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1 Introduction

This paper is devoted to the nonlinear Schrédinger equation

o R .
where m and h are positive constants, ¢ : Rt x RY — C, V € C(RY,R),
and f € C(RY x C,C). We suppose that the potential V() is bounded from

below and

f(@,s8) = [z, )¢ (2)
for s € R, € C, with |¢] = 1, and some function f € C(RY x R,R). We

study the existence of standing waves of (1), more precisely, of solutions of
the form

Y(t,z) = 6_%1)(:13), (3)
where F is some real constant and v : RY — R. Substituting (3) into (1),
we obtain the real elliptic equation for v

—W?Av+ (V(x) — E)v = f(z,v) (4)

(for simplicity we have taken m = 1).

One of the classical problems in this framework is to investigate equation
(1) (respectively (4)) for small values of /. This question has been studied
extensively in recent years. In [4] Floer and Weinstein showed that (4) has
a nontrivial solution for small i, when N =1, f(x,s) = |s|?s, V € L®(R"),
and V' has a non-degenerate critical point. Their work was generalised by
Oh (see [7], [8] and [9]) who studied the case N > 1, f(z,s) = |s|P~'s, with
l<p< %, and replaced the hypothesis v € L>®°(RY) by “V belongs to
a Kato class” (see ([7]) for details). These works used a Lyapunov-Schmidt
reduction type method.



In [10] Rabinowitz developed a variational method which permitted him
to show that (4) has a nontrivial solution for small values of A, provided that

inf V(z) < liminfV(x), (5)
xRN |z|—o00

E inf V(x). 6

< inf V(z) (6)

In addition, Rabinowitz assumed that the nonlinearity f does not depend on
x, satisfies some “mountain pass” type assumptions, and

zf(sz) is an increasing function of s > 0, for all z € R\ {0}. (7)
s

In a number of works (see [1], [2], [3], [5], [6] and the references in these pa-
pers), the hypothesis (5) was replaced by assumptions on the local behaviour
of V', namely existence of different types of critical points of the potential. In
addition, a great deal of interesting results were obtained about the shape of
the solutions, when A is small. More specifically, when A — 0 the solutions
develop peaks at one or more points, and tend to zero elsewhere.

In all the quoted works it was assumed that the nonlinearity f does not
depend on z. Furthermore, in addition to the standard “mountain pass”
conditions on f, it was supposed either that f(s) = [s[P™'s , or that the
equation

—Au+u=f(u) (8)

has a unique positive solution in H*(RY), or that (7) holds for z = 1.

In this work we give a global condition on the potential V', which includes
(5) as a particular case, and under which the Schrédinger equation (1) has
a nontrivial standing wave solution for any general nonlinearity f(z,s) of
“mountain pass” type. In particular, none of the above conditions on f (see
(7) and (8)) is imposed.

We suppose that the function b(x) = V(z) — inf V(z) satisfies the fol-

zERN
lowing assumptions :

(b1) there exists zo € RY such that b(zy) =0 ;

(b2) there exists A > 0 such that the level set G4 = {z € RY : b(z) < A}
has finite Lebesgue measure.

We make the following assumptions on f.

1) 1im 255 0 for all € RY

s—0 S




(f2) There exists a constant Cj > 0 such that
|f('ru 5)| < C()(l + |8‘p)7

for some p € (1,8£2) and for all z € RN, s € R ;

(f3) There exists a constant p > 2 such that
sf(x,s) > pF(z,s) >0,
for all z € RN, s € R\ {0}; here, as usual, F(z,s) = [ f(z,s) ds.
The following theorem contains our main result.

Theorem 1 If (2), (b1)-(b2) and (f1)-(f3) are satisfied then (1) has a non-
trivial standing wave solution for small h.

Clearly, condition (5) implies that (bl) and (b2) are satisfied. The hy-
pothesis (b2) is strongly related to, but more general than (5). Indeed,
observe that (5) is equivalent to the existence of a constant A > 0 such that
G 4 is bounded. However, (b2) allows for richer geometry of the potential;
for instance, the set of minima of V can be unbounded — a case which is not
included in any of the earlier works.

Another important remark is that in all previous works the constant E
in (3) was taken to satisfy (6), so that the function space in which a solution
is sought for (see section 2) is embedded into H'(R”), with an embedding
constant independent of A. This hypothesis on E led to the supplementary
assumptions on f, since the authors needed an additional knowledge on the
properties of the autonomous equation (8).

The main point in our work is that we make a precise choice of E, namely
E = inf V. In this situation we solve the elliptic equation (4) under (f1)-
(f3) only, obtaining as a consequence a general existence result for nontrivial
standing wave solutions of the Schrédinger equation (1).

Remark. In this work we do not discuss the question of the shape of the
solutions we obtain. This problem might turn out to be delicate. The so-
lutions tend to zero as A — 0 but will probably develop “relative” peaks at
points of the minimal set of V, in the sense that around these points they
are much larger than away from these points. How "much” they are larger
will probably depend on the profile of b near its zero set. We hope to pursue
this question in the future.

As we can see from (3), the time period of the standing wave solutions
we obtained in Theorem 1 depends on h. Under an additional hypothesis on
inf V' we can show that, for any a priori fixed period, we can find a solution
of (1) with that period, for all sufficiently small . We do not know of any
other result in this direction.



Theorem 2 In addition to the hypotheses of Theorem 1, we assume that
inf V(x) =0. Then for any T > 0 there exists hy = hy(T) > 0 such that

xzeRN
(1) has a standing wave solution with time period T, for all h < hy.

Theorems 1 and 2 will be proved in Section 2. Both of these theorems
are derived from a somewhat more general result (see Theorem 3 below).

Acknowledgement. The author wishes to thank H.Berestycki for impor-
tant remarks on this work.

2 Proof of the Theorems

Without loss of generality, in the sequel we suppose that o =0, 0 < h <1,
and A < 1.
Consider the equation

—Au + by(hx)u = f(hx,u), reRY, 9)
where by are continuous functions, satisfying the following assumptions
(bhl) ba(y) >0 for y € RV ;

(bh2) b(0) -0 as h—0;
(bh3) there exists A > 0 such that |G 45| < oo for all A > 0, where

GAﬁ = {y e RV . bh(y) < A}

We have the following result.

Theorem 3 If (bh1)-(bh3) and (f1)-(f3) are satisfied then (9) possesses a
nontrivial strong solution for sufficiently small h.

First, let us observe that this statement covers Theorems 1 and 2. If u

solves (9) then v(x) = u(3) is a solution of

—R?Au + by (z)v = f(z,v).

Therefore, to prove Theorem 1 it suffices to take bp(z) = V(z) — inf V.
By taking E = E(h) = —2h we see that Theorem 2 is a consequence of
Theorem 3, for by(z) = V(x) + 3.

The rest of Section 2 is devoted to the proof of Theorem 3. We use a
variational approach.



We start with the description of the variational setting. For each A > 0
we introduce the space

En = {u € D*RY) : / bp(h)|ul? dr < oo } :
RN

and the quantity
Jull = a3, o= [ I9uP + ba(ha)u da

It follows from the following lemma that & is a Hilbert space and ||.||? is a
norm on it.
Lemma 1 For each h > 0 there exists a constant vy > 0 such that
lullz > vallullF @y
for every u € &;.

Proof. First we show that there exists 85 > 0 such that

/ |Vul? + bp(z)u? dx > Hh/ |Vul|® + u? dz, (10)
RN

RN

for every w for which the quantity in the left-hand side of (10) is finite.
Indeed, since G 4, has finite measure, there exists a constant Cj > 0 such
that

1
IVul? + by(z)u? do > = |Vul? dov + Cy, lu|? dz
2
RN RN Gan

+A lu|? dx
RN\GAﬁ

1
> min{§, Ch, A} [l 1 vy,

where we used the Holder and the Sobolev inequalities, which give

/ lu|? da
Gan

IN

2
|G anl ¥l o vy

< C}fl”vuuimw)-



Take u € &, and put v(z) = u(¥). Then

| = hN/ RVl + by(2)0? da
]RN
> h2_N0h/ |Vo|? +v* dx
RN

= h295/ h2|\Vul® +u? d
RN

Y

RO |[ullip v

which is the statement of Lemma 1. O
Lemma 1, together with (f1) and (f2), implies that the functional

Op(u) := 1/ |Vul? + by(hz)u® d —/ F(hz,u) dx
2 JrN RN

is well defined and C! on &, for each A > 0. It is well-known that (9) is the

Euler-Lagrange equation of the functional ®j.

Let us prove that ®; has a “mountain pass” geometry on &;. By using
(f1) and (f2) we see that for every € > 0 there exists a constant C. > 0 such
that

F(z,5) < el|s|* + Cc|s|P.

For each A > 0 we fix e < 7 and obtain, by Lemma 1,

1 1
Do) = Sl enlulZaguny — ConllulEh o,
1 C(Nap)ca 1
>l - SR .
Vn
We set A\, = C(N;—pi)lcs”‘ and choose 75, > 0 such that 1 — X\pr?™" > L. Then
2

Y
1, .
Dy (u) > §||u||h provided that ||ul|s < rp.

Next, from (f2) and (f3) it follows that there exists a positive function
d(z) € L=(RY) such that

F(x,s) >d(z)|s|* forall € RV, s€cR.

Hence for all u € &, \ {0} we have ®5(tu) — —o0 as t — 0.



Set
I'p:={ye€C([0,1],&) : v(0) =0,7(1) # 0, Px(ty(1)) <0 for all ¢t> 1}

and
= inf ®p(y(t)) > 0.
en = inf max n((t))
Standard critical point theory (see for example [12]) implies the existence
of sequences {ul}°° | C & such that
Op(ul) — ¢ as n — oo (11)

and
@ (ul) — 0 in & as n— oo, (12)

for all A > 0.

The rest of the paper will be devoted to the proof of the fact that, for suf-
ficiently small values of A, each of these sequences possesses an accumulation
point, which is a nontrivial solution of (9).

Lemma 2 There exists a constant a > 0 such that

lim sup HuZH% < acy,
n—oo

for all h > 0.
Proof. Using (11), (12) and (f3) we obtain

L
(§ . 1) [ublls < pPp(up) — O (ul)ul

< pen +o(1) + o(1)[Jug |,
and the lemma follows. Here, as everywhere in the sequel, o(1) denotes a
quantity that tends to zero as n — oo. O

Using Lemma 2, for each h > 0 we extract a subsequence of {u”} which
converges weakly in &, to a function ul. It follows from Lemma 1 and the
Rellich-Kondrachov theorem that these subsequences converge to uf weakly
in H'(R"), strongly in L; (RY), 2 < s < 2%, and almost everywhere in
RY. Then it is easy to see that ul! is a weak solution of (9). By standard
elliptic theory, ul is actually a strong solution of (9).

The only point is to show that ul is not identically zero. We claim that
for small A this is the case.

We shall derive our claim from the following two lemmas.



Lemma 3 There exists a constant 3 > 0 such that for all h > 0 we can find
R(h) > 0 for which

lim sup ||un||H1(RN\BR(h)) < Pen

(Br denotes the open ball with center zero and radius R).

Lemma 4 We have

lim Cp — 0.
h—0

Before proving the lemmas, let us show how Theorem 3 follows from them.
By using (f1) we find a constant C' > 0 such that

1
|f(z,s)] < B|s] +2Cs[P forall z € RY s €R.

Then, using (11), (12), (f3) and Lemma 2, we get

1
cn = lim &p(ul) — @ (ul)u”

n—00 2 n

1
= lim §u2f(hx,u2) — F(hx,ul) dx

n—oo RN

1
< —liminf ul f(ha, u) da

2 n—oo RN

1

< liminf/ —|uZ|2—|—O|uZ|p+1 dx

n—oo  Jpn 203

1
< ﬁ“ugH%? (Brry) Qﬁ hinjolip Huanﬂ (RN\Bp(sy)

1 1
+ Ol I3 1 + Climsup Junl7os v -

This implies, by Lemma 3,
p+1 p+1

1 1
Ch < %HUSLH%%BRW) + CHuhH’le (Br(n)) + )+ cp=

Hence

1 1 ptl Pd
oAy + OB 2, > h(——cﬁ o )

The last inequality shows that u? is not identically zero for all A < h;, where
hy is such that

2

1 p—1
Cp < 1 )
403"

8



provided h < h;. Such a choice of A; is possible via Lemma 4.

Proof of Lemma 3. By Lemma 2, it is sufficient to show that for each
h > 0 we can find R = R(h) > 0 such that

/ W2 dy < A1 (/ VU 4 by (i) | dx) |
RN\Bg RN

Set B, = RM\Bg, G, = :Gan = {z € RY : ha € Gap} and v} (z) = ul(%).

3
Then
/ Wl 2 dy < A—l/ b (Fi) [ 2 dz.
B, BAGH

By using the Holder and the Sobolev inequalities, we obtain, as in the proof
of Lemma 1,

/ Jul|? de = h_N/ [v"? da
B%ﬁGzﬁ B}C%hmGA,h

< WN|BS, N Ganl¥ / Vol |2 da
RN
— BBy N Ganl / IVl |? da.
RN
To prove Lemma 3 it suffices to take R = R(h) such that
‘chiR(ﬁ) ﬁ GA’h| < Ai%h?.
This is possible, since |G 45| < oo implies

I%IIII ’GA,h\BR| = 0. O

Proof of Lemma 4. It is clear that any ray in £, can be parametrised so
that a part of it belongs to I'y. Hence

cp < inf  max @p(tu).

ue€r\{0} ¢=0

We have, for all u € &,

1
B(u) < Wa(u) = | / IVl + bn(h)e? da — / d(ha) ul* dz,
RN RN

SO

cn < inf  max Wp(tu).
uefh\{o} t>0

9



An explicit computation shows that for any u € &, \ {0}

o

Vu|? + bp(ha)u? d
max Wy (tu) = const. Jun [Vl n(ha)u 5 ’
- (Jo dCh) e d)

We set

Cp = ug./l\gh/ |Vul? + by(ha)u? dz,

where Mj, = {u c& fRN (ha)|u|* doe = 1} We have proved that

©w

cr, < const.cf 2.

We finish the proof of Lemma 4 with the help of the following claim.
Claim ¢ tends to 0 as A — 0.

Proof of the claim. Suppose that for some sequence h,, — 0 we have
Cr,, > ¢o > 0. For simplicity we drop the subscript m and write ¢; instead
of Ehm .

It is well known that

inf / [Vul|? dx =0
RN

u€CX(RY)

fIRN lul#=1

(here we use (f2) which yields 4 < p+1 < 22). So we can take a sequence
{u,} € C=(RY) such that

lim |Vu,|>de =0 and / |un|* = 1. (13)
RN

n—0oo JpN

We set
u?’l

(fan d(hz)|u, |* dz)
so that v, 5 € My for all n and all h.
For simplicity we suppose that d(0) = 1. By using (13) we see that for
every n we can find A, > 0 such that

1
/ d(hz)|u, |t dx > =
. 2

Un,n =

Y

T

for h < h,,. Hence for every n and every h < h,

/ |Vuunl? do < 22/ |Vu,|? du.
RN RN

10



It follows from (13) that we can find ng such that for every i < h,,

C
/ IV 0y |? dz < =
v 2

On the other hand,
G < / |an7h|2 + bh(h:v)]vn,hlz dz
RN

for all n and h. Hence, for h < R,
fRN br(hx) |, |* da

2
2 (Jan d(ha)|twn, | dz)*

1
= — [ bu(ha)|onul® do
2n JRN
Co

/ (1) i |2 dr >
]RN

>

which contradicts bs(0) — 0, for A sufficiently small.
The proof of Theorem 3 is complete.

Remark 2 In order to obtain a positive solution of (9) we replace f(z,s) by

f(z,s) if s>0
f+<x’8):{ 0 if s<o.

Remark 3 Lemmas 1 and 4 show that the particular choice £ = inf V' in
(3) is really essential for Theorem 1. Lemma 4 — a key point in our proof —
fails if we take £/ < inf V. On the other hand, if £ > inf V' we would not be
able to use the functional spaces &, since for small A there will be functions
for which ||u||s is negative. Indeed, if b(z) < —¢ for x € B, and §,r > 0,
and if we suppose that for all functions in DY?(R¥Y) ||.||» is non-negative, we

obtain
/ |Vul? dx > 5/ lu|? dx
B B

12 2
for all & > 0 and all u € H(Bx). This contradicts the well known fact that
the first eigenvalue of the Laplacian in By tends to zero as R — o0.
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