = 0, from (34), we get

/OT/Qa(%DUe Diﬁ—&-/ﬂ/ )~ % t_e)w(t)
/BQ/ mho iz w(t) _/OT fo(tW+/0T/mge(tW

19
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Now,

135// 2D =229y
Sty (= [ [t [ SO0 )
—— / ' | =0

lim/ / we(t wét_e (t):—/T/ w(t
=0 Joq o Jon

Therefore, taking limit in (35) as € — 0%, we obtain that

[ o] fon- | oo
—/OT Qf(t)w+/0T/mg(t)w

Thus, to finish the proof of the existence, we only need to show that ® = a(x, Du). To
do that we apply the Minty-Browder’s method.

Similarly,

(36)

It is enough to prove that

e—0

lim sup/ a(z, Du.) - Du. < / - Du. (37)
T T
Indeed, for any p € LP(0,T; W1P(Q)).
| aw.p)-Dluc-p) < | ate.Du) - Dlac - p)
Qr Qr
so that, passing to the limit and using (37), we get

/ a(z,Dp) - D(u—p) < / D - D(u—p).
Qr Qr
Then taking p = u £ A\, for A > 0 and £ € LP(0,T; WHP(Q)), we get
| D) e~ [ e
T Qr
and by letting A — 0, we obtain

/ a(z, D(u)) - D& = ®- D¢, for any &€ € LP(0,T; WHP(Q)),
T QT

20



which implies that
a(z,D(u)) =@ ae. in Q.

Now, let us prove (37). Thanks to (26) and Fatou’s Lemma, we have

T
limsup / | e Duce) - Ductyde < = [ (5547 = 5 )

e—0 Q

—/m (s(w(T)) = (o)) +/OT qu+/0T/mgu.

On the other hand, (36) can be rewritten as follows

/OT /Q 2(t)r + /OT /m w(t), = /OT(F(t),z/J(t))dt7

where F' is given by
(F(t), (1)) = / B(0)- Du(t) ~ | F(Ov0) - /8 o).

Then, by Lemma 4.1 applied to this F, H(x,r) = r and ¥(t,z) = £(x)¢(t), £ € D(RY),
E=1inQ, ¢ € D(]0,T), we get

% /QJWH % / Ji(w) = (Fu) in D'()0,TY), (39)

o0

Therefore,
[ 3@+ [ stw) e wHiqo. 1.
Q oQ

So, integrating on ]0,T[ in (39) we obtain

/OT/Q(I) +Du = _/Q (72 (2(T)) = 33(20)) —/ (75(w(T)) — j5(wo))

T T
+/ fu+/ / gu.
0 Ja 0 Joo

From here and (38) we obtain (37). O

5 Contraction principle

Our main tool to prove the contraction principle is the concept of integral solution due
to Ph. Bénilan (see [9], [13]).
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Definition 5.1 A function V = (z,w) € C([0,T] : X) is an integral solution of (10) in
[0, T if for every (f,q) € BYA(2,), we have

G LEo-a+4 [ po-o

< /Q(f(t) — f)signg(2(t) — 2) +/ £ (t) — f|

{zeQ:z(t)=2}

+ /a (glt) = g)signo(w(t) — ) + / l9(t) — g

{zedQ:w(t)=w}
in D'(]0,T[), and V(0) = (20, wp)-

Since B is accretive in X, it is well known (see, [9], [13]) that mild solutions and
integral solutions of problem (10) coincide, and a contraction principle holds. We shall
prove in Theorem 5.3 that a weak solution of P, g(f,g,z20,wo) in [0,T] is an integral
solution of (10). Consequently, since, in fact, B7 is T-accretive in X, the contraction
principle (3) given in Theorem 2.4 follows.

To prove Theorem 5.3, the main difficulties are due to the nonlinear and non-
homogeneous boundary conditions and to the jumps of v and 5. In [17], to obtain
the Ll-contraction principle for a similar problem in the case 3 = {0} x R, and for v
having a set of jumps without density points, the authors give an improvement of the
“hole filling” argument of [21] and use the doubling variable in time technique. This
technique can be adapted to our problem. Now, by the Nonlinear Semigroup Theory,
we are able to simplify the proof without using the doubling variable in time technique
and without imposing any condition on the jumps of v and (.

Lemma 5.2 Let (z,w) be a weak solution of problem P, s(f,g,z0,wo) in [0,T]. Let
u € LP(0,T;WHP(Q)) such that z € y(u) a.e. in Qr, w € B(u) a.e. on St as in
Definition 2.2. Let 2, f € L'(Q) and @ € W'P(Q), 2 € (@) a.e. in Q, such that
/a(z,Dﬂ) - Dip = / fi, Vb e WyP(Q) N L2(). (40)
Q Q

Then, for any 1 € D(Q), ¥ >0,

d . . ) .
pn A |2(t) — 2] + /Q signg(u(t) — @) (a(x, Du(t)) — a(z, D4)) - Dy
<[00~ Pt~ [ - i
in D'(]0,T]).

Proof. Let us take in Lemma 4.1 the function F' given by

(F(), (1)) = /

Q

a(z, Du(t)) - Dy(t) — Qf(t)%/f(t)—/mg(t)w(t)

22



for all ¢ € WH1(0, T; WH(Q) N L () N LP(0, T; WP(8)), 1(0) = ¢(T) = 0, and
H(z,r)= %Tk(r —d(x) + kp(x)),

where p € WHP(Q), —1 < p < 1. Then, for any 1 € D(Q2), ¢ > 0, having in mind (40),
we have

z(t)
- Q([ %n«vlwvy—a+mmm>w

N 1 N 41
+ /Q(a(z, Du(t)) — a(z, D)) - D <ETk(u(t) —a+ kp)i[}) (41)

in D/(J0, T).

Now, it is easy to see that

z(t) 1

lim j ZTe((v)0(7) — i+ kp))dr

z(t)
= / [signg (v"1)°(7) — @) 4+ pX{ri(y-1)0(r)=a} ] dT
=) . o . o . —1\0 .
= / [51gn0(7' — 2) + (p — signg (7 — 2))X{ri(y-1)0(r)=a} +signg (v )" (1) — u)X{T:,g}] dr
Z(t) . A . A
= / [51gn0(T — %)+ (p —signg (T — Z))X{T:(’Yfl)f)(T):ﬁ}] dr

z(t)
0 =21+ [ (o= signg(r = DXri a1

Hence, taking limits in (41) as k goes to 0, we get

d R z(t) . )
E/Q <|z(t) —Z| +/ (p — signy (1T — Z))X{T3(’YI)O(T)—1}}> "

-I—/ signg(u(t) — @)(a(z, Du(t)) — a(z, Da)) - Dy
Q
SAU@—ﬁ@@MAQ—@+%%W@—@&mmmdﬂ¢

+ / (f(8) = F) (p = signo(2(t) = 2)) Xweru(y=a) Vs
Q
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and integrating between t,t €]0,T[, we get

[z =sto = [ 1)~ 2o

z(t)
+/ /(A (p — signg (7 = 2))X (7 (y-1)0(r)=ay¥
t

/ / signg (u (a(z, Du(r)) — a(z, Da)) - D3
/ / (signg (2(7) — 2) + signg (u(r) — @)X requs(r—sy) ¥

f /Q (7) = 1) = signg((r) = 2)) Xpacnratrr—a V-

Since in the last expression there are no space derivatives of p, we can take, for each ¢
fixed, p = signy(z(t) — £). Then the second term in the above expression is positive and
we have, for any ,t €]0, T,

/Q|z<t)—2|w—/ﬂ|z<f>—élw

/ / signg (u (a(z, Du(7)) — a(x, Dd)) - D
(42)

/ [ 70) = ) iemg(a(r) = 2) + sgng u(r) = X paenaioray) ¥

/ [0 = ) (siano((6) = 2) = signg(=(7) = £) Xpaervatoran -
Let

e1(t) = | [2(t) — 2[¢,
Q
wa(T) == —/ signg(u(1) — 4)(a(z, Du(r)) — a(z, Da)) Dy
Q
+ / (f(r) = f)(signo(2(1) — 2) + signg (u(r) — @)X {ze:z(r)(2)=2 ()} ¥
Q

and

@3(t,7) := /Q(f(T) — f)(signo(2(t) — £) — signg (2(7) — £))X{weru(r)(e)=i(z)} V-
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Then, taking in (42) t =t—h, h > 0, dividing by h and letting h go to 0, we get for
any n € D(]0,T[), n > 0,

T . B
_/0 ‘Pl(t)m(t)dt:_hhj& ) 901(15)Mdt

T
) 1(t) —p1(t — h)
=1 t)dt
hE& 0 h n(t)

< ([ ([ ) "3 ([ entrior) ).

Now, by the Dominate Convergence Theorem,

T

Jm [ ( /t th @2(7)517) n(t)dt = — lim OT ( /0 t @2(7)517) WL}?L_W)C#

h—0t

__ /O ! ( /0 t wz(T)dT) o (t)dt = /O " oa(Om(t)dt.

On the other hand, for A small enough,

~/OT% (/tth ‘PS(t,T)dT> n(t)dt = /OT% (/TTJrh (pg(t,T)n@)dt) N
/OT% </TT+h S"3<t77>77(t)dt> dr

T T+h R
_/0 H </ /Q 1£(r) — fllsigng (=(t) — 2) — signg(=(r) — 2)|n(t)w(x)dxdt> dr

< ||¢||L°°(Q)H77||Loo(o,T)/O l/ﬂ |f(7) = fldz

T
1 T+h
< [ signga(t) = 2) = signg (a(r) = )l oy |

Moreover, for all Lebesgue’s point of the L!(0,T; L>°(Q2))-function signy(z(.) — 2), and
so, for a.e. 7 €]0,T[, we have

lim —

T+h
Jim [ [signg (a(0) ~ 2) — signg(2(r) - 2) ot =0,

Consequently, since

|f(7) = fldz L T+h|\sign0(z(t)—2
(frer=se) 5 |

) —signg (2(7)—2)|| .~ (o dt < 2 /Q |£(r) fldz,
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which is a function of L'(0,T'), by the Dominate Convergence Theorem, we get

' T4 t . T T+h
hli,%l+/0 7 (/th cpg(t,T)dT) n(t)dt = hli{&/o 7 /T es(t, T)n(t)dt | dr = 0.

Therefore, from (43) we obtain that

% /Q |2(t) — 2y + /g l signg (u(t) — @)(a(z, Du(t) — a(z, Da)) - Dy

< / (F(t) — f) (signo (=(t) — 2) + signo (u(t) — D)X qpeaustr—sy) ¥
in D'(J0, TY). O

Theorem 5.3 Let (z,w) be a weak solution of Py 5(f,g,20,wo) in [0,T]. Let (f,§) €
BYB(2,4). Then,

g/Q(f(t)—f)signo(z(t)—2)+/ () — f]

{zeQ:z(t)=2}
+ [ (90~ gysigny(wie) - o)+ [ 90§
0N {zeo:w(t)=w}
in D'(]0,TY), that is, since (2(0),w(0)) = (z0,wo), (z,w) is an integral solution of (10)
in [0,T].

Proof. Let u € LP(0,T; WHP(Q)) such that z € y(u) a.e. in Qr, w € B3(u) a.e. on St
as in Definition 2.2, and let & € W1P(Q) such that 2 € v(i) a.e. in Q and W € y(4) a.e.
in O as in the definition of B7A.

Thanks to Lemma 5.2, we have that, for any ¢ € D(Q), 0 <1 <1,

%/ﬂ |2(t) — 2 +/Qsigno(u(t) —@)(a(x, Du(t) — a(z, D)) - Dy

(44)
<[00~ Peigmaew —ws [ s -
in D'(]0,T[). Now, for the second term in the above expression we have that
/Qsigno(u(t) —4)(a(z, Du(t) — a(z, Da)) - Dy
= /Qsigno(u(t) —d4)(a(z, Du(t) — a(z, Da)) - D(v — 1) (45)

> jin [ (a(e. Du(t) (e, D) - D (%Tkw(t) it kp)(W— 1>) ,
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where p € WHP(Q), —1 < p < 1. Using again Lemma 4.1 we get

N 1 N
/Q(a(z, Du(t) — a(z, D)) - D <ETk(u(t) — a4+ kp)(p — 1)>

dt Jo
J v 46
[ ( Ja=(C >0<s)—u+kp>>ds> 1o
+ [ (O = HETlutt) =+ ko) =1

which converges as k goes to 0 to

d A z(t) ) .
T <|Z(t) -zl - / (p — signg(s — Z))X{S:(’yl)o(s)_ﬁ}> (Y —1)
Q B

d G )
+E 5 (lw(t)_w+/ (p—mgno(s—w))X{s;(@1)0(8)_12})

+ /Q(f(t) - f) (Signo(z(t) — Z) + signg (u(t) — ﬁ)x{zesz:z(t):g}) (¥ —1)
n / (F(t) = ) (p — signo(=(t) — £)) X wesmuny—a) ) — 1)
Q
- /@ (9(0) = ) (signa(u(t) = ) + signg u(t) = )Xo omao-a)

- / (9(t) — §) (p — signo(w(t) — ) X qoeonmu(—ay)-
o0

Therefore, taking into account (45) and (46) in (44), replacing 1 by v, such that
LY(Q)-1lim,, ¢, = 1, and taking limits as n goes to +0o we obtain

d d R w(t) , X
E/Q|z(t)—z|+ﬁ/(m <|w(t)—w|+/ (p—SIgnO(s—w))x{st(B1)0(5)_ﬁ}>

< /Q(f(t) ~ Psign(=(t) — £) + /{ INCRY

+/ (9(t) — §) (signg(w(t) — w) + signg (u(t) — W)X {rco0w(t)=i))
00
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+ / (9(t) — §) (p — signg(w(t) — ©)) X scomu(iy—i)-
o0

Finally, by a similar argument to the one used in Lemma 5.2, we finish the proof. [

Remark 5.4 It is easy to see that Theorem 2.5 also holds for data (2, wg) € V1P(Q) x
Vir(9Q) and (f,g) € L' (0,T; VEP(Q)) x LP' (0,T; V1P(8Q)) satisfying conditions (4),
(5) and (6). In particular, if p > N, for data (z0,wo) € L}(Q) x L}(9Q) and (f,g) €
LY(0,T; LY(Q)) x L1(0,T; L*(09)) satisfying conditions (4), (5) and (6).

6 Appendix

Let us give here the proof of Theorem 3.5. For this we need to prove some previous
lemmas.

Lemma 6.1 Assume 7,0 : R — R are strictly increasing functions with Ran(y) =
Ran(B) =R. Let ¢ € L=(R) and 1p € L>®(90). Then, if [u,z,w] is a weak solution of
2)

problem (S; , we have

inf {7~ (inf ¢), 67" (inf ) } < u < max {77 (sup¢), 57" (sup¥)} .
Proof. By (ii) of Theorem 3.3, if

a := inf {vfl(inf ¢)7571(inf¢)} and b := max {vfl(sup ¢)7571(sup¢)} ,

we have

[a@=-at+ [ @@-w < [6@-07+ [ 60-vr

o0
and
_ + _ + _ + _ +
L=+ [ w-sen < [o-son+ [ w-sonr,
and from here the result follows. O

Let now, for m,n,r,1 € N, /" (s) = vi(s) + $|s[P7?s + LsT — Ls~ and " (s) =
@(s)—k%s*—%s’, where 7; and (3, are the Yosida approximation of v and 3 respectively.

Then, by the above lemma, if [u);", 27", w, ;"] is the weak solution of (S:Zld; B )

for ¢ € L>®°(Q) and ¢ € L>°(99), then

inf { (57;") " (inf @), (87™) " (inf ) | < w7y

)

< sup {(1,"") " (sup ¢), (B") " (sup ) } .

Since
™ (g) = (liminf ") (s) = v(s) + iSJr _ 157
v T l—+oco ’Yl =7 m n
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and . X
B (s) := (liminf 8™ (s) = B(s) + —st — =57,

r——+00 m n

it follows the next lemma.

Lemma 6.2 Assume lim; lim, u, ;"

Let ¢ € L°(Q) and ¢ € L>(09). Then

=u"™" a.e. in Q or lim, %" = u™" a.e. in .

inf {inf(y™"™) " (inf ¢), inf (8"™") "' (inf 1) } < ™"

< sup {sup(y"™") " (sup ¢), sup(3™") " (sup ) } .

Let n(m) be a subsequence in N. Since

liminf y™"(™ =~ and liminf g™ = 3,

the following result holds.

Lemma 6.3 Assume lim,, . u™™ ™ = v a.e. in Q. If ag < ¢ < a1 and by < < by,
where

e v_<ag<0ify-<0and0<ag if y— =0,

e 0<a; <~v4 ifvy>0anda; <0 if vy =0,

o B_<by<0iffB_<0and0<by if b_ =0,
and

o 0<b1<5+ Zfﬂ+>0andb1§()zfﬂ+:0,

then
inf {Ag, Bo} < u < sup{Ay, B},

where Ag = infy~(ag) if - < 0, Ag = 0 if v = 0, By = inf 371(by) if B— < 0,
By =0if f- =0, Ay =supy~H(a1) if v+ > 0, A1 =0 if v =0, By =sup " (b1) if
B+ >0 and By =0 if B4 = 0.

Proof of Theorem 3.5. It is obvious that

D(B’Yﬁ)L (DXL (O) C{(z,w) e L' () x LY(09) : 7- <2< 74, B <w< By ).

To obtain the another inclusion, it is enough to take (z,w) € L*°(Q) x L*>°(0N), with
ap < z < aj and by < w < by, where the constants a;, b;, i« = 0, 1, satisfy

e v_<ag<0ify_ <0anday=0if y_ =0,

e 0<a; <~vyifyr >0and a; =0if y4 =0,

29



o B_<by<0if f_ <0andby=0if 5_ =0,
and
L O<b1 <ﬂ+ifﬁ+>0andb1=Oifﬂ+=O7

and to prove that (z,w) € D(B%B)X.

Given (z,w) € L>®(Q) x L>°(9Q) with ag < z < ay and by < w < by, we set

-1
(zn,wy) = (I—i— 187’ﬁ> (z,w), meN.
n

Let us see that there exists a subsequence, denoted equal, such that

(2, wp) — (z,w) in L' (Q) x L' (09),

which implies that (z,w) € D(B%ﬁ)x.

Since ((2n, W), n(z — zn,w — wy)) € BYP, there exist u, € WLP(Q), such that

[tn, 2n, wy] is a weak solution of problem (SZ,ﬁn(zfzn),men(wfwn))' Hence, z,(z) €

Y(un(x)) a.e. in Q, wy(z) € B(un(z)) a.e. in IQ and

1
n /Q al@ Dun) - Do + /Q ot /asz wnd = Q 0t /asz v 0
for all ¢ € WhHP(Q).

Note that if a,(z, &) := La(z,£), then [u,, z,, w,] is a weak solution of the problem

—div a,(xz, Du) +vy(u) 2z in
(.52

an(z,Du) - n+ B(u) 3w on 99,

and by uniqueness, we can consider that [u,, z,,w,] is the weak solution of problem

(a,57%) given in Theorem 3.3. This construction is done as follows (see [6]). Firstly, we
m,k gm,k
find a weak solution [(u,,)"*, (2,)"™*  (wy,)"™*] of (a, S2w P ) in the case Dom(f3) =

m,k am,k
R, and [(un)ffl’k, (zn):fl’k, (wn);nlk] of (a, Sk O ) in the case a smooth. In the case

Dom(() = R, taking limits as r goes to +00, we have
lim (w,)™" = (u,)™* in LY(Q),
lim(z,)™"* = (2,)™" weakly in L'(Q),
lim(w,)™* = (w,)™"* weakly in L'(0Q),

T

[(wn)™F, (20)™*, (w,)™*] being a weak solution of (S;Y)Tu’kﬁm’k); in the case a smooth,
taking limits as [ goes to +o0o0 we get

lim(ua)7" = ()7 in 21(Q),

rl
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lilm(zn)m’k = (2,)™F weakly in L(Q),

r,l T

li%tn(wn)m’]C = (w,)™" weakly in L'(0Q),

1l T

ﬁnl,k
r

m,k
[(un)™F, (2,)7%, (w,,)™*] being a weak solution of (S7.,, " ), and taking limits as r

goes to 400, we obtain

lim(w,)™ = (u,)™* in LY(),

T

lim(z,)™"* = (2,)™* weakly in L(Q),

lim(w,)™* = (w,)™* weakly in L'(0Q),

T

[(wn)™k, (20)™*, (w,)™*] being a weak solution of (S;Y)m’kﬁm’k

a smooth,

w ). Moreover, in the case

(wn)m,k <<w-— an(Ia D(an)m)k) -1,

being [(@,)™*, (2,)™F] the weak solution of
—div ay (2, D(in)™"*) + y((in) ™) + —
(an)m’k =0 on 0f).

Finally, passing to the limit in m for an adequate subsequence {k(m)} in N, we have

lim (up)™*™ = w, in L'(Q),

m—00

lim (z,)™ %™ =z, in LY(Q), (48)

m—0o0

lim (wy,)™* ™ =, in L'(09).

m—00

Under the assumption a smooth,

lim (G,)™*™ =4, in LY(Q),

m— 00

lim (2,)™*™) = 2, in LY(Q),

n}i_}oo a, (2, D(tiy,)™ ™) .y = a, (z, Di,) -1 in L1(09Q),
[Cin, Zn] being the weak solution of

—div a(x, Diy) +y(tn) > 2z in Q

Uy, =0 on 0f).
Moreover (see [6]),

2, << 2, (49)
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Wy, << w — ap(z, Duy,) -1, (50)

| tante.Din) al < [ o=z (51)

Observe that, by Lemmas 6.1, 6.2 and 6.3, {u,} is uniformly bounded in L (Q);
similarly, {7, } is uniformly bounded in L*>°(£2). Therefore, since Dom(y) = R, {z,} and
{2,} are uniformly bounded in L*°(2), so there exists a subsequence, denoted equal,
such that z, and 2, are weakly convergent in L(Q). Also, in the case Dom(3) = R,
there exists a subsequence, denoted equal, such that w,, is weakly convergent in L!(92).

and

We claim now that

lim /anqS:/Qz¢ for every ¢ € D(Q). (52)

n—oo

Taking ¢ = wu, in (47), since z,(x) € y(un(x)) a.e. in Q, wy(x) € Bup(x)) a.e. in
09, and {uy} is bounded in L (), we get

/ a(x, Duy,) - Du, <n (/ 2un, —l—/ wun> <nC
Q Q o0

Now, using (H;) and (Hz), we have

, 1/p’ A 1/p
< |a<:c,Dun>|p) §a< / (g(z>+|Dun|p1)”) <
Q Q

o (foor) (o) )
<o << /Q g(z)p’)w + (%/Qa(:z:,Dun)~Dun>1/p,>

C 1/p
< olell +o(Sn) -

Consequently,

1
— a(z, Duy,)

n

n np' —1

N 1/p ’
p o i 1/p
) < loll v (@) Y ( C/\ ) ' (53)

(I

On the other hand, taking ¢ € D(Q2) in (47) we have that
1
— / a(z, Du,,) -D(b—i-/ Zn@ = / 2.
nJa Q Q
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By (53), we get (52). Consequently

Zp — z  weakly in L'(Q). (54)
Having in mind (54) and (53), it follows, from (47), that
/ Wpd — we for any ¢ € WHP(Q) N L=(Q). (55)
a0 a0

Therefore, in the case Dom(3) = R, by (55) we get that
wy, — w  weakly in L*(99).

Similarly, we get 2, — 2z weakly in L'(Q), hence by (49), 2, — z in L*(Q2). Therefore,
in the case a smooth, from (50), (51) and a similar argument to the above one, we get
that

wy, —w  weakly in L*(99).

Observe that for any b > 0 and ¢ > 0, we also have
(zn —b)T = 2z, > (2 —b)T,
+

(wp, — )" = we > (w—c)t.

Now, if ¢ ¢ Ran(3),
/ (wn — )" <0,
o9

/ (w—C)+§/ w <0,
o o

we = (w—rc)7.

On the other hand, if ¢ € Ran(f), there exists a > 0 such that ¢ € §(a), taking b € v(a),
since [a, b, ¢] is an entropy solution of the problem (a, S, f ), we have

/Q(zn—b)++/m(wn—c)+ S/Q(Z_b)++/m(w—c)+' (56)

Taking limits in (56), we get

fe=vrs [ @w-a7< [ar | we[E-br+[ @-o

therefore

and

hence
we = (w —c)*t.
Consequently, we obtain, for any ¢ > 0,
(wp, — )T = (w—¢)T weakly in L'(99). (57)
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Working similarly, we also get
(W, +¢)” = (w+¢)” weakly in L'(99). (58)
By (57) and (58), working as in the proof of [12, Proposition 2.11], we obtain that
w, —w in L'(0Q).
For b > 0, we have that

(zn —b)T = 2z, > (2 —b)T.

/(Z—b)JrS/ZbSO,
Q Q

2= (2—0b)".

On the other hand, if b € Ran(v), there exists a > 0 such that b € y(a). In the case
a € Dom(f3), taking ¢ € 3(a), we obtain that

Lot [ o< [ebrs [ w-ar. (59)

And in the case, a ¢ Dom(/3) (therefore we are assuming a smooth), we take b™ = b+ La,
which belongs to v"*(™)(a) and satisfies

Now, if b ¢ Ran(vy),

hence

lim ™ =b.

m,k gqm,k
Now, since [(u,)™*, (2,)™*%, (w,,)™F] is the weak solution of (S, o ), we have that

[ =iyt [ (warhon - k@)

_pm\t w— m,kaJr.
s/ﬂ@ bm) +/m( B+ ()

Then, letting r go to +o00 and having in mind that lim, 37*(a) = +o00, we get

Zp) ™R — p™)F z—b™T.
s =umy < [ =) (60)

Q

Let us take the subsequence k(m) used in (48). Then, taking limits when m goes to
+o0 in (60) with k = k(m),

/Q(Z" —-b)T < /Q(z—b)Jr. (61)
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Now, letting n go to +oo in (59) and (61), we have that

/zb</z—b

and therefore 2, = (z — b)*. Hence, for any b > 0,
(2, —b)T = (z = b)"  weakly in L*(Q).
Similarly, we can get
(2, +b)” = (24+b)" weakly in L*(Q).
From these convergences we obtain that
2, — 2z in L(Q),

and the proof concludes. O
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