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We obtain sufficient conditions for the existence of at least three weak solutions of a (p,q)-
biharmonic system. We also consider the applications of our main theorem to some special cases
of the system. The proof of our main theorem utilizes the variational approaches and a recent
theorem of Ricceri on the existence of two global minima of a functional.
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1. Introduction

We assume that Q C RY, with N > 2, is a bounded domain with smooth boundary,
p,q > 1 are constants satisfying max{p, ¢} < N/2 and p*, ¢* > 2, where

b N —2p and a N —2q

Let A be the class of functions H : € x R? — R which are measurable in 2, contin-
wously differentiable in R?, H(-,0,0) € L?(2), and for which there exist constants
C;1>0,1<p<p/2,and 1 < v < ¢*/2 such that

v(p—1)
| Ha(w,u,0)] < Cy (1 Jul =t 4 o] )

u(v—l))

for all (z,u,v) € Q xR?, where H,(z,u,v) and H,(x,u,v) denote the partial deriva-
tives of H(x,u,v) with respect to u and v, respectively.

and |H,(x,u,v)| < Cy (1 + o]+ |u

In this work, we study the existence of multiple weak solutions to the (p,q)-biharmonic
System

A (‘Au’p_QAIO = ml(‘T)Fu(x7 u, U)+m2(‘r>Gu(x7 u, U)+Ku(x7 u, U) in Q7

A(‘A’U‘q_QA’U) :m1<$)Fv(Z',U,U)+m2($)GU($,u,’U)—i—Kv(SE,u,’U) in Q> (1)

u=Au=0, v=A~Av=0 on 012,
where F, G, K € A and my, my : 2 — R are measurable functions. We first establish
a theorem which ensures that system (1) has at least three weak solutions. Then,
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we derive two consequences of our theorem by applying it to some special cases of
the system. See Theorem 3.2 and Corollaries 3.4 and 3.5 in Section 3 for details.
This work is greatly motivated by a recent paper of Ricceri [13], where the author
first proved a general theorem for a functional to have at least two global minima
in a topological space, and then presented its applications to some second order
elliptic systems. We explore further applications of Ricceri’s theorem and obtain
new existence results for biharmonic systems.

In recent years, biharmonic systems have been studied by many authors in the
literature. We refer the reader to [1, 2, 3, 4, 6, 7, 8, 14] and the references therein for
some recent work. For instance, the present authors [7] studied the (p, ¢)-biharmonic
system

A (JAuP~2Au) = Xa(x)|uP?u + Ae(z) [u*7 o[ u  in Q,
A (JAv]72Av) = Ab(2)|v|9 %0 + Ae(z) [u[*THo[P~lv  in Q, (2)
u=Au=0, v=A_Av=0 on 0,

where A > 0 is a parameter, and proved the existence, positivity, simplicity, unique-
ness up to nonnegative eigenfunctions, and isolation of the principle eigenvalue of
the system under the following assumptions:

(A1) « and B are nonnegative constants and O‘Tfl + % =1;
(A2) a,b,c:Q — R are nonnegative measurable functions, ¢ Z 0 in (2,

p* q* -1
a € L#5(Q), b€ L7 (Q), and ¢ € LA(Q), where p = (1— 2 — 241}

p* q*

In this paper, our goal is to further study the existence of multiple weak solutions
of biharmonic systems. Our results enrich the existing literature on this subject.

The remainder of this paper is organized as follows. Section 2 presents some pre-
liminaries and Section 3 contains the main theorem and its proof and corollaries.

2. Preliminary results

Throughout this paper, for any r € (1, 00), we denote the norm of the space L"(2)
by [Jull, = (J, ]u\r)l/r, u € L"(Q), and let the space X be defined by

X = (WoP() nW2P(Q)) x (Wy?(Q) N TW21(Q)) . (3)
Then, X is a separable and reflexive Banach space equipped with the standard norm

[(w, v)lx = [Aull, + [[Avllg,  (u,0) € X.

In the sequel, we assume that the constants «, § and the functions a, b, ¢ satisfy the
conditions (A1) and (A2), given in Section 1. Let the functionals &, ¥ : X — R be
defined by

1 1
B(u,v) = 25 /\Au\deﬁL/ Av|? de (4)
p Q q Q
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and

U(u,v) = a+1/Qa(x)|u|pdx+%/Qb(x)|v|qu+/Qc(x)|u|a+1|v|ﬂ+1 dz, (5)

p

where (u,v) € X. Then, from [7, Lemma 2.1], ® and ¥ are well defined. Moreover,
by [7, Theorem 2.3], we have the following lemma.

Lemma 2.1. System (2) admits an eigenpair (A1, (u1,v1)) such that \y > 0 is the
principal eigenvalue, u; and vy are nonnegative in ), and

A = P(ug,v1) = \Il(irg_l O (u,v). (6)

From (6), it follows that

O (u,v) > MV (u,v) for all (u,v) € X. (7)

For any given H € A, define a functional H:X >R by
H(u,v) :/H(x,u,v)da:, (u,v) € X.
Q

Lemma 2.2. For any H € A, we have
(a) H is well defined and H(-,u(-),v(-)) € L*(Q) for any (u,v) € X;
(b) H e CY(X,R) with its Gateauz derivative given by
(H'(u,v), (6, 0)) = / H,(z,u,v)pdz + / Hy(z,u,v)1 dz (8)
for any (¢,¢) € X; " !
(c) H is sequentially weakly continuous in X .

Proof. For any (z,ug,v9) € Q x R?, in view of the fact that H € A, we have

Y OH (w, sug, sv0)

0s

(H (2, w0, 00)] = \H@c,o, o+ [ s
0

1
< |H(x,0,0)] +/ (|u0| |Hy(z, sug, svg)| + |vo| | Hy(z, sug, svo)|) ds
0

< |H(x,0,0)]

(v

1
v(pu—1) —1)
+C1 [ (juol+1uols* ™1+ sual 5 fuol-+ ool unf"s” 1+ sl 7 ) s
0

v v(p—1) (v—1)
S ‘H(SL’,0,0)’ + Cl <|UO| + ‘U0| + |U0|u + |U0| + ’U(]’ H ]u0| + |’U/0‘M v |U0‘) .

This, together with Young’s inequality, implies that
|H (z,u9,v0)| < Co (|H(x,0,0)| + |uo| + |vo| + [uol* + |vo]") (9)

where C is a positive constant independent of (ug, vg) € R2.
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Recall that H(-,0,0) € L*(Q), 1 < p < p*/2, and 1 < v < ¢*/2. Then, for any
(u,v) € X, from the Sobolev embedding theorem, we see that

B (u,0)] < 02/ (1 (2,0,0)] + [u] + [o] + [ul* + [o]") dx < oo,
Q

Hence, H is well defined. In view of the fact that H(-,0,0) € L*(), 2 < 2u < p*,
and 2 < 2v < ¢*, from (9), Holder’s inequality, and the Sobolev embedding theorem,
it is a easy to check that H(-,u(-),v(-)) € L*(Q) for any (u,v) € X. Thus, we have
proved part (a).

Moreover, by a standard argument, we can show that H € C'(X,R) and (8) holds.
Hence, part (b) holds.

Below, we show part (c). Let (u,,v,) be a bounded sequence in X. Then, passing
to a subsequence if necessary, we may assume that (u,,v,) converges weakly to
(4,9) € X. Thus, by the Sobolev embedding theorem, we have u, — @ in L*(£2)
and v, — 0 in L*(Q). Since H € A, there exists a constant C3 > 0 such that

[ Ha(,u,0)] < Gy (14 ul® + o) ¥)
and [Hyw,u,0)] < Cy (14 Jul ¥ + ol ¥)

for all (z,u,v) € QxR% Hence, H,(-,u(-),v(-)) and H,(-,u(-),v(-)) are continuous
in L?(Q) with respect to (u,v) € L#(Q2) x L*(Q) (see, for example, [5, Theorem
1.1]). Thus, from (8) and Holder’s inequality,

[(H (tn,00) = H'(,0), (6,0))]

< / |Hy(z, tp, v,) — Hy(z,0,0)| 6] do +/ |Hy (2, Up, vn) — Hy(z,0,0)| 1] do

Q Q

%
< ([ 1t = Bt i) de) ol
Q

%

+ </ |Hy (2, wp, vy,) — Hy(z, A,@)|2dx) ||l — 0 for any (¢,v) € X.
Q

Hence, f[’(un,vn) — ﬁ'(a,@). This shows that H’ is compact. Thus, by [15,
Corollary 4.19], H is sequentially weakly continuous in X; that is, part(c) holds.
This completes the proof of the lemma. ]

Let S be a topological space. Recall that a function g : S — R is said to be
inf-compact if the set ¢g7'((—oo,r]) :== {u € S : g(u) < r} is compact for each
r € R.

The following lemma plays a key role in the proof of our main theorem and is taken

from [13, Theorem 2.1]. For some related results, see [10, 11, 12] and the references
therein.



L. Kong, R. Nichols / Multiple Weak Solutions ... 113

Lemma 2.3. Let X be a topological space, (Y, (-,-)) a real Hilbert space, T CY a
convex set denseinY, and I : X = R, ¢ : X = Y two functions such that, for each
y € T, the function x — I(x) + (p(x),y) is lower semicontinuous and inf-compact.
Moreover, assume that there exists a point xo € X, with p(zo) # 0, such that

(a) g is a global minimum of both functions I and ||e(-)]|;
(b)  infrex(p(2), o(x0)) < ll(xo)l*.

Then, for each convex set S C T dense in Y, there exists y € S such that the
functional x — I(x) + (p(z), ) has at least two global minima in X.

3. Main results

Recall that F,G, K € A are the functions appearing in system (1) and that the
constants «, 5 and the functions a,b, ¢ satisfy the conditions (A1) and (A2). We
further make the following assumptions:

(H1) meas(A) > 0, meas(B) > 0, and
|F(z,0,0)>+|G(2,0,0)]? < |F(z,s,t)]*+|G(z, s,t)|* for all z€Q and s,t€R,

where A={zeQ:|F(2,0,0)*+|G(z,0,0)* >0}
and B = {x €eQ: inf P(z,s,t) < 0} with
(s,t)ER2?

P(x,s,t) = F(x,0,0)F(z,5,t)+G(2,0,0)G(x, s,t)—| F(x,0,0)]*~|G(x,0,0)[*
(H2) K(2,0,0) =0 for all z € © and there exists a constant x € (0,1) such that

K(z,8,t) < ka1 [01 (a(2)]s]? + b(x)[t|7) + c(z)|s|*T]t]7]

for all x € Q and s,t € R, where )\ is given by (6),

. [a+1 B+1 1
¢, = min , —— ¢, and @y = ;
p q max{a + 1, 5+ 1}

(H3) F and G satisfy the following growth condition

. [F(,5,6)] + [Gla, 5, 1)

u = 0.
sl 00 wety a(@)]s[P + b(@)[E]7 + c(x)[s[+L]E]FH

Definition 3.1. We say that (u,v) € X is a weak solution of system (1) if

/Q |Au[P2AulA¢ drx = /Q (ma (@) Fu(z, u,v) + ma(2) Gy, u,v) + Ky (2, u,0)) ¢ do
and

/Q |Av|T 2 AvAY dx + /Q (ma(z)Fy(z,u,v) + mao(2)Gy(z,u,v) + Ky (2, u,v)) ¢ do

for all (¢,v) € X.
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We now state our main theorem.

Theorem 3.2. Assume that (A1), (A2), and (H1)—(H3) hold. Then, for each convez
set S C L>®(Q) x L=(Q) dense in L*(Q) x L*(Q), there exists (my,my) € S such
that system (1) has at least three weak solutions, two of which are the global minima
in X of the functional J defined by

! P ! v|?dx
J(uv) = ]3/Q|Au| d:c+q/Q]A 74
—/Q(ml(a:)F(a:,u,U)+m2(x)G($,u,U)+K(x,u,v)) dz. (10)

Remark 3.3. From Definition 3.1 and (10), the pair (u,v) € X is a weak solution
of system (1) if and only if it is a critical point of J; that is, (J'(u,v), (¢,9)) =0
for all (¢,v) € X.

Proof. Our goal is to apply Lemma 2.3 to system (1). To this end, let X be defined

by (3) endowed with the weak topology and Y be the Hilbert space L?(2) x L*(Q)
equipped with the inner product

«ﬁmihk»yzlkﬂ@h@%+ﬂwkwnwa

which further induces the norm

1
2

Il = ([ (5P + o)) do)

Let T be the space L*(2) x L>(£2). Then, T is a convex subset of Y and dense in
Y. Define the functional I : X — R by

1 1
I(u,v) = -/ |Au\”dx+—/ ]Av|qu—/K(x,u,v) iz (11)
P Ja qJo Q
and the function ¢ : X — Y by

QO(U, U) = ( - F( ) ’u<')7v<'))v _G( ) ’u(')7v(')))a
and let zp = (0,0) € X. In view of Lemma 2.2 (a) and (b), I and ¢ are well

defined. We now verify that all the conditions of Lemma 2.3 are satisfied. Using the
conditions in (H1), we have

le(0,0)[15 = /Q(!F(%O, 0)]> +1G(2,0,0)[*) dz > 0

and
10(0, 03 < lle(u,v)[3 for any (u,v) € X.
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For any (u,v) € X, from (4), (5), (7), and (H2), it follows that

Q

1 1
< Kb\ (O“f' /a(m)]u|pd$+ﬁi/b(x)‘ﬂqu—i-/C(x)|u]a+1|v|'8+1 da:)
p 0 Q

q Q
1 1
< Kby (OH_ /|Au|pdx+ﬁ;/ |Av|qu)
P Ja 4 Jo

1 1
§/€<—/ |Au]pdx—|——/ |Av|qd:c)
P Ja q.Jo

1 1
< —/ \Au]pdx—l——/ |Av|? dz. (12)
P Ja q.Jo

/QK(LU, v)dr < Kby (91 /Q (a(z)|ul’ + b(x)v|?) dz + / c(x)|u|* o)1 d:v)

Note from (H2) that K(z,0,0) = 0 in 2. Then, by (11) and (12), we see that (0, 0)
is a global minimum of I in X. Hence, condition (a) of Lemma 2.3 is satisfied.

Now, let the set B be defined as in (H1), Then, meas(B) > 0 by (H1). Then, using
the Scorza-Dragoni theorem and arguing exactly as in the proof of [13, Theorem
2.2], we can verify condition (b) of Lemma 2.3.

Next, let (my, mo) € T be fixed and the functional J be defined by (10). Then, we
have

H(z,s,t) :==my(z)F(x,s,t) + ma(x)G(z, s, t) + K(x,s,t) € A
and J(u,v) = I(u,v) + {(p(u,v), (M, ms))y. (13)

By Lemma 2.3 (c), J is sequentially weakly lower semicontinuous in X. Below, we
show that J is coercive. Let

0 = max {[lmilec; [maflco, 1} >0

and choose € > 0 small enough so that

1 11
- 1-— n¢g—, —p. 14
€< 591)\1( /-i)mm{p, q} (14)

From (H3), there exists a constant C. > 0 such that
|F(z,5,t)| + |Gz, 5,t)| < € (alz)|s]” + b(z)[t|]* + c(z)|s|*TH|¢]"+) + C.
for all (x,s,t) € Q x R% Then, for any (u,v) € X, from (12), we obtain that

J(u,v) = I(u,v) + (p(u,v), (o, B))y
> (1 k) (é/g}mmpm%/ﬂymyw)

~ [ (@) 1P, 0,0)] + [ma(a) |G 0, ) d

(15)
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11
> (1—k) min{—, —} (/ \Au\pdx+/ ]Av!qu)
b q Q Q

— (5/ (|F(z,u,v)| + |G(z,u,v)]) dz
Q
.11
> (1—k) mm{—7 —} (/ |Au\pd:&+/ |Avlqu)
b q 0 Q
- (56/ (a(@)|ul” + b(x)|v]? + c(z)|u|*TH|v]"*!) dz — 6C. meas(R2).
0
For 6, defined in (H2), we have
1 p q
- L S
0 max{&+1,ﬁ+1}>
From (4), (5), and (7), we derive that

/Q(G(I)|u|p—|—b(x)|v|q +c(w)|u|a+1|v|5+1) dr

1 1 1
< [ (ot + T e e )
1
1 1
< — ot /|Au]pd:c—|— /\Afv\qda:
01)\1
1
< — (/ |Au|pdx—|—/ |Av|qu) :
01 \Ja 0

This, together with (15), yields that

T, 0) > ((1 ) mln{; ;} _ eil) (/Q|Au|pdx +/Q|Av]qdm) ~ §C. meas(Q).

By virtue of (14), we have (1 — ) min { L 1} - 91)\ > 0. Then,

’q

lim  J(u,v) = oo,
(| (u,0)[| x =00

i.e., J is coercive. Thus, J~'((0,r]) is bounded for any r € R. So J is weakly lower
semicontinuous and inf-compact in view of the Eberlein-Smulyan theorem. Hence,
all the conditions of Lemma 2.3 are satisfied. Therefore, by Lemma 2.3 and in view
of (13), for each convex set S C L®(Q) x L*°(Q) dense in L*(Q) x L*(Q), there
exists (mqy, mg) € S such that the functional J has at least two global minima in X.
Moreover, from [15, Example 38.25], J satisfies the Palais-Smale condition. Thus,
using [9, Corollary 1], we conclude that J has at least three critical points, which
are weak solutions of system (1) by Remark 3.3. This completes the proof of the
theorem. O

Finally, we present two simple applications of Theorem 3.2. The first one considers
some special functions F' and G.
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Corollary 3.4. Assume that (Al) and (A2) hold and K € A satisfies (H2). Let
© : R? — R be a non-constant C' function in A satisfying ©(0,0) = 0. Then,
for each convex set S C L>®(Q) x L>®(Q) dense in L*(Q)) x L*(Q), there exists
(m1,me) € S such that the system

(A (|AuP7?Au) = [my(z) cos(O(u, v)) — ma(z) sin(O(u, v))] Oy (u, v) + Ky (z,u, v)
in €2,

A (|Av|*?Av) = [my(z) cos(O(u,v)) — ma(x) sin(O(u, v))] Oy (u, v) + K, (2, u,v)
in €0,
u=Au=0, v=A~Av=0 on 02,

\

has at least three weak solutions, two of which are the global minima in X of the
functional Jy defined by

1 1
Ji(u,v) = —/|Au|pdx+—/|Av|qu
b Ja q4Ja

—/Q (ma () sin(O(u, v)) + ma(z) cos(O(u,v)) + K(z,u,v))dz.

Proof. Let F,G : R* — R be defined by
F(s,t) =sin(0(s,t)) and G(s,t) = cos(O(s,t)) forall (s,t) € R

It is easy to verify that F,G € A and satisfy (H1) and (H3). The conclusion then
follows from Theorem 3.2. []

When F(z,s,t) = F(s), G(z,s,t) = G(s), and K(z,s,t) = 0 in system (1), applying
Theorem 3.2, we obtain the following existence result for a scalar problem.

Corollary 3.5. Assume that F,G : R — R are functions in A, twice differentiable
at 0, and that

0 < [F(O)P + GO = inf (1F(s) +1G(5)]), (16)
F"(0)F(0) + G"(0)G(0) < 0, (17)
- i FGLHIGEL s

Then, for each convex set S C L>(Q)) x L>(Q) dense in L*(2) x L?(Q2), there exists
(my1,ma) € S such that the problem

A (|Au[P2Au) = my () F'(u) + mo(2)G' (u)  in Q,
u=Au=0 on 0,

has at least three weak solutions, two of which are the global minima in the space
Wy (Q) N W2P(Q) of the functional Jo defined by

M@=%AMW®—A@M@H@+%@WWW%
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Proof. Let F(z,s,t) = F(s), G(z,s,t) = G(s), K(z,5,t) =0,¢=:5,a=5=0,
and a(x) = b(x) = ¢(z) = 1 in Q. Then, (Al), (A2), and (H2) hold. It is obvious
that (18) implies (H3). Note from (16) that 0 is a global minimum of the function
|F(s)|? +|G(s)|?. Then, we have

F'(0)F(0) + G'(0)H(0) = 0.

Thus, from (17), it follows immediately that 0 is a strict local maximum of the func-
tion F'(s)F(0) + G(x)G(0). Hence, (H1) holds. The conclusion then follows from
Theorem 3.2. []
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