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ELLIPTIC PROBLEM WITH A VARIABLE
COEFFICIENT AND A JUMPING SEMILINEAR TERM

Q-HEUNG CHOI AND TACKSUN JUNG*

ABSTRACT. We obtain the multiple solutions for the fourth order
elliptic problem with a variable coefficient and a jumping semilinear
term. We have a result that there exist at least two solutions if the
variable coefficient of the semilinear term crosses some number of the
eigenvalues of the biharmonic eigenvalue problem. We obtain this
multiplicity result by applying the Leray-Schauder degree theory.

1. Introduction

Let ©2 be a bounded domain in R" with smooth boundary 9€). Let
¢ € R and b(z) be Holder continuous in €. In this paper we consider the
multiplicity result for the following fourth order elliptic equation with
the variable coefficient semilinear term and Dirichlet boundary condition

(1.1) Ay 4 cAu = b(x)((u+1)T — 1), in Q,
u =0, Au=20 on 0f,
where ut = max{u,0} and v~ = —min{u, 0}. Let A\, k > 1, denote the

eigenvalues and ¢ k > 1 the corresponding eigenfunctions, suitably nor-
malized with respect to L?(Q) inner product, of the eigenvalue problem
Au-+Au=01in Q, u = 0 on 0f2, where each eigenvalue )\, is repeated as
often as its multiplicity. We recall that \; < Ay < A3... A, ... = 00,
and that ¢;(x) > 0 for z € Q. The eigenvalue problem A%u+ cAu = pu
in Q, u =0, Au = 0 on 09 has also infinitely many eigenvalues
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pr = A(Ax — ¢), k > 1 and corresponding eigenfunctions ¢, k > 1.
We note that

MM —¢) < de(Aa—¢) < A s(A3—c¢) < -+
Tarantello [9] studied problem (1.1) with b(x) = b constant;
(1.2) A?u A4 cAu=b((u+1)" —1),
u=0, Au =0 on 0.

She showed that if ¢ < A; and b > A1 (A —¢), then (1.2) has at least two
solutions, one of which is a negative solution. She obtained this result
by the degree theory. Micheletti, Pistoia and Saccon [8] also proved that
if ¢ < Ay and b > Ay(Ay — ¢), then (1.2) has at least three solutions by
the variational linking theorem and Leray-Schauder degree theory. Choi
and Jung [2] showed that the problem

(1.3) Ay + cAu = but + s in €,
u =0, Au=0 on 0f)

has at least two nontrivial solutions when ¢ < A, A\if(A —¢) < b <
Ao(Ag —¢) and s < 0 or when A\ < ¢ < Ao, b < A\j(A; —¢) and s > 0.
They obtained these results by using the variational reduction method.
They [3] also proved that when ¢ < Ay, A\j(A —¢) < b < Aa(A2 — ¢) and
s < 0, (1.3) has at least three nontrivial solutions by using degree theory.
They [4] also proved that the single fourth order elliptic problem with
some nonlinearity has at least three solutions. In [4,5,6,9] the authors
investigate the existence of multiple solutions of fourth order elliptic
problems.

In this paper we improve these results to the problem (1.1) with the
variable coefficient jumping semilinear term b(x). Now we consider the
eigenvalue problem

(1.4) Ay + cAu — b(x)u = Au in €,

u =0, Au=0 on 0f).
McKenna and Walter [7] showed that (1.4) has infinitely many eigen-
values Ay, k > 1, and the corresponding eigenfunctions ¢, k& > 1. We
assume that the eigenfunctions are normalized with respect to H inner

product (the space H is introduced in section 2). Standard eigenvalue
theory gives that

A1<A2§A3§"', Ak%—koo as /{Z—>+OO,



Elliptic problem with a variable coefficient and a jumping semilinear term 127

@Dl([I)) >0 in Q.

Our main results are as follows:

THEOREM 1.1. Let ¢ < Ap, \y(A, —¢) < b(x) < Ar1(Ang1 — ©),
n > 1. Then (1.1) has at least two nontrivial solutions, one of which is
a negative solution.

We use the Leray-Schauder degree theory to prove main results. The
outline of the proofs is as follows: In section 2, we show the existence of
the negative solution and investigate the a priori bound for the solutions
of (1.1) under the assumptions of Theorem 1.1 and prove Theorem 1.1.

2. The Hilbert space and proof of Theorem 1.1

Any element u in L?*(2) can be written as
(2.1) u=>Y hy with » hf < oc.
We define a subspace H of L*(Q) as follows
H={ue Q)| Y [Axlh} < oo}
Then this is a complete normed space with a norm
1
(22) lull = [ 1AkIR3]
Since A, — +oo and c is fixed, we have
(i) (A% 4+ cA — b(x))u € H implies u € H.
(ii) |Ju|| > Cllul/L2@), for some C' > 0.
(iii) [Ju||z2(qy = 0 if and only if |lu|| = 0.
For the proof of the above results we refer [1].

LEMMA 2.1. Assume that ¢ is not an eigenvalue of —A, Ay # 0 (or
b(x) # M(M — ¢)), and b(x) is bounded. Then all solutions in L*()) of
A*u+ cAu = b(z)((u+1)" —1) in L*()

belong to H.

Proof. (1.1) can be rewritten as
(2.3) (A® + cA — b(z))u = b(x)(u+1)" in Q,
u=0, Au=0, on 0f)
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Let us write b(z)(u +1)" = > by € L(Q).

(A2 + cA — b)) (@) + 1) =3 Aikhm e 12(Q).

1
(A% A = b)) b(a)(w+ 1)) = \Ak\whi
<O hy=Cllullag) < o
for some C' > 0. Thus (A% + cA — b(z))"'o(z)(u+ 1)~ € H. O

With the aid of Lemma 2.1 it is enough to show that we investigate
the existence of the solutions of (1.1) in the subspace H of L*(2).

Now we shall calculate the Leray-Schauder degree on the neighbor-
hood of a unique negative solution u* of the linear problem

(2.4) Ay + cAu = —b(x), in €,
u =0, Au=0 on 0f)

LEMMA 2.2. Assume that ¢ < A\, A\,(A,—¢) < b(z) < Apr1(Ang1—c),
n > 1. Then there exists a constant ) > 0 such that the Leray-Schauder
degree

drs(u— (A% +cA) 7 (b(@)((u+ 1) = 1)), By(u*),0) = (=1)".

Proof. We know that the linear problem (2.4) has a unique solution u*.
Since ¢ < A1 and —b(z) < 0, by applying the standard strong maximum
principle to z = Au and consequently to u, u* is negative. Let u be a
nontrivial solution of (1.1). Since b(x)((u + 1)* — 1) > —b(x), by the
standard strong maximum principle to z = Awu and consequently to wu,

we have u > u*. Since min{(u + 1)* — 1} = —1 and b(z) > A\ (A — ¢),
(2.5) minu < -1,

SO

(2.6) |lu||gee > 1.

By the Schauder estimates for elliptic operator, (A? 4+ ¢A)~! is a linear
compact operator from H into H. We note that ifu € H, (u+1)*—1 €
H. Thus the operator u— (A% +cA) 1 (b(z)((u+1)* —1)) is well defined
from H into H. (1.1) can be rewritten as

(A% + cA —b(z))u = b(z)(u+1)".
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(2.7) w= (A% + eA — b(z)) " (b(x) (u + 1)7).

Let K be the closure of (A% + cA — b(x))~}(B), where B is the closed
unit ball centered at u* in Lo(£2). Let u be a nontrivial solution of (1.1).
Let u = u* 4+ v and ||v|| = 7. Then v satisfies the equation

(2.8) (A% + cA — b(z))v = b(z)(u* + v+ 1) + b(z)u* + b(z)

(2.9)  v=(A%+cA —b(z))  (b(x) (v +v+1)" +b(z)u* + b(x)).

Let us set § = maxb(x). Since ||(v* +v+1)7| < ||(v* 4+ v)~| and

16(z)(w" + v +1)7 4+ b(z)u” + b(2)|| < [b(2)(u” +v)~ + b(x)u” + b(z)]]
< B+ 2w’ +1).

Thus
vepn+1)K.

From (2.9) we get
(2.10) v+ (A% + cA — b(z)) " H(—b(z)u* — b(x))

= (A% + cA — b(x)) H(b(z)(u* + v+ 1)7).
Let us set y = ¢ Then |y[| = 1 and y € S(1 + %)K Since y is in
compact set and different from 0 and since b(xz) > 0 is not eigenvalue,
we can choose a number 1 > 0 so small that

infy [y + %(AQ + A = b(x)) " (=b(x) — b(x)u”)]|
> inf, ||y + %(AQ +cA —b(z)) H(=b(z))|| =a >0

since (A% + cA)7H(=b(z) — b(x)u*) > (A? + cA)~'(=b(x)) and ||(A? +
-1 — B

cA = b)) (=b@))l = SmpE—nto =@y > L Hence

the norm of the left hand side of (2.10) is

|v 4 (A% + cA — b(2)) " (=b(x) — b(x)u*)|| > an.

On the other hand, we shall estimate the norm of the right hand side
of (2.10). If v is a solution of (2.8), then by ||[(A? + cA — b(z))7Y| =
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.min{b(x)_)\n(/\n_c)}/\nﬂ(An+1_c)_b(m)}, the norm of the right hand side of (2.10)
is
I(A% + cA = b)) (b(z)(u” + v +1)7)]
< p
< — 7.
min{b(x) — A\y(Ay — ), A1 (Anp1 — ¢) — b(z) }

We note that

so small that

B
min{b(x)%n(/\nfc)’ﬁ)\nﬂ()\Mrc)fb(x)} > 1. Now we choose nn > 0

T Oy < - Thus for this value
of 1, there is no solution of (1.1) of the form u = u* + v with ||v]| = 7.
That is,

u— (A% +cA) M b@)(u+ 1Dt —b(z)) £0  on IB,(u").
We apply the similar argument to the equation
(2.11) (A* + cA —b(x))u
= Ab(x)(u+ 1) + Ab(x)u* + \b(z) — b(x) — b(x)u* in H,

where 0 < A < 1 and u* is the unique negative solution of (2.4). A =1
gives the equation (1.1). Let u be a nontrivial solution of (2.11) for
arbitrary A with 0 < A < 1. Let u = u* + v. Then v satisfies the
equation

(2.12) (A% +cA —b(x))(v) = Mb(2)(u* +v+1)" + Xb(x)u* + \b(2)
(2.13) v = (A% + cA — b(x)) *(Ab(z) (u* + v + 1) + Ab(z)u* + Ab(7)).
Let u = u* 4+ v and |[v|| = 7. Let us set = maxb(x). Since ||(uv* +v +
D7 < [[(u” 4+ v)7|| and

|Ab(2z)(u" 4+ v+ 1) + Xb(x)u”™ + Ab(z)||

< [1b(z) (u” +0) 7| + [|b(z)u’|| + [[b(z)]

< B+ 2w’ +1).

Thus
vepn+1)K.
From (2.13) we get
(2.14) v+ (A% + cA — b(z)) " (=\b(z)u* — Ab(2))
= (A% +cA —b(z))*(Mb(2)(u* +v +1)7).
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By the same argument as the previous discussion, there is no solution of
(1.1) of the form u = u* + v with ||v|| = n. That is,
(2.15)
u— (A + A — b(z)) " Ab(z) (u + 1)~ 4+ Ab(2)u* + Ab(x) — b(x) — b(z)u*)
# 0 on 0B,(u").
Since the Leray-Schauder degree is invariant under a homotopy, we have
ds(u— (A% + cA) 7 (b(w)(u + 1)" = b(x)), By(u"), 0)
=dps(u— (A% + cA — b(x)) 7 (Ab(z) (u + 1)~
+ Ab(z)u” + Ab(z) — b(x) — b(z)u"), B,(u*),0)
= dps(u— (A% + cA = b(x)) ' (=b(z) — b(x)u")), By(u"), 0)
= drs(u — (A% + cA) " (b(x)u), B,(0),0).

Now we are trying to find the number of the negative eigenvalues of the
equation

(2.16) u— (A% + cA) " Hb(z)u) = ou.
We note that u — (A? +cA)~}(b(z)u) = ou is equivalent to the equation
1
(A? + cA)u — rb(x)u = 0, where r =
-0

and o < 0 corresponds to 0 < r < 1. We first consider the eigenvalue
problem

b(x)
Palm—0" ™
Since 28— > 1, 7 (A(An — €)) < MM — ¢). Thus

An(An—c)
>\k(/\k — C)
A(Ap — )

We next consider the eigenvalue problem

(A% + cA)u — 1A (N, —

(2.17) TR <

b(z)
u
Ang1(Ans1 =€)
Since % <1, r(MAp1(Ang1 — ©)) > Ae(Ar — ¢). Thus
/\k(/\k — C)
/\n+1 (/\n+1 - C)

(A + cA)u — 1M1 (Apg1 — €) = 0.

(2.18) <7
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By (2.17) and (2.18),

)\k()\k — C) <rp < >\k()\k — C) .
Ang1(Ans1 — ) An(An =€)
Thus there exist n numbers of r, k =1,2,--- ,n in the area of 0 < r, <

1, so there exist n number of negative eigenvalues o of (2.16). Thus we
have
drs(u — (A + cA) " (b(z)u), B,(0),0) = (1),

so we prove the lemma. O

LEMMA 2.3. Assume that ¢ < Ay and A\,,(A,—c¢) < b(x) < Apy1(Any1—
¢). Then there exists a constant sy > 0 so large enough that if s > s,
then the problem

(2.19) APu+ cAu = b(z)((u+ 1) — 1) + sy (2), in Q,
u =0, Au=0 on 0f)
has no solution.

Proof. We suppose that the lemma is false. Then there exist a se-
quence u, in H and (s,)nen such that lim, s, = +oo and u, are the
solutions of

(2.20)  wup = (A? 4+ cA) T b(@) (up + 1) = 1) + 5,01 (2)), in Q,
u, =0, Au, =0 on 0f).

We claim that {u,} is unbounded. In fact, if {u,} is bounded, then
lim,, o = = 0 in §, strongly in L*(Q) and weakly in H. Dividing
(2.20) by s, we have

= (A7 4+ eB) B (2 + )T~ 1)+ (e).

n n n n

Passing to the limit to both sides of (2.21), we have that
0= (A% +cA) " (Yn (),

which is a contradiction because the left hand side of the equality is 0,
but the right hand side is not equal to 0. Thus lim,,_,« [Ju,| = co. Let

2 = ﬁ Since {z,} is compact, there exists a subsequence, up to a
n

subsequence, {z,} such that lim,cy 2, = 2z a.e. in Q, strongly in L?(2)
and weakly in H. Dividing (2.20) by ||u,||, we have

(2.22) 2, = (A% +cA) 7 (b(@) (20 + ||u1 ||)+ N ||1;L P IIanl

(2.21) tn

().
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We suppose that lim,, ”Z—Z” = s > 0. Passing to the limit in (2.22),
we obtain that
(2.23) z = (A* + cA)H(b(x)zt + sy (z)).

z =0, Az=0 on 0f).

We claim that (2.23) has only trivial solution z = 0. In fact, we suppose
that z # 0. Multiplying both sides of (2.23) by t1(x) and integrating,
we have

0<s= /Q((A2 + cA)zpy (7) — b(x) 2Ty (2))dz,

which is absurd because the right hand side of the above equation is
negative since Ay < 0 and —(A; + b(z)) < 0 (which come from the
assumption ¢ < A; and A, (A, —¢) < b(z) < Aps1 (A1 —¢). Thus z = 0.
This is a contradiction since ||z|| = 1. We prove the lemma. O

LEMMA 2.4. (A priori bound) Assume that ¢ < Ay and A\, (A, — ¢) <
b(x) < Apy1(Any1 — ¢)). If there exist a constant C' > 0 and s, > 0 with
S, < So such that all solutions u of (2.19) with s < s,, then |ju|| < C.

Proof. We argue by contradiction. Suppose that there exists a se-
quence (uy, S,) such that ||u,| — oo, s, = ss, $p < s, and u, satisfy
the equation

(2.24) (A2 + A — b(z) — Ay)uy,
= — At + Ay, + b(2) (un + 1) + s, ().

Let z, = HQ“’UZ”. By the compactness of {z,}, there exists z such that

z, — z and z is a solution of the equation
(2.25) (A% +cA —b(z) — Az = =Nzt + Ajz” +b(x)z.
Taking inner product of both sides of (2.25) with ¢y (x), we have
(2.26) 0= (A% + cA — b(x) — Ay)z, 1 (2))

= (=Azt 4+ (A +b(2)) 27, 1 (2)).

Since —A1z" + (A1 + b(x))z~ > €||z||, the right hand side of (2.26) is
bigger than or equal to 0. Thus the only possibility to hold (2.26) is that
z = 0, which is impossible since ||z|| = 1. Thus we prove the lemma. [
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LEMMA 2.5. Assume that ¢ < A\, A\p(A,—¢) < b(z) < A1 (Ang1—0),
n > 1. Then there exists a constant R > 0 (depending on C' which is
introduced in Lemma 2.4) such that any solutions of (1.1) are contained
in Bg(0) and the Leray-Schauder degree
drs(u — (A% + cA)H(b(x)(u+ 1) — b(z)), Br(0),0) = 0
for R > C.

Proof. This result follows from Lemma 2.3 and Lemma 2.4. By Lemma
2.3, there exists a constant s, > 0 such that if s > sg, (2.19) has
no solution. By Lemma 2.4, there exist a constant C' and s, > 0
with s, < sg such that if u is a solution of (2.19) with s < s,, then
|lul| < C. Let us choose R so large that R > C. We note that
w— (A% + cA)H(b(a)(u + 1)* — b(x) + (1 — Asothy(x)) = u — (A2 +
cA—b(z)—A)H(=Aut +Aum +b(x)(u+1)"+ (1= N)sgebr(x)) # 0 on
0Bg(0) for 0 < A < 1. By the homotopy invariance property, we have
that the Leray-Schauder degree
dps(u— (A% + cA) " (b(@)(u + 1)" — b(z)), Br(0),0)
= dys(u = (A + cA) 7 (b(x) (w + 1) = (@) + (1= Nsoth (+)), Br(0),0)
= drs(u— (A% +cA) 7 (0(@)(u+ 1) = b(x) + sothr (@), Br(0),0) = 0,
where 0 < A < 1. Thus we prove the lemma. O

Proof of Theorem 1.1
By Lemma 2.5, there exists a large number R > 0 (depending on C)
such that the Leray-Schauder degree
dps(u— (A% + eA) 7 (b(z)(u+ 1) — b(z)), Br(0),0) =0
for R > C'. By Lemma 2.2, there exists a constant n > 0 such that the
Leray-Schauder degree
drs(u— (A% +cA) 7 (b(@)(u+ 1)" = b(x)), By(u"),0) = (=1)",
where u* is a unique negative solution of the linear problem
Ay + cAu = —b(x), in €,
u =0, Au=0 on 0f).
If n is even, then the Leray-Schauder degree in the region Br(0)\B,(u*)
is -1, so there exists the second solution of (1.1) in the region Br(0)\ B, (u*).

Therefore there exist at least two solutions of (1.1), one of which is a
negative solution. If n is odd, then the Leray-Schauder degree in the



Elliptic problem with a variable coefficient and a jumping semilinear term 135

region Br(0)\B,(u*) is +1, so there exists the second solution of (1.1)
in the region Br(0)\B,(u*). Therefore there exist at least two solutions
of (1.1), one of which is a negative solution. Thus we complete the proof.
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