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EXISTENCE OF POSITIVE SOLUTIONS FOR NONLOCAL
AND NONVARIATIONAL ELLIPTIC SYSTEMS

YUujuAN CHEN AND HONGJUN GAO
In the paper we prove a result on the existence of positive solutions for a class
of nonvariational elliptic system with nonlocal source by Galerkin methods and a

fixed point theorem in finite dimensions. We establish another existence result by
the super and subsolution method and a monotone iteration.

1. INTRODUCTION AND MAIN RESULTS

In this paper, we consider the positive solutions for a class of elliptic system with

nonlocal source:

_Au:fl( )Hv|a17 xEQJ

—Av = fo(z,v)||ul|B2, =€,
- a0z

u>0,v>0, x €,

u=0,v=0, x € 0f).

where 2 is a bounded domain in RN, N > 1, with smooth boundary 99, p; > 0,
1< a; <oo and f;, @ = 1,2, satisfy some assumptions to be stated below.
This system can be used to describe the steady-state solutions of parabolic systems

with a nonlocal source:

— Au = fi(z,u)|v[5L, x e, t>0,
— Av = fo(zx,v)||u|2, reQ, t>0,

) At Dl
u(z,t) =0, v(z,t) = x €, t>0,

u(x,0) = ug(x), v(:):,O) =wvo(x), z €.

When fi, fo are positive constants, system (1.2) has been discussed by Deng, Li
and Xie (see [4]). It was proved that if p;ps < 1 every nonnegative solution is global;
whereas if p1ps > 1, and the initial data is sufficiently large, the nonnegative solution of
(1.2) blows up in finite time, and if the initial data is sufficiently small, the nonnegative
solution of (1.2) is global.
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272 Yujuan Chen and Hongjun Gao 2]

Over the last few decades, many physical phenomena were formulated into nonlocal
mathematical models (see [2, 3, 4, 5, 6, 7] or references therein). The corresponding
steady-state solutions have been attached great importance. Compared to the existence
of positive solutions for elliptic problems, different techniques (variational methods,
degree theory, fixed point theory, sub and supersolutions, Galerkin methods, moving
hyperplane methods, et cetera) have been used (see for instance [2, 3,4, 5,6, 7]).
However, to the author’s best knowledge, there is no literture on system (1.1). Since
the system (1.1) has no variational structure, it is worthwhile to recall some of related
nonvariational methods.

In [1], Alves and de Figureiredo used Galerkin methods and fixed point theorems
in finite dimension and proved the existence of solutions of the local semilinear elliptic

systems

— Au = au® + f(z,u,v),
— Av =P + g(z,u,v),

in a bounded domain with homogeneous boundary conditions.
In [3] Correa studied the problem

~af [ 1) = 1) 0

with homogeneous boundary condition. To prove the existence of positive solutions,
the Krasnoselskii fixed point theorem has been used in the unidimensional case and the
Schaefer fixed point theorem in the multidimensional case.

In [2] Correa, Silbano Menezes and Ferreira used fixed point theorems and index
theory to establish a positive solution for the problem

—a</Q yuy>Au = f(, u).

Furthermore, they proved another existence result by using sub and supersolutions
without monotone iteration, and relying heavily on a comparison principle and the
Schaefer fixed point theorem.
The purpose of this paper is to study the existence of solutions of (1.1) in two cases
via
(a) Galerkin methods

(b) super and subsolution techniques,
respectively. Our work is motivated by [1, 2, 3, 6]. From the viewpoint of physics, we
are considering the positive weak solutions. We shall use the following definition of the
weak solution for (1.1).
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DEFINITION 1.1: We say a function (u, v) € H}(Q) x H(Q2) is a weak solution of
(1.1) provided

/Vqudm: ||UH§}1/ fi(z, vw)wdz,
/ VoVwdx = ||ul|b? / fa(z,v)wdz,

for all w € H} ().

This paper is organised as follows. In the next section, we use Galerkin methods to
establish an existence theorem for the solution for system (1.1) when N > 3,0 < p; < 1,
l1<a;<@2N)/(N—-1)or N=1,2,0<p; <1, 1< a; <o0,i=1,2. In Section 3,
we established another existence result for (1.1) by making use of super and subsolution
techniques and where the monotone iteration is used. When f; (i = 1,2) is bounded
and p1pe < 1, we get a pair of super and subsolution of (1.1). Finally we consider the
special case a; = p; = 1, i = 1, 2 and show the only probable solution is the trivial

one under some assumptions on fi, fo.
Our main results read as follows.

THEOREM 1.2. Ifeither the following (H1) or (H2) is satisfied, system (1.1) has

a positive solution.

(H1) N>3,0<p <1, 1<a;<(2N)/(N—2),

0< Di(z) < fi(w,u) < Ar(2)|u|™ + Bi(x),
0 < Da(z) < fo(w,v) < A2(2)[v|"™? + Ba(2),
Bi(z) € L)/ (25=1) A, (z) € L(o3)/(ej=ri=1),

bl

)
)

ri <min{l — p;, o — 1}, D;(z) Z0(i = 1, 2), where ij =2 and i,j are
positive integers.
(H2) N=1,2,fori=1,2,0<p;<1,1<a; <.

THEOREM 1.3. Suppose that fi(-,u) € C(Q2x R), fa(-,v) € C(Qx R) are
nondecreasing and Lipschitz continuous in u and v respectively. Assume there exists a
weak supersolution (u(z), v(z)) and a weak subsolution (u(z), v(z)) of system (1.1),
satisfying

(1.3)

Then there exists a solution (u,v) of (1.1), such that

(1.4) (u(z),v(z)) < (u(z), v(z)) < (u(z),v(x)) almost everhwehre in (.
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Furthermore, if (u(z), v(z)) > 0 in Q, the solution of system (1.1) is positive.

THEOREM 1.4. In addition to the assumptions on f, fo of Theorem 1.3, we
assume further that 0 < my < fi(x,u) < My, 0 < mo < fao(z,v) < My in Q X R,
p1p2 < 1, then there exists a positive solution of system (1.1).

2. GALERKIN METHODS

In this section we show the existence of solutions for the system (1.1) via Galerkin
methods. The following Fixed Point Theorem is used (see [1] or [6, Chapter 9]).

PROPOSITION 2.1. Let F: R¥ — RK(K € N) be a continuous function such
that (F(€),£) > 0 on |¢{| = r. Then, there exists zy € B,(0) such that F(z) = 0.
Here (-,-) dentoes inner product of two vectors.

Proor oF THEOREM 1.2: First, we shall study the existence for the solution of
the following systems

—Au= fi(z,u)|[ollg) + Ao, z e,

(2.1) — Av = fo(z,0)|[ullg3 + Ad, z €€,
u>0,v>0, x e
u=0,v=0, x € 0N

where ¢ € C3°(Q2) is a fixed positive function and A is a positive parameter.

Let Y. ={e1, ..., €n, ...} be an orthogonal basis of the Hilbert space Hg(2) and
be smooth. For each m € N define the subspace V,,, = span{ey, ..., e, }. It is well
known that (V;,, ||-]|) and (R™,]-]) are isometrically isomorphic by the natural linear

map T :V,, — R™ given by

v = Zgzez = T(U) = 6 = (§17 625 e g’m)
i=1

So |[v]| = |T'(v)| = |¢|, where |-| and | - | denote the usual norms in RY and V,,(€),
respectively.

Consider the following function F : R?*™ — R?>™ given by

F(&n) = (Fu(&n), ... Fn(&n), G1(&m), -, Gul&, n)),

where

Fi(&n) = /QVuVeidm— ot e /Qfl(aj,u)eid:ﬂ—)\/ggbeid:c,
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and
Gi(&n) = /QVUVeidx — [lull22 /Qfg(:mv)eidm - )\/Q peidr, i=1,2,...,m.

In the above definitions we are using the identifications
Emu=Y b and g =3 e
i=1 i=1
Note that
(Fen). €)=l = ol [ foGeujuds
- )\/Qgéuda:%— v — [Ju||P2 / fo(x,v)vde — / pvdz,

and when N > 3, we have H}(Q) C L), where 1 < ¢ < (2N)/(N —2). By (H1)
and the Holder inequality, we have

|lv]|2 / fi(z, w)udx + ||u||b? / fo(z,v)vdz
< [loll&} / (Ar(@)[ul™ + Bi(z))udz + ||ul|Z2 / (A2(2)|v|"2 + Ba(w))vdz
Q

< [vll2 [HAl HQQ/(QQ p— 1)”“””“*’HBl(x)Hag/(QQ—nHUHO@}

+ [Jul[&2 [HA2 )Hal/(aﬁrg 1) H”HWH + HB2($)HQ1/(Q171)”””al}
< C(Hu||p1+r1+1 + ||UHP1+T1+1 + Hu||p2+r2+1 + ||U||p2+r2+1

+ P (ol P (P (o2,

Here and elsewhere, we may use the same letter C' to indicate (possibly different)

positive constants. With H(u,v)“2 = ||u||® + ||v||?, we obtain

(&), €& m) = [[wo)]* = C [ o))"
o ) [+ o) = Ac o)
Asof 0 <p; +7; <1 and 0 < p; < 1, there exists a sufficient large p such that
(F(&m), (&) >0 on |(u,v)|| = p (pis independent of m).

It follows from Proposition 2.1 that, for each m € N there exists (um,, Um) € Vi X Vi,
satisfying

(2.2) F (U, vm) = (0,0), H(um,vm)H 2
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Then (2.2) implies
/ Vun Vwdr = [|vp, |5} / fl(x,um)wdw+)\/ pwdz, Yw € V,,,
Q
/ Vo, Vwdz = ||uy, |22 / fo(x, vp)wdzr + )\/ pwdz, Yw € V,,,
Q

with ||, |vml < p, Vm € N. Let u,v € H}(Q) be the weak limit of {u,,} and
{vm } respectively, choosing subsequences if necessary. So

(s vm) = (u,v) weakly in H3(€2),

(Umy V) — (u,v) in LYQ) for 1< q< ———, (since H} is compact in L?(Q))

N —2

(U, V) — (u, v) almost everywhere in €.

Considering w € Vi, ¥ € Vi, and m > k we have

/QVumedx = |loml[Bt / fi(x, up)wdx + )\/ pwdx, Yw € Vi,
(2.3)
/ Vo, V¥dr = ||u,,|/E? / fa(z vm)\Ifdx+)\/ oVdx, YV €V,

Then taking the limits as m — oo, we obtain

/Vqudx:Hv\g}l/fl(:n,u)wd:l:+)\/¢wdx, Yw € Vi,
(2.4) Q Q Q
/VUV\I’dx:Hu]ﬁé/fg(:r,v)\lfda:+)\/¢\1'd:r, V¥ € Vi,
Q Q Q

The equality (2.4) holds for all functions in H¢, as functions of the form w and ¥ are
dense in this space. Hence (u,v) is a weak solution of the system (2.1).

Recalling that A > 0, ¢ > 0, it follows from the maximum principle that u, v > 0
in Q. Then according to (H1), we have

1($>7

—A(u/[vl5}) =
2 2(1‘)

D
—A(v/|ulgz) > D
Let (z1, z2) be the only positive solution of

—Az = Dy(x), in Q,
_AZ2 D2( )7 in Q7

z1 =20=0, on 0Of.
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According to the maximum principle, we have u/||v|[5} > 21, v/|ul[}2 > 22 in Q, which

implies
1/(1—
lullag > (= llas lz225) 777 > 0,
1/(1—
[ollay = (211182 11220l ) /Q=pip2)
So ||u]lay, ||vlla; has a positive lower bound. Moveover, take A =1/n, n=1,2,... and

denote the corresponding solution of (2.1) as (un,v,), that is (un,v,) satisfies (2.4)
with any w and ¥ in H}(Q). Set w = u,,, ¥ = v, in (2.4), we get

) < (ot )P4t ) 27 i)

| s o) |2 4 (|t ) | - ||¢||2) for all n € N.

Since 0 <p; +r; <1l,and 0 <p; <1, {(un,vn)} is a bounded sequence. As n — o0,
thanks to the Sobolev embedding and the Lebesgue convergence theorem, a positive
solution of (1.1) is obtained.

The Case (H2) can be proved similarly, since for N =1,
Hy(Q) c C*(Q), 0<a<1/2,
and for N =2,
Hi () C LYQ), 1< q < oo,

So its proof is omitted. 1

3. SUPER AND SUBSOLUTION METHOD

Over the past two decades, supersolution and subsolution methods have been
widely used in the proof of the existence of the solutions of parabolic or elliptic prob-
lems. In this section, we shall use this technique to prove the existence of the solution
of system (1.1).

First, we shall give the definition of the super and subsolution of system (1.1)

DEFINITION 3.1: A function (u,v) € Hg () x H}(Q) is called a weak supersolution
of (1.1) if

/ VuVwdz > |05} / fi(z,@W)wdz, for each w € HY, w >0 almost everywhere,
Q Q

/ VoV¥dzr > HUHZQQ/ fo(z,0)Wdz, for each W € HY ¥ >0 almost everywhere.
Q Q
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Similarly, (u(z),v(x)) € Hg(2) is called a weak subsolution if it satisfies (3.1) with
reversed inequalities.

Proor orF THEOREM 1.3: The method is standard, but for the reader’s conve-
nience, we complete it. Now write (ug,v9) = (u, v), we can construct a sequence
{(uk,ve)} € H} () x H}(Q) from the following iterative process

[ vuvude = ol [ i@ uowds,
Q Q

(3.2)
/ Vo, VUdr = [Jug—1]52 / fo(z,vp—1)Wdz.
Q Q
We claim
(3.3) (u, v) < (ur,v1) <+ < (Un,vn) < - < (T, 7).

To confirm this, first note from (3.2) for £ =1 that

[ vunVuds =z [ file,uoywda,
(3.4) ° «

/Vvlvllfd:c: Huo\{’é/ fa(z,vo)Wdz
Q Q

for each w, ¥ € HZ (). Subtract (3.4) from (3.1), recall (ug,vo) = (u, v) and set
w= (ug —u1)", ¥=(vg—v1)", to get

/ V(uo —uy) - V(ug —uy) da <0,

(3.5) @

/ V(vg —v1) - V(vg — v1)+d:1: <0.
Q

But
V(up —u1), almost everywhere on {ug

0 almost everywhere on {ug

V(UO - U1)+ = {

It
4
(en)

NNV A

V(’Uo — ’U1)+ =

=
4
(e}

V(vg —wv1), almost everywhere on
0 almost everywhere on

(see [6, Chapter 5]). Consequently,

/ ‘V(uo—ul)‘zdxéo,
(36) {uo>u1}
/ ‘V(vo—vl)‘2dx<0,
{vo=v1}
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so that (ugp,v0) < (u1,v1) almost everywhere in . Now assume inductively
(3.7) (ug—1, vg—1) < (ug,vg) almost everywhere in 2

From (3.2) we find similarly
/ V(up — upr1) - V(ug — uper) T da
{upzupa}
< / (Fr(@, w1 oe—1 1B — file, we) i l|BL) (u — wegr) Tda <0,
Q
/ V(g — Vps1) - V(0p — vpgr) da
{orp>vp 41}

< / (fo(@, vp—)l[ue—1 172 = fo(@, vi) [un P2 ) (vk — vis1) T da < 0.
Q

The last inequality holds in view of (3.7) and fi(-,u), f2(-,v) is nondecreasing in v and
v respectively. Therefore (ug,vr) < (ugt1,vp+1) almost everywhere in €.

[ Fma-wfes [ (Rl
{ugq12u} {ugr12u}
~fi(e T8 (s — @) dx <0,
[ Nen-ofas [ (faleu)
{vk 4127} {vk4120}

—f2(@,0)[al|22) (vrs1 — )" da < 0.

Next we show that (ug,vg) < (w,v) almost everywhere in Q. It is valid for £ =0
by hypothesis (1.3). Assume now for induction (ug,vy) < (u, v) almost everywhere in
2. Then we have

Thus (ug+1,vk+1) < (@, 0) almost everywhere in ).

Therefore (u(z), v(z)) := nlirgo(un(x), vy (x)) exists for almost all z. Further-
more, by the assumptions on f;(i = 1,2), there is a subsequence {(unj, vnj)};il which
converges weakly in Hg(Q2) x H}(Q) to (u, v). So, (u, v) is a weak solution of (1.1).
The theorem follows. O

Theorem 1.4 is an example in which the above result applies.

PROOF OF THEOREM 1.4: Let (wq,ws) be the only solution of

— Awi; =mq, in Q,
— Aws =mgy, in §,

(3.8) wp =we =0, on ON.
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Set
u= /= 1/(1—
U (leumngwQHZgQ) /( p1p2)w1, v = (HwQHmmealQZ) /( p1p2)w2’

then (u,v) is a positive subsolution of system (1.1). Similarly, if we denote by (W7, Ws)
the only positive solution of (3.8) with mj, mo be replaced by My, Ms respectively, we
can get the supersolution (@, v) of system (1.1), where

1/(1— o 1/(1—
= (|[W][22P2 | Wal[22) /( p1pz)W v = (||[Wall2re2 W22 /A=pip2)

As m; < M;, we have w; < Wy, i =1, 2. In addition, 0 < p1ps < 1, so (u,v) < (u,0).
Theorem 1.3 completes the proof. 1

Now, for the the special case a; = p; = 1, becomes the system

(3.9a) — Au = fl(x,u)/ lv|de, x€Q,
Q

(3.9b) —Av = fg(a:,v)/ lulde, x€Q,
Q

(3.9¢) u=v=0, x € 0N.

Denote by ¢o(x) the unique positive solution of the linear elliptic problem

—Agpo(z) =1, 2€Q; ¢o(x)=0, z€I.

Set p = / ¢o(x)dx. Thus, we have the following result. 0
Q

PrROPOSITION 3.2. In addition to the assumptions on fy, fo of Theorem 1.3,
assume further 0 < f; < M;(i =1,2) in Q x R. Then nonegative solutions of (3.9)
exist if p?> < 1/(MM>).

PrOOF: Applying p? < 1/(M;Ms), we see that there exist large positive constants
K7 and K5 such that

Mip < K1/K3 <1/(Map).

Let W(z) = Ky1po(z), S(x) = Kapo(x), then (W, S) is a pair of supersolution of (3.9).
Furthermore, (0,0) is its subsolution, so we can get a nonnegative solution via Theorem
1.3. O

Indeed, we have the following result.

PrROPOSITION 3.3. Assume 0 < m; < f; < M;(i=1,2) in Q@ x R, and p
satisfies

1
3.10 2 < 2> .
(3.10) P < T s
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Then the system (3.9) only possesses the trivial solution.

PROOF: Suppose (u,v) is a non trivial solution of (3.9). Multiplying (3.9a), (3.9b)

through by ¢ and integrating on 2 respectively, we find

/ wdz = [[o] / f1(2, w)podz

Q Q

/ vz = |Jul, / Jol, 0)pode.
Q Q

Since 0 < m; < f; < M;(i =1, 2), and g is a positive function, we have

mapllvlly < lully < Miplvlls,
mapllully < [v]ly < Mapllull:.
So
2 2
mymap”||ullyflvlly < flufliflvlly < MyMap®[[ullifo]:
The conclusion follows since (3.10) holds. O
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