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INFINITELY MANY ENTIRE SOLUTIONS OF
AN ELLIPTIC SYSTEM WITH SYMMETRY

YANHENG DING

1. Introduction

In [6], we have considered the existence of at least one nontrivial solution for
the following elliptic system on R”:

0H OH
(ES) —Au = %(sc,u,v)7 —Av = %(a&u,v)
such that u,v € WL2(RY), where H € C1(RY x R?) has the form of
(1.1) H(x,u,v) = —q(z)uv + H(z,u,v)
and satisfies, with (u,v) € R? denoted by z and (u? +v?)'/2 by |z|, the following
conditions:

(Q) g € C(RM) and gq(x) — oo as |z| — oc;
(H;) there is an p > 2 such that

0< pH(z,2) < H,(z,2)2

for all z € RY and 2 € R?\ {0}, where H,(z,z) = V,H(z, 2);
(Hz) 0 <b=inf,cpn 2= H (7, 2);
(H3) [H.(z,2)| = o(]z]) as |z| — 0 uniformly in x € RY;
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(Hy) there are 0 < a; € LY(RY) N C(RY) and ap > 0 such that
|H.(z,2)|” <a1(z) +aH.(x,2)z, Y(z,z)€RY x R?,

Where7>l,ug%57<WE%ifN>2and7<ooifN:1,2.

In [6] we also proved that (ES) has at least one nontrivial solution if A has the
form of (1.1) and satisfies, roughly, the following:

(Qa) g € C(RY) and there is an a < 2 such that g(z)|z|*~? — oo as |z| — oo;
(Hs) H(x,0) =0, and thereis 1 < 3 € (%,2) such that

0< H.(x,2)z < BH(z,2), VoxcRY and z € R?\ {0};
(Hg) there is ag > 0 such that

as|z|’ < H(z,z), VreRY and |z| > 1;

(H7) there are ay > 0 and v > max {0, $=2E5} such that

|H.(z,2)| < a4lz|”, Vo ecRY and |z| < 1;

(Hs) |H.| € L>®(RY x Bg) for any R > 0, where B = {2z € R? : |z| < R},
and

|z| YH.(x,2)] = 0 as |z| — co uniformly in z € RY.

We remark that, under the above assumptions, (ES) is a nonlinear Schrédin-
ger equation group with the Schrodinger operator A = —A + ¢(z). Conditions
like (Q) arise in mathematical physics, e.g., when one deals with the systems
associated with the generalized harmonic oscillator A = —A + (¢" (z) — ¢~ (x))
where 0 < ¢™(x) — oo as |x| — oo and ¢~ (x) is bounded, or particularly, the
anharmonic oscillator A = —A + ¢(z) in which ¢(z) is a polynomial of degree
2m with the property that the coefficient of the leading term is positive (see [9],
10)).

The purpose of this paper is to show that (ES) has infinitely many solutions
if H(z,z2) is even in z and satisfies the above assumptions. Precisely, we have

THEOREM 1.1. Let H be of the form (1.1) with q satisfying (Q) and H
satisfying (Hy)—(Hy). Suppose, in addition, that H(x, z) is even with respect to
z € R%. Then (ES) has infinitely many solutions.

THEOREM 1.2. Let H be of the form (1.1) with q satisfying (Qu) and H
satisfying (Hs)—(Hg). Suppose, in addition, that H(x,z) is even with respect to
z € R?. Then (ES) has infinitely many solutions.

REMARK 1.3. The existence of at least one solution (u,v) to the elliptic
systems like (ES) on a smooth bounded domain 2 C R¥ such that u|gq = 0 =
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v|aq has been studied by Benci-Rabinowitz [3], Clément—de Figueiredo-Mitidieri
[4], de Figueiredo—Felmer [7] and Szulkin [11] using a variational approach.

2. Two theoretical propositions

The following two abstract propositions will be used for proving the previous
results.

Let E be a real Hilbert space with norm || - |. Suppose that E has an
orthogonal decomposition £ = E; & FEs with both E; and Fs being infinite-
dimensional. Let {v,} (resp. {w,}) be an orthogonal basis for E; (resp. E2),
and set

X, =span{vy,...,v,} ® E2, X™ = FE; @ span{wy, ..., wny}.

For a functional I € CY(E,R) we set I, = I|x,. Recall that we say that
I satisfies the (PS)* condition if any sequence {u,} with u, € X, for which
0 < I(up) < const and I/ (u,) = VI,(u,) — 0 as n — oo has a convergent
subsequence. We also say that I satisfies the (PS)** condition if for each n € N,
I,, satisfies the Palais—Smale condition, i.e., any sequence {u;} C X,, for which
I(u) is bounded and I, (ux) — 0 as k — oo has a convergent subsequence.

PROPOSITION 2.1. Let E be as above and let I € C1(E,R) be even, satisfy
(PS)* and (PS)**, and I(0) = 0. Suppose, moreover, that I satisfies, for each
m €N,

(Iy) there is R,, > 0 such that
I(u) <0, YueX™ with |u]| > Rp;
(Iz) there are ry, >0 and an, > 0 with a,, — 0o as m — oo such that
I(u) > @y, Yu € (X™ Y with ||ul| = rp;

(I3) I is bounded from above on bounded sets of X™.

Then I has a sequence {c} of critical values with ¢y, — oo as k — oo.

This proposition is a version of the symmetric Mountain Pass Theorem of
Ambrosetti-Rabinowitz. The main difference between them is that in the former
case Fp is infinite-dimensional, while in the latter case F; is finite-dimensional
(see [1] or [8, Theorem 9.12]). Such a result is also a special case of Bartsch—
Willem [2, Theorem 3.1], and so its proof is omitted.

Now we turn to another result which seems to us to be new even though its
proof is simpler.
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PROPOSITION 2.2. Let E be as above and let I € C*(E,R) be even, satisfy
(PS)* and (PS)*™*, and I(0) = 0. Suppose, moreover, that I satisfies, for each
m €N,

(I4) there are ry > 0 and a,, > 0 such that
am < I(uw), Yu € X™ with ||ul] = rm;
(I5) there is by, > 0 with by, — 0 as m — oo such that

I(u) < bp, Yue (Xm 1)L

Then I has a sequence {cx} of critical values with 0 < ¢, — 0 as k — oo.

PROOF. Let ¥ denote the family of closed (in E) subsets of E\{0} symmetric
with respect to the origin, and v : ¥ — NU {0, 00} be the genus map [8]. Set

Ym={Aec¥X:ACX,and y(4A) >n+m}, ¢ = sup inf I(u).
Aexm ucA

Since for each A € ¥ A C X, and v(4) > n + m, it is known that A N
(Xm=1)L £ () . Thus by (I5) we have

(2.1) inf I(u) < sup  I(u) <by,.
ued ue(Xm—1)+
Since v(0B,,, N X") = n+ m where B, = {u € E : |Ju|| < rp} and X" =

X, NX™ = span{vy,..., vy, w1,...,Wn}, one sees that B
so by (1),

NX" e X" and

T'm

2.9 inf  I(w) > a,,.
(2.2) o My (u) > am

Combining (2.1) and (2.2) shows
(2.3) A < ) < by

Since I satisfies (PS)**, using the genus theory and a positive rather than a
negative gradient flow (see [8, Appendix A, Remark A.17-(iii)]), a standard
argument [1, 8] shows that ¢] is a critical value of I,,. By (2.3), noting that a,,
and b,, are independent of n, we see that ¢’ — ¢ as n — oo and

(2.4) A < M < by

Finally, taking into account that I satisfies the (PS)* condition, we conclude
that ¢™ is a critical value of I, and so by (I5) and (2.4), 0 < ¢™ < b,, — 0 as
m — o00. The proof is complete.
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3. Spaces associated with the Schrodinger operator

In this section we recall some embedding properties of the Hilbert space on
which we will work. We refer to [6, Section 2] or [5].

Suppose ¢ satisfies (Q) and let A denote the selfadjoint extension of —A+g(x)
acting in L? = L*(RY), defined as a sum of quadratic forms. Let |A| be the
absolute value of A, |A|'/? the square root of |A|, {E(v) : —c0 < v < oo} the
resolution of A, and U = I — E(0) — E(—0). Set W = D(]A|'/?). Then W is a
Hilbert space equipped with the inner product

(u, )0 = (|A[Y?u, |AIM?0) 2 + (u,v) 12

and norm ||u|2 = (u, u)o, where (-,-)z2 denotes the inner product of L?. Clearly
W is continuously embedded in W12(RY) (see [6]). Moreover, we have

LEMMA 3.1. If q satisfies (Q) then W is compactly embedded in LP for

p€[2,N) where N = 25 if N >3, N =00 if N =2, and p € [2,00] if N = 1.

PROOF. See [6, Lemma 2.1].

LEMMA 3.2. If q satisfies (Qu) then W is compactly embedded in LP for all
N =
1<pe (7w N).

PROOF. See [6, Lemma 2.2]. We only mention that (Q,) implies (Q), and

since a < 2, one has Z_ijiN < 2, and if further « < 2 — N then 2_2(5\_{_]\, < 1.

Now by Lemma 3.1, A has a compact resolution, and so o(A), the spectrum

of A, consists of eigenvalues (counted with multiplicities)
)\1§)\2§§)\n§—>00

with a corresponding system of eigenfunctions {h,}, Ah, = A\ph,, which forms
an orthogonal basis in L?. Let n~ (resp. n’) denote the number of negative
(resp. null) eigenvalues, and 7 = n~ + n°. Set

W~ =span{hy,...,h,-}, W°=span{h, 41,...,hn}, WT =W oW+

Then W = W~ @ W% @ W is a natural orthogonal decomposition. Based on
this decomposition we introduce the following inner product in W:

<u,’U>1 = (|A|1/2u7 |‘4|1/2’U)L2 =+ (UO’ vO)L2

and norm |ju|; = (u,uﬁ/z forallu=u"+u’+ut andv=v"+0' 4ot e W =
W= o WOoa W, It is easy to see that || - [|o and || - ||; are equivalent norms on
W. We note that W=, W9 and W7 are orthogonal to each other with respect
to both (-,-); and (-, ) 2.
Let
a(u,v) = (‘A|1/2qu |A|1/2U)L2
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be the quadratic form associated with A. Then for u € D(A) and v € W,
(3.1) a(u,v) = / (VuVu + g(z)uw)
RN

and so by continuity, (3.1) holds for all u,v € W. Clearly, W, W% and W+ are
orthogonal to each other with respect to a(-,-), and moreover

(32> a(u? ’U) = <(p+ - p_)ua U>17
(3.3) a(u, u) = [u|ff — [lu” |},
where pT : W — W¥ are the orthogonal projectors.

Now we turn to the product space E = W x W with the inner product (-, -)
defined by

<(u? ’l}), (5037/}» = <’U,, (P>1 + <’U,¢>1
and norm || (u,v)||? = |Jul|? + ||v||?. Define
EC=w° x W,
E-={(u +u",u” —u"):u" +ut e W @Wt},
Et={(u +ut,—u" +u"):u" +ut e W oWt}
Then E = E~ ® E° @ Et is an orthogonal decomposition of E. For any z =
(u,v) € E we have the unique representation z = 2~ + 20 + 2T, where

2T =tu v +ut —vum 0T —ut +ut) e BT
20 = (u°,2°) € E°,
2P =3(u —v +ut+ovt,—u +v +ut +oh) € ET.

Consider the quadratic form defined on F by

Q((u7 U)v (4107 w)) = a(”v 7/)) + CL(U, 30)'
Then by (3.1),

(34) Q). (p.1) = / VUV + gla)ud + VoV + g(@)vg,

RN

and by (3.2) and (3.3),
(3.5) Q(2) = Q(u ), (w,0)) = [I* 2 — =~
for all z = (u,v) € E.

Finally, in virtue of Lemmas 3.1 and 3.2, we have

LEMMA 3.3. E is compactly embedded in (LP(R™))? for all p € [2,N) if q
satisfies (Q), and for all 1 <p € (%,W) if q satisfies (Qq)-
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4. Proof of Theorem 1.1

In this section we prove Theorem 1.1. Let the assumptions of Theorem 1.1
be satisfied and let F be the product space defined in the previous section. By
(Hy), we have

(41) |Fz(l‘,2’)| <Ci+ C2|Z|W717 V(I7Z),

here (and in the sequel) C; (or C) stands for generic positive constants. This,
together with (Hs), shows that, for any € > 0, there is C. > 0 such that

(4.2) |H.(z,2)| <elz| +Colz|"™Y,  V(x,2),
and
(4.3) H(x,2) < C3lz|> + Cylz|?, V(z,2).
Let
J(z) = - H(z,2)dx, Vz€E.

By (4.1)-(4.3) and Lemma 3.3, a standard argument shows that J € C1(E,R)
with

J(2)y = H.(v,2)ydx, Vz,y€E,
Rn

where J' = VJ represents the gradient of J, and J’ is a compact operator (see
[6]). Define

I(2) = 3Q(2) = J(2) = 51271 = 27 |1%) = Jan H(z,2) da
for all z = (u,v) € E. Then I € C'(E,R) and for z = (u,v) and y = (p,) € E,
by (3.4),

IGy= [ (VuV+ alahu + VoV -+ gfa)up)

OH OH
_/RN <au(x7uav)go+ av(l‘?u7’u)w>'

Hence, any critical point of I corresponds to a W1H2(RN R?) solution of (ES).
We will use Proposition 2.1 to look for critical points of I.

Let e, e, ... be an orthonormal basis for E*, and g1, go, ... be an orthonor-
mal basis for E- @ E°. Set By = E~ @ EY, B, = ET, X,, = span{g1,...,gn} ®
ET, X™ =FE- @ E°®span{ey,...,en}, and I, = I|x, .

LEMMA 4.1. I satisfies (PS)* and (PS)**.

PROOF. See [6, Lemma 3.2] where (PS)* was verified. However, the verifi-
cation of (PS)** can be checked along the same lines and so it is omitted here.
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LEMMA 4.2. I satisfies (I1).

Proor. By (H;) and (H3) one has
H(z,2) >blz|*, Vo eRYN and |2] > 1,
which, together with the fact that |z|* < |z|? for |z| < 1, yields, for any 0 < ¢ < b,
(4.4) H(z,2) > e(|z]* = |2)%), Y(z,2).
In virtue of Lemma 3.3, there is d > 0 such that ||z]|2, < d||z||? for all z € E.
Taking € = min {ﬁ,b}, we have by (4.4), for 2 = 27 + 2% + 2+ € X™,
(4.5) I(z) = 51l = 31271 —/ H(z,z)dx
RN
sllz12 = 3ll=m 1P + ell2llfe — ell2lg.

1217 = 32712 + 212017 — ezl

IN A

Using L? orthogonality, the Hélder inequality (1/u + 1/’ = 1) and dim(E° @
span{ey,...,en}) < 0o, we have

127 + 271172 = (2° + 2%, 2)pe < 2%+ 2F [l pw 2l < Cm))12° + 27 [l el 2] s
and so

(4.6) C'(m)[|2° + 2" < ||z,

where C’(m) > 0 depends on m but not on z € X™. (4.5) and (4.6) imply
(4.7) I(z) < |12° + 2% = 1=~ |17 = €O (m)|12° + 2|

for all z € X™. Since p > 2, (4.7) implies that there is R,, > 0 such that
I(z) <0 for all z € X™ with ||z]| > R, proving (I;).

LEMMA 4.3. I satisfies (I2).

PROOF. Set
Nm = sup =[5/l 2]-
z€(X™)+\{0}

Clearly, 7, > Nm+1 > 0. Moreover, one has
(4.8) Nm — 0 as m — oc.

Indeed, if not, then 7,, — n > 0. Consequently, there is a sequence z,, € (X™)=+
with ||zm|| = 1 and ||zm ||y > n/2. Since (zm,er) — 0 as m — oo for each k,
one sees z,, — 0 weakly in F, and so by Lemma 3.3, ||z,,]| ;¥ — 0, yielding a
contradiction. Therefore (4.8) must be true.

By (4.2) with ¢ = 1/(4d) and C = C., one has for z € (X™~ 1)L,

I(z) = gl2II” - /RN H(w,2) > 121> = Clizl 75 = FlI2l1” = Cngo_a 1217
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Consequently, taking r,, = (27017271)_1/(7_1) and a,, = (l — %)r2 one
obtains 1(z) > a,, for all z € (X™ 1)+ with ||z|| = ry,. Since ¥ > 2, (4.8) shows
that a,, — 0o as m — oo. (I3) follows.

LEMMA 4.4. I satisfies (I3).

Proor. (I3) follows directly from (4.7).

Now we give the following

PROOF OF THEOREM 1.1. Clearly I(0) = 0 and I is even since H(w, z)
is even in z € R?2. Lemmas 4.1-4.4 show that I satisfies all the assumptions
of Proposition 2.1. Hence I has a positive critical value sequence ¢, — oo as
k — oo. Let z = (ug,vx) be the critical point of I such that I(zx) = c¢;. Then
(ug, vx) are entire solutions of (ES). The proof is complete.

5. Proof of Theorem 1.2

The proof of Theorem 1.2 will rely on an application of Proposition 2.2. Let
the assumptions of Theorem 1.2 be satisfied. Below, all the symbols E, E;, Fs,
X, X™ and so on still have the same meaning as in Section 4.

By (Hs) and (H7) one sees that

F(l‘ Z) > (minxeRN,|§|:1F(xvf))|z|ﬁ if |Z| < 13
, < (maxgern jgj=1 H(x,8))|2]°  if |2] > 1,
H(z,2) < aglz|'™, Ve eRY and |2 < 1.

These, jointly with (Hg), show that 1 4+ v < 8 and

(5.1) as|z|® < H(z,z) < aqlz|?, V(z,2).
Note also that by (Hr),
R
Yooz a+ N’

and by (H7) and (Hg),
[H(2,2)] < as(|2]” + |2]),  VY(=,2).
Consider again the functional J defined on E by
J(z) = H(z,2)dx.
RN
The above argument, together with Lemma 3.3, shows that J is well defined,
J € C1(E,R) with
(5.2) J(z)y = H,(z,2)ydz, Vz,y€E,
RN
and J’ is compact (see [6]).
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Now define the functional I on E by
I(z) = J(2) = 5Q(2) = J(2) = gl + 3 ll=~[*.
Then I € C1(E,R), and by (3.4) and (5.2), critical points of I give rise to solu-
tions of (ES);. We will verify that I satisfies the assumptions of Proposition 2.2.

LEMMA 5.1. T satisfies (PS)* and (PS)**.

PROOF. See [6, Section 4, Step 3].

LEMMA 5.2. I satisfies (14).

PROOF. For any z € X™, we have by (5.1),
(5.3) 1(z) 2 asll2l1 2, — 3122 + 3=
Since dim(E° @ span{ey,...,en}) < 0o, one has (8’ = 3/(3 —1) > 2)

12° + 27122 = (2° + 27, 2) 12 < (|20 + 2 [l por |zl s < Cm)|12° + 27| 2|2 1o
and so by Lemma 3.3,
Cm|20 + 2+ < a2l
which, together with (5.3), yields
I(z) 2 C'(m)||2° + 24|17 = §)12° + 2F|1” + 31|z~ |1?

for all z = 2= + 20+ 2% € X™, where C’(m) is a constant depending only on m.
Therefore, since § < 2, there are r,,, > 0 and a,, > 0 such that I(z) > a,, for all
z € X™ with ||z]| = ru, L.e., I satisfies (I4).

LEMMA 5.3. I satisfies (I5).

PROOF. Let z € (X™ 1)L, By (5.1) we have

(54) 1) = [ T2 = HIel? < aallllfa = H:1P
Let &, be defined by

Em= sup |zlle/llz]-
ze(X™) 4\ {0}

Similarly to the proof of Lemma 4.3, one obtains
(5.5) 0<&n,—0 asm — co.
Now by (5.4), for z € (X™ 1)L, we have
(5.6) 1) < sl 20 — B0
Let
b = (1= B/2)aséy 1 (a8, 1)" .
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Then by (5.5) and since 3 < 2, b, — 0 as m — oo, and by (5.6),
I(2) < by, Vze (XmHt
i.e., I satisfies (I5).

Now we turn to

PrOOF OF THEOREM 1.2. Clearly by (Hs), I(0) = 0, and since H(z,2) is
even with respect to z € R?, T is even. Lemmas 5.1-5.3 show that I satisfies
all the assumptions of Proposition 2.2. Therefore I has a sequence of positive
critical values, {cy}, satisfying ¢, — 0 as k — oo. Let zp = (ug,vi) be the
critical points of I corresponding to cg, i.e., I'(z;) = 0 and I(z) = c¢x. Then
(ug, vx) are entire solutions of (ES). The proof is thereby complete.
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