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EXTREMAL SOLUTIONS FOR QUASILINEAR PARABOLIC
SYSTEMS IN TRAPPING REGIONS

SIEGFRIED CARL AND DUMITRU MOTREANU

ABSTRACT. We consider the initial-Dirichlet boundary value problem for quasi-

linear parabolic systems in a cylindrical domain @ = Q x (0,7) of the form
(i=1,2)

8’&7; .

It - Amui = fl(x7 t,u1,u2, Vui, VUQ) m Q7

with a diagonal (p1,p2)-Laplacian as leading elliptic operator, and with a lower
order vector field f = (f1, f2) that may depend also on the gradient of the solution
u = (u1,u2). We establish an enclosure and existence result for weak solutions in
terms of trapping regions which stand for rectangles formed by pairs of appropri-
ately defined sub-supersolutions, and prove the existence of extremal solutions
within trapping regions without imposing any monotonicity conditions on the
lower order vector field. Finally, we provide conditions that allow us to construct
trapping regions. It should be noted that the results obtained in this paper
may be extended to more general quasilinear systems, where the p;-Laplacian is
replaced by a general divergence form Leray-Lions operator div A;(z, ¢, us, Vu;).

1. INTRODUCTION

Let © ¢ RY be a bounded domain with Lipschitz boundary 99, Q = Q x
(0,7), and T' = 99 x (0,7), with 7 > 0, and let W1Pi () and Wol’pi(Q), i =
1,2, denote the usual Sobolev spaces with dual spaces (W5Pi(2))* and W14 (Q),
respectively, where ¢; is the Holder conjugate satisfying 1/p; + 1/¢; = 1. For the
sake of simplicity we assume throughout this paper 2 < p; < oo. Then W1Pi(Q)
C L2(Q) c (WhPi(Q))* as well as Wy P(Q) ¢ L2(Q) C (WyP())* forms an
evolution triple with all the embeddings being dense and compact, cf. [10].

Further we set X; = LPi(0,7; WLP(Q)), Xo; = LPi(0, 75 Wol’p(ﬂ)), and introduce
the Leray-Lions spaces W;, and Wy, defined by

Wi={ueX;:ueX}, Wy={ue Xy :u e X}
where the derivative v’ := Qu/0t is understood in the sense of vector-valued dis-

tributions, and X} = L9(0,7; (WPi(Q))*) is the dual space of X;, resp. X =
L%(0,T; (Wolp’(Q))*) is the dual of X¢;. The spaces W; and Wy; endowed with the
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graph norm of the operator 0/0t

lullw, = llullx; + 1wllx;, lullwe, = lullxo + l'llxg,

are Banach spaces which are separable and reflexive due to the separability and
reflexivity of X; and X, and Xo; and X{j;, respectively. It is well known that the
embedding W; — C([0,7], L?(R)) (resp. Wy — C([0,7], L?(£2))) is continuous,
and by Aubin’s lemma the embedding W; —<— LPi(Q) (resp. Wy —— LPi(Q)) is
compact due to the compact embedding W1Pi(Q) —s— LPi(Q).

The notation (-, -) stands for any of the dual pairings between X; and X, X¢; and

Xz, WEPi(Q) and (WPi(Q))*, and Wol’pi(Q) and W14 (), such as for example,
if f € X7 and u € X;, then

(fyu) = /0T<f(t),u(t)) dt.

In what follows we denote by L;u := «' = du /0t the time derivative operator with
its domain of definition, D(L;), given by
D(L;) = {u € Xo; : v’ € X; and u(-,0) =0} .

It is known that the linear operator L; : D(L;) C Xo; — X{; is closed, densely
defined and maximal monotone, e.g., cf. [10, Chap. 32]. Finally, for any number
r € R we set r¥ := max{4r,0},sor =rt —r~.

In this paper we consider the initial-Dirichlet boundary value problem for the
following quasilinear parabolic system of the form (i = 1, 2)
(1.1) ul, — Apu; = fi(x,t,ur, ug, Vur, Vug) in @, uwilr =0, u;(-,0)|q =0,

where Ay, u = div(|Vu[Pi~2Vu) is the p;-Laplacian operator, and the right-hand side
vector field (f1, f2) : Q x RxRxRYN xRN — R? is a Carathéodory map, i.e., (x,t) —
fi(z,t,51,59,&1,&) is measurable in @ for all (sq,s2,&1,&2) in R x R x RV x RV,
and (s1, s2,&1,&) > fi(xw,t,51,52,&1,&) is continuous in R x R x RY x R¥ for a.a.

(z,t) € Q.

Definition 1.1. A weak solution of problem (1.1) is a pair (ui,ug) € Wp1 x Woa
such that u;(-,0) =0 on Q, fi(-,-,u1,u2, Vui, Vug) € X, for i = 1,2, and

(uf,vr) +/ IVur [P 2Vur Vor = (fi (-, -, ur, ug, Vur, Vug), 1),
Q

(usy, va) +/ \Vus|P22VusVug = (fa(-, -, u1, ug, Vur, Vuz), va)
Q

for all (1)1,’[)2) € Xo1 X Xpo.

Remark 1.2. Note, here and throughout this paper we use the notation fQ‘ =
fQ -dxdt. Further we remark that homogeneous initial- and boundary conditions
in (1.1) have been assumed without loss of generality. Inhomogeneous initial-and
boundary values of W; functions can be considered without any difficulties.

Let us introduce operators as follows:
(1.2)  L:D(Ly) x D(La) = X§1 X Xgo & (Lu,v) := (Lyuy, v1) + (Loug, v2),
u = (ul,uz) S D(Ll) X D(LQ) C Xo1 X Xg2, v = (Ul,Q}Q) € Xo1 X Xo2,
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(13) Au = (—Aplul, —Ap2u2) : X01 X X02 — Xgl X X(>)k2a defined by
2 2
(Au,v) = Z(—Apkuk,vk> = Z/ |V [P 2V Vo,
k=1 k=1"@

and the Nemytskij operators Ny, generated by the right-hand side f; through
Nfi(ulv UQ)(.%', t) = fz(xv t,u1, ug, Vu, VU?)a

which under certain growth conditions specified later give rise to the operator Ny :
X01 X X02 — Xf]kl X XSQ defined by

2
(1.4) (N¢(u),v) :Z/ fr(x,t,ur, ug, Vuy, Vug)vy.
k=1"¢

With the operators introduced above, Definition 1.1 is equivalent to the following
operator equation: Find u = (uy,u2) € D(L1) x D(L2) such that

(1.5) (Lu+ Au,v) = (Ng(u),v) forall ve Xg= Xo x Xpa.

We next introduce our basic notion of trapping region formed by a pair of sub-
supersolution.

Definition 1.3. We say that u = (uy,uy), @ = (u1,u2) € Wi x Wy form a pair of
sub-supersolution for problem (1.1) if the following holds true:
(i) w; <w;ae inQ,u; <0<7; ae onQx0,u; <0<wonl fori=1,2.
(ii) fl(-, 5 Uy, W, Vgl, V’wQ), fl(-, S, wo, VU, ng) € Xglv
() fQ(', 5, W1, Usg, Vwi, VQQ), fg(-, -, w1, U2, Vwy, Vﬂg) € XSQ'
iii

<E/17U1> + A ’vﬂl ’pliQVle’Ul - <f1('7 '7glvw27le7vw2)7vl>

+(uh, v2) +/ [V, [P2 2V, Vg — (fo(-, -, wi, uy, Vwr, V), v2) <0,
Q
and

(@), v1) +/ |V P12V Voy — (f1(-, -, T1, w2, Vg, Vws), 1)
Q

+ (1, v2) +/ |V P22V Vg — (fa(-, -, w1, T2, Vwr, Vaz), v2) > 0
Q

for all (v1,v2) € Xo1 X Xo2 with v; > 0, and all (w1, we) € Wi x Wy with
u; <w; <w; fori=1,2.

Definition 1.4. If u = (uy,uy),w = (U1, Usz) is a pair of sub-supersolution, then
the rectangle [u,u] = [uy, U] X [ug, Ug] is called a trapping region. Here we have
denoted [u;,w;)] ={u € X; 1 u; <u <7 ae. in Q}.

Remark 1.5. The two inequalities of Definition 1.3 are equivalent to the following
four inequalities (in their respective corresponding weak form):

uy — Apuy — fi(x,t,uy, we, Vg, Vwe) <0,  for all we € [uy, Us),

uh — Ap,uy — fax, t,wi, uy, Vwr, Vuy) <0, for all wy € [ug, 1],
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ﬂll — Aplﬂl — fl(l‘,t,ﬂl,wg, Vi, V’wQ) for all we € [QQ,EQ],

> 0,
EIQ — Ap,Ug — fo(x, t,wy,ug, Vwy, Vug) > 0, for all wy € [Ql,ﬂl].

In the present paper we establish an enclosure and existence result for solutions of
the parabolic system (1.1) in terms of trapping regions which stand for rectangles
formed by pairs of sub-supersolutions. This provides not only the existence of
solutions, but also their location in trapping regions in the sense of Definition 1.3.
First, we prove an abstract result when the trapping region is prescribed by a given
pair of sub-supersolution.

Second, by applying the abstract result, we prove the existence of extremal so-
lutions within trapping regions without imposing any monotonicity conditions on
the lower order vector field. More precisely, we prove the existence of minimal and
maximal solutions within a trapping region, where the notion maximal and mini-
mal refer to the partial ordering of vector-valued functions introduced by the order
cone L' (Q) x L*?(Q). Finally, we establish the existence of positive and negative
solutions of (1.1) under verifiable conditions on the vector field (f1, f2)..

The main difficulty in our study is represented by the fact that the right-hand side
(f1, f2) in the system depends not only on the solution (u1,us) but on its gradient
(Vui, Vug), too. It is for the first time that this is considered for an evolutionary
system of quasilinear equations. It should be noted that the results obtained in this
paper may be extended to more general quasilinear systems, where the p;-Laplacian
is replaced by a general divergence form Leray-Lions operator div A;(z, t, u;, Vu;).
Only for the sake of simplifying the presentation and in order to emphasize the main
idea, we have restricted to the quasiliear parabolic system (1.1) as the model case.
The elliptic counterpart of system (1.1) was treated in [3]. However, the quasilinear
parabolic system considered here is by no means a straightforward extension of
the elliptic case, and requires new tools for its treatment. Existence and enclosure
results for parabolic systems with linear elliptic diagonal operators and right-hand
side vector fields not depending on the gradient have been obtained earlier in [5, 6, 7].
A parabolic equation whose leading differential operator is 0;u — Apu, so containing
the p-Laplacian and actually corresponding to the equation case of our system,
but without gradient dependence in the right-hand side, is studied in [2]. In [1],
under strong regularity assumptions on the data, existence of classical solutions of
parabolic systems have been studied with linear elliptic diagonal operators having
Hoélder continuous coefficients, and right-hand side vector fields that are allowed to
depend on the gradient but are required to satisfy Holder conditions with respect to
the space-time variables and local Lipschitz conditions with respect to the dependent
variables.

2. EXISTENCE OF SOLUTIONS IN TRAPPING REGIONS

Given a pair of sub-supersolution u = (u;,uy), @ = (U, u2) € Wi x Wy for
problem (1.1), the following hypothesis on the right-hand side vector field (fi, f2)
is supposed:
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(H1) For i = 1,2, the functions f; : @ x R x R x RY x RN — R are Carathéodory
and satisfy the growth conditions

(2.1) |f1(z,t,51,82,61,62)| < ki(x,t) + 01(|§1|% + |§2|§_f)7

(2:2) oyt 51,52,0,€)| < ) + ea (Il + ol = ),

for a.a. (z,t) € Q, for all (s1,82) € [u(z,t),u(z,t)], and for all & € RY,
with constants ¢; > 0, and functions k; € LY (Q).
Corresponding to the trapping region [u,u] we consider the truncation operators
T;,: X; — X; (i=1,2) given by
Ql((l?,t) if U(l’,t) <ﬂz(x7t)7
(2.3) (Tyu)(z,t) =< w(z,t) it w(x,t) <u(zt) <a(zt),
ui(x,t) if  w(z,t) > w(x,t).
The operators T; are known to be continuous and bounded.
In addition, we consider the cut-off functions b; : @ x R — R (i = 1,2) defined
by
—(u;(x,t) — )P~ i s < wy(x,t),
(2.4) bi(x,t,s) =< 0 it w(x,t) <s <w(z,t),
(s —aw;(x,t))Pi~t if s> u(,t).
The functions b; are Carathéodory with the growth
(2.5) b (2, t,8)| < ki(x,t) + &]s|Pi?
for a.a. (x,t) € Q, for all s € R, with constants ¢; > 0, and functions ki € L%(Q).

Furthermore, there are positive constants a(li) and a;i) such that
(2.6) /Q bt wyu > af) [l o — ab’, ¥ u e IP(Q).

By (2.5) it turns out that the associated Nemytskij operators B; : LPi(Q) — L%(Q)
defined by B;(u;)(z,t) = b;(x,t,u;(x,t)) are well defined, continuous and bounded.
From (2.1) and (2.2 it follows that the Nemytskij operators Ny, : [u,u] —
L%(Q) C X; (i =1,2) are well defined, continuous and bounded.
Let Tu := (Thuy, Toug), then T': X1 x X9 — X x Xo is continuous and bounded,
and thus the compositions Ny, o T are well defined and

(2.7) Ny, oT: Xy x Xo — X is bounded and continuous,
which implies that the operator NyoT : X; x Xy — X x XJ given by

2
(2.8) <Nf 9] T(u), 'U> = Z/ fk(l', t, Tlul, TQ’LLQ, VTlul, VTQUQ)'Uk
k=1"@

is bounded and continuous as well. In order to handle system (1.1) (or equivalently
(1.5)), we consider next the following truncated, auxiliary problem: Find (ui,ug) €
D(Ly) x D(Lg) such that

(2.9) (Lu+ Au+ X B(u),v) = (NyoT(u),v) forall ve Xo= Xo1 x Xoo,
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where the operators L, A, Ny o T are given by (1.2), (1.3) and (2.8), respectively,
and A = (A1, A2) with A; > 0 and Ay > 0 to be chosen appropriately, and AB(u) :=
(M Bi(u1), AaBa(u2)). Our next goal is to show the existence of solutions for the
truncated, auxiliary problem (2.9) using an abstract surjectivity result for evolution
equations, see [4, Theorem 2.152]), which adapted to the situation of problem (2.9)
reads as follows.

Theorem 2.1. Let L : D(L) C Xg — X be as given by (1.2) with Xo := Xo1 X
Xo2, and let A: Xg — X be bounded, demicontinuous, and pseudomonotone with
respect to D(L). If A is coercive, then L + A : D(L) — X{ is surjective, i.e.,
(L+A)(D(L)) = X;.

Problem (2.9) can equivalently be reformulated as
(2.10) vwe D(L): Lu+ Au =0, with A=A+ AB—N;oT.

Lemma 2.2. The operator A=A+ AXB — N;yoT : Xqg — X is pseudomonotone
with respect to the domain D(L) = D(L1) x D(Ls).

Proof. As for the definition of pseudomonotone with respect to the domain D(L;) x
D(Ls) we refer to [4, Definition 2.151]. In order to prove this, let (u,) = (u1n, u2,) C
D(L) = D(L1) x D(L2) be a sequence such that u;, — u; in Xo;, ul, — u} in X,
fori=1,2, i.e., up = u = (u1,u2) in Wy = Wy; x Wy and

(2.11) lim sup(A(uy,), up, — u) < 0.

n—o0

We have to show that
(2.12) A(up) = A(u) in X§ = X§; x X§y and (A(up), un) = (A(u), u).

It is known that Wy = Wy1 x Wy is compactly embedded in LP(Q) x LP?(Q) (see
[4, Theorem 2.141]) which yields

(2.13) Ui, — u; in LPi(Q) for i =1,2.
Since B : LP1(Q) x LP2(Q) — L1 (Q) x L%(Q) is continuous and bounded, we get
from (2.13)

(2.14) le (B(up), un —u) = 0.

From u, — u = (u1,u2) in Wy = Wy x Wyg, we infer that (u,) is, in particular,
bounded in X¢ = Xo1 x Xo2, and thus Ny o T'(u,) is bounded in L% (Q) x L9 (Q)
due to (H1), which by taking into account (2.8) and (2.13) yields

(2.15) 111320<Nf o T(up,), up —u) = 0.
Then by (2.14) and (2.15) we infer that
(2.16) li_)m (AB(up) — Ny o T'(up), un, —u) = 0.

With (2.11) and (2.16) and A= A+ A B — Ny o T we finally obtain
(2.17) lim sup(Auy,, u, —u) <0,

n—00
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which due to the definition of A given by (1.3) means

lim sup(Auy,, uy, — u)
n—oo

(2.18) = lim sup [<_Aplulm Ulp — U1> + <—AP2UQn, Uy — ’LL2>] <0.

n—oo
From the weak convergence u;, — u; in Xo;, and —A,, : Xo; — X{j; being continu-
ous, bounded and strictly monotone, we get from (2.18) by using

Im (—=A, w;, wip, — u;) =0
n%oo< pi Wiy Uin z> ’

the following equality

lim sup [(—Apluln — (=Ap u1), uin — ur)
n—oo

+<_Ap2u2n - (_Ap2u2)a U2n — ’U,2>]

= lim sup [<_Ap1uln7 Uln — U1> + <_Ap2u2n7 U2n — u2>] <0.
n—oo
From this we infer by taking into account the strict monotonicity of the p;-Laplacian
that

0 < lim sup [(—Apium — (—=Ap,us), Ui — u;) <0,

n—o0

and thus
(2.19) 0= lim [(—Apium — (—Apus), uip, — ui) = li_)m (—Ap, Wi, Uin — Uj).

n—oo
Since the negative p-Laplacian —A,, : Wy (@) — (W (Q))* has the (Sy)-
property, it follows that its time-extension —A,, : Xo; — X{; has the (S )-property
with respect to D(L;) for i = 1,2 (see [4, Theorem 2.153]), which along with the
weak convergence u;, — u; in Xq; results in

(2.20) Win, — w;  (strongly) in Xo;, ¢ =1, 2.

Now it is straightforward to obtain from (2.20) that (2.12) holds true. The claim that
the operator A is pseudomonotone with respect to D(L1) x D(L3) is verified. [

Lemma 2.3. Assume that u = (uy,uy), @ = (Uy,uz) € Wi x Wy is a pair of sub-
supersolution for problem (1.1) such that hypothesis (H1) is satisfied. Then problem
(2.9) has a solution provided \y > 0 and Ao > 0 are sufficiently large.

Proof. The operators A, B, NyoT : Xy — X are bounded and continuous, and due
to Lemma 2.2, the operator A = A+A B—NyoT : Xg — X is pseudomonotone with
respect to the domain D(L) = D(L1) x D(L2). Thus we may apply Theorem 2.1 to
ensure the existence of solutions of the truncated auxiliary problem (2.9) provided
that A is also coercive, which reads as (note: Xo = Xo1 X Xo2, u = (ug,us))

(2.21) ) [[ull xq — oo,

[Jullxq
where |[ul|x, = [lu1l|xo, + [[u2llxee = [[Vurllzei (@) + IVuz|Lrz (@) Towards this we
have

(2.22) (Au,u) = [ Vs[5, o) + V2l g,
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Using (2.1), (2.2) and Young’s inequality, we find for any positive ¢ and with some
positive constants d; (i = 1,2) that

[(Ng, 0o T'(u),u;)| < /|fi(l‘,t,T1U1,T2u2,VT1u1,VT2u2)ui|
Q

IN

P2
/ (kz + Ci(‘VT1U1’p1_1 + |VT2U2’q1 )‘Uz|
Q

IN

(1®ill Las (@) + di)llual[zer (g
+5(Hvu1’ LP1(Q) + HVU2| LP2(Q )
(2.23) +C () (lurllfo ) + 2l ())s

where C(e) is a positive constant depending only on €. By means of (2.6), (2.22),
and (2.23), we then arrive at

<Au,u> > (1 - 8)(”V'LL1‘ LP1(Q + HVU’?’ P2 Q))
+(Mal - C(e)) ||U1\|Lp1 @)

(

+(Aoal® — C(e)) lluzllFs g

=&l zar (@) + d)llurll e (@) — k2l Loz (@) + d2)l[uzllLr2 (g
(2.24) — (el + al?.

Choosing ¢ < 1 and A; large enough such that /\iagz) —C(e) >0, with i = 1,2,,
from (2.24) we infer that property (2.21) is valid, whence A is coercive. Applying
Theorem 2.1, we obtain the existence of solutions of problem (2.9), which completes
the proof. O

Now we are in the position to prove our main existence and enclosure result.

Theorem 2.4. Assume that u = (uj,us), @ = (U, u2) € Wy x Wa is a pair of
sub-supersolution for problem (1.1) such that hypothesis (H1) is satisfied. Then
problem (1.1) has at least one solution u = (uy,us) satisfying the location property
u<u<u.

Proof. By Lemma 2.3 we know that the auxiliary truncated system (2.9) possesses
a solution u = (u3,u2) € D(L1) x D(Ly) provided A\; > 0 and Ay > 0 are sufficiently
large. We develop a comparison procedure aiming to prove the enclosure u < u <7
for any solution u of the auxiliary problem (2.9), which completes the proof of
Theorem 2.4, since then B(u) = 0, and T'u = u, and thus u is a solution of (1.1)
within the trapping region [u,u]. Let us verify the inequality v < u only, since the
inequality v < u can be shown in a similar way.

Definition 1.3 with the test function (v1,v2) = ((u1—u1)", (u2—T2)™) € Xo1 x Xo2
gives

<ﬂ/1> (ul - ﬂ1)+>

—|—/Q (|Vﬂl|p1_2VU1V(U1 — ﬂ1)+ — fi(+, -, ug, we, Vg, Vws ) (ug — ﬂ1)+)

+(Th, (ug —u2) ™)
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+/ (‘Vﬂg’mfzngV(UQ — ﬁ2)+ — fg(-, -, w1, U2, Vwy, VEQ)(UQ — ﬂ2>+)
Q
>0

(2.25)

for all (wq, we) € W1 x Wy with u; < w; <w; for i = 1,2. Then (2.25) and system
(2.9) with the test functions (v1,ve) = ((u1 —u1)™, (ug — Uz)™) enable us to find
((ur =)', (wr =) ") + ((u2 — Ty, (up —2) ")

+/ (]Vul\pl_QVul — ‘Vﬂl‘p1_2Vﬁ1)V(ul — ﬂ1)+
Q

.

(
+)\1/Qb1 ul—ﬂ1)++/\2/Qb2(, ,uz)(ug — o)™

|VU2|p2 2VUQ — |VUQ‘p2 ZVUQ)V(UQ — U2)+

Ny, oT(u) — fi(-,- ,Ul,w%VUl,sz))(Ul*ﬂl)Jr

(NfQ © T f2( 3 7w17u27vw17vu2)) (UQ — ﬂ2)+
Q

(2.26)

for all (wy, we) € Wy x Wy with u; < w; <, for i = 1,2. Therefore it is permitted
to insert w; = Tyu; and wg = Thug. Then (2.26) implies

((wr =)', (wr =) ") + ((uz2 — @, (uz —2)™)
+A1 /Q b1(-, -,ul)(ul — ﬂ1)+ + Ao /Q bz(', ',’LLQ)(’LLQ — ﬂ2)+ < 0.
(2.27)

We note that
((ui — @), (ug —w;) ") = —H i =) (P=1,2).

In view of this and by the definition of the cut-off functions b; in (2.4), inequality
(2.27) gives rise to

" /Q (w1 —T0) P + Ao /Q [(us — T2) 1P < 0.

Thus we are led to u; < u; for i =1, 2.

Consequently, we know that the solution u = (uj,us) of auxiliary truncated
problem (2.9) verifies u < u < w. This makes that Tyu; = w; and B;(u;) = 0 for
i = 1,2 (see (2.3) and (2.4)). Clearly, (2.9) becomes (1.1), which completes the
proof. O
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3. EXTREMAL SOLUTIONS IN TRAPPING REGIONS

Given a trapping region [u, u] for problem (1.1) formed by a pair of sub-supersolution,
in this section we are going to show the existence of extremal solutions of (1.1) in
[u,u]. Denote by S the set of all solutions of (1.1) in [u,u], by extremal solu-
tions we understand maximal and minimal solutions in [u,u] or equivalently, max-
imal and minimal elements of S with respect to the underlying partial ordering in
Wo = Wo1 x Woye, which is defined by the positive order cone L, given by

Ly =LE(Q) x L (Q),
where L (Q) is the set of all nonnegative LPi(Q)-functions. An element u* € S is

called a maximal element of § if w € § and u* < w implies v* = w. Similarly, a
minimal element u, of S is defined.

Theorem 3.1. Assume that u = (uy,uy), @ = (U1, u2) € Wi x Wa is a pair of
sub-supersolution for problem (1.1) such that hypothesis (H1) is satisfied. Then
problem (1.1) has extremal solutions within [u,ul, i.e., S has maximal and minimal
elements.

Proof. By Theorem 2.4, S # (). Let us focus on the assertion regarding the minimal
element of S, because the existence of a maximal element can be proved by analogous
reasoning.

Our basic tool is Zorn’s lemma. To this end we consider a chain C in S. As C
is order bounded, i.e., C is order bounded above by @ and below by u, and since
L% (Q) is a regular order cone (see [9, p.28]), we can apply [9, Proposition 1.3.2] to
ensure that there is a sequence u, = (uin, u2,) C C, with up+1 < uy, for all n > 1
such that

infC = lim u,.
n—o0

Following similar estimates as in (2.23) and (2.24), and taking into account that
(U1, ugy) are solutions of (1.1) belonging to the trapping region [u,u], we obtain
the estimate

(1) 5l Bay + lusnC, 7))
+(1 - 77)(||VU1n”1;)1(Q) + HVUQTLHIL)/ZPQ(Q))
< (11l zar (@) + du)llurnll Ler (@) + (k2] La2 (@) + d2)l[u2nll L2 (@)
+C(77)(||U1n||1£1p1 @ T ||u2n||122pz (Q))

for every n > 0, with constants C'(n) > 0 and d; > 0, i = 1,2. By (3.1) it follows
that the sequence u,, = (U1, u2y,) is bounded in X1 x Xgo. Directly from the system
(1.1) with the solution (w1, u2,) we then infer that (ul,) = (u},,, ub,) is bounded in
X3y x X(,- Consequently, there is a subsequence (again denoted by (uy,)) such that
Ui, — u; in Wy, as n — oo, with u; € D(L;) for i = 1,2. Here we have used that
L; is a linear closed operator.

Notice again from equation (1.1) (resp. (1.5) with solution (u,) = (U1, u2,) and
test function u,, — u we have

(Atp, up — u) = — (L, up — u) + (Nf(up), up —u),
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which in view of

— (L, up, — uy = —(Luy, — Lu,uy — u) — (Lu, up — u) < —(Lu, uy, — u),
yields the estimate
(3.2) (A, up —u) < —(Lu,up —u) + (Ny(up), un — u),

As the right-hand side of (3.2) tends to zero as n — 0o we get by passing to the
limsup in (3.2)
lim sup(Aup, uy, —u) <0,

n—oo
or equivalently
(33) lim SupK_Aznulnyuln - 'LL1> + <_Ap2u2nau2n - U2>] <0.
n—oQ
The weak convergence of (u,) = (uin,u2,) as seen above along with (3.3) and

the (S )-property of —A,, with respect to D(L;) implies the strong convergence
Uip — U; in Xo; for 4 = 1,2. This allows us to pass to the limit in

(Lun + Aun,v) = <Nf(un),’l)>, Ve Xg= Xp1 X Xoo,

which proves that inf C = lim,,_, u, = u belongs to §. Therefore Zorn’s Lemma
can be applied providing a minimal element of §. The proof is thus complete. [

Remark 3.2. Assuming hypothesis (H1), the main results of Section 2 and Section
3, Theorem 2.4 and Theorem 3.1, respectively, remain true for the following more
general initial-Dirichlet boundary value problem (i = 1,2): Find u; € Wy; with
u;(-,0) = 0 such that

(3.4) uh + Ay = fi(w,t,ug, ue, Vuy, Vug) + h;  in Q,
where h; € X{J;, and A; : Xo1 — X{j; are given by

Ajui(z,t) = 28 a:tVuZ(:c ),
Tk

with coefficients ak : Q x RN — R satisfying the following hypotheses of Leray-
Lions type:

(A1) a,(:) : Q x RV — R are Carathéodory functions, satisfying the growth con-
dition

(@, ,6) < k) (@, ) + coiléP ™, for ace. (2,t) €Q, VEERY,

where k(()i) € L%(Q), and cy; are positive constants.
(A2) For a.e. (x,t) € Q and for all £, ¢ € RN with & # ¢ the following mono-
tonicity condition is satisfied

N

(@l (x,t,€) — al (x,1,€)) (&, — &) > 0

k=1
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(A2) There are positive constants p; and functions k;; € Ll(Q) such that

N
-l @ 6 2wl +kae,t), forace. (5,t) € Q, ¥ ¢ €RY.
k=1

The proofs of the main results, Theorem 2.4 and Theorem 3.1, with the more
general leading quasilinear elliptic operator A = (A1, As) given above, can be done
in a straightforward manner.

4. CONSTUCTION OF TRAPPING REGIONS

The aim of this section is to provide a construction of specific trapping regions
that will allow us to show the existence of at least one positive solution of the
following initial-Dirichlet boundary value problem (i = 1, 2) with nonnegative initial
values 1; € LL(Q), (i = 1,2): Find u; € Wo; with u,(-,0) = ¢; such that

(4.1) u; — Ap,u; = fi(x, t,ur, ug, Vug, Vug)  in Q,

where we assume hypothesis (H1) to hold true. To make sure that problem (4.1)
with inhomogeneous initial values and homogeneous Dirichlet-boundary conditions
can be handled by the results obtained in the preceding sections, we are going to
transform (4.1) into a problem of the type discussed in Remark 3.2. To this end let
w; € Wp; denote the solutions of the following problem: Find w; € Wy, such that
wi(-, 0) = 1/)1 and

(4.2) w; — Apw; =0 in Q.

The existence of a unique solution w; of (4.2) (even for more general initial values
Y; € L2(Q)) follows by standard existence results, see e.g. [10, Theorem 30.A]. Now
we introduce the new function 4; = u; — w;. Then problem (4.1) is transformed
into the following equivalent problem for %; with homogeneous initial and boundary
values: Find 4; € Wy; with 4;(-,0) = 0 such that

(4.3) @, —Ap, (d;+w;) = fi(z,t,01+w1, Gotws, V(i +wi), V(de+ws))—w; in Q.
Setting

Aty = —Ap, (U + w;),

filw, t, 1, g, Viiy, Viig)

= fi(z,t, 01 + w1, G + wa, V(U1 + w1), V(i + w2)),

hi = *w;,
then (4.3) results in: Find 4; € Wy; with 4;(-,0) =0
(4.4) ﬂ; + A;t; = f;(l’, t, Uy, g, Vuy, Vig) + h; in Q.

which can easily be verified to be of the structure of the homogeneous initial-
Dirichlet boundary value problem (3.4) discussed in Remark 3.2. It should be noted
that hypotheses (H1) for the right-hand sides f; hold true for the right-hand sides
fi of (4.4) as well. Moreover, a pair (u,u) of sub-supersolution for the problem (4.1)
with the inhomogeneous initial values 1; yields a corresponding transformed pair
of sub-supersolutions (4, ) of (4.4), where & = u — w and @ = @ — w. Therefore,
according to Remark 3.2 we may apply our main results to the problem (4.1). In
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a similar way one can deal with inhomogeneous boundary values (in the sense of
traces) as well.

Our goal is to formulate conditions on the right-hand side vector field that will
allow us to construct trapping regions which imply the existence of nonnegative
solutions of (4.1). Assuming homogeneous boundary conditions, we consider two
cases: Homogeneous initial data and inhomogeneous initial data.

Case I: Homogeneous Initial Values

To this end, we recall the eigenvalue problem for —A,, on I/VO1 P(Q) with 1 < p < o0
which reads as follows

(4.5) u=0 on 0f).

It has a first eigenvalue A1, > 0, which is characterized by

{ —Apu = AMulP~2u  in Q

IVul 0

A1p = inf
P [ Tl

: uEWOI’p(Q), u#0]|.

Denote by %1, the corresponding LP-normalized positive eigenfunction, i.e. 1y,
solves (4.5) with A = A1y, U1, > 0 in €, and || pl|pr) = 1. In addition to
hypothesis (H1) let us suppose the following hypotheses:
(H2-0) There exist continuously differentiable functions 6; : [0,7] — R, i = 1,2,
such that §; := minycp - 0i(t) > 0, and for a.a. (z,t) € Q
film,1,01(t), 59,0,6) < 01(t), V 52 € [0,0a(t)], & € RY,
f2(x7t781792(t)7§170) S 6/2(t)7 v S € [07 gl(t)]ﬂ 51 S RN7
(H3-0) There exist positive constants d, 11, 12 such that for a.a. (x,t) € Q
f1($at731752a£1a£2) > m, v s1 € [O’ 6]7 |£1| < 57 S2 € [07 92(t)]a 52 € RNa
faw,t, 51,852,861, ) > m2, V51 €[0,01(1)], &1 €RY, s €0,0], |&] <.

Theorem 4.1. Assume hypothesis (H1), (H2-0), and (H3-0), where the growth
conditions (2.1), (2.1) of (H1) are supposed to hold for all (s1, s2) within [0, 61(t)] x
[0,02(t)]. Then for e > 0 sufficiently small, system (1.1) (resp. (4.1)), admits
trapping regions of the form:

(et py, 01()] X [e Uy, 02(1)],
which give rise to the existence of a positive solution (ui,u2) € [etlyp,,01(t)] x
(€t py, O2(1)]-
Proof. From (H2-0) we immediately get for a.a. (z,t) € Q
9,1(t) - Am (el(t)) - fl(l', ta 91(75), 52, 07 52) > Oa
V s9 € [0,92(75)], & e RN,
eé(t) - Am (02(t)) - f2(x7t7 31792(t)7€190) 2 07
V51 €[0,61(1)], & € RY.
Choose § € (0, min{d1,d2}), and take € > 0 sufficiently small such that

ety p,(x) <0, and et|Vuyp, (x)] <6,

(4.6)
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for all z € Q, ¢t € [0,7], i« = 1,2. For a possibly smaller § we can make use of
hypothesis (H3-0) obtaining the following inequalities for a.a. (x,t) € @

fl (l‘, t, ‘StaLZH ($)7 52, € tval,m (ZL’), 52) > m,

¥ 59 € [0,62(t)], & € RY,

fa(@,t, s1,€ U p, (2), &1, €tV U p, (2)) 2 12,4

V51 €[0,01()], & € RY.

Choosing € > 0 even smaller (if necessary), enables us to suppose that

(4.7)

- . pi—1
€ U,p; (x) + )‘Lpi (5 tuy,p, (JU)) < i,

which in view of (4.7) yields

(E taLmy - Apl (8 taLm) - fl (‘T? t, Etal,m ('7:)7 52, Etval,pl (m)v 52) <0,
(4 8) st € [0392(t)]? 52 GRN?
. (5 tal,pz), - APQ (5 tal,m) - f2 (SU, t,s1,€ tuLPQ (x)a éla 3 tvuLPQ (l’)) <0,
v 81 € [0,01(t>], §1 € RN.
From (4.6) and (4.8) it follows that

u = (u1,u2) = (et p,,thrp,), and u = (uy,uz) = (01, 62)

constitute a pair of sub-supersolution for (1.1) (resp. (4.1), which completes the
proof. O

An explicit example for the right-hand side vector field (fi, f2) that satisfies
hypotheses (H1), (H2-0), (H3-0) is as follows.

Example 4.2. Let (f1, f2) be given by

. _ 11
fiw,t,s1,89,61,&) = yrsin(|s1 [P 2s1) + ¢ arctan(s) [&1]7 €] " + o,
. _ 11
fo@,t, 51, 82,61, &) = y2sin(|s2[2"2s2) + t arctan(ss) [€1]7 |&] ™ + a2,
for all (z,t,51,52,£1,&) € Q x R x R x RY x RY with positive constants 7;, v,
satisfying a; > ; (i = 1,2), and
p2(p1 —1) pi(p2 — 1)}
P1 ’ P2
For 9;, B; > 0 with 8; > v; + «;, i = 1,2, we define
0;(t) = pit+6;, te€]0,7].

Let us check that hypotheses (H1), (H2-0), (H3-0) are fulfilled. Regarding (H1) we
have

2 :
- g mln{pl - 17p2 - 13
r

2
T

T 2 Pl P2
e tsnse6.&) < v+ (la17 + &l ) + o < ar(L+jal o +[gln)

with some positive constant a1, and for a.a. (z,t) € @, for all (s1,s2) € [0,0:1(t)] x
[0,02(t)], and for all (&1,&2) € RY x RY. Similarly, for fs.
Regarding (H2-0) we have

fl(xvt)el(t)) 8270752) S Y1 + aq S /Bl == ell(t)7
for a.a. (z,t) € Q, for all s5 € R, and for all & € RY, and similarly for fo.
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Finally, checking (H3-0), we have

f1($7t7 S1, 52351752) Z aq,

for a.a. (z,t) € Q, for all 51 € [0,4], for all so € R, and for all (&1,&) € RY x RV,
A similar estimate holds true for fs.

Case II: Inhomogeneous Initial Values

Here we consider nonnegative, nonzero initial values ¥. Using the same notation
regarding the first eigenvalue and eigenfunction of the p;-Laplacian, we now assume
the following conditions on the initial values v; and on the right-hand side vector
field (f1, f2) of problem (4.1):
(Hy,) i € LY(Q) and there are g; > 0 such that g;u1 p, (z) < 9;(x) for a.e. x € €.
(H2) There exist continuously differentiable functions 6; : [0,7] — R, i = 1,2,
with 0;(¢) > 0, such that §; := min,c(g - 0i(t) > [|¢)i]|o0, and for a.a. (z,) €
Q

fl({L',t, 01(t), SQ,O,§2) < (9/1(t) for all sy € [0,92@)], all & € ]RN,

fa(z,t,51,05(t),£1,0) < 05(t) for all s1 € [0,6:(t)], all & € RY,

H3) There are constants 81 > A1, and B2 > A1 ,, such that
»P1 P2
Ji(z,t, 51, 89,61,82)

lim inf —
s1—01,61—0 31171

uniformly for a.a. (z,t) € Q, all 0 < 53 < (), all & € RY;
f2($,t781,82,§1,§2)

lim inf —
s0—01 £0—0 332

uniformly for a.a. (z,t) € Q, all 0 < s1 < 01(t), all & € RV,

Theorem 4.3. Assume hypotheses (Hy, ), (H1)-(H3), where the growth conditions
(2.1), (2.2) of (H1) are supposed to hold true for all s = (s1,s2) within the time-
dependent rectangle [0,01(t)] x [0,62(t)] for t € [0,7]. Then, for e > 0 sufficiently
small, system (4.1) admits a trapping region of the form [eUy ,,, 01(t)] X [€U1 py, O2(1)],
which gives rise to the existence of a positive solution (u1,uz) € [eUyp,,01(t)] X
[Eal,pzv 02(1)].

> A

> B2

Proof. Assumption (H2) ensures that for a.a. (z,t) € @ one has
(4.9)

{ ei(t) - Apl (Gl(t)) - fl(w7t791(t)782707€2) > 07 S2 € [0702(t>]7 62 S RN7
05(t) — Apy (02(1)) — falx,t,51,02(t),£1,0) >0, s1€[0,61(1)], & € RY.
Assumption (H3) entails that there exists ¢ > 0 such that for a.a. (z,t) € @ it holds

(4.10)
{ Fi(@,t,s1,82,61,62) > A sh' T st (€] € (0,0), s2 € [0,02(1)], & € RV,
fo(,t, 51,50, 61,62) > M ppsh® ' s1.€[0,01(1)], 59,62 € (0,0), & € RN,

Since the continuous functions 6, (t), #2(t) on [0, 7] are positive, we can choose
0 € (0, min{&l, (52})
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Now we take £ > 0 sufficiently small such that ¢ < g; and
0 < ey, (z) <9, e|Vurp, ()| <dforallz e Q, i=1,2.

Due to (4.10), for a.a. (z,t) € Q, for all so € [0,0(1)], & € RN, 51 € [0,61(t)], and
& € RY we get the inequalities

(4.11) { (et1p) = Dpy (Ui py) = f1(2, 1,601 py s 52,6 VUL, €2) <O,

(Eul,Pz)/ - Apz (€u17p2) - fz(CB, t,s1, Eul,m?gla €VU1,p2) <0.
Notice that (4.9) and (4.11) are fulfilled with wy € [eU1,,,601] and Vw; in place
of s1 and ¢, respectively, as well as with wy € [eU1y,,02] and Vws in place of
sy and &, respectively. It follows that u = (uj,uy) = (€U p,, U1 y,) and T =
(U1, u2) := (01,02) constitute a pair of sub-supersolution for problem (4.1) in the
sense of Definition 1.3. Therefore, Theorem 2.4 along with Remark 3.2 can be
applied, which guarantees the existence of a (weak) positive solution u = (u1,u2)
of problem (4.1) within the trapping region [u, 4], so there hold

ey, <up <O, el p, < up < 0.
This completes the proof. Il

As an immediate consequence of Theorem 3.1 and applying a regularity result
given by [8, Theorem 1, Theorem 2| we get the following corollary.

Corollary 4.4. Assume the hypotheses of Theorem 4.3. Then problem (4.1) has
positive extremal solutions in the trapping region [y p,,61] X [€U1 p,, O2]. Moreover,
u; € C1(Q x (0,7]), where v € (0,1).

Remark 4.5. Hypothesis (Hy,) on the initial data ; can be satisfied by a large
class of functions from L2 (2) such as follows: If 1;(z) > o; > 0 then the condition
0iti p; () < Yi(x) for a.e. x € Q is obviously satisfied by choosing g; > 0 small
enough, since 0 < Uy, € C§(Q)4, where

Co()+ ={ueCy(): u(z) >0foralazeQ}.
Moreover, @1, even belongs to the interior int(Cg(Q)4) of C3(Q)+ which is known
to be nonempty and characterized as follows
Ju
ov

Therefore, any nonnegative initial value ¢; € int(C}()4) satisfies condition (Hy,).
A simple explicit example for the right-hand side vector field (f1, f2) that satisfies
hypotheses (H1), (H2), (H3) is as follows.

int(C3(Q)1) = {u e CH Q) : u(x) >0 for all x € Q and < 0 on 092}.

Example 4.6. Let €, 7, p1, p2 be as in the statement of problem (1.1). Fix
constants 1 > A1 p,, B2 > A1y, 01 > 0, 02 > 0, and r > 0 with d; > ||;]|ec, and

2 . .
2 <min {1y 1,200 p 20
" Dp1 D2

We define (f1, f2) : Q@ x R x R x RY x RV — R? by

. _ 1 1
fl(ma t,s1,82, 517 52) = 61 Sll’l(‘81|p1 281) + tarCtan(Sl)Elh |€2| Ty
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. _ 1 1
f2($,t, S1, 527§1a€2) = B? Sln(|52|p2 252) + tarctan(32)|§1|r |£2|T

for all (l’,t, 51,82761,52) EQRQXRXxRx RN x RY.
We show that hypotheses (H1), H(2), (H3) of Theorem 4.3 are verified. Indeed,
there holds

T 2 2 pi—1 25
fila st €0,@)| < B+ 1 (I6l7 +18l) < a1+ 16" +1g)+)

with a constant a; > 0, for i = 1,2, j = 1,2, i # j, so condition (H1) is satisfied.
Set 0;(t) = Bt + d; and for all t € [0,7], i = 1,2. It is straightforward to check
that condition (H2) is fulfilled. For instance, one has

fil@,t,01(t), 52,0, &)| = Brsin((Brt + 61)P ) < By = 0/ (¢).

A direct verification shows that condition (H3) is satisfied too. For instance, it
is seen that

. -1
lim inf fl(x7t7817827§17€2) > lim 51 SHI(SII)1 )
s1—01,£61—0 511?1_1 - s1—07t 811?1_1

=5

uniformly for a.a. (z,t) € Q, all 55 € R, all & € RV,
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