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EXISTENCE OF SOLUTIONS FOR A CLASS
OF QUASILINEAR ELLIPTIC SYSTEMS WITH

HARDY POTENTIAL*
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Abstract In this paper, by using the Morse theory, we obtain the existence of
nontrivial weak solutions of quasilinear elliptic systems with Hardy potential.
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1. Introduction

In this paper, we consider the quasilinear elliptic systems with Hardy potential

—div(hy (|VulP)|Vu[P~2Vu) — |gc|p|u|p 2u= f(z,v) in Q,
—div(ha(|Vv]9)|Vv|7~2Vv) — mq |v]9=%v = g(x,u) in Q, (1.1)
u=v=0 in 092,

where QO C RY (N > 3) is a bounded domain containing the origin with smooth

P
boundary 99, 1 < p,q < 2,and 0 < by < H,, 0 < by < Hy, where H,, = (%)

q
and H, = (%) are the best constants in the Hardy inequality respectively, i.e.,

u(z)[? / )P 1p
Tl ———dx < H [Vu(z)|Pdx, we W;P(Q) (1.2)
and
q 1
@, o L | [Vo(@)dz, v e WHiQ), (1.3)

T >
o |zl H,

see, for instance, the paper [2]. Here
Wyt (Q) = {u € LP(Q): / |[Vu|Pdz < oo, and ulgq = 0}
Q

and

Wolq(Q) = {v e LiQ): / |Vo|dz < oo, and v|pn = 0} ,
Q
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are equipped with the norm

1 1
||u||p—( / |Vu|p> and ||vq—( / |W) ,
Q Q
respectively.

Owing to the presence of the nonhomogeneous potentials h;, i = 1,2, the system
(1.1) is quasilinear. If by = by = 0, and p = ¢ = 2, elliptic equations of (1.1) type has
been firstly investigated by Bezerrado 0 [3], in which the author extended the results
by Costa and Magalhaes [4] to a more general class of operators. In [13], Zhang
and Zhang investigated the system (1.1) with b; = b2 = 0 and p = ¢ = 2, in which
they used variational arguments relying essentially on the minimum principle to
obtain some existence results. On the other hand, the elliptic systems with singular
potentials are mentioned in many papers, see for example [6,8,12] in which the
authors are usually interested in the critical singular case.

In this paper, motivated by the papers [1,7,9], we will use Morse theory to inves-
tigate the multiplicity of solutions of problem (1.1). To the best of our knowledge,
there is no effort being made in the literature to study the existence of solutions for
problem (1.1). This paper will make some contribution in this research field.

2. Preliminaries
Set X = W, P(Q) x Wy'%(2), then X is a Banach space with respect to the norm
[1(w, )| = [lullp + llvllg-

Let Apu = div(|Vu|P~2Vu) be the p-Laplacian with 1 < p < N. We consider the
eigenvalue problem for the p-Laplacian in Q ¢ RY

— Apu = MulP"2u in W, P(Q). (2.1)
It is known that the first eigenvalue A\; characterized by
Jo IVulPdz
M= b,
wewr@\fo} o lulPde

which is simple and positive. Similarly, for the eigenvalue problem
— A =p|" % in W Y(Q), (2.2)
we have that the first eigenvalue

Jo IVv|idx

H1 = )
vewd@\{o} Jq [v|9dz

is simple and positive. Besides, the corresponding normalized eigenfunction ¢; of A\;
is positive, and the corresponding normalized eigenfunction 1 of u; is also positive.
Putting

U = span{ip1} x spanfun} = (1) x {4b1), (2.3)

and
V={(u,v) € X:uc(p)F, ve @)} (2.4)
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We can easily know that V' is complementary subspace of U. Hence we have the
following direct sum
X=Uv.

If (u,v) € U, we get

ww=&lﬁmwm,ww=mémem (2.5)

Moreover, if (u,v) € V, we have

Jully > [ fut@)Pde, ol > g [ o) (26)
Regarding the functions hi, he, we assume that
(H1) h;:[0,400) = R, i = 1,2 are continuous and there exist «;, 8; > 0, such that
a; < hi(t) < B, Vt>0.
(H2) There are v; > 0, ¢ = 1,2, such that
(ha(EPIEP=2E = Pa(nl)lmlP~2n) - (€ = m) = ml€ =l V& € RY,

and

(h2(IE1D)IE172€ — ha(In| D)0l *~2n) - (€ —n) = 72l€ —nl?, V& neRY.

3. Main result

In order to obtain the main result of this paper, we make the following assumptions

(H3) f(z,v) and g(z,u) are two continuous functions with the subcritical growth,
that is, there exist some positive constants C,Cs such that
[f(z,0)] < C1(L+ ™), lglew)] < Co(L+[u|" ), Vo €QuveR

hold, where 1 < p; < p* = NL_%’

(H4) b < Hp()él, by < HquQ, and

. F(Jf,t) 1 ( bg > . G(l‘,t) 1 bl
lim sup < —-|as— =) p1, lim sup < —lag——=— A,
|t|]—o0 |t|q q 2 H, ' |t|]—o0 |t|p p ! H, !

N
l<q <q =554,

uniformly for all a.e. = € Q,
(H5) there exist r > 0, A € (A1, A2) and fi € (11, p2) such that

b . b
<o ) o< )

and |ul, |v] <7 implies

A,

1 b
—Bapr|v|? < F(z,v) < (ag — 2) |, a.ex €,
q Hq

"N~ Q=

1 b “
I;ﬂ1A1|u|p < G(zyu) < <a1 - Hl) Aul?,  a.ex Q.

p
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If (H1) and (H3) hold, then we can define the functional J as follows

F0) = [ [007uP, 190 = Pjup = gl aa

plx[? qlz|?
(3.1)
/Fmvdac—/G( u)dz,
where | e L g
h(u,v) = 7/ hl(t)dtJrf/ ha(t)dt,
P Jo qJo
and

Floo) = [ feos)ds, Gl = [ gfe.s)ds.
0 0
It is easy to know that J': X — X’ by

T (u,0)(,m)

:/ [ (IVlP)| VP2 VuVE + ha(|Vo]9) [ Vul?2VoVin] do 652)
A .

,/ (| |pl ulP~? §+| | o] 7 %n) dz — /Q[f(m,v)“g(z’u)wx’

for all (u,v),(&,n) € X

Definition 3.1. We say that (u,v) € X is a weakly solution of system (1.1) if and
only if the identity

T (u,0)(&,m) =0,
holds for all (¢,7n) € X.

It is easy to check that (u,v) is a weak solution of problem (1.1) is equivalent
to being a critical point of the functional 7.

Lemma 3.1. Assume that (H1), (H2) and (H4) hold. Then the functional J is
coercive in X, that is, J(u,v) = +00 as ||(u,v)|| = oo.

Proof. From (H4) and the continuity of the potentials F' and G we have that for
some € > 0, there exists a positive constant C3 such that

1 bQ 1 bl
< = _ Y2 _ q < = _ 5 V4P
F(x,t) < . <a2 Hq> (p1—e)[t|?"+C5, G(z,t) < 5 (al Hp> (M —e)|t|P+Cs,

for each t € R and a.e. = € Q. Thus, by the Sobolev inequality and (H1), for
(u,v) € X, we obtain

[Vul? [Vol?
// t)dtdx + — // t)dtdx
b1 bo
- |ulP 4+ [v|?)dx — | F(z,v)dx — | G(x,u)dx
o \plzl? qlz|?

10 10
zﬂ/ |vu|de+%/ \Vo|9da —7—1/ \VulPdz —7—2/ Vo|tda
P Ja q Jo
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1 by L1 by / ,
, <a1 Hp> (A e)/ﬂ|u| dx . (a2 H) (u1 —€) | |v|%dx — 2C5|Q

1 ﬂ1—6>
—|ag — — 1 v||4 — 2C3|Q| — 400,
S ) (1= 225 1ol — 2

as ||(u,v)|| = oo. Hence we have that J is coercive in X. O
By [5], we have the following element inequalities : for any z,y € R, there exist
constants cp, d, > 0 such that

eplz —yl(jz] + [y)P 2 < ||zl %2 — |y[P 2y < dplz—y[P7, ifl<p<2. (3.3)

Lemma 3.2. Assume that (H1)-(H4) hold. If by < H§:1 and by < "72 dp,dg are
as in (3.3), then J satisfies the (PS) condition.

Proof. Let {z, = (un,v,)} is a (P.S.) sequence of J, we get {(un,vy)} must be
bounded by Lemma 3.1. Then passing to a subsequence if necessary, there exists
z = (u,v) € X such that (un,v,) = (u,v) weakly in X.

j/(z)(z - Zn)

:/ [ (Vul?) VP> Va(Vu — Vi) + ha(|V0]9) Vol Vo(Vo — V)] de
Q

_ /Q <|3p|u|p2u(u )+ lb|q|v|q 2 (0 — vn)) da
_ /Q[f(x, ) (1 — ) + g(, w) (0 — vo)]da, (3.4)
and
T (2n) (2 — 2)
_ / (Yt ) [Vt P2Vt Vet — V) + ha(|V00]) [V |2V 0 (Vo — Vo)da
(|b I R b|q| o]0 (0 — v)) da
- /Q (@ v0) (i — 1) + 9, ) (0 — v)]d. (3.5)
By (3.4) and (3.5) we obtain
T (zn)(m — 2) + T'(2) (2 — 2n)
:/Q(hl(|Vun|p)|Vun|p_2Vun — hi(|VulP)|Vu|P~2Vu) - (Vu, — Vu)dz

+ / (2 (V0,9 | Vop |72V, — ha(|Vo]?)| V0|7 2V0) - (Vv, — Vov)da
— ([t )P 2wy — |u|P%u) - (wy — u)dz

— —(\vn|q_2vn — \v|q_2v) (vp —v)dx
Q
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- /Q[(f(x, vn) = f(@,0))(un —u) + (g(2,un) = g(z,u))(vn — v)ldz. (3.6)

By using (H2), we obtain

/ (h1 ([Vun|P) | Vtin P2V, — hi(|VulP)|[VuP~2Vau) - (Vu, — Vu)dz
Q
nyl/ |Vu, — VulPdz, (3.7)
Q
/ (ha (V| )| VR |T 2V, — ho(|V0|?)| V0|7 2V) - (Vo, — Vo)dz
Q

272/ |Vu, — Vu|ldz. (3.8)
Q

From (3.3), we have for 1 < p, ¢ < 2 that

b
|pr (|t |P~2un — [ulP~20) - (up — w)da < dp/ ﬁlun — ulPdz
QT
(3.9)
d b1 / IV (u,, — u)|Pdz,
and
by q—2 -2 by .
W(|’UTL| Un_|v| 'U)~(’Un_v)dl‘§dq QW|’UTL_U| dx
(3.10)

Moreover, using (H3)7 Holder’s inequality and the compact embedding, we deduce
that

f(x,von) = fz,0))(un — u)dz

Q

<C; / (2 + v [P+ [P Y Juy, — ulda
Q

Bl p1—1 p1—1
<C1 (21905 + leall "+ ol ) lun = wulls,, =0, (3.11)

as n — 0o, and

/Q (9(2s ) — 9, 1)) (0n — v)da

<O [ 2+ a1+ fuf" ), ol
Q

<Gy (20005 + a2+l 27 ) o = v, 50, (312)

as n — 0o.
From (3.6)-(3.12), we get

d bl) / ( dqb2> /
0< -2 Vu, — VulPdx + Vv, — Vou|ldz
(’h Hp Q‘ | Hq Q| ‘
< j/(zn)(zn - Z) + j/(z)(z — Zn)

[ ) = S0 = ) + (g 0) = gl )0 — )} =50,
Q
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as m — 0o, which implies that lim,,_,« ||un — ul|, = limy, o ||vn — v]lq = 0, that is,
{(tn,vn)} converges strongly to (u,v) in X. Hence, J satisfies the (PS) condition.
O

In the following, let U and V are as in (2.3) and (2.4), respectively.

Lemma 3.3. Assume that (H1) and (H5) hold. Then the functional J has a local
linking at the origin with respect to X = U P V.

Proof. (i) Let (u,v) € U. Since
(w,0)| = 0= / () [Pda — 0, / (@) — 0 (3.13)
Q Q

by (2.5), we have that for given r > 0, there is some p > 0 small enough such that
(u,v) €U, [(w,v)]| < p=ulz)| < |v(x)| <r aexell (3.14)

Now on U, we have by (H1) and (H5) that for (u,v) € U with ||(u,v)] < p,

\wp |wq
// t)dtdx + - // t)dtdx
b1 by
- [ul? + [v|9) de — | F(z,v)dz — | G(z,u)dx
plzf? qlz|? J

< —)\1/ |u|pd:c+—,u1/ |U|qu—/ (x,v)dx—/G(x,u)da?
Q
:/ <61A1|u1’ G(m,u)) da
{lul<ry \P

1
"‘/ (52N1|v|q — F(x,v)) dr < 0.
{lv|<r} q

(ii) Let (u,v) € V. By (2.6), the Sobolev embedding, (H1) and (H5), we obtain
that for (u,v) € V' with ||(u,v)] < .

|Vu|p |Vvlq
// t)dtdx + — // t)dtdx
*/ (bllulp+ 2 |v|"> e

pla|? qlz|®
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(o) (5w (o 52) (- 52)
>~ lag—— ) |1——]|ulb+={ae——=)1——]|v|¢
p( ' H, ( >\2> | ”p q ? H, M2 | ”q
706/ \v|q2dzfc7/ |u|P2dx
{lv|>r} {luf>r}

(- 7) X e (-15)
>—|lar——— ) [1——)llu[E+-{a— 1——)[v||2
e ( A2>| R R A G L

— Csllul|P? — Col|v[|22,

where C; (i = 6,...,9) are positive constants, p < ps < p* and ¢ < g2 < ¢*. Thus,
the last inequality implies that J(u,v) > 0 for 0 < ||(u,v)|| < p with p > 0 small.
The proof is complete. O
Lemma 3.4 ( [10]). Let E be a Banach space and f : E — R a C'-functional
satisfying the (PS) condition. Assume that f has a local linking to the decomposition

E=U@YV near the origin, where dimU = m < co. If 0 € E is the unique critical
point of f in B,, then

Cin(f,0) = Hy(fe N By, fe N B, \ {0}) # 0.

From the proof of Lemma 3.3, we can get that there exists a pg > 0 such that
for any 0 < p < po,

J(u,v) >0, for (u,v) € B,NnV\{0},
J(u,v) <0, for (u,v) € B,NU,
where B, = {(u,v) € X : ||(u,v)|| < p}. From this point of view, we can conclude

that (0,0) € X is the unique critical point of our J in a ball that is small enough.
Since dimU = dim{p1) X {(11) = 2 < 0o, by Lemmas 3.3 and 3.4, we have

Lemma 3.5. Let (H1)-(H5) hold. Then (0,0) is a critical point of J and
C2(7,(0,0)) # 0.

Lemma 3.6 ( [11]). Let X be a real Banach space and let ® € C1(X,R) satisfy
the (PS) condition and be bounded from below. If ® has a critical point that is
homologically nontrivial and is not the minimizer of ®, then ® has at least three
critical points.

Theorem 3.1. Assume that (H1)-(H5) hold. If

b1 <min< 1, aq, n Hp, by <mins1,as, 72 Hy,
dp dq
then the problem (1.1) has at least two nontrivial weak solutions in X .
Proof. By Lemmas 3.1 and 3.2, J is coercive and satisfies the (PS) condition.
Hence J is bounded below. By Lemma 3.5, (0,0) € X is homologically nontrivial

critical point of J but not a minimizer. Then the conclusion follows from Lemma
3.6. O
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