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Abstract
We prove the solvability of the parabolic problem

N N
O — Z Oy, (aij(x, t)@wju)—i—z bi(z,t)0p,u= f(z,t,u) in QxIR,
ij=1 i=1
u(z,t) =0 on 02 x 1R,
u(z,t) = u(z,t +7) in OxIR,

assuming certain conditions on the asymptotic behaviour of the ratio
2[5 flz,t,0)do/ s? with respect to the principal eigenvalue of the as-
sociated linear problem. The method of proof, which is based on the
construction of upper and lower solutions, also yields information on
the localization and the stability of the solution.
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1 Introduction and statements

Let ©(C IRY) be a bounded domain, with a boundary 99 of class C?, and
let "> 0 be a fixed number. Set @ = 2x]0,T[ and ¥ = 9Q x [0,T]. Let us
consider the parabolic problem

Ou+ Az, t,0,)u = f(z,t,u) in @,
u(z,t) =0 on X, (1.1)
u(z,0) = u(z,T) in Q.
We assume throughout that
N N

A(z,t,0,) = — Z Oxi(aij(x,t)@j) + Zbi(x,t)@ci,
ij=1 i=1
where Qg5 S CO<@), Q55 = Qg CLZ']'<.§L’,O) = CLZ']'<.§L’,T) in Q, &Bkaij S LOO<Q),
b; € L*(Q) and 0, b; € L>*(Q) for i,j,k =1,..., N. We also suppose that
the operator d; + A is uniformly parabolic, i.e. there exists a constant n > 0

such that, for all (z,t) € Q and ¢ € RY,

N
Z (z,1)&&; = nlgl.

We further assume that f : Qx]0, T[xIR — IR satisfies the LP—Carathéodory
conditions, for some p > N + 2, and there exist continuous functions gy :

IR — R such that, for a.e. (z,t) € Q
flz,t,;s) < gy(s) fors>0 and f(x,t,s)>g-(s) fors<0. (1.2)
It is convenient, for the sequel, to suppose that all functions, which are

defined on Qx]0, T'[, have been extended by T—periodicity on Q x IR.

In this paper we are concerned with the solvability of (1.1) when the
nonlinearity f lies in some sense to the left of the principal eigenvalue \; of
the linear problem

u(x,t) =0 on X,

Ou+ Az, t,0;)u =M in Q,
{ u(z,0) = u(x,T) in €.
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It was proven in [2] that the Dolph—type condition

lim sup 9(5)

s—=to0 S

<A (1.3)

guarantees the existence of a solution of (1.1). On the other hand, it does not
seem yet known whether the same conclusion holds under the more general
Hammerstein—type condition

2G
lim sup iQ(S) < A, (1.4)
s—Fo00 S

where G4(s) = [; g+(0)do for s € R. Our purpose here is to provide some
partial answers to this question. Of course, the main difficulty, in order to
use in this context conditions on the potential like (1.4), is due to the lack
of variational structure of problem (1.1); whereas the only known proof of
Hammerstein’s result, for a selfadjoint elliptic problem in dimension N > 2,
relies on the use of variational methods. Accordingly, we will employ a
technique based on the construction of upper and lower solutions, which will
be obtained as solutions of some related, possibly one-dimensional, problems.
We stress that an important feature of the upper and lower solution method
is that it also provides information about the localization and, to a certain
extent, about the stability of the solutions. Yet, since we impose here rather
weak regularity conditions on the coefficients of the operator A and on the
domain €2 and we require no regularity at all on the function f, the classical
results in [11], [1], [3], [10] do not apply. Therefore, we will use the following
theorem recently proved in [4, Theorem 4.5]. Before stating it, we recall that
a lower solution o of (1.1) is a function a € W2'(Q) (p > N + 2) such that

O + A(z,t,0,)a < f(x,t,a) a.e. in @,
a(z,t) <0 on X,
a(z,0) < a(z,T) in Q.

Similarly, an upper solution  of (1.1) is defined by reversing all the above
inequalities. A solution of (1.1) is a function u which is simultaneously a
lower and an upper solution.

Lemma 1.1 Assume that o is a lower solution and (3 is an upper solution
of (1.1), satisfying a < [ in Q. Then, there exist a minimum solution v
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and a mazimum solution w of (1.1), with a < v < w < ( in Q. Moreover,
if a(-,0) = 0 = B(-,0) on 09, then the following holds: for every uy €
WPQ_2/p(Q> n H(%(Q>7 with Oé(',O) S_'LLO < U('70) (7”68]). U)(,O) S up < 5(70))
in S, the set Sy, of all functions u : x[0, +00[— R, withu € W} (2x]0,0[)
for every o > 0, satisfying

Owu+ Az, t,0,)u = f(z,t,u) a.e. in Q x]0,+o0],
u(z,t) =0 on 09 x 10, o0, (1.5)
u(z, 0) = uo(x) in §)

and o < u < v (resp. w < u < () in Qx]0,+00|, is non-empty and
every u € Sy, s such that tligfn lu(-,t) — v(-, )| = 0 (resp. tligfn lu(-,t) —

w(-,t)|e =0).

Remark 1.1 We will say in the sequel that v (resp. w) is relatively attrac-
tive from below (resp. from above). Of course, this weak form of stability
can be considerably strenghthened provided that more regularity is assumed

n (1.1) (cf. [3]).

Remark 1.2 The condition a(-,0) = 0 on 0f2 is not restrictive. Indeed, if it
is not satisfied, we can replace a by the unique solution @, with a <@ <wv
in Q, of

oa+ Az, t,0,)a = f(x, ) ky(z,t, o, @) in @,
a(x, ) = on X,
a(z,0) = @(:c T) in 0,

where k, is the function associated to f by Lemma 3.3 in [4] and correspond-
ing to p = max{|a|s, |B|e}. A similar observation holds for .

We start noting that Hammerstein’s result can be easily extended to a
special class of parabolic equations, which includes the heat equation.

Theorem 1.1 Assume that b; =0, fori=1,..., N, and suppose that there
exist constants ¢ and q, with ¢ > 0 and q €]1 if N >3, orq €]1,+00]
if N =2, such that

lg(s)| < |s|7 1+ ¢ for s € IR. (1.6)

7m[

Moreover, assume that condition (1.4) holds. Then, problem (1.1) has a so-
lution v and a solution w, satisfying v < w, such that v is relatively attractive
from below and w s relatively attractive from above.
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We stress that this theorem completes, for what concerns the stability
information, the classical result of Hammerstein for the selfadjoint elliptic
problem

N
= 3 Oulay(@)0,0) = flz,u) in
ij=1
u=0 on 0f2.

As already pointed out, we do not know whether a statement similar
to Theorem 1.1 holds for a general parabolic operator as that considered
in (1.1). The next two results provide some contributions in this direction,
although they do not give a complete answer to the posed question. In order
to state the former, we need to settle some notation. For each i =1,... N,
denote by |A;, B;| the projection of €2 onto the z;—axis and set

N
a; = m@in (0773 and bz = |bZ - Z 8xjajz~|oo.
j=1

Then, define

A = " Va b (B~ 4
= an(aTa) wee (G e )

Theorem 1.2 Assume

lim inf 2G+(s)

s—to0 s2

< A1 (1.7)
Then, the same conclusions of Theorem 1.1 hold.

The constant \; depends only on the coefficients of the operator A and on
the domain €. It is strictly positive and generally smaller than the principal
eigenvalue \q; therefore, it provides an explicitly computable lower estimate
for A;. Moreover, 5\1 coincides with A\ when N =1, a;; = 1 and b = 0,
so that the equation in (1.1) is the one-dimensional heat equation. On the
other hand, it must be stressed that the restriction from above on a limit
superior required by (1.4) is replaced in (1.7) by a restriction from above
on a limit inferior. Furthermore, in Theorem 1.2 the growth condition (1.6)
is not needed anymore. We recall that conditions similar to (1.7) were first
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introduced in [6] for solving the one-dimensional two—point boundary value
problem
—u" = f(x,u) in A, B|,
u(A) =u(B) =0

and were later used in [8] for studying the higher dimensional elliptic problem

—Au = f(z,u) in €,
{ u=20 on 0f2. (1.8)

It is worth noticing at this point that, if the coefficients of the operator A
and the function f do not depend on ¢, then the same proof of Theorem 1.2
yields the solvability, under (1.7), of the, possibly non-selfadjoint, elliptic
problem

N N
ij=1 i=1 :
u=>0 on 0f).

This observation provides an extension of the result in [8] to the more general
problem (1.9), which could not be directly handled by the approach intro-
duced in that paper. A preliminary version of Theorem 1.2 was announced
in [9].

In our last result we show that the constant 5\1 considered in Theorem
1.2 can be replaced by the principal eigenvalue A\, provided that a further
control on the functions g is assumed.

Theorem 1.3 Assume

lim sup 9:(5) <\ (1.10)
s—Fo00 S
and 2G4 (5)
.. +\S
I;Qilgof 2 < A1 (1.11)

Then, the same conclusions of Theorem 1.1 hold.
We point out that the sole condition (1.10), which is a weakened form

of (1.3), is not sufficient to yield the solvability of (1.1) (cf. [2]). Theorem
1.3 extends to the parabolic setting a previous result obtained in [5] for the
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selfadjoint elliptic problem (1.8). By the same proof one also obtains the
solvability, under (1.10) and (1.11), of the, possibly non-selfadjoint, elliptic
problem (1.9). We stress that, although the proof of Theorem 1.3 exploits
some ideas borrowed from [5], nevertheless from the technical point of view
it is much more delicate, due to the different regularity that solutions of (1.1)
exhibit with respect to the space and the time variables.

2 Proofs

2.1 Preliminaries

In this subsection we state some results concerning the linear problem asso-
ciated to (1.1), which apparently are not well-settled in the literature, when
low regularity conditions are assumed on the coefficients of the operator A
and on the domain €.

We start with some notation. Fixed tq, s, with t; < ¢y, and given u,v €

CHO(Q x [ty,t9]), we write:

e u > if, for every (z,t) € Q X [t1, ta], u(x,t) > v(z,1);

o u>>vif, for every (x,t) € Qx[ty, to], u(z, t) > v(z,t) and, for every (z,t) €
0 X [ty, o], either u(z,t) > v(z,t), or u(z,t) = v(x,t) and Jd,u(x,t) <
O,v(x,t), where v = (14,0) € R¥*! vy € RN being the outer normal to
Q at x € 00.

Proposition 2.1 There exist a number \y > 0 and functions @1, @] €
W2HQ), for every p, satisfying, respectively,

N N
Ovp1 — Z Ou,(aij(w, )0y, 1) + Zbi(ff,t)ax,-% = A1 inQ,
ig—=1 i=1
QDl(ZL‘,t) =0 on Zv
01(x,0) = p1(z,T) in Q

and

N
_8t§0>{ - Z axj (alj(x7t)8$z(p1<) - aﬂ&z(bl(xv t)SOD = )‘MOT imn Qv

-

i,j=1 i=1
¢i(z,t) =0 on 2,
©1(7,0) = i(x,T) in Q.
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Moreover, the following statements hold:
(i) ©1>>0 and ¢} >>0;
(i) if ¢ is a solution of

N
8t77b Z a$z au x, t Z — /\1¢ in Qa
1,j=1 =1
w(x, t)=0 on X,
U(z,0) =v(z,T) in €,
or, respectively, of
N
—8t1p Z 3 CLZ] Z, t Z@ = )\11# m Q,
1,j=1 i=1
P(x,t) =0 on X,
U(2,0) =(z,T) in

then 1 = cpy, or, respectively, ¥ = cp;i, for some c € R;

(#i) A1 is the smallest number X for which the problems

N N

ij=1 i=1
u(z,t) =0 on X,
u(z,0) = u(x,T) in Q
and
N N
_atu - Z 8:1:]' (aij<x7 t)amzu) - Zah(bl(ﬂf, t)“’) = Au in Q>
ij=1 i=1
u(z,t) =0 on ¥,
u(z,0) = u(x,T) in Q

have nontrivial solutions.
Proposition 2.1 is a immediate consequence of [4, Proposition 2.3].

Proposition 2.2 Fiz p > N +2. Let q € Lo(Q) satisfy ess supgq < 1.
Then, for every f € L,(Q) the problem

{8tu+A(xt8) =qu+ f(z,t) inQ,
(z,1) =0 on X, (2.1)
(z,0) = u(z,T) in €
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has a unique solution u € ng(Q) (which is asymptotically stable). More-
over, there exists a constant C' > 0, independent of f, such that

|U|W571 < Cflp (2.2)

Finally, if f >0 a.e. in Q, with strict inequality on a set of positive measure,
then u >>0.

Proof. Fix a constant k£ > 0 such that

7777

where 7 is the constant of uniform parabolicity of the operator d; + A. Then,
Proposition 2.1 in [4] guarantees that, for every f € L,(Q), the problem

O + A(z,t,0,)v + (k — q)v = f(z,t) in Q,
vz, t) = on X, (2.3)
v(z,0) =v(x,T) in Q.

has a unique solution v € W2>'(Q) and, therefore, v € C'*#(Q), for some
i > 0. Let f € L,(Q) be given and let v be the corresponding solution
of (2.3). Set f = v + sy, where s > 0 is such that § > 0 and s(\ —
ess supoq)p1 > kv. We have

OB+ Az, t,0,)8=qB8+ f+s(M —q)p1 —kv > g8+ f ae inQ,

that is (3 is an upper solution of (2.1). In a quite similar way we define a lower
solution « of (2.1), with o < 0. Therefore Lemma 1.1 yields the existence of
a solution u € W2'(Q) of problem (2.1), with @ < u < 3. The uniqueness of
the solution is a direct consequence of the parabolic maximum principle (see
e.g. [4, Proposition 2.2]) and its asymptotic stability follows from [4, Theorem
4.6]. Accordingly, the operator 9; + A : W2'(Q) — L,(Q) is invertible and
the open mapping theorem implies that its inverse is continuous, that is,
(2.2) holds. Finally, the last statement follows from the parabolic strong
maximum principle, as soon as one observes that if f > 0 a.e. in ), then
a = 0 is a lower solution of (2.1). n
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Proposition 2.3 Fori = 1,2, let ¢; € Loo(Q) be such that g1 < g2 a.e. in
Q and let u; be nontrivial solutions of

O + Az, t,0.)u; = quy in @,
ui(z,t) =0 on X,
wi(z,0) = uy(x, T, in €,

respectively. If us > 0, then q1 = g2 a.e. in Q and there exists a constant
c € R such that uy = cus.

Proof. We can assume, without loss of generality, that u{ # 0. Since
Opug + A, t,0,)ug + gz ug = g ug >0 ae. in Q,

we have ug >>0. If we set ¢ = min{d € R |dus > u;} and v = cug — uy, we
get, as ¢ > 0 and v > 0,

O+ Az, t, 0, v+ qgv=qgv+clea—q)us >0 ae. inQ

and hence either v>>0, or v = 0. The minimality of ¢ actually yields v =0
and therefore u; = cuy. This finally implies

0=0w+ A(x,t,0,)v = (g2 — 1) cuy a.e. in Q

and therefore ¢; = g9 a.e. in Q). [ ]

2.2 Proof of Theorem 1.1

We indicate how to build an upper solution 3 of (1.1), with § > 0; a lower
solution «, with a < 0, can be constructed in a similar way. If there exists
a constant # > 0 such that ¢g.(5) < 0, # is an upper solution of (1.1).
Therefore, suppose that g, (s) > 0 for s > 0, and set

o = { o) 20 24

Let us consider the elliptic problem

— " O (aij(2)0y;u) = h(u) in Q,

ij=1

(2.5)
u=0~0 on 0.
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From conditions (1.4) and (1.6), it follows that (2.5) admits a solution u €
Hj(Q). A bootstrap argument, like in [7], shows that v € W2(€2), for all
finite p, and the strong maximum principle implies that u >> 0. The function
B, defined by setting 3(x,t) = u(z) for (z,t) € Q, is by (1.2) an upper
solution of (1.1). n

2.3 Proof of Theorem 1.2

Again we show how to construct an upper solution 3 of (1.1), with 5 > 0;
a lower solution «, with a < 0, being obtained similarly. Exactly as in the
proof of Theorem 1.1, we can reduce ourselves to the case where g, (s) > 0
for s > 0. Then, we define a function h as in (2.4). The remainder of the
proof is divided in two steps: in the former, we study some simple properties
of the solutions of a second order ordinary differential equation related to
problem (1.1); in the latter, we use the facts established in the previous step
for constructing an upper solution of the original parabolic problem.

Step 1. Let A < B be given constants and let p,q : [A, B] — IR be
functions, with p absolutely continuous and ¢ continuous, satisfying

. — < —. 2.
() q = min q < max q —. q . 2. ;

Let also h : IR — IR be a continuous function and set H(s) = [5 h(o) do for
s € IR. Consider the initial value problem

—(pu') = qh(u),
u(A22) —d, 23)
u'(A2) =0,

where d is a real parameter. By a solution of (2.8) we mean a function u
of class C', with pu’ of class C!, defined on some interval I C [A, B], with

AJFTB € ; , which satisfies the equation on I and the initial conditions.
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Claim. Assume that there are constants c,d, with 0 < ¢ < d, such that
h(s) >0 for s € [c,d] (2.9)

and

V2p°°q°°> B-A (2.10)

d do S
e e

Then, there exists a solution u of (2.8), which is defined on [A, B| and satisfies
c<u(x)<d forzxe[A B,

A+ B A+ B

u'(z) >0 forx € [A, [ and u'(z) <0 for x €]

,B.

Proof of the Claim. Let u be a maximal solution of (2.8). Note that, by
(2.6), (2.7) and (2.9), u has a local maximum at the point 432 and, if
Jw_,w,[ denotes the maximal interval included in |A, B[ where u(z) €]c, d],
we have

u'(z) >0 for v €w_, 2EE[ and u/(z) <0 for z €]2E2 w [ (2.11)
We want to prove that w_ = A and w, = B. Assume, by contradiction, that
wy < B. (2.12)

Similarly one should argue if w_ > A. From (2.11) we derive that wu is

decreasing on [A*—B w4 | and, by the definition of w,, we have

lim u(z) =c=: u(wy).

T—wy
Now, pick = € [A+—B w, [, multiply the equation in (2.8) by —pu’ and integrate
between 442 and x. Taking into account that, by (2.9) and (2.11), h(u)u’ < 0
on |42 . [, we obtain, using (2.6) and (2.7) as well,
;@) () = ,p Pah(u)u/dt
N )) (@)
= Poolo (H(d) — H(u(z ))
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By (2.6) and (2.11), we have, for each z €]442 w, ]|,

(0<) W@ <2 (p;jﬂ) (H(d) - H(u(2)))

and hence

_ul<x) < VQPOOQOO.
VH(d) — H(u(z)) ~ o

A+B
2

Integrating this relation between
by (2.12)

and w, and changing variable, we get

d do V2Polx\ B— A
/wm<< )

Then, condition (2.10) yields a contradiction and the conclusions of the Claim
follow. |

Step 2. We prove now that problem (1.1) has an upper solution 3 € C*1(Q),
with 3>>0. Assume, without loss of generality, that

™ Vg bp—a
a2 (grm) wee (54

is attained at ¢+ = 1 and set, for the sake of simplicity,

]A, B[ Z:]Al, Bl[,
a:=a = m_in ai
Q
and
_ _ N
b= bl = |bl — Z@mjajﬂoo.
j=1
Note that

a>0 and b>0. (2.13)
Let us set, for z € [A, B,

p(z) := exp (—% ‘:p - MTBD and q(z) == ip(x)
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and consider the ordinary differential equation

—(pu')" = qh(u), (2.14)

where h is defined in (2.4). It is clear that p, ¢ and h satisfy, respectively,
(2.6), (2.7) and (2.9), for any fixed ¢, d, with 0 < ¢ < d. Observe that (2.10)
is also fulfilled, for ¢ = 0 and for some d > 0. Indeed, since (1.7) implies that

liminf (2 H(s) — A\s°) = —oo0,

§——+00

we can find a sequence (d,),, with d,, — +o0o, such that, for each n,

~

(0<) H(d,) — H(s) < %(di — 5%) for s € [0,d,,|

and hence

s =i I e ()

Therefore, taking d := d,,, for some fixed n, we conclude that (2.10) holds.
Accordingly, by the Claim, there exists a solution u of (2.14), which is defined
on [A, B] and satisfies

u(z) >0 for x €]A, B, (2.15)
W(z)>0 forze A AL and u(z) <0 foraxe]E B
(2.16)

From the definition of p it follows that u is of class C? on [A, B]\ {A”QL—B} and
satisfies the equation

u” + bsign (:c - AJFTB) uw = h(u), (2.17)

everywhere on [A, B] \ {AJFTB}. Actually, since u'(442) = 0, a direct in-
spection of (2.17) shows that w is of class C? and satlsﬁes equation (2.17)
everywhere on [A, B]. Moreover, using (2.13), (2.15), (2.16) and (2.9), with
¢ =0 and any d > 0, we derive from (2.17)

u'(x) = (b 31gn( AJFTB) u'(x) — h(u(x))) <0 on [A,B]. (2.18)

Q=
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Now, we set
Blxy,...,zN,t) = u(z) for (x1...2x,t) € Q.

We have that 3 € C%(Q) and 3 >> 0. Let us check that 3 is an upper solution
of problem (1.1). Indeed, using (2.13), (2.17), (2.18) and (1.2), as well as the

definitions of @ and b, we have, for each (z1,...,zx,t) € Q,
N
atﬁ<x17 ...,.TN,t) - Z aij(xla ...,.TN,t) a:vixjﬁ(xla "'7xN7t) +
ij=1
N N
+> (b1, oy an, t) = Y Oy, a5i(w, ooy o, 1)) Op, B0, ..oy T, T)
i=1 j=1

N
= —ay (1, -y o, U (1) + (01(21, o 2n, t) = Y Onaji (1, o 2y, 1)) (1)
=

> —au"(a1) + bsign(z1 — 5P (21) = h(u(21)) = g4 (u(21))
> f(xy,...,xN, t, B(x1, ..., xN, T)).
This concludes the proof of the Theorem 1.2. [ ]

2.4 Proof of Theorem 1.3

Again we describe how to build an upper solution 3 of (1.1), with 5 > 0; a
lower solution «, with a < 0, being constructed in a similar way. As in the
proof of Theorem 1.1, we can reduce ourselves to the case where g, (s) > 0
for s > 0. Then, we define a function h as in (2.4), which by (1.10) and
(1.11) satisfies

lim sup h(s) <\ (2.19)
s——+00 S
and 2H(s)
. S
I;I_I)l_’}gof 2 < A1 (2.20)

Let us consider the problem

Ou~+ A(z,t,0;)u = h(u) in Q,
u(x,t) =0 on X, (2.21)
u(z,0) = u(x,T) in
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and let us prove that it admits at least one solution. Observe that, since
h(s) > 0 for every s, any solution u of (2.21) is such that u>>0 and then,
by condition (1.2), is an upper solution of (1.1).

Fix p > N +2 and associate to (2.21) the solution operator S : C°(Q) —
C%(@Q) which sends any function v € C°Q) onto the unique solution v €
W2L(Q) of

o + A(z,t,0,)v = h(u) in Q,
v(z,t) =0 on X,
v(z,0) =v(x,T) in €.
It follows from Proposition 2.2 that & is completely continuous and its fixed
points are precisely the solutions of (2.21). Let us consider the equation

u = pSu, (2.22)
with g € [0, 1], which corresponds to

Opu+ Az, 1, 0p)u = ph(u) in Q,
u(z,t) =0 on %, (2.23)
u(z,0) = u(x,T) in €.

By the Leray—Schauder degree theory, equation (2.22), with x4 = 1, and
therefore problem (2.21), is solvable, if there exists an open bounded set O
in C°(Q), with 0 € O, such that no solution of (2.22), or equivalently of
(2.23), for any u € [0, 1], belongs to the boundary of O@. The remainder of
this proof basically consists of building such a set O.

Claim 1. Let (u,), be a sequence of solutions of

Oy, + A(z,t, 0p )y, = pnh(uy,) in Q,
Up(z,t) =0 on ¥, (2.24)
Up(2,0) = uy(z,7T) in €,

with p, € [0,1], such that |u,|s — +o00. Then, possibly passing to subse-

quences,
un

— v in W;’I(Q),

|tn oo

where v = ¢, for some ¢ > 0, and
h(un)

|0

— Mv in L,(Q).
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Proof of Claim 1. Let us write, for s € IR,

h(s) = q(s) s +7(s),

with ¢, r continuous functions such that

0<q(s) <\ (2.25)
and
r(s) — 0, as|s|— +oo. (2.26)
s
Let us set, for each n,
Un = i )
|tn oo

where v,, satisfies

8tvn + A(I‘, t, 893)?}” = MnQ(un)Un + Mnr(un)/|un|oo n Q7
vp(z,t) =0 on X, (2.27)
Un(2,0) = v, (2, T) in Q.

The sequence (vy), is bounded in W>'(Q) and therefore, possibly passing
to a subsequence, it converges weakly in W'(Q) and strongly in C aa(Q),
for some a > 0, to a function v € W2>'(Q), with |v[c = 1. We can also
suppose that p, — po € [0,1] and ¢(u,) converges in L (@), with respect
to the weak™ topology, to a function g € L+ (Q), satisfying by (2.25)

a.e. in (). Moreover, by (2.26), we have

r(un(z, 1))

|00

0 (2.29)

uniformly a.e. in (). The weak continuity of the operator 0;+ A : Wle(Q) —
L,(Q) implies that v satisfies

v(z,t) =0 on %, (2.30)
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Now, if we set ¢; = 10qo, @2 = A1, v1 = v and vy = 1, Proposition 2.3 yields
HoGo = A1 a.e. in @, so that, by (2.28), up = 1, and v = ¢y, for some ¢ > 0.
We also have

/Q M= gl < P — qlu)| /Q A — )|
< /Q (A — glun)) — 0,

ie. q(u,) — A1 in L,(Q), and therefore, by (2.29), h(un)/|tunleo — A1v in
L,(Q). Finally, Proposition 2.2 implies that v, — v in W>!(Q). |

Claim 2. There exists a sequence (S,)n, with S,, — 400, such that, if u is
a solution of (2.23), for some p € [0, 1], then maxgu # S,, for every n.

Proof of Claim 2. By (2.20), we can find a sequence ($,,),, with s, — +o00,
and a constant £ > 0, such that

2H (sy)

2
n

A — > (2.31)

S

for every n. Assume, by contradiction, that there exist a subsequence of
(Sn)n, which we still denote by (s,),, and a sequence (u,), of solutions of
(2.24) such that

max t, = Up(Ty,ty) = Sy,

where (z,,t,) € Q x [0, T]. Since |u,|o — +00, we can suppose by Claim 1
that v, = tn/|tin]oe — v in WP(Q), and therefore in C*0(Q), with v = cyy,
for some ¢ > 0, and

|| At — ()], — 0. (2.32)
There is also a constant K > 0 such that
|| A ttn — h(u)]oe < K (2.33)
and
|Vitnloo < K, (2.34)

for every n. Moreover, we have

|8tvn — 8ﬂ)|p — 0 (235)
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and, possibly for a subsequence,
Tp — Lo and tn, — to,

with (zg,%9) €  x [0,T], because (¢, 1) is a maximum point of v. Using
Fubini’s theorem and possibly passing to subsequences, we also obtain from
(2.32) and (2.35), respectively,

|| (Mten (-, 8) = h(un(-, 7)) — 0, (2.36)
Ovn(+,t) — Op(-,t) — 0 (2.37)
in L,(Q), for a.e. t € [0,7], and
|un| S (Mun (T, ) = h(un(Z, ) = 0, (2.38)
Oyon(T,-) — Ow(T,-) — 0 (2.39)

in L,(0,T), for a.e. T € ). Moreover, we have that
T
/ |Ov(T, 7)) dr s finite (2.40)
0

for a.e. T € ). Let us write

A A
5153 — H(s,) = éui(:pn, tn) — H(tp (T, tn))

— (5 ()~ 1) ~ Hlnlone )+ H (0]
+ % (2@ ) = i (7.1)) = H (T, 1)) + H(un (T, ¥)>]

+ % (w2 (@) — ul(2",8)) — H(un(7,7) + H (un(a:*,f))] ;o (241

where the choices of points ¢ € [0, T], such that (2.36) and (2.37) hold, T € Q,
such that (2.38), (2.39) and (2.40) hold, and x* € 09 will be specified later.

Let us observe that, for each n, we can find a sequence (w\™);, in C*(Q)
such that w\™ — u,, in W} (Q) and therefore in C°(Q), since p > N +2. This

implies in particular that wlin) — Uy in Lo (Q) and 8tw,in) — Oyuy, in Ly(Q).
Hence, using Fubini’s theorem and possibly passing to a subsequence, we get
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8tw,i") (x,+) = Owun(x,.) in Ly(0,T) for a.e. x € 2. Hence, it follows that, for
each n,

(M (@) = h(w” (@, ) " (. )
= (Mun(T, ) = h(un(T; -))) Oun(T, )
in L,(0,7), for a.e. T € Q, and therefore, for a.e. t € [0, T,

(2 1) — 1) — (H (7, 1)) — H (7. 7))

- i (3 (w0 - o@D
— (@ ) = Hu (7. 1)]

—  lim (Mw @, 7) = w7, 7)) (" (@, 7) dr

_ /t " Otn (@, 7) — B(un(Z, 7)) Oytin (T, 7) dr- (2.42)

Moreover, for each n, we have H(u,(-,t)) € C*(Q) for every ¢t € [0,7] and
hence, by (2.33) and (2.34), we obtain, for every T € €2,

|un|<;02

%%ﬁ@mw—ﬁ@m»—wwwm%»—m%@@m|

< [ Aronlon() ) = linl Ao (r), )] X

X |V v (on(T), t)] oy, (1) dT
< K?{(0,),(2.43)

where o, is a path, joining x, to T and having range contained in €2, and
((0,) denotes its length. Because x,, — xg, with x,,z¢ € ), and T can be
chosen in a dense subset of {2, we can suppose that

K2(0,) < Z, (2.44)

for all large n. Fix T € §2 such that (2.38), (2.39), (2.40), (2.42) and (2.44)
hold. For every t € [0, T], we derive from (2.33), (2.39) and (2.42)

(R 1) ~ D) — (H (7 1)) — H (7. 7))

‘un|;<>2
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tn
< ‘/t Ao (@, 7) =l 2 (Z, )| [9y00(F, )| dr

tn
< Kﬁ Oyon (T, 7)| dT
t

T tn
<K [ owa(@,7) - do@ )l dr + K [ (o, 7)] dr
0 t
. T 1/2
<Kt -1 (/ 0(7, 7)|2d7> (2.45)
0

for all large n. Since t,, — to and ¢ can be chosen in a dense subset of [0, T,
we can pick ¢ such that

T 1/2 -
K (/ (7, T)|2d7> Ity — 72 < (2.46)
0

47

for all large n. Notice that, at this point, T € Q and ¢ € [0, 7] have been
fixed. Next, let B be a ball of radius R, centered at T and containing 2, and
set, for each n

() = |un|c:ol Mt (2, ) — h(un(,7))] if z € Q,
Tl | 20(0) if r € B\ Q.

From (2.38), it follows that v, — 0 in L;(B). We now assume N > 2;
the case where N = 1 can be dealt with in a similar (and even simpler)
way. We introduce spherical coordinates in IR™ centered at Z. Denoting by

(p7 ¢17 SR ¢N727 w) with p e [07 R]7 <¢17 R ¢N72> S [07 W]N_27 1/} € [07 27T] the
spherical coordinates of a point € B and by ® this change of coordinates,
we get

R
/ / (@) det ' [dp | déy . .. d_adi)
[0,7]N=2x[0,27] 0
:/ Yndxr — 0,
B

where | det ®'| = pV 7! (sin ¢1)N 2 (sin o)V 3 - ... - sin¢n_o. Hence, possibly
passing to a subsequence, we have

R
| (@)Y dp =0
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for a.e. (¢1,...,¢n_2,%) € [0,7]V2 x [0,27]. Passing to a further subse-
quence, we also have that, for a.e. fixed (¢1, ..., dn_2, ),

Yn(P) — 0

for a.e. p € [0, R]. On the other hand, the functions v, are continuous and
uniformly bounded, by the linear growth of h, and therefore, by Lebesgue’s
theorem,

R
| (@) — 0
0
for a.e. (¢1,...,¢N_2,%). This means that

Yn — 0
[@,y]

for a.e. y € B. Denoting by z* the first intersection point of [T, y] with 9,
we obtain

1
/ |Un|;,1 I Aun (" + 7(T — %), t) — h(up(x* 4+ 7(T — x%),t))|dr — 0.
0

Hence, using (2.34) and (2.36), we have

|un‘;o2

2

3 (207~ 26 0) = () - Hln (o D)|

— /01 ‘)\wn(:p* +7(T — 2%),1) — |un| L h(un (2 + 7(T — x*),f))’ X
X |Voop(x* 4+ 7(T — x%),t) - (T — 2| dr

K|7 — 2 /0 Mo (@ + (T — 2%),7) +

IA

—[un|Lh(un(a” +7(7 =), D) dr < 2 (2.47)
for all large n. Combining the above estimates (from (2.41) to (2.47)), we

get a contradiction with (2.31). Accordingly, we take as (S,), a tail-end of
(Sn)n- [

We are now ready to prove the existence of a solution of (2.21). Let us
define the following open bounded set in C°(Q), with 0 € O,

0= {u e C'(Q)| =S, <u(x,t)< S, forevery (v,t) € Q} ,
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