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EXISTENCE OF SOLUTIONS TO NONLOCAL AND SINGULAR
ELLIPTIC PROBLEMS VIA GALERKIN METHOD

FRANCISCO JULIO S. A. CORREA & SILVANO D. B. MENEZES

ABSTRACT. We study the existence of solutions to the nonlocal elliptic equa-
tion

—M([[u]®)Au = f(z,u)
with zero Dirichlet boundary conditions on a bounded and smooth domain of
R™. We consider the M-linear case with f € H~1(Q), and the sub-linear case
f(u) =u%, 0 < o < 1. Our main tool is the Galerkin method for both cases
when M continuous and when M is discontinuous.

1. INTRODUCTION

In this paper we study some questions related to the existence of solutions for
the nonlocal elliptic problem
~M([ul)Au=f nQ,
u=0 on 0,

where Q C R¥ is a bounded smooth domain, f € H~'(Q) and M : R — R is a
function whose behavior will be stated later, and the norm in H{ () is ||ul|? =
Jo IVul?.

The main purpose of this work is establishing properties on M under which
problem (1.1), and its nonlinear counterpart, possesses a solution. This equation
has called our attention because the operator

Lu = M(||lu||?)Au

contains the nonlocal term M (||u||?) which poses some interesting mathematical
questions. Also the operator L appears in the Kirchhoff equation, which arises in
nonlinear vibrations, namely

(1.1)

Ut — M(/Q \Vul?dz)Au = f(z,u) inQx (0,T),

u=0 ondQx(0,T),
w(z,0) = ug(x), u(z,0) =ug(x).

For more details on physical motivation of this problem the interested reader is
invited to consult Eisley, Limaco-Medeiros [6, 7] and the references therein. In a
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previous paper Alves-Corréa [1] focused their attention on problem (1.1) in case
M(t) > mg > 0, for all t > 0, where mq is a constant. Among other things they
studied the above M-linear problem (1.1) where M, besides the strict positivity
mentioned before, satisfies the following assumption:

The function H : R — R with
H(t) = M(t})t

is monotone and H(R) = R.

The above authors also studied the sublinear problem

—M(|Jul|*)Au = u® in Q,
u=0 on 0%, (1.2)
u>0 inQ,

where 0 < a < 1, M is a non-increasing continuous function, H is increasing,
H(R) =R and

G(t) = (M ()=

is injective. Under these assumptions it is proved that (1.2) possesses a unique
solution. A straightforward computation shows that the function M (t) = exp(—t)+
C, with C a positive constant, satisfies the above assumptions.

In the present paper we prove similar results by allowing M to attain negative
values and M (t) > mg > 0 only for ¢ large enough.

This is possible thanks to a device explored by Alves-de Figueiredo [2], who
use Galerkin method to attack a non-variational elliptic system. The technique
can be conveniently adapted to problems such as (1.1) and (1.2). In this way we
improve substantially the existence result on the above problems mainly because
our assumptions on M are weakened. Indeed, we may also consider the case in
which M possesses a singularity. The method we use rests heavily on the following
result whose proof may be found in Lions [8, p.53], and it is a well known variant
of Brouwer’s Fixed Point Theorem.

Proposition 1.1. Suppose that F : R™ — R™ is a continuous function such that
(F'(§),€) > 0 on [§] = r, where (-,-) is the usual inner product in R™ and | - | its
related norm. Then, there exists zo € B, (0) such that F(zp) = 0.

We recall that by a solution of (1.1) we mean a weak solution, that is, a function
u € H}(Q) such that

M(||u\|2)/QVu~V<p:/Qf(x,u)gp, for all(peH(}(Q).

We point out that, depending on the regularity of f(-,u), a bootstrap argument
may be used to show that a weak solution is a classical solution, i.e., a function in
CZ2(f2). This happens, for instance, with the solution obtained in Theorem 4.1.

This paper is organized as follows: Section 2 is devoted to the study of the M-
linear problem in the continuous case. In Section 3 the M-linear is studied in case
M possesses a discontinuity. In Section 4 we focus our attention on the sublinear
problem. In Section 5 we analyze another type of nonlocal problem.
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2. THE M-LINEAR PROBLEM: CONTINUOUS CASE

In this section we are concerned with the M-linear problem (1.1) where f €
H71(Q) and M : R — R is a continuous function satisfying

(M1) There are positive numbers ¢, and mg such that M (t) > my, for all t > to.

Theorem 2.1. Under assumption (M1), for each 0 # f € H=*(2) problem (1.1)
possesses a weak solution.

Proof. Inspired by Alves-de Figueiredo [2] we use the Galerkin Method. First let
us take MT = max{M(t),0}, the positive part of M, and consider the auxiliary

problem
~M*(JulHAu=f nQ, 2.1)
u=0 on ON. ’

We will prove that problem (2.1) possesses solution and such a solution also solves
problem (1.1). We point out that M also satisfies assumption (M1). We are ready
to apply the Galerkin Method by using Proposition 1.1. Let > = {e1,...,em,...}
be an orthonormal basis of the Hilbert space Hg(£2). For each m € N consider the
finite dimensional Hilbert space

Vo = spanfes,...,en}.

Since (V| - ||) and (R™,|-]) are isometric and isomorphic, where || - || is the usual
norm in H}(Q) and | - | is the Euclidian norm in R™, (-, -) its corresponding inner
product, we make, with no additional comment, the identification

m

u=Y g e E= (61 ), ull = L

j=1

We will show that for each m there is u,, € V,,, an approximate solution of (2.1),
satisfying

Mﬂmm%/vawfwmq» i=1,...,m.
Q

where ((, )) is the duality pairing between H~1(2) and H}(2). First we consider
the function F' : R™ — R™ given by

F(€) = (Fi(O), ... Fu(©)),
zuozﬂﬁmmuév%v@—«ﬂ@»
where i = 1,...,m and u = 77", &je;. So that

Fi(&) = M*([ul)& — ((f,e))-

With the above identifications one has

(F(&),6) = MF([ull®)Jull* — ({f,u))-

Using (M1), Hélder and Poincaré inequalities we get

(F(£):€) = mollull® = Cllfll -1 llull >0,
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if [Jul] = r, for r large enough, where || f||z-1 is the norm of the linear form f.
Thus, because of Proposition 1.1, there is u,, € V,,, [|[unm| < 7, r does not depend
on m, such that

M+<Hum|\2>/ Vi - Ve, = ((fye))s i=1,...,m,
Q
which implies that

M+(Hum|\2)/ Vi, - Vo = ((f,w)), forallw e V,,. (2.2)
Q

Because (||u,,]|?) is a bounded real sequence and M ™ is continuous one has
[umll* — %o,
for some o > 0, and
Uy, — win HY(Q),  upm — win L2(Q), M (|[un]|?) — M (),

perhaps for a subsequence.
Take k <m, Vi C V,,,. Fix k and let m — oo in equation (2.2) to obtain

M+(£0)/Qvu-vw= (f,0)),  for all w € V.

Since k is arbitrary we will have that the last equality remains true for all w €
H}(Q). If M*+(fy) = 0 we would have ((f,w)) = 0 for all w € H} and so f =0
in H~1(Q) which is a contradiction. Consequently M ™ (#5) > 0 and so M(ty) =
M (to).
We now take w = uy, in (2.2) to obtain
M ([[um | [uml® = ((f, um))

and so M (to)to = ((f,u)). From this equality and
M (fo)llull* = ((f,u)

we have ||ul|? = o which shows that the function u is a weak solution of problem
(1.1) and the proof of Theorem 2.1 is complete. O

Remark 2.2. It follows from the proof of Theorem 2.1 that the solution u obtained
there satisfies M (||u/|?) > 0 (of course, if we had used another device in order to
obtain a solution of (1.1) such a property might not be true).

We claim that there is only one solution to (1.1) satisfying this property. This
may be proved as follows. Let u and v be solutions of (1.1) obtained as before.
Since u and v are weak solutions of (1.1) one has

M(||u||2)/QVu'Vw:M(||11||2)/QVU'VW, for alleH&(Q).

Hence M (||u]|?)u and M (||v]|?)v are both solutions of the problem

—AU=f inQ,
U=0 ondN.
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By the uniqueness one has M (||u||*)u = M(||v]|?)v in Q and so M (||u|?)||u| =
M(||v]|?)||lv]|. Supposing that the function t — M (¢?)t is increasing for t > 0 one
obtains that ||u|| = ||v]|. Consequently
—Au=—Av in Q,
u=wv on 0.

and then u = v in Q. Hence, we have proved that problem (1.1) possesses only one
solution w if t — M (¢?)t is increasing for ¢ > 0.

Remark 2.3. If M(ty) = 0 for some tg > 0 and f = 0 in H~ () then we lose
uniqueness. In fact, let u # 0 be a function in CZ(Q) and set v = /Tou/||u|. In
this case ||v]|? =t and so

~M(|lv||)Av =0 in Q,

2.
v=0 on 99, (23)

that is, for each nonzero function u € C2(Q) the function v defined above is a
nontrivial solution of (2.3).

Remark 2.4 (A Dual Problem). Suppose that M : R — R is a continuous function
satisfying
(M1) There are positive numbers fo, and 7o such that M(t) < —myg for all
t>too-
In this case (1.1) possesses a solution. Indeed, suppose f # 0 in H~!(Q) and
consider the problem
—M(|jul*)Au=f inQ,
u=0 on 09,

where M (t) = —M(t). Clearly M satisfies (M1) and so problem (2.4) possesses a
solution v € H () with M(|[v||*) > 0. Hence u = —v is a solution of (1.1) with
M(JJu]l?) <o0.

(2.4)

3. THE M-LINEAR PROBLEM: A DISCONTINUOUS CASE

In this section we concentrate our interest on problem (1.1) when M possesses
a discontinuity. More precisely, we study problem (1.1) with M : R/{} — R
continuous such that

(M2) limy g+ M(t) = limy g M(t) = +o0

(M3) limsup,_, . M(t*)t = 400 and (M1) is satisfied for some to, > 6.

Theorem 3.1. If M satisfies (M1)-(M3) problem (1.1) possesses a solution u €
H (), for each 0 # f € HH(Q).

Proof. We first consider the sequence of functions M,, : R — R given by

M, () = n, 0—¢€ <t<0+¢€,
I M(t), t<0—¢ ort>0+¢€,

for n > mq, where 0 — €/, and 0+¢€//, €, €/ > 0, are, respectively, the points closest

n’» "n’>n

to 6, at left and at right, so that
M@ —¢€,)=M@0O+¢€)=n.

! "
n> €n — 0 asn — oo.

We point out that, in this case, €
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Take n > mg and observe that the horizontal lines y = n cross the graph of M.
Hence M, is continuous and satisfies (M1), for each n > myg. In view of this, for
each n like above, there is u,, € Hg(Q) satisfying

Mn(\|un||2)/Vun Vo = ((f,w), forall w e H(Q).

Taking w = u,, in the above equation one has

My ([lunl*)llunll* = ((f un)),
and so
My (Jlun | lunll < [1f 1l
Because of (M3) the sequence (||lu,||) must be bounded. Hence
u, —u in Hg(Q),
u, —u in L*(Q),
llwnll® — 6y, for some 6y,

perhaps for subsequences.

If M, (||unl|?) — 0, then ({f,w)) = 0, for all w € H}(2), which is impossible
because 0 # f € H~1(Q2). Thus if (M, (||u,|*) converges its limit is different of
zero. Suppose that [ju,||*> — 6.

If ||un|? > 0 + €2 or |lu,||*> < 0 — ¢, for infinitely many n, we would get
M, (||unll?) = M(||un|/?), for such n, and so

M([[unl®)unll® = ((f,un)) = +00 = ({f,u))

which is a contradiction. On the other hand, if there are infinitely many n so that
0—€, < llunl®* <0+ = Mu([lunl?) = n and so nllus[* = ((f,un)) = oo =
({(f,u)) and we arrive again in a contradiction.

Consequently |u,||* — 6 # 6 which implies that for n large enough

unl* <0 —¢, or |unl*>0+¢!
and so M, (||u,]|?) = M(||u,]|?) which yields
M(JunlP) [ T Voo = ((fow), Vo € HY(®).
Q
Consequently M (6y) [, Vu - Vw = ((f,w)), forall w € Hg(Q) which implies
M ([Jun]|®) Junll? = ((f,u,)) and taking limits

M(00)00 = ({f,u))

Hence M (0o)||ul|> = M(6p)0y. Reasoning as before we conclude that M (6p) # 0
and so ||ul|? = 0y and the proof of the theorem is complete. O

4. A SUBLINEAR PROBLEM

In this section we focus our attention on problem (1.2). More precisely, we have
the following result:

Theorem 4.1. If M satisfies assumption (M1), M(t) < meo, for some positive
constant meo and all t > 0, and limy_ oo M(t*)t!=® = 400, then problem (1.2)
possesses a solution.
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Since the proof of this theorem is quite similar to the one in Alves-de Figueiredo
[2] we omit it and make only some remarks giving some directions on how to proceed.
First of all we have to consider the problem

—M(|lu*)Au = (uF)* + Ap(x) in Q,
u=0 on 05, (4.1)
u>0 in
where A > 0 is a parameter, ¢ > 0 is a function in H}(Q), and u* = max{u, 0} is
the positive part of u. Proceeding as in the proof of Theorem 2.1 we found, for each

A € (0,)), a solution uy of equation (4.1) and, in view of M(||lus[?) > 0- we can
prove that uy > 0-, using the maximum principle to conclude that uy > 0. Hence

~M([ur)Aux = (un)* + Ap(x) = uf  in Q,
uy =0 on 09, (4.2)
uy >0 in
which implies
—Auy >mtu§ in Q,
uy =0 on 9.
Thanks to a result by Ambrosetti-Brézis-Cerami [3], one has
uy > mylwi,
where wy > 0 in € is the only positive solution of
—Aw; =w in Q,
wi =0 on 0N.

As in the proof of Theorem 2.1 one has that ||ux|| < ry where ry is a positive
constant that depends on .

Let us consider A € (0,A) and make A — 0. For we have to guarantee that
(|lua]]) is bounded for all A € (0, \). First observe that

M (s |2) s | = / U+ 4\ / dux

Because 0 < a < 1 and using some standard arguments we have

Y c
M([lun)[Plua]'=% < C + ——
[[uxll

Since M (t2)t1=% — 400 as t — oo we have that (||uy]|) is bounded for all A € (0, \).
Finally, we may take A — 0 to obtain a solution u of problem (1.2).
5. ANOTHER NONLOCAL PROBLEM

Next, we make some remarks on a nonlocal problem which is a slight generaliza-
tion of one studied by Chipot-Lovat [4] and Chipot-Rodrigues [5]. More precisely,
the above authors studied the problem

—a(/u)Au:f in Q,
Q
u=0 on 01,

(5.1)
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where Q@ C RY is a bounded domain, N > 1, and a : R — (0, +0o0) is a given
function. Equation (5.1) is the stationary version of the parabolic problem
Uy — a(/ u(z,t)dz)Au=f inQx(0,T),
Q
u=0 ondQx(0,T),
w(z,0) = ug(x), u(z,0) =ui(x).

Here T is some arbitrary time and u represents, for instance, the density of a
population subject to spreading. See [4, 5] for more details. In particular, [4]
studies problem (5.1), with f € H~1(£2), and proves the following result.

Proposition 5.1. Let a : R — (0,+00) be a positive function, f € H-1(Q). Then
problem (5.1) has as many solutions p as the equation

a(pp = {(f, ),

where @ is the function(unique) satisfying
—Ap=1 1inQQ,
=0 on 09,

Now, we study the nonlocal problem

—a(/ [ul')Au=f inQ,
Q
uw=0 on 0,

where Q and f are as before and 1 < ¢ < 2N/(N —2), N > 3. When ¢ = 2 we have
the well known Carrier equation.

(5.2)

Theorem 5.2. If t — a(t) is a decreasing and continuous function, for t > 0,
limy 4 oo a(t?)t = +00 and t — a(t?)t is injective, for t > 0, then, for each 0 # f €
H=(Q), problem (5.2) possesses a unique weak solution.

Proof. As in the proof of Theorem 2.1, let F' : R™ — R™ be the function F(§) =
(Fl(g)v SR Fm(g))a where

Fi(€) :a<||u\|g>/ﬂw~wif<<f,ei>>, i=1,...m

with u = Z;nzl &je; and the identifications of R™ and V,,, mentioned before. So

Fi(&) = a([[ull))éi — ((fre)), i=1,....m
and then
< F(€),6 >= a(|[ull)lull* = ((f,u))
We have to show that there is 7 > 0 so that (F'(£),£) > 0, for all [¢] = r in V,,.

Suppose, on the contrary, that for each r > 0 there is u, € V,,, such that [|u,| =r
and

<F(£r)a§r> <0, & < up.
Taking r = n € N we obtain a sequence (uy,), |u,| = n, u, € V,, and
(F(un), un) = a(llun[[llunll* = ((f,un)) <0

and so

a(lunlPllunll < ClIfIlL - YR =1,2,....
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Because of the continuous immersion Hg(2) C L(£2) one gets ||ull, < C|lu| and
the monotonicity of a yields a(||u[[]) > a(Cl|u]|?) and so

a(Cllun]| ) lun |l < ClI £l

In view of lim;_, 1 o a(t?)t = +00 one has that ||u,| < C,Vn € N, which contradicts
|lun|| = n. So, there is r,, > 0 such that (F(£),&) > 0, for all || = ry,. In view of
Proposition 1.1 there is u,, € Vi, ||um| < rm such that Fi(u,) =0,i=1,...,m,
that is,

a(||um||g)/QVum-Vw:((f,w)}, Vi € V. (5.3)

Reasoning as before, by using the facts that ¢ — a(t) is decreasing for ¢ > 0
and lim;, 1o a(t?)t = 400, we conclude that |un|| < C,Vm = 1,2... for some
constant C' that does not depend on m. Hence, u,, — u in H}(Q), u, — u in
L1(Q), 1 < ¢ < %5, and so [Jum|; — [ull,. Taking limits on both sides of
equation (5.3) we conclude that the function v is a weak solution of problem (5.2).
Since a(t9)t is injective on ¢ > 0 such a solution is unique. O

Remark 5.3. The function
(t) !
a(t) = ———
20+ 1’

where § and ¢ are related by 2(3q < 1, satisfies the assumptions of Theorem 5.2.

Remark 5.4. Following the same steps of the proof of Theorem 4.1 we can prove
that the problem

—a(/ [ul?)Au=u® inQ,

Q

u=0 on 09, (5.4)
u>0 in (.

where 0 < a < 1, and a satisfies the assumptions in Theorem 5.2 possesses a
solution.

REFERENCES

[1] C. O. Alves & F. J. S. A. Corréa, On ezistence of solutions for a class of problem involving
a nonlinear operator, Communications on applied nonlinear analysis, 8(2001), N. 2, 43-56.

[2] C. O. Alves & D. G. de Figueiredo, Nonvariational elliptic systems via Galerkin methods,
Function Spaces, Differential Operators and Nonlinear Analysis - The Hans Triebel Anniver-
sary Volume, Ed. Birkhauser, Switzerland, 47-57, 2003.

[3] A. Ambrosetti, H. Brezis & G. Cerami, Combined effects of concave and convex nonlinearities
in some elliptic problems, J. Funct. Anal. 122(1994), 519-543.

[4] M. Chipot & B. Lovat, Some remarks on nonlocal elliptic and parabolic problems, Nonlinear
Analysis, T.M.A., Vol. 30, No. 7,(1997), 4619-4627.

[5] M. Chipot & J. F. Rodrigues, On a class of nonlocal nonlinear elliptic problems, Mathemat-
ical Modelling and Numerical Analysis, Vol. 26, No. 3, 1992, 447-468.

[6] J. G. Eisley, Nonlinear vibrations of beams and rectangular plates, Z. Anger. Math. Phys.
15,(1964)167-175.

[7] J. Limaco & L. A. Medeiros, Kirchhoff-Carrier elastic strings in noncylindrical domains,
Portugaliae Mathematica, Vol. 14. N. 04,(1999)464-500.

[8] J. L. Lions, Quelques Méthodes de résolution des problémes auz limites non linéaires, Dunod,
Gauthier-Villars, Paris, 1969.



10 F. J. S. A. CORREA & S. D. B. MENEZES EJDE-2004/19

FrANcisco Jurio S. A. CORREA
DEPARTAMENTO DE MATEMATICA-CCEN, UNIVERSIDADE FEDERAL DO PARA, 66.075-110 BELEM
PARA BRAZIL

E-mail address: fjulio@ufpa.br

SILVANO D. B. MENEZES
DEPARTAMENTO DE MATEMATICA-CCEN, UNIVERSIDADE FEDERAL DO PARA, 66.075-110 BELEM
PARA BRAZIL

E-mail address: silvano@ufpa.br



