Multiple positive solutions for a nonlinear elliptic
equation in weighted Sobolev space

Amira Obeid

Abstract

In this paper, we consider the problem (P) in the setting of a weighted
Sobolev space WP (Q, w), where w is a weight function defined on the un-
bounded domain ). The study is based on the variational methods and criti-
cal point theory. We show the existence of at least two nonnegative solutions,
one with negative energy, the other one with energy which changes sign at a
certain value of the positive parameter A.

1 Introduction

In this paper, we are concerned with the problem of finding positive solutions to the
following equation satisfied by the unknown scalar function u:

—div(|Vu|P~2Vu) = f(@)|u|/""?u in Q,
(Px)

|VulP2Vun + a(z)|ulP~?u = M\b(z)|u|??u on T,
wherep< N, 1 <qg<p<r<p'= NN—_";, n is the unit outward normal vector on I',
f:Q— R, a,b:T" — R are given functions and X is a real parameter. Here, {2
denotes an unbounded domain with noncompact and smooth boundary I'.
This type of boundary value problems arises in a variety of situations: In the theory
of nonlinear diffusion, in particular in the mathematical modeling of non-Newtonian
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fluids. For a discussion of some physical background, we refer the reader to [9].
From variational point of view, solutions of (P,) are critical points of the corre-
sponding functional .J, defined by:

1

J)\(u) P

1 A 1
P Z Plg_ 2 Iy _ = r
/Q|Vu| dx+p/ra(x)|u| do q/rb(x)|u| do T/Qf(x)|u| dz.

For unbounded domains with noncompact boundary, the arguments which can be
used in the bounded case break down because of losses of compactness. This diffi-
culty can be illustrated by the following: neither the embedding W?(Q) — L"(Q),
nor the trace operator W?(Q) < L4(T") is compact. So to overcome it, we use a
weighted Sobolev space as a variational framework of the problem.

The study of existence when the nonlinear term is placed in the equation has

received considerable attention. For the Laplace operator, see for example [2, 6, 8].
Also see [3, 4, 5, 11, 13, 16] for the p-Laplacian. However, nonlinear boundary
conditions have only been considered in recent years, see for example [6, 7, 11, 14,
15, 16]. In [16], the author considered a similar problem to (P,). After using the
mountain-pass lemma, he proved that there exist at least two nonnegative solutions,
one with positive energy, the other one with negative energy. Recently in [11], the
author studied a problem with parameter in a bounded domain, namely the p-
Laplacian with concave and convex nonlinearities on the right hand side in the
equation. He showed the existence of two nonnegative solutions, the energy of the
first is negative while the energy of the second changes sign at a cetain value of the
parameter.
Here we consider problem (P,) in the unbounded domain €. Our results extend the
corresponding results of [11] for a bounded domain. Even, they are generalizations
for those of [16]. More precisely, our existence and multiplicity results are nonlocal
with respect to the parameter A. At the same time, our approach does not use the
mountain-pass lemma.

The paper is organized as follows: In section 2, we set up the variational frame-
work of the problem. In section 3 we verify that the functional associated to the
problem (P,) satisfies the Palais-Smale condition. Section 4 is devoted to the be-
haviour of the energy corresponding to the positive solutions.

2 Variational setting

Let 1 < p < oco. For a nonnegative measurable function w, we define the weighted
Lebesgue space LP(2,w) by all measurable functions v which satisfies [, w|ulP dz <
oo and associate with it the norm |[ul/opw = (fqw|u[?dz)?. The weighted Sobolev
space WHP(Q;vg, v1) is defined as the space of all functions u € LP(,vy) such that

all derivatives (%)ﬁl belong to LP(€, vy). Equipped with its natural norm

Nl pwows = o volul? da + fo 01| VulP da)

WP (Q; vg, v;) is a Banach space. Here, we investigate the properties of WP (Q; vg, vy)
via the following lemmas.
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Lemma 1. (cf. Kufner & Opic [12], Pfliiger [16, 17]). Let 1 < p < r <
00, a,f € R and Q is an unbounded domain in RN with noncompact and smooth
boundary I'. We denote

vo(z) = (14 |2)P7P, vi(z) = (14 |2))?, and w(z) = (1 + |z|)*

1) The embedding of WHP(Q; v, v1) into L™(Q,w) is continuous respectively compact
if and only if

N N N N
NN oiso0ama -2 N Ny oy, (1)
r p r p r p

respectively
N N N N
7_7+1>06md9_§+7_7+1<0. (2)
r p rp r p

2) The embedding of W' (Q; vy, v1) into L™ (T, w) is continuous respectively compact
if and only if

N-1 N N-1 N
N s ma CoP - +1<0, (3
r p r p r p
respectively
N—-1 N N-1 N
——+1>0 andg—§+ ——+1<0. (4
p

r P T P T

Remark 1. In the remaining of this text, for ay,as € R, we introduce the weight
functions wy (z) = (1+ |z])* and wo(x) = (1 + |z|)*2. The last theorem leads to the
following;:

(i) WhP(Q; (14]x|)~P, 1) is compactly imbedded into L"(€, w;) for oy < ~N+I(N—
p) and p < r < p*.

(i) WhP(Q; (1 + |z|)7?, 1) is imbedded into LP(T',wy), continuously for ay = —p + 1
and compactly for ay < —p + 1.

Lemma 2. (cf. Pfliiger [16]). Let 1 < p < N. There ezists two positive constants
C1 and Cs such that for any u in W,

Jul”

|u|p
/Q (1—i—|x|)de' CI/Q‘ ufdz CQ/I‘ (1+|x|)p—1da (5)

Proof. Since D(12) is a dense space in W with respect to its natural norm, then

to establish this inequality, it suffices to prove it in D(2). For this, for any q in

(D(Q))N and u in D(Q), we have the Green formula, i.e

/Q(q.Vu + udivq)dx = / qnudo,
r

where n is the unit outward normal vector on I'. Using this equality with u is
replaced by % and q by x, we obtain:

uf? uf? e
/sz<x‘v<<1+|as|>p>+N<1+|x|>p> do= [ xn i de O
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On the other hand,

/Qx.v (%) dz

thus, by Holder’s inequality, we may write

Jyx¥ ((1 : i\)p) i
= p(/ (1f:i| ) (/ |V“|pd”“") o, 1f:;|

o |ul?
< d Cg/ rq /7
= p/ (o 40 T 00 Jy Vel de+p | e

< / G de / Ll .
u X -_—
= Pl U+ |zt Plo @z ™™

dzx,

where € > 0 is an arbitrary real number. The previous inequality and (6) give us

N/Mpdas < /Wda+p5/wdx+p0/|Vu|pdx
a(l+fz)r = Jr (14 [z @ (1+ |z|)P “Ja

N / e
P Jo @+ |z

and

Jul? Jul?
N —p(1 / dr < / d C’E/ VulP dzx.
(N =p{l+e) a (1+[z[)» =k (14 |z|)p—1 o Q‘ ufdz
The proof is complete. [ ]

In the sequel, W will denote the weighted Sobolev space W1P(Q; (1 + |x|)7?,1).
It results from the Hardy-type inequality and the second assertion of Remark 1 that
W can be equipped with the norm

P »
|ullw = l/ |Vu|pd1:+/ 5 2] do| .

Throughout this work, we make the following assumptions:
(i) There are constants ¢y, co > 0 such that

a(z) <

_a <
(1 + [z])p=t —

(i) There exists a constant ¢z > 0 such that

&
(1 + |o|)p~t

O<f§ngl.

(ili) 0 < b€ L= q(F wy ”).
The first assumption leads to the equivalence between ||u||y and

]| = (/ yvu|de+/ |u\pd0) . (7)

So, W endowed by (7) is a Banach space.
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3 The Palais-Smale condition

In this part, let us note P(u) = |Jul|?, Q(u) = / b(x)|u|?do and R(u / f(@)|u]"dz.
r
The energy functional corresponding to (P,) is given by:
1 A 1
In(u) = Z;P(U) - *Q(u) - ;R(U)~ (8)
We denote by Ny and NN, the Correspondlng Nemytskii operators, i.e
1
Nyt L'(Quw) — L71(Q, w T) and N, : LP(I',wy) — L# T 1(F wy?)
u — f(@)]ul™ uo = b(@)|ul T

Lemma 3. The two operators defined before are bounded and continuous.

Proof. We only prove the statement for Ny, since the arguments for N, are
similar. Let v in L"(2,w;). Then

L@ de < [ K e da,

which shows that Ny is bounded. The continuity of this operator follows from the
usual properties of Nemytskii operators. Which ends the proof. [ |

Lemma 4. The functional Jy is Fréchet-differentiable on W'.

Proof. The directional derivative of Jy in direction h in W is given by:

1 A 1
< Jy(u),h >= ) < P'(u),h > ~ < Q'(u),h > - < R'(u), h >,

where
< P'(u),h> = {/ |Vul|P~ 2Vthdx+/ x)|ul|P~ 2uhda] :
<Q).h> = q/ D)t 2uhdo, < R(u), h>=r/ﬁf(x)]u\’"’2uhdx.
P’ is a continuous operator, then the operator @)’ is the composition of

QW — [P(T,wy) Yo LT (T, w0l 7) - W,

1

with for any v in L7 1(T,ws ?) and h in W, < I(v), h >= / vhdo.
r
Furthermore, by the embedding of W into LP(I",ws), we get

P 17% %
<l(v),h >< (/ ]U|P—1w21_”da) (/ |h|pw2da>
I I

In a similar way, R’ is the composition of

1
R =W — LI'(Quw) ~L LPT(Q,wl) — W,

1

with, for any v in L= (Q,wi"), < I(v),h >= / vhdx. The compact embeddings
Q

of Winto L"(Q,wy) and LP(I",ws) (see Remark 1) lead to that of @' and R’. The
lemma is proved. [ ]
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We introduce on R x W the modified energy functional Jy (cf. [10, 19]) defined
by:
J}(t,u) = J,\(tu)
Here, we recall that if ¢(u) is a critical point for t — Jy(¢,u) and t(u) is smooth,
then ¢(u)u is a critical point for Jy. By observing that the mapping t — Jy(, u)
is even, the study of critical points for ¢ — Jy (£, u) can be restricted to 10, o0

Lemma 5. For any u in W \ {0}, there exists a unique A(u) > 0 for which the
functional t — OpJxw)(t,u) has a unique positive zero. Moreover for every A < A(u)
respectively X > Au), t — 0y Jy(t,u) has exactly two positive zero respectively no
zero.

_ Proof. Let u be an element in W'\ {0}. We have Oy Jx(t,u) =t E\(t, u) where
E\(t,u) =t*"7P(u) — AQ(u) — " ?R(u) and observe that

8tj,\(t,u) =0 E’,\(t,u) = 0
{ 8ttj,\(t,u) =0 <1:>{ 3tE,\(t,u) = 0.

The second equation of the right hand side, 9,E\ (t,u) = 0, acquires the form
= ((p — @) P(u) — (r — @)t "R(u)) = 0 (9)

and has one positive root

p_qp(u>‘|7‘1p. (10)

tHu) =
) L—qRW)
It follows from (9) that ¢ — Ej(t,u) attains its maximum at ¢(u). Moreover, it is

increasing on |0, t(u)[, and decreasing on |t(u), +-00[. Substituting t(u) into E\(t, u),
we obtain

B = "= p [P 1R a0

and the number of roots of t — E,(t,u) depends on the sign of Ej(t(u),u). More
precisely

t — E\(t,u) has two positive roots <= F\(t(u),u) > 0,

t — E\(t,u) has one positive root <= F,(t(u),u) =0,

t — E\(t,u) has zero root <= F)(t(u),u) < 0.

We define now A(u) as the positive real number such that Eyq(t(u),u) = 0, i.e

Au) =

r—p V?—-QFTU)]fgp(“) (11)

r—q |r—qR(u) Q(u)’

and we have the following:

t — E\(t,u) has one positive root <= A = \(u),

{ t — E\(t,u) has two positive roots <= \ < A(u),
t — E\(t,u) has zero root <= A > A(u).

The result is also true for the map t — 9,.J\(, u). u
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Remark 2. For A < A(u), denoting the positive roots of t — d,Jx(t,u) by t(u, \)
and t(u, ) (t(u, \) < t(u) < t(u,A)). It results from
OB (t(u, A), u)t(u, NP = (p— q)P(u) — (r — q)t(u, )P R(u)
> (p—q)P(u) = (r—q)t(u)" "R(u) =0,
that &gtj,\(ﬁ(u,)\) u) > 0. In a similar way, we get 0ttJ)\( (u, \),u) < 0.

Remark 3. By the embedding results of W into L"(Q,w;) and LP(I", ws), we find two
positive constants Cq and Cr such that

R(u) < kCoP(u)7 and Q(u )<!|pr L CEP(u)t.

1(Twy ")

We conclude that

_ 17 [P Pu)t
Mu) = TP lp Q] [ (u) ] (u)
r—qlr—q R(u) Q(u)
> L2 T o Y, oF >0
r—=q|7"—(q qu(rwﬁ’)
Let us define R
A= ue{lﬁr}\f{o} A(w). (12)
We remark that « — A(u) is an homogeneous function and consequently
A= %Llég A(u) (13)

where S is the unit sphere in W.

Lemma 6. There exist two positive constants cy and cs such that for any positive
real number t with 0y Jy(t,u) = 0 and for w in W \ {0}, we have

Ja(tu) > ey P(tu) — cs

Proof. Let t > 0. From 9,.J,(t,u) = 0, we get
1 1 1 1
R(tu) = P(tu) — AQ(tu) which yields Jy(tu) = ( - > P(tu)— A < - ) Q(tu).
p T
Furthermore, invoking Young’s inequality, we have

Q(tu) < |bl|'7, q)op (tu)?

Lr=4(Tw,

< ||b||” L (ng (tu) + I g>
(Twd P) \P
where € > 0 is an arbitrary real number. It follows that

P

1
Ji(tu) > f—f—>\ ———]=|b ¢ €1 ) Pltu
IR R (q Ha HW(F@) ) Pt

1
q (Fqu_)

The proof is achieved. [ ]
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~

Let us define for A\ €]0, \[,

a(A) = ue;g\f{o} Ta(t(u, A), w), (14)
al\) = ue%l\f{o} I (u, N), ). (15)

~

Lemma 7. For any X €]0, \[, we have

a(N) = i%g Ia(t(u, N), 1), a(\) = inf Jy(F(u, \), u), (16)

u€eS

where S is the unit sphere in W.

Proof.. For any real number v > 0, we have

JA(’W: %) = ’])\(tv u)?
atj/\<,yt7 %) = %atj)\(ta U),
attj)\<”)/t, %) = %(?ttj)\(t, U)

We shall prove the result for a()\) (similar argument for @(\)).
By the characterization of the positive real number t(u, A) (see Remark 2), it holds

t(j,A) — t(u, \).

Therefore,

j,\(t(U,)\),u) = J\ ('yt (u, ), Z) = J\ <t (Z,A) ,:) ,

for any w in W\ {0} and the result is proved by taking v = ||u]|. n

Lemma 8. Let A €]0,A[. Then
(1) there exist {u,}n>1, {vn}tn>1 in S such that

{ T\ (un) = a(X) as n — +o0, { Tr(vp) = a@(\) as n — +oo,
Vo € T, S, T\ (ua)(9) < 5l Ve € T,,S, Ta(va)(9) < el
where J and J» are the functionals defined on S by J,(u) = Jx(t(u, \)u) and
T a(u) = Ja(E(u, Mu). ~ .

(ii) For any w € W\ {0}, Jx(t(u,A),u) <0 and t — J\(t,u) is increasing on
Jt(u, A), E(u, )]

(i1i) liminf ||t (s N)tup|| > 0 and liminf |t (s ANty || > 0.
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Proof. We start by proving the first assertion. By Remark 2 and by the implicit
function theorem, it follows, for any v € W \ {0}, that ¢(u, A) is a C' function with
respect to its first variable . Let us remember that the C' functional defined on S
by J,(u) = Ja(t(u, \),u) = Jy(t(u, \)u) is bounded below. Therefore, it satifies the
Ekeland variational principle on the complete manifold S, i.e there exists a sequence
{tup}n>1 in S such that

{ T\ (un) = a(X) as n — +oo,

Vo € T.,S, T4\ (un)(9) < 2 llell-

Similar result can be proved with the point £(u, A).

Here, we establish the point (ii). First, let us remember the two properties:
Ex(t(u,\),u) = 0 and t — E,\(t w) is increasing on |0, ¢(u)[, which together with
0 < t(u,\) < t(u), imply that E\(t,u) < 0 on ]0,#(u, \)[ and > 0 on ]t(u, A), t(u)].
Taking into account that d,Jy(t,u) = t9 E\(t,u), we conclude that t — Jy(t,u) is
decreasing on |0, ¢(u, A)[ and increasing on Jt(u, A), t(u)[, and hence Ja(t(u, N),u) < 0.
For the second, we have also the two properties: Ey(f(u, \),u) = 0 and t — Ej(t,u)
is decreasing on ]t(u), +oc[, which together with #(u, \) > t(u), give us Ex(t,u) > 0
on Jt(u),?(u, \)[. At the same time, Ej(t,u) > 0 on Jt(u,\),t(u)]. Therefore
t — J\(t,u) is increasing on Jt(u, A)], #(u, A)[ and the proof is complete.

Arguing by contradiction in order to prove the last assertion. If the first point is
not true, then for any n > 1, there exists a subsequence of {u,, },>1, still denoted by
{tn}n>1, such that ||t(u,, Nu,| — 0.

It follows that Jy(£(tn, A),un) — 0 as n — 400 and a(\) = 0. The contradiction
comes now from the fact that ue‘iﬂl}\f{o} Ja(t(u, N),u) = 0 and Jy(L(u, \), u) < 0.

For the second, we consider for any n > 1, a subsequence of {u,},>1, still de-
noted by {un}fn>1, such that |[£(u,, A)u,| — 0. (From Ay Iy (L(tn, ), ) = 0 and
O Ix(t(Un, N), uy) < 0, it results

P(#(un, Aun) = AQE(un, Ntn) — B(t(un, Nun) = 0,

(p = 1) P(E(un, Nn) — Mg — DQE(tn, Aun) — (r — 1) R(E(un, Nuy) <0,
which give
(p — @) P(t(tn, Nuy) < (r — q) R(t(tn, N)uy,).
Combining it with the compactness of the embedding of W into L"(2,w;), we find
(0 — @) P(E(tn, Aun) < (r = )kCoP((un, A)un) 7,
and hence,
(p—q) < (r—q)kCqP(t(up, )\)un)g_l — 0 as n — +o0.

This contradicts ¢ < p. The proof is complete. |

Before proving that {t(un, A)up}tn>1 and {€(u,, \)u, }n>1 are Palais-Smale se-
quences for the functionals Jy(t(u, AN)u) and Jy((u, A)u) respectively, we establish a
result which will be useful in the sequel.
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Remark 4. We consider the mapping

a: WA\{0} — R xS
uo = a(u) = (ar(u), ax(u))

with (a1 (w), as(u) = (|[ull, %) -

Let ¢ € W be arbitrary choosen. The real number
at(w)(e) =l ([ [Vl 2VuV<,0dac+/ D)l Pupdo)
< ||u||1_pl</ |Vu|pdx> ’ (/ |w|pdx>" +
Q Q
(/ a(w)]u\pda)p </ a(a:)|gp]pda>p]
Iy Iy

< llull*llel” el = llell-
Next, a4 (u)(p) belongs to T,S and
p _u lell
as(u)(p) = 7 — s en(u)(p) <2
’ full a2 il

Now, we are able to prove

Lemma 9. Let {uy, },>1 be as above. The sequences {t(tn, \)un }n>1 and {t(tn, Nty }n>1
are Palais-Smale sequences for the functionals Jy(t(u, \)u) and Jy(t(u, A)u) respec-
tively.

Proof. We only establish the statement for J(t(u, A\)u), the arguments are similar
for Jx(t(u, A)u). Since J,(un) = Jx(t(tn, AN)u,) — a(X) as n — oo, then it remains
to prove that || J}(£(un, N)uy,)||« — 0 as n — oo, where ||.||. denotes the norm on the
dual space W".

Let us remember that for any ¢ in T,, S,

|l/>\(un)(w)| = |8t<])\( (UmA),Un)f(Um)\)(%D) + Oy JA( (tns A); un ) (V)]
= 0Tt ), ) ()] < ] a7)

where t'(u,, A) denotes the derivative of #(., \) with respect to its first variable at
the point (uy,, A).
Considering v,, = t(u,, A)u,, from u, € S, we get

JA<Qn> = jA@(un?)‘)vun) - (HUnH H ||> = jA © CY(Qn)‘
Therefore, for any ¢ in W,

[t M) ()] = 175(,) ()] )
0T 2. ()(¢) + B0 (a2)) (@5 ) ()
= 10T (b, A), ) (2] = [ T3 () ()],
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with ©? = a4 (t(un, A), u,) () belongs to T, S. By virtue of Remark 4, we have

lell _ o el

12| = ||y (t(tn, A), un) (9)]] < 2 =
Iall = flea (et =20 = 2, )

and by the last assertion of Lemma 8, the sequence {t(u,, A) }n>1 is bounded below
by a positive constant ¢()). Consequently, for all n € N, we get from (17)

| T3 (s Nun) ()] < i!(ﬁi\@

and the proof is complete. [ |

In this section, we verify that the functional J, satisfies the Palais-Smale condi-
tion. In order to do this, we need the following lemma:

Lemma 10. (cf. Diaz [9], Lemma 4.10) Let x,y € RY. If p > 2, then it holds:
w—yl" < Clzf?z — Iy (= —y). (18)
If 1 < p <2, then it holds:

v —y* < Ol = yP~y) (@ — y) (2] + [y)* 7. (19)

Now, we may state the main result of this section.

Theorem 1. Let 1 < ¢ < p <1 < 2* and X €]0, \[. Then the problem (Py) has at
least two nmonnegative weak solutions.

Proof. We must show the existence of a subsequence of {t(uy, A)uy},>1 which
converges strongly in W (similar argument for {#(u,, A\)u,},>1). First, as a conse-
quence of Lemma 6, the sequence {£(uy,, \)uy, },>1 is bounded in W. Next, we show
that {U,, }n>1 = {t(un, A)up tn>1 is a Cauchy sequence. In the case p > 2, we obtain:

10, =0l = [ VW, ~ V)P de+ [ a@)U, - Ul do
S C(< J;(Qn)agn _Qk: > —< J;\(Qk)>gn _Qk >)

A 1
g < Q/(Qn) - QI(Qk)agn - Qk > +; < R/(Qn) - R/<Qk>7gn - Qk >

+

IA

A
C (IR@I + IR@+ 21 - Q.
bR - RN L~ U,

Now, from |[|J5(U,)|l« — 0 as n — oo, we obtain, using the compactness of )’
and R', the existence of a subsequence of {U,, },>1, still denoted by {U,,}n>1, that
converges strongly to U in W.
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For 1 < p < 2, invoking (19) and Hélder’s inequality, we get:

2
p

[ V@, - v

<C [ L9820, - [Vu-2vey) (U, - VU,)]

[NI4S]

p(2 D

—p)
(IVU, |+ VU] = dx

<C [/Q (IVU.[P2vU, — VU P~2VU,) (VU, — VU,)| da

2—p
P

X (20)

[ IVUI+ VU P da

Similarly,

[/r a(z)|U, —Uk|pd<7f < C [/F a(x) [(]QnV’*an — U P2, _Qkﬂ da]

2—-p

(21)

X

[ I+ U da

By the boundeness of the sequence {U, },>1 and by the Young inequality, we can
find a constant C5 > 0 such that

2
p
+

U, UL < 207 ([/Q VU, — U de|” + | [ a@U, —Uk!pda]”)
)\ ! !
+E < Q (Qn) - Q (Qk)7gn _Qk >

1
+-< RI(QH) - R/(Qk)vgn - Qk >:| .
r

By similar argument to the one used in the proof of the first case p > 2, we obtain the
convergence of a subsequence of {U,, },,>1 to U in W, which leads, by the third asser-
tion of Lemma 8, to 0 < lim |U,L |l = |U||. Next, it follows from J,\(U,,) = Jr(|U,|)

that the sequence {U, },>1 can be repalced by the nonnegative one, {|U,|},>1, and
the existence of |U| > 0 as a weak solution of (P,) is proved. u

Remark 5. Tt results from the convergence of {U,}n>1 = {t(tn, )ty }n>1 to U in W
that #(u,, A) = |Unll = [[U]| > 0 as n — co. By the caracterization of the positive

real number #(u,, A) (see Remark 2), which together with u,, — uw = ﬁ as n — oo
give us t(u, \) = [|U]|.
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4 Behaviour of the energy

In this section, we examine the behaviour of the energy of U and U.
Theorem 2. Let 1 < g<p<r <2 Then
(i) JA(U) <0 for A €]0, )|

and

INU) =0 for A=\,

o~

Ia(U) >0 for X €]0, Ao,
(i) { 0) -
INU) <0 for X €)X, A\]

r—q

where A\g = 4 <r> o .

rA\D

Proof. Note that (i) arises automatically from the second point of Lemma 8.
For (ii), let u be an arbitrary element of W'\ {0} et let us write

- ~ - P
J)x(t7u) = th)\(t, U) where F)\(t, U,) = tp_qﬂ _ AQ(U) . tr—qM.
p q T
The equation @sﬁ’,\(t, u) = 0 acquires the form
tp—q—l <p;qp(u) _ T;qtr—pR(u)> —0 (22)

and has one positive root

-G R e

with ¢(u) is defined by (10). We observe that for any real numbers 7, p such that
I<p<r, (%)ﬁ > 1 and hence to(u) > t(u).

It results from that (22) that t — F) (¢, u) attains its maximum at t,(u). Moreover,
it is increasing on |0, to(u)[ and decreasing on [to(u), +ool.
Inserting to(u) into Fy(t,u), we get

pP—q

= _[p—aP@] 1\ r—p w) — 20
Attt = [L=100 (2) 722 b - 2o,

and the number of roots of t — Fy(t,u) depends on the sign of F)(ty(u),u). More
precisely,

t — F\(t,u) has two positive roots <= ﬁA(tO(u), u) >0,
t — F\(t,u) has one positive root <= F)(to(u),u) = 0,
t — F\(t,u) has zero root <= F)(to(u),u) < 0.

We define now A\g(u) as the positive real number such that F’)\O(u) (to(u),u) =0, i.e

o) = 1 () ),
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where A(u) is defined by (11), and we have the following:

F\(to(u),u) >0 <= X < \o(u),
{E\(%() u) =0<+= A= X(u),
Fx(to(u),u) < 0 <= X > A\o(u).

Taking into account that j)\( u) = t1F)\(t,u), we obtain

(

t

Tn(to(u), 1) > 0 <= X < \o(u),
{ AMto(u),u) =0 <= X = No(u),

Ia(to(u),u) <0 <= X > Ao(u)

We have to prove that Ag(u) < A(u). To do this, let us introduce the decreasing

function
10,1] — R
—Int

t 1-t

which permits us to conclude that

1 1l—z. 1
In— > In —
T 11—y vy

for every real numbers z,y such that 0 < x <y < 1. In particular, taking z =
and y = 2, we get

r (r) =
— > —
q p

and hence \o(u) < A(u). Consequently,

= inf .
Ao ueII/II/l\{O} )\0(16) <A

The growth properties of t s Fy, ) (t, u) imply that 0y Fyy ) (fo(u),u) < 0, which,
together with Fy, (to(u),u) = 0iFayw)(to(u), u) = 0 give us 0;Jyyw)(to(u),u) = 0
and atJAO(u) (to(u),u) < 0. Using the caracterization of the positive real number
t(u, A\o(u)) (see Remark 2), we obtain

t(u, Ao(u)) = to(u).
First, we show the first assertion of (ii). Fixing a A €]0, Ao[, by the definition of A,
we have Jy(to(u),u) > 0 for any u € W\ {0}. On the other hand, t — Jy(, u)
attains its maximum at £(u,\) therefore for any v € W \ {0}, J,\( (u, A),u) >
Ja(to(u),u) > 0 and according to Remark 5, Jy(U) = JA(1(w, \), w) >
For the case A = )y, we have

To(U) = D ({(@ M), @) = @(Xo) = Inf T (B, o), ).

On the other hand, the lower semicontinuity of the functional defined on W\ {0}

by u +— (2,7,11) with
R(u) =P Q(u)
N4 (7“):‘; r—p lp—qr‘g o Pt
o = — |- inf —————
r\p r—qlr—gq ueW\{0} R(u)ffZQ(u)
r—a p—q
r\p r—qlr—gq p=gq

weW\{0},R(u) = Q(u)=1



Positive solutions for an elliptic equation in Sobolev space 339

leads to the existence of u* € W\ {0} such that A\g = \g(u*). This implies that
J)\O(U> < j,\o(u*)(f(u*, Ao(u*)), u*) = j,\o(u*)(to(u*),u*) = 0.

Moreover, since t — Jy, (¢, %) attains its maximum at £(@, Ag) and X — Jy(t, u) is
a decreasing function on R? then

‘]/\o (U) = j)\o (f(ﬂ7 )‘0>7ﬂ) > j/\o (tO(ﬂ>’ﬂ) > j)\o(ﬂ)(to(ﬂ)vﬂ) = 0.

Finally, assume that Ay < A < A. Since for any u € W \ {0}, Jy(u) is a decreasing

function with respect to A, then J,(U) < J,,(U) = 0. ]
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