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PARABOLIC EQUATIONS WITH DISCONTINUQUS
NONLINEARITIES

GIUSEPPINA BARLETTA

In this paper we deal with the homogeneous Cauchy-Dirichlet problem for a class
of parabolic equations with either Carathéodory or discontinuous nonlinear terms.
We then present an application and explicitly point out an existence result for a
differential inclusion, which can be applied to the classical Stefan problem.

1. INTRODUCTION

Let 2 be an open, bounded, and connected subset of R” having the cone property,
let T > 0, and let @Qr = Q x (0,T). Denote by £ a linear, second order, uniformly
parabolic operator and by f a real valued function defined on Q1 x R.

The aim of this paper is to study the following Cauchy-Dirichlet problem:

Lu= f(z,t,u) in Qr,
(P) U(fL’,O) = 0 on Q’
u(z,t) =0 on 90 x (0,T).

Adapting the approach previously used in {14, 15] to get existence results for elliptic
equations with possibly discontinuous nonlinear terms, we establish here two existence
theorems for the above problem and an existence theorem for a differential inclusion.
These results are presented in Section 3, whereas Section 2 is devoted to basic definitions
and preliminary results.

The first theorem deals with the case when the right-hand side f is a Carathéodory
function satisfying a suitable growth condition and is obtained through a fixed point
result of Arino, Gautier, and Penot [2, Theorem 1]. The other treats a different case,
where f has a set of discontinuity points (with respect to u) which is allowed to be more
than countable, but of Lebesgue measure zero.

As far as we know, previous existence theorems for parabolic equations and for parabolic
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inclusions with discontinuous nonlinearities were obtained by using results on pseudo-
monotone operators and under the common assumption of the existence of an upper
solution and a lower solution to the problem; see [4, 5, 16] and the recent monograph
[11]). Furthermore, the discontinuous term either is of the form f + h, where f € L5.(R)
and satisfies a L9(Qr) boundedness condition with respect to a specified interval, while
h € L*Qr), (see [16]), or it is a function defined on @7 x R x RxR™ that satisfies
some boundedness, continuity, and nondecreasing conditions (see [5]). In [9] an existence
result is obtained by using variational methods. We adopt here a different approach,
which basically follows the one previously employed in [14] to treat the elliptic case.
Namely, we first pass to a multivalued problem and we look for a solution of it. The
assumptions made then guarantee that such a function is also a weak solution of the

original problem.

2. PRELIMINARIES

Let © be an open, bounded, and connected subset of R®, n > 3, with the cone
property, let T > 0, and let @r = 2 x (0,T). Given p € (1,+00) and m € Ny we denote
by W™P?(Qr) the space of functions u € IP(Qr) having derivatives (in the distributional
sense) of the form 8] 8%u with r € Ng, s = (81,...,8,), and |[r+s| :=r+s8,+---+s, <M,
while W2'(Qr) stands for the space of functions u € LP(Qr) having derivatives (in the
distributional sense) of the form 8] 03u where 2r + s < 2. On W™P(Qr) we consider the

norm

lullmp = > 10;05ull, ,

Jr+sl€m

while W2'(Qr) is equipped with the norm

lullans = D N82ully + Gl ,

la|£2
where a = (¢ ... ,a,) and
5ou = olely _ Ou
Iu— al...a&n ? tu—.a.
z) Zn

Finally, W(Qr) denotes the Banach space of functions u € W2!(Qr) such that u(z,0) =
0 for every z € § and u(z,t) = O for every (z,t) € 9 x (0,T). One clearly has
llullip < llull21, whenever u € W2 (Qr). The Rellich-Kondrachov theorem [1, p. 144
guarantees that the embedding

W' (Qr) — L7 (Qr),
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with1<p* < (n+1)p/(n+1-p)ifp<n+landl <p* <ooifp>n+1,is compact.
Write ¢, for the smallest constant such that

(2.1) lullp < erllullen, Vo€ W (Qr).

Let £ be the linear, second order, uniformly parabolic differential operator defined by

Lu) = du_ i ai;(z,t) Ou + ia(x t)@ +afz, t)u
N ot i1 AT 612,'621' o1 B 82:.- ’ ’
where a;; (4,7 = 1,...,n) are real-valued continuous bounded functions defined on Qr,

a; € Lr(QT)) with

max{p,n+2} ifp#n+2
n+2+e¢ ifp=n+2(>0),

a € L*(Qr), with

n+2 . n+2
M{P;‘T} 1fp7é 2 )

_n+2_'_6 i __n+2
2 P=—5

S=

n
and Z aij(z,0)&€ = MY €2 for some A > 0, for every (z,t) € Qr and every
3,j=1 i=1
&, &, ..., & € R. [13, Theorem 9.1, p. 341) guarantees that the operator

L:W(Qr) — LP(Qr)
is bijective and that its inverse

L7 P(Qr) — W(Qr)
is continuous. Therefore,

(2.2) £ @), <17 el ¥ v € ZP(Qr)-

We recall the following proposition, which is easily obtained by using [7, Lemma 1] and
(10, Lemma 7.7).

PROPOSITION 2.1. Let u € W(Qr) and let E be a measurable subset of R
such that |E| = 0. Then L(u)(z,t) — a(z,t)u(z,t) = 0 for almost every (z,t) € u~!(E).
Let X and Y be two nonempty sets. A multifunction F' from X into Y (in symbols, F :
X — 2Y) is a function from X into the family of all subsets of Y. The graph of F'is the
set {(z,9) €EXxY:yeF(z)}. UWCY weput F~(W)={z€ X: F(z)nW #0}.
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When X and Y are two topological spaces we say that F' is upper semicontinuous if, for
every closed subset W of Y, the set FF~(W) is closed in X. If (X, F) is a measurable
space and Y is a topological space, the multifunction F is called measurable provided
F-(W) € F for every open subset W of Y.

In the sequel, we shall apply the following propositions, which are particular cases of
classical results on multifunctions (see, for instance, [8, 12]).

PROPOSITION 2.2. Let X be a topological space, let ¢ : X — R be lower
semicontinuous, and let i : X — R be upper semicontinuous. Suppose ¢ < ¢ in X.
Then the multifunction F : z — [w(z),w(z)], z € X, is upper semicontinuous and the
function  — d(O, F(z)), z € X, is lower semicontinuous.

PROPOSITION 2.3. Let X andY be two topological spaces, let Y be regular,

and let F : X — 2Y be an upper semicontinuous multifunction with nonempty and
closed values. Then F has a closed graph.
We shall also employ the result below, which is a very special case of {3, Theorem 3.1].
As usual M(Qr) denotes the family of all (equivalence classes) of measurable functions
w:Qr — R.

LEMMA 2.4. Let U be a nonempty set, let

$: U — M(@r) and V:U — IP(Qr)

be two operators. Finally, let F : Qr — 2® be a multifunction with nonempty, convex,
closed values. Assume that:
(2.4.1) ¥ is bijective and, whenever v, — v in L’(Qr), there exists a subsequence
of {@(\D“‘(vh)) } which converges to ®(¥~!(v)) at almost all points of Qr.
(2.4.2) Theset {z € R | F(.,-,2) is measurable} is dense in R.
(2.4.3) F(z,t,-) has a closed graph for almost every (z,t) € Q.
(2.4.4) There exists a function m € LP(Qr) such that

F(z,t,2z) C [-m(z,t), m(z, )]

for almost all (z,t) € Qr and each z € R.
Then the problem u € U, ¥(u)(z,t) € F(z,t,®(u)(z,t)) almost everywhere in Qr
possesses at least one solution.

3. REsuLTS

3.1. THE CASE OF CARATHEODORY NONLINEARITIES. In the next theorem we deal
with the case when f is a Carathéodory function. Although such a situation has by now
been very widely investigated, to the best of our knowledge the result below is new. In
particular, we emphasise that, due to the approach adopted, no special growth condition
for f(z,t,-) is required.
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THEOREM 3.1. Letfbe areal valued function defined on Qr x R. Assume that:
(3.1.1) For almost every (z,t) € Qr the function z — f(z,t,z) is continuous.
(3.1.2) For every z € R the function (z,t) — f(z,t,2) is measurable.
(3.1.3) There exist @ € LP(Qr), B € L#P) (" =w)(Qr), where
. n+1
pE (p ' 75 +1 —)I;J)
ifp<n+1, p€ (p,+o0) ifp2n+1,

such that
|f(z,t,2)| < oz, t) + Blz, t) |2

for almost all (z,t) € Qr and every z € R..
Moreover, if || 8l|gp*)/(p—v) > 0 and v = 1 then ||Bl|ppr) /o vy et 1L} < 1,
while if v > 1 then

-1 1 1/{(v~1)
lally « =2 )
Y ’)’Hﬂ”(pp')/(p’—’rp) e Vol

Then problem (P) has a solution u € W(Qr).
Proor: Define, for every v € LP(Qr),

T(v)(z,t) = f(z,t, L7 (v)(z, 1)), (z,t) € Qr.

Assumptions (3.1.1) and (3.1.2) guarantee that the function T is measurable.

Now write, for any 7 > 0, K, = {v € L*(Qr) | |[vl, < r}. Clearly K, is a nonempty,
weakly compact, convex subset of LP(Qr). We show that there exists r > 0 such that
T(K,) C K,. To this end set

a = |lallp, b= IlBllgp+)/ e+ -}, and ¢ = crllL77).
If v € K, then
IT()(z,1)] < alz,t) + Bz, 1) - | L7} (v)(z, 8)|"
and using Hoélder’s inequality yields
IT@), < Nl +[|8- 127 @)[|| < a+bflc™ @) |

a+ L7 @)L < a+ b L@,

<
<a+ b7 < @+ ber.

p /v

Thus, when v < 1 the conclusion follows from

lim (a+ bc’r? ~ 1) = —00,
r—=400
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whereas when v = 1 we put r = a/(1 — bc) and we obtain

a
1-bc

||T(v)||p <a+be- =r.

If ¥ > 1, choose r = (1/ybc”)/(-1D_ So

v—1 1 1/(v-1) 1 1/(y=1)
< VT g L - - v _ -
”T(v)”,, Sa+b'r’ > (7[)67) + be (71)07)

_ 1 \Y0o-n ’Y‘l+ b ]
~ \ybe? ¥ Noer | T

Hence, in either case, T(X,) C K.
Next we prove that Tjx, is a weakly sequentially continuous operator. To this end,

pick a sequence {v, }ren in K, weakly converging to v € K,. Due to the weak continuity
of L~ we get hlir+n L7Y(vy) = L7(v) weakly in W(Qr) and, by the Rellich-Kondrachov
— 400

theorem, the set |J {L£7'(vs)} is relatively compact in LP(Qr). Thus, there exists a
hEN
subsequence converging to £7}(v) almost everywhere. Using (3.1.1) and taking a subse-

quence if necessary, it follows that

lim T(vp)(z,t) = T(v)(z,t)

h—+00
almost everywhere in Qr. Now, by the Arino-Gautier-Penot theorem [2, Theorem 1]
there exists v € K, such that T'(v) = v. The function u = £~!(v) lies in W(Qr) and
L(u)(z,t) = v(z,t) = T(v)(z,t) = f(z,t,u(z,t)) almost everywhere in Qr. 0

3.2. THE CASE OF DISCONTINUOUS (WITH RESPECT TO u) NONLINEARITIES. Given
a real function f defined on @7 x R, we put, for every (z,¢,2) € Qr x R

flz,t,2) = litrun_jglff(x,t, w), f(z,t,2) = limsup f(z,t, w)

- w—z

and explicitly observe that the function z — f(z,t, ) is lower semicontinuous, while the
function 2z — f(x,t,2) is upper semicontinuous. Moreover, for every (z,t,z) € Qr x R,
we define

F(z,t,2) = u(x,t,z)j(z,t,z)].

LEMMA 3.2. Let f be a real valued function defined on Qr x R. Assume that:

(3.2.1) There exists a subset A C R, with |[A| =0, such that the function (z,t) —
f(z,t, 2) is measurable for every z € R\ A.
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(3.2.2) There is o € LP(Qt) such that
|f(@,t.2)] < afz,1)

for almost every (z,t) € Qr, for every z € R.
Then there exists u € W (Q7) satisfying

L(u)(z,t) € F(z,t,u(z,1))

almost everywhere in Qr.

PROOF: We prove that all the assumptions of Lemma 2.4 are satisfied. To this
end choose U = W(Qr), ®(u) = u, Vu € U, ¥ = L. Let v € [P(Qr) and let
{vn}new be a sequence in LP(Qr) weakly converging to v. Then £ !(v,) — £7!(v) in
W:"(QT). Bearing in mind the Rellich-Kondrachov theorem, there exists a subsequence
of {£7"(vs)} e Which converges almost everywhere in Qr to £7'(v). Thus (2.4.1) holds.
By hypothesis (3.2.1) we obtain

{z € R| F(:,+,2) is measurable} D R\ 4,

50 (2.4.2) holds true too. Thanks to Propositions 2.2 and 2.3, (2.4.3) is obviously satisfied.
Finally, condition (2.4.4) comes.immediately from the inequality |f(:1:,t,z)| < a(z,t),
(z,t) € Qr, z € R. Therefore, Lemma 2.4 yields u € W(Qr) such that

L(u)(z,t) € F(z,t,u(z,t)) for almost every (z,t) € Qr.
0

REMARK 3.1. It is worthwhile to note that the classical Stefan problem can be reduced
to a problem of the type studied in Lemma 3.2; see [6, p. 4]. Moreover, [6, Theorem 4.3]
gives a solution to such a problem only when p > n while Lemma 3.2 can be applied for
any p > 1.

REMARK 3.2. The discontinuous nonlinearity treated in [4, 16] is of the form f(u) +
h(z,t), where f € L2.(R), while the boundedness condition required is

|f(z)| £ Bz, ), z € [y(a:,t) - o,u(z, t) + a],

u and T being a lower solution and an upper solution, respectively, to the problem consid-
ered there. Although this inequality is formally more general than b) of Lemma 3.2, the
results of {4, 16] exhibit several further restrictions that prevent us treating the general
case.

We now come to problem (P) with f possibly highly discontinuous in u.

THEOREM 3.3. Let f be a real-valued function defined on Qr x R having the
following properties:
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(3.3.1) There exists a set Qo C Qr with |Qg| = 0 such that the set
Dy = U {z €ER | f(z,t,-) is discontinuous at z}
(z.)€QT\Qo
has measure zero.
(3.3.2) The function (z,t) — f(z,t,2) is measurable for every z € R\ Dy.
(3.3.3) There exists a function oo € IP(Qr) such that

If(:r,t, z)[ < afz,t)

for almost every (z,t) € Qr, for every z € R.
(3.3.4) There exists a set Q, € Qr of measure zero such that for every (z,t) €
Qr\ @ and every z € Dy, the condition 0 € F(z,t, z) implies f(z,t,z) = 0.
Then problem (P), with L replaced by L=C- a(z,t)u, has a solution u € W(Qr).

ProoF: Thanks to Lemma 3.2, applied with A = Dy, there exists a function u €
W(Qr) such that L(u)(z,t) € F(z,t,u(z,t)) for almost every (z,t) € Qr. Let Q; C Qr

be such that |Q,| = 0 and L(u)(z,t) € F(z,t,u(z,t)) for every (z,t) € Qr \ Q2 and let
Qs = {(z,t) € Qv \ Qo | u(z,t) € Dy}.

Due to Proposition 2.1 there exists a set Q3 C @y such that |Q3] = 0 and Z(u) (z,t) =0

for every (z,t) € Q; \ Q3. Now, define Q* = C)OQ,-; obviously, one has |Q*] = 0. We

1=

prove that

L(u)(z,t) = f(z,t,u(z,t)) for every (z,t) € Qr\ Q"
Pick (z,t) € Qr\Q*. If (z,t) & Q; then u(z,t) & Dy and, consequently, F(z,t,u(z,t)) =
{f(x,t,u(z,t))}. If (z,t) € Qf then~(x, t) € Qs, L(u)(z,t) = 0 and, by virtue of (3.3.4),
f{z,t,u(z,t)) = 0. So, once again, L(u)(z,t) = f(z,t,u(z,1)). 0

REMARK 3.3. We observe that assumptions (3.3.1), (3.3.2), and (3.3.3) immediately
lead to an existence result for the following problem:

%) du ) Au+ f(z,t,u) almost everywhere in {(z,t) € Qr : u(z,t) & Dy},
a o almost everywhere in {(z,t) € Qr : u(z,t) € D/},
0e u(:z,t,u),f(x, t,u)] almost everywhere in {(z,t) € Qr : u(z,t) € D;}.

A similar problem is treated in [9, Theorem 2.13], but to a more general growth condi-
tion on the nonlinear term, which depends only on (z, z), there corresponds a stronger
restriction on p. Namely, in [9] one has:

|f(z, 2)| < a(z) + blz[?, with a € L*(), p € [1, ﬁ%) N [1, 1+ %)
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REMARK 3.4. We explicitly point out that the conditions imposed on f in [5] prevent
us considering functions like a(z,t)g(z), with g nonmonotone. Hence, the set of discon-
tinuities of g is at most countable. On the contrary, Theorem 3.3 can be applied also
when the nonlinearities involved have an uncountable set of discontinuity points, as the
next example shows.

ExaMPLE 3.1. Let C be the Cantor ‘middle thirds’ set. It is known that C is closed,
uncountable, and of measure zero. So R\ is nonempty, open, and has at most countably
many connected components A,, h = 1,2,.... Pick y* > 0 and a bounded sequence
{yn}nen such that

inf yp >0, y* [ f yn, ],
inl Yn Yy é Aot Yn IS‘uPyh
and define

yn if 2 € Ay,

z) =
9(2) y* ifzeC.

Now, set f(z,t, z) = a(z,t)g(z), where a € L’(Qr), and a 2 0. The function f satisfies
all the assumptions of Theorem 3.3, because Dy = C,
|f(z,t,2)| < supyn - a(z,?),
heN
and 0 € [f(z,t,2), f(z,¢,2)] if and only if a(z,t) = 0, that is f(z,t,2) = 0.

REMARK 3.5. An easy computation ensures that if there exists an open subset 4 of R
such that D; C A and

esssup sup f(z,t,z) < 0or essinf inf f(z,t,2) >0
(z,t)EQI:' zegf( 42) (z,t)eorzeAf( 42) >0,

then hypothesis (3.3.4) is satisfied.
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