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Infinitely many solutions for a semilinear
elliptic equation in R via a perturbation method

by MARINO BADIALE (Torino)

Abstract. We introduce a method to treat a semilinear elliptic equation in RN (see
equation (1) below). This method is of a perturbative nature. It permits us to skip the
problem of lack of compactness of RY but requires an oscillatory behavior of the poten-
tial b.

1. Introduction. The existence of positive solutions of elliptic equa-
tions on RY like
(1) { —Autu=b(@)ul My, 1 <p< (N+2)/(N-2),
u € HY(RN),
has been extensively investigated by variational methods. One looks for
solutions of (1) as critical points of the energy functional J : H*(RY) — R,

RN +1RN

(2) J(u) = % S [[Vul? + u?] dx — % S b(x)uPtt d.

Under reasonable assumptions (see e.g. (b1) below) J satisfies the geometric
properties of the Mountain Pass Theorem, while the compactness Palais—
Smale condition (PS in short) does not hold, in general, because of the
unboundedness of the domain and the non-compactness of Sobolev embed-
dings. To overcome this lack of compactness the structure of the Palais—
Smale sequences of J has been deeply studied in recent years, starting with
the celebrated papers of P. L. Lions on the concentration-compactness prin-
ciple (see [15]-[18]). The nature of the obstruction to compactness seems
now clear enough: see for example [8], [13] and the references therein. See
also [5] for a generalization to quasilinear equations.

A standard hypothesis for (1) is the following:

(b1) b>by >0, beCRY), bx)—be >0 asl|z|— oo,
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It is worth noticing that, to our knowledge, there is no result on existence
of a solution for (1) under hypothesis (b;). However, thanks to the analysis
of loss of compactness discussed above, many different existence results for
(1) have been obtained. For example it is not difficult to prove the existence
of a solution if (by) holds and furthermore b > b, and in general one can
show that (PS) holds at any level ¢ < ¢, the Mountain Pass critical level of

(3) Joo(t) = % [ (Vul? + ) de — 22 | Jup+ de.
RN P RN
Among many others we quote, as examples, the papers [6], [7], [11], [12]
and we refer to the book of J. Chabrowski quoted above for an extensive
bibliography.
We just recall that the main results achieved in [6, 7] require that b
satisfies (by) as well as

(bg) b(z) > b — Ce™ %l vz e RN (C,6 > 0).

In this case the critical level can be greater than ¢, and is found by exploit-
ing algebraic topology tools.

The main aim of this paper is to face a class of problems that cannot be
handled by the preceding results. We deal with a class of functions b that
satisfy (b1) but oscillate in a suitable way at infinity. No condition on the
decay of b at infinity is required. For such b’s we are able to show that (1)
has infinitely many solutions. See Theorems 3.2, 3.3, 4.1 and the example
at the end of Section 3. In this example we build a function b which does
not satisfy (bg), which can even be negative somewhere, and such that (1)
has infinitely many solutions.

Our approach is different from the papers cited above. Instead of trying
to overcome the lack of (PS) we adapt a perturbation method discussed
in [2-4]. Roughly, our arguments are based on the following steps:

1) If z € HY(RY) is a radial positive solution of
(4) —Au + u = beo|ulP ",
then the manifold Z = {zg = z(- + ) : § € R} consists of critical points
of Js.

2) For a large R we construct, near Zp = {29 = z(- +0) : |0] > R},
a perturbed manifold Zg, locally diffeomorphic to Zg, which is a natural

constraint for J: by this we mean that the critical points of J constrained
on Zg are global critical points, that is,

u € Zp and VJ\ZR(“) =0 implies VJ(u)=0.

In this way we reduce the infinite-dimensional problem of finding critical
points of J to a finite-dimensional one.
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3) Through an asymptotic expansion, the critical points of J‘ 7, COT-
respond to the ones of a suitable functional I" on Zg. Such a functional
inherits the oscillation behavior of b and this permits us to find infinitely
many critical points of J.

This paper is organized as follows: in Section 2 we give the abstract
setting for our treatment of problem (1); then we apply this setting to get
infinitely many solutions when b oscillates and @ = b — by has constant sign
(Section 3) or changes sign (Section 4).

NoTATIONS. We give a list of the main notations we will use.

e For u € R, u™ is the positive part, u~ the negative part.

e We write |lu| for the usual norm in the Sobolev space H!(RY), (u|v)
for the inner product. For u € LP(RY), |ul, is the usual LP norm.

e 2* =2N/(N — 2) is the critical exponent for Sobolev embedding.

e For any P € RY and r > 0 we denote by B(P,r) the open ball in RY
with center P and radius r, while B, = B(0,r).

e {e1,...,en} is the usual vector basis of RY.

e o(1) is any asymptotically vanishing quantity.

e If £ is a Banach space we define £(FE) to be the space of bounded
linear operators from £ to E, with norm [|T'||z = sup|y,—1 [[Tu[ e

e If E is a Hilbert space and f € C1(E, E), we denote by f’ or Vf the
gradient of f.

e We use C' to indicate any fixed positive constant.

The author thanks A. Ambrosetti for useful discussions.

2. The abstract setting. In this section we give the general setting
in which we study problem (1). We want to reduce problem (1) to the
problem of looking for critical points of a functional defined in Zg. For this
we construct a “perturbed manifold”, near Zr, and we show that the critical
points of J, constrained on this manifold, are true critical points, hence
solutions of (1). Then we will look for critical points of this constrained
functional by making use of suitable asymptotic expansions. In Sections 3,
4 we will apply these general results to obtain existence of solutions.

Let K = (A +1)"': H™' — H' be the usual isomorphism. We can
write (1) as

u = K(blulP u).

We define z to be the unique positive radial solution of the equation

(5) —Au + u = boo|ulPu,
u € HYRY),
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which we can write as u = K(bso|u|P~1u), so that z satisfies
z = Kby 2P

For the existence, uniqueness and other properties of z see [9], [10], [14]. We
recall in particular the asymptotic decay of z: there is 7 > 0 such that

(6) 2(w) exp(|a])|z| VD2 =g as fa] — oo

Let zg(x) = z(x —0) be a translation of z. Notice that the partial derivatives
D, zy satisfy the linearized equation

(7) { —Au+u= pboozg_lu,

u € HYRYN).
It is well known (see [19] and the references therein) that the subspace
Ky = span{D;zg : i =1,..., N} gives all solutions of (7).

As mentioned in the introduction, we now want to build a manifold Zg,
near Zr and locally diffeomorphic to it, which is a natural constraint for .J.
We will write _

Zr = {29 + wy : ‘9‘ > R},
for a suitable wy € H'(RY), and we want to find wg. For this, consider the
function Fy : H'(RV) — H'(RY) defined by
(8) Fy(w) = w + Kboo2h) — Kb[|2zg + w|P ™ (29 + w)].
Let KeL be the orthogonal complement of Ky in H', and Py the orthogonal
projection of H! on KQL. Now, for any # outside a compact set, we want to
find wy € ]KgL such that Fy(wy) € Ky, that is, we want to find solutions of
the following problem:

(9) we Ky, PyFy(w)=0.

The next theorem gives our main result concerning the solutions of (9), while
Theorem 2.2 says that the manifold Zg that we construct with such wy’s is
indeed a natural constraint for J.

THEOREM 2.1. There are a positive number R and a function w :
RN\ Bp — HYRY) such that, for all & € RN \ Br, w(f) satisfies (9).
Furthermore, w is a C! function of 0 and |w(0)| and [ Dg,w(0)]| go to
zero as 0] — co.

We will prove Theorem 2.1 in a sequence of lemmas. First, we rewrite
(9) as a fixed point equation. For this, write

Fy(w) = Fy(0) + Fy(0)w + Np(w),
and notice that, setting
a(x) = b(x) — boo,
we have
Fp(0) = —Kazbh,  Fj(0)w = w — pKbzhw,



A semilinear elliptic equation 143

which implies
1

Ny(w) = —Kb|2g + wP~ (29 + w) — 2 — p2h ).
We can write (9) as
(10) we Ky, PyF)(0)w= —PyFp(0) — PyNy(w).

Define
Lo = PyF}(0) € L(Kp).

In the following lemma we prove that Ly is invertible.

LEMMA 2.1. There is R > 0 such that, for all 6 with |6] > R, Lg is
invertible.

Proof. We prove the following property, which implies the invertibility
of Ly: there is v > 0 such that for all |f| large enough and for all ¢ € ]KeL
with el = 1,

(1) 1Zoell > .
To prove (11) we write Ly = L} 4+ L where
Lyp = Py — pboecK2) '), Ljp = —pPsKlazh '],

As mentioned above, Ky is the kernel of the operator ¢ — ¢ — pboolngflgo,
SO Lé : Kel — KOL is invertible and it is easy to see that there is v; > 0
such that for all || we have ||L}¢|| > 1 if ¢ € Ki and |¢| = 1. Hence, the
assertion follows from the following claim:
|L2||l; — 0 as |6 — co.
To prove the claim, we notice that

p—1

|L2||lz = sup | Liv]| = sup p S azl” ow dx
[[vll=1 ol lwl=1  gn
, 2/N

< sup p( [ a2 1)N/2daj> (olge ol

ol lwl=1 " *pN

B 2/N
SC’( X ]a\N/2zép I)N/Qda;> .
RN

It is easy to see that |,y |a|N/2,zé,/p_1)N/2

is proved, and so is the lemma. =

dx — 0 as |#| — oo, hence the claim

Thanks to the previous lemma we can write (10) in the following way:
(12) we Ky, w=—Ly[PyFy(0)+ PyNg(w)].

Define Gy : Ky — Kz by Go(w) = —L; ' [PyFy(0) + PyNy(w)]. To solve
(12) means to find a fixed point of Gg¢. In the next lemma we prove that
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Gy, when restricted to little balls, is a contraction. For any 6 > 0 define
By ={p €Ky : [loll < 6}

LEMMA 2.2. For any & small enough there is R > 0 such that for all
0| > R, Gy(By) C By and G9|B§L is a contraction.

Proof. By some lengthy computations that we skip, it is not difficult to
get the following statements:
(i) Fp(0) = —Kazy — 0 as 0] — oo.

| No(w)|| = o(||w]|) as ||jw| — 0 uniformly with respect to 6.

(i

i)
(iii) [[No(w1) — No(w2)|| < o(1)||w1 — wel|| uniformly with respect to 6.
From (i)—(iii), the assertion follows easily. =

As Gg‘ pL is a contraction, it has a unique fixed point, which we call wy.
So wy is the solution of (9) we were looking for. It is defined for |#| > R,
where R is given by the previous lemma. We now want to prove the other
properties stated in Theorem 2.1. We first obtain some information on the
asymptotic behavior of wy.

LEMMA 2.3. The following inequality holds:

[Jwal| < C( | |a|zp+1dx>p/(p+1)‘

RN
In particular ||wg| — 0 as |0] — oco.
Proof. Let G(k) be the kth iterate of Gy. As wy is the fixed point of the
contraction Gy, we have (setting G(O)( 0) =0)

ol = Nim G 0) = || Y687 ©0) - 6P|
k=1

< > NTHGo(0) — 0] < C|Go(0)] < Cllazg g,

where A is a contraction constant for Gy. It is easy to see that

/(p+1)
(13) lazh|| g gc( [ o022 dm)” P

RN
SC( S la|zb" dx
RN

>:D/(P+1)

Let us rewrite (9) in the following form:

N
(14) Fy(wp) = ayDizp,
=1
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where oy = (aé,...,aév) € RY. We now want to prove that wy,ay are
C' functions of 6. First, we prove that also ag vanishes asymptotically for
large 0’s.

LEMMA 2.4. ag — 0 as |0] — oco.
Proof. From (14) we get, by taking the inner product with D;zy (and
recalling that wy € K7),
Cozg = — S a|29+w9\p71(z9+w9)Djz@—boo S HZ@—HU@’pfl(ZQ—l-’w@)—Zz]Dng
RN RN
and it is easy to see that the right-hand terms vanish as |0 — co.

To prove that w, a are C'' functions of #, we apply the Implicit Function
Theorem. For R > 0 set Ar = R™ \ Bg. Consider the function

(15) O = (D1, Dy) : Ap x H' xRN — H! x RN
where
P10, w, ) = w + Kbooz) — Kb|zg + w|P~ Yzp + w) Zole 20,

D2(0,w, ) = ((w|D12g), - . ., (w|Dnzg)).
Notice that
&0, wy, ap) = (0,0).

We want to solve the equation @ = 0 near any point (6, wg, ). We will
apply the Implicit Function Theorem to get, in a neighborhood of (6, wg, ap),
functions w(r), a(r) such that @(7,w(r),a(r)) = 0. Of course we have to
compute the differential of @ with respect to (w, «), and it is not difficult
to obtain

Do(0,wy, ag)[v, B] = (DP1(0, we, ag)[v, 5], DP2(0,wg, ag)[v, B])
= (v — pKblzg + wg|P v — ZﬁiDizm (v|D1zp), ..., (v]DNz(;)).

Here D means the differential with respect to (w, ). In the space H' x RY,
we consider the norm ||(v,)||1 = ||v|| + |a|. Then we prove the following
lemma.

LEMMA 2.5. There exist v, Ry > 0 such that, for all || > Ry and all
(v, ) € H' x RV,
“Dgp(e?w@?a@)[vw@]nl > "}/H(U”B)HL

Proof. We argue by contradiction. If the conclusion is not true, then
there are sequences {0} C RY and {(vx,Bx)} € H' x RY such that

0k — o0, |[(vk, Be)llh =1, | DP(Ok, we,, ;) [vk, Belll1 — O.

Setting wy, = wp, and z;, = 2p,, we have
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(16) o(1) = DP1 (O, wr, g, ) [Vk, Br]
= v — pKblzk + wiP ok — > 81Dz

= v — pboolng_lvk
—I—pboolCzIk’flvk — pKCh| 2, + wi|P Loy, — Z ﬁ,iDizk
i

= Lékvk — pKalzy, + wilP " og
— phooK [z + wi P = 2 oy — > BiDizi.
i

Since |0;| — oo, we have ||wg|| — 0, hence we easily obtain
Kalzp +wpP o, — 0, K[|z +wi[P~ — zzk’*l]vk — 0 as O] — .
Recalling that LéDjzk = 0, from (16) we get, by taking the inner product
with Dz,
ﬂi—ﬂ), hence [y — 0 ask — oo.
Recall that D®s(0y, wy, , o, )vr — 0, that is, (vg|Djzp,) — 0,7 =1,...,N.
Hence, if we write v, = v,i + U,% where v,i € Ky, and U]% € Ké-k , we obtain
vi — 0. From this we deduce HLékka = ||Lékvz|| > v ||o2|| = v ||log || + o(1).
From (16) we get
Tillokll < o(1),

so vy — 0 and By — 0, contrary to the hypothesis |[(vg, Bk)|[[1 = 1. =

Thanks to Lemma 2.5, we can apply the Implicit Function Theorem at
any point (6, wp, ) with |§] > R (it is not restrictive to assume R > R;),
and we get, in the neighborhood of such a point, two C'! functions w(7), a(7)
such that &(7, &(7),w(r)) = 0. This equation means exactly that w(7) € K+
and that w(7) satisfies (9). We know that w; is the unique point satisfying
these conditions, so we must have w, = w(7) in this entire neighborhood
of #. In particular we get wy = w(#) for all # and wy is a C'* function of . In
the same way ay = &(f) is a C! function of §. This gives the C'! regularity
of wy (and also of ay), and to complete the proof of Theorem 2.1 we just
have to prove that the derivatives Dy w vanish as [0] — oo.

LEMMA 2.6. ||Dp,w| — 0 and |Dg,a| — 0 as |6 — oc.

Proof. We differentiate (14) with respect to 6;, and recall that (w(0)|D;zp)
= 0, to obtain the following system of equations satisfied by Dg,w, Dy,

ngw + pboolng_lez(; - p]Cb|2’9 + w]p_l(Djze + ngw)
N

(17) = Z ng (XjDiZQ + OéiDijzg,
=1
(w|Dijzg) + (Dg;w|Djzg) = 0.
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Notice that the equality
(w|Djjzg) + (ngw]Diz(;) =0
implies that
(18) (Do, w|D;zg) = o(1) as |0] — oo,
because w = w(f) = o(1) and Dj;zp is bounded. We write the first equation
of (17) in the following way:
(19) 0= Dy,w+ p/Cboozg_leZG — pKb|zp + w\p_l(Djze + Dg,w)

N
— Z[ngajDizg + OéiDZ‘jZQ]
i=1
= Dy, w — pKa|zg + w|PID;zp — pbeoK (|20 + w|P — Zgil)DjZQ
N
_ p]Cb|z9 + w]p_ngjw — Z[ngajDize + OéiDZ'jZQ]
i=1
= Dy, w — pbooK 2y ' Dy, w

— oK (|29 + w|P™1 — Zgil)(DjZQ + Dg,w)
N
— pKalzg + w|P~H(Djzp + Dg,w) — Z[ngo/Dize + o' Dyjzg).
i=1
Multiplying this equation by D;zy and recalling that LéDjze = 0, and that
|zg + w[P~! — zg_l and a|zg + w|P~! go to zero as || — oo in the relevant
norms, it is easy to see that

(20) |Dg,a’| = o(1)(1 + || D, wl).
Write Dg,w = (1,9 + (2,0 Where (19 € Ky, (2,0 € Ki. Then (18) shows that
(21) Cog=o0(1) as|f] — .

Now, substituting (20) and (21) in (19) and recalling that || Lj¢2 0/l > 71|20l
we get

G20/l < o(D) (L + [[¢2,0ll),

hence [|¢2,9]| = o(1), so || Dy, w|| = o(1), which implies | Dy, | = o(1) and the
lemma is proved. =

Now we can introduce the perturbed manifold that we announced at the
beginning of this section. Define

(22) Zr =27 ={z+w(0):|0] > R}.

Thanks to the previous results, Z is a smooth manifold. We consider the
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constrained functional J 7 and we then get the following basic result, which
states that the constrained critical points of J‘ 7 are true critical points.

THEOREM 2.2. If u € Z and VJ|Z(u) =0, then VJ(u) = 0.

Proof. One has just to repeat the arguments of Lemma 2.1 in [3]. =

Now our goal is to prove the existence of critical points of J Z For this

we notice that, by easy computations, the following development holds (for
simplicity we set w = w(0)):

1 1
23)  J = - L P g
(23)  J(zp +w) = 5z +w] P+1RSN |20 +w["* dz

1 1 b
= Slz0ll” + (o) + Sllw|® = = | 2" de

p+1

b 1

= |y de = —— | bz +wP da
1

:Co—— S G/Z§+1dl‘_ S azgwdaj—}-O(HwH),
where we have set
1 9 boo +1
co = §||Z9H o1l S zy " da.

RN
Now we have at hand all the abstract machinery that we need: we have
reduced problem (1) to the finite-dimensional problem of finding critical
points of J‘ 7, and we also have an asymptotic expansion of J| 7- In the next
sections we will prove, using these results and suitable assumptions on b, the
existence of infinitely many critical points of J 7 hence of solutions to (1).
3. Existence results for a with constant sign. To obtain existence
of solutions for problem (1), we first estimate the terms in (23).

LEMMA 3.1. Assume that a does not change sign. Then, as |6 — oo,

(24) ‘ X azgwdx‘ So(l)‘ S azgJrl dm}.

RN RN
Proof. We have, by the Holder inequality,

/(p+1)

‘ { azgwdx’ < [ [ lajenrezptt dw}p o
N N
/(p+1)
<ol § laldz] ™ ).

RN
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Hence, by Lemma 2.3 we obtain

() | | azfwda| < | | gt aa]
RN RN

- [ S |a"”g+1dxH S \alngrl dm} (p=1)/(p+1)
RN BN

:o(l)[ S la|z5t d:v] :0(1)‘ S azh ™ daz‘
RN RN

if a does not change sign. m
Lemmas 2.3, 3.1 and formula (23) imply the following theorem.

THEOREM 3.1. Define I'(6) = {,n azgJrl dz. Then the functional J\Z

satisfies the following equation:

T(z0 +w(0)) = co — ]ﬁ 1(6) + o(T'(6)).

2 the
functional I' : RV — R, which is of course much easier. In the following
theorems we will prove that, under suitable hypotheses on a (that is, on b),
I has infinitely many local maxima or minima, which gives rise to infinitely

many solutions of (1).

This theorem says that we can study, instead of the functional J

THEOREM 3.2. Assume that a > 0 and that the following hypotheses
hold.

(i) There are T,r > 0 and sequences {Py}r C RY and {ag}r C R such
that ay > 0, |Pgx| — +o0 and

a(x) > ap Vo € B(Pg,r), a(x)<Tap VY|x|>|Pl/2.

(ii) There are sequences {ri}i, {Ri}tr, {Bx}x such that i, R > 0,
Br >0, rp — +00, R, — 1, — 400, R < |Pg|/2 and
a(x) < B VreXy={reRY :r, <|z| <Ry}

(iii) There exist > 1, €]0,p+ 1[ and C > 0 such that for large k,

ag > pesfi + Cexp<—5 y»

where c3 = ca/c1, ca = pn P (z)dx, ¢ = qu P (z) dx.

Then there are infinitely many solutions of (1).
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Proof. The proof is in two steps: we first prove that I" has infinitely many
local maxima; then we prove that this oscillatory behavior is preserved when
passing from I" to J‘ 7, which is a perturbation of I'.

STEP 1. By (i) we have
I'(Py) = S Pz — Py)ade > S P (2 — Padx
RN B(Pyg,r)
Qg S Pz — Py)de = oy, S P () de = cray.
B(Py,r) B(0,r)

On the other hand, pick any ¢ € RY such that |¢] = (Ry + rx)/2. We get

Y

F(f):Ssz(m—f)adaz—k S Pz — Oadr + S P (2 — €)adr

X |z <rg |z|> Ry
<B P a-Qdz+C | PH@-9dz+C | P (@—&)da.
P || <7k |z| >Ry

We estimate §y Pz — &) do < (zn 27T (z — £)dz = cp. On the other
hand, S|x\§rk Pz — &) dr = S‘y%'gk 2PH1(y) dy. But it is easy to see that
[y +€ < ryand |€] = (Ry +ra)/2 imply [y] > (Ri — ri)/2 s0 that

| i)y < i Py dy = O(exp<—61 1t o) Tk))

ly+€|<rs ly|>(Ry—71)/2

where § < d1 < p+ 1. In the same way
S P — &) dr = S P (z) de < X P (y) dy

|z|> Ry |z+&|> Ry ly|>(Rk—rk)/2
= O<exp(—51 il 2_ Tk))

Ry —ry

Hence

I'(€) < cofy + Cexp (-51

>, while F(Pk) > C1O.

These estimates and (iii) prove that
(26) I'(Py) > I'()
when || = (Ri +1%)/2.

STEP 2. We now want to prove that (26) is stable under perturbations,
that is,

(27) I'(Py) +o(I'(Py)) > I'(€) + o(I'(€))-
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For this we have to estimate I'(Pj) from above. We have

0< I'(Py) = S azPH(x — Py)dx

RN
— S azPH(x — Pp)dx + S azPH(x — Py) dx
|| <[ Pxl/2 | >] Pe /2
<C S zp+1(x) dx + Topco
o+ P |<|Pg|/2

< Cexp(—01|Pg|/2) + Tagca.
Hence we can say that there is a vanishing sequence {ej}; such that
F(Pk) + O(F(Pk)) > clozk(l - CgT&k) - 5kC’exp(—51|Pk|/2).

On the other hand we trivially get

F(©) +o(r€)) < [easi+ Comp( -3 57 )1+ <),

o to obtain (27) it is enough to prove

clozk(l - C3T€k)

— P
= [02516 + Cexp (—51 fix 5 rk)] (1+ex) + Cegexp (—51 %)

But we have

[CQﬂk + Cexp<—51 By — 7

2

)] (1+ek) + Cepexp(—o1|P|/2)

Ry —r
< co(1+ex)Be + C’exp<—51 i 5 k)
(recall that |Pg|/2 > Ry and that C is any positive constant); hence it is
enough to prove
1+eg

C Rk — Tk
28 > -0 .
(28) O 2 €3 T Br + [ eTer exp( 1 >

But now recall that we assume (iii), that £, — 0 and that d; > §; hence it
is easy to prove that (28) holds, and so also (27) is proved.
Now we can conclude. Define
1

$(0) = co = J(z9 + w(0)) = —— I'(0) + o(I'(0))-
p+1
From (27) we see that ¢ has infinitely many local maximum points. Indeed,

we have
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6P > 0() >0 (when Jg = FEETE),
| Px| > Ry, > R 7 and ¢(0) — 0 as|f] — oc.

Hence Jl 7 has infinitely many local maximum points, which gives rise to

infinitely many solutions of (1). Notice that the solutions {uy} we find have
the following form:

(29) up = zg, + w(bk),

where the 6,’s are the critical points of ‘]\Z' By construction {6y} is not
bounded. Passing to a subsequence we can assume that |0 — 61| > 1 and
|0;;| — o0, hence |w(f)| — 0. This implies that all the wuy’s given by (29)
are distinct, for large k’s. m

We have a similar result for the case a < 0. We do not give the proof,
which is the same as that of the previous theorem.

THEOREM 3.3. Assume that a < 0 and that the following hypotheses
hold.

(i) There are T,r > 0 and sequences {Py}r C RY and {ay}, C R such
that ay, < 0, |Py| — 400 and

a(x) <oy Vo€ B(P,r), a(x)>Ta, Vx| >|Pl/2.

(ii) There are sequences {ri}i, {Ri}tr, {Bx}x such that i, R > 0,
Br <0, 1 — +00, Ry — 1, — 400, Ry, < |Py|/2 and

a(x)> B, VeeX,={zeRY:r, <|z| <Ry}
(iii) There are > 1, § €10,p+1[ and C > 0 such that for large k,

R, —
ak<ucoﬂk+C’exp<—5 k2 Tk).

Then there are infinitely many solutions of (1).

EXAMPLE. Let us give a more concrete example of a function b satisfying
the assumptions of Theorem 3.3. Set by, = 1 and consider by € C(RY) such
that bo(z) = 1 — 1/|z|* if |x| > 1. We do not require anything about by in
By, it can also assume negative values there. Let ¢ € Cy(B2) be such that
0 < ¢ <1and ¢(x) =1 for all z € B;. Define P, = dekeq, ap = —1/k“,
vr(x) = p(x — Py). Then we consider the function

b(x) = bo(x) + Y arpr(x).
k=2

It is easy to see that the hypotheses of Theorem 3.3 are satisfied if we set,
for k>3, r, =" +3, Ry =1 =3, B = —2/|r|® = —2/|e* + 3|%, r = 2,
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T = 3. We then obtain infinitely many solutions for (1). Notice that in this
case (b—bso) ™ does not decay exponentially, so the results of [6, 7] cannot be
applied, and that we allow b to assume negative values (in Bjp). By a similar
construction it would be simple to prove some density results analogous to
those of [1].

4. Existence results for ¢ with changing sign. The previous results
can be extended to the case in which a changes sign. However, we need to
make some more precise assumptions on the asymptotic behavior of a. We
begin by recalling a known result (Proposition 1.2 in [6]).

LEMMA 4.1. Let ¢ € C(RY) N L®RY) and v € C(RY) be radially
symmetric and satisfy, for some o >0, B >0, v € R,

o(z) explala])|z]® — 7 as [z — oo,
(30) | (@)l expalz]) (1 + |2/%) dx < oo.
RN
Then

| ol@+y)e(@) dvexplaly)lyl’ — v | ¢(z)exp(—alz1])dz  as [y| — oc.
RN RN
We now need to prove a result analogous to Lemma 3.1. For this we
use the previous lemma, and, as a is not radial, we introduce some radial
functions linked to it. Set
ai(z) = inf a(y), az(z)= sup a(y),
ly|=|z| ly|=|z|

and denote by af, a; the positive and negative parts of a;. We then assume

that there are 0 < o < p+1, 3> 0 and v;",7; € [0, +oo[ (i = 1,2) such
that

(31) ;" (z)| exp(alz])|z|” — .
We obtain the following lemma.

LEMMA 4.2. Assume that (31) holds and also

(32) N> oor % <.

Then the same conclusion of Lemma 3.1 holds, that is,

(33) ‘ S azgwdx’ 30(1)’ S azgﬂ dl“.
RN RN

Proof. From (25) we have

‘ S azgwd:v‘ =o0(1) S |a|zg+1d:1:.
RN RN
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We apply Lemma 4.1 with ¢ = aF, ¢ = 2P*! to obtain

S P2+ 0)ai deexp(ald)])|0]® — ~vF S af exp(—alzi|)dr  as 0] — oo,
RN RN

which implies

34) | 2P (2 + 0)]ai(x)| daexp(al0])]0]°

RN
— () S |a;(z)| exp(—azy)dx as |0 — oc.
RN
and
(35) | @+ Oailw) deexp(ald]) 617
RN

= (=) S a;(x)exp(—azxi)dx as |0] — oo.
RN
As a; < a < ag, (32) and (35) imply that there are 0 < ¢; < ¢g such that
(36)  c1exp(—ald)|)=? < ’ | 27"z + 0)a(x) dz| < cpexp(—a|0])]0] 7.
RN
On the other hand, |a(z)| < max{|ai(z)|, |az(x)|}, hence (34) implies that
| 27" (2 + 0)|a(z)| dz = O(exp(—ald])|0] 7).
RN
From this and from (36) we easily obtain (33). =
We then get the following theorem:

THEOREM 4.1. Under the hypotheses of Lemma 4.2, suppose moreover
that:

(i) There are sequences {Pi}r, C RN and {01}, {ax}r C R such that
ag >0, o, ’Pk’ — 00 and

a(x) > o  Va € B(Py, ok).

(ii) There are sequences {ri}r, {Rk}tk, {Bk}r such that ri, Ry > 0,
Or <0, rp, — 400, R, — rp — +00 and

a(z) < B VreXy={reRY :r, <|z| <Ry}
(iii) There are p > 1,0 €0,p+ 1] and C > 0 such that, for large k,

R —
ak>u|ﬁk!+Cexp<—6 kQ Tk).

Then there are infinitely many solutions of (1).

Proof. Notice that we can always assume, passing to subsequences if
necessary, that o > Ry for all k. Using arguments similar to those for the
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lemmas of the previous section, it is not difficult to see that
I'(Pg) +o(I'(Pg)) > axoy, + exp(—d10k),

where 61 > § and o, — {pn 2P+ dz. We also obtain, for any ¢ with |¢| =
(rk + Ri)/2,

I'(§) + o(I'(§)) < Brok + Cexp<—51@>'

The result can be easily derived from these estimates. m

RMARK 4.1. Notice that if a is radial, then a3 = a2 and 7" = 75, 77
= ~, . Hence in this case the hypotheses (32) just mean that ’yfr # -
Roughly speaking, this forbids a to have “symmetric” oscillations. Also no-
tice that (31) in any case allows a to have a polynomial decay at infinity.
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