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Abstract. We discuss the existence of positive solutions of perturbation to a class
of quasilinear elliptic equations on R.

1. Introduction. This Note is concerned with solutions of perturbations to the
following problem on the real line R

{u” +u— k(u?)"u = uP, (1)
ue HY(R) u>0,
where k£ € R and p > 1. Consider
{—u” + (1 +ea(@))u—k(1+eb(z)) (u?)'u=(1+cc(x))u?, @)
ue HY(R) u>0,

where a, b, ¢ are assumed to be real valued functions belonging to the class S,

S = {h(z) = hi(z) + ha(z) : by € L"(R) N L*=(R),
for some r € [1,00), hy € L (R), | 1‘131 ho(z) = 0}.

Our main existence result is the following

Theorem 1.1. There is kg > 0 such that for k > —ko and a,b,c € S, equation (2)
has a solution provided |e| is sufficiently small.

Solutions of (2) will be found as critical points of a functional I of the form
I (u) = In(u) + eG(u), u € HY(R), (3)

where

1 1
Io(u) = i/R(‘U/‘2+U2) dac—f—k/Ru2|u’|2dm—mA\u|p+1dx 4)

and G is the perturbation
1 2 / 2y, 112
G(u) 5 /R (a(z)u?) dz + k Rb(x)u |u'|*dx ) A
Critical points of I. will be found using the abstract perturbation procedure intro-
duced in [1, 2]. Due to the translation invariance, the critical points of Iy appear
as manifolds. We first show that Iy has a unique positive critical point z, up to
translations, which is nondegenerate, in the sense that I (z) has a one dimensional

c(z)|u|PTdx. (5)

Key words and phrases. Fully nonlinear elliptic equations, Perturbation theory.

55



56 QUASILINEAR ELLIPTIC EQUATIONS ON R

kernel (given by the translations). Then, for |¢| small, I, will be shown to have a
critical point which is close to the critical manifold of Ij.
We first consider the equation
—u" + V(z)u — k(u®)"u = P, (©)
u€ H'(R) u>0.

When £ = 0 and A > 0 is fixed, solutions of (6) are nothing but the standing
waves of the corresponding nonlinear Schrédinger equation, whose existence has
been widely investigated, see [8] and e.g. [3, 5].

Equation (6) with & > 0 arises in various fields of physics, like the theory of
superfluids or in dissipative quantum mechanics, see e.g. [9, 14, 15]. Equations
with more general dissipative term arise in plasma physics, fluid mechanics, in the
theory of Heisenberg ferromagnets, etc. For further physical motivations and a
more complete list of references dealing with applications, we refer to [10, 16] and
to their bibliography.

In [16] equation (6) has been studied. For k > 0, for several classes of poten-
tials V(z) and certain ranges of p > 1, ground state solutions were constructed as
minimizers of a constrained minimization problem, with A being the Lagrange mul-
tiplier. An Orlicz space approach was used in [13] to obtain ground state solutions
for prescribed A > 0. The concentration compactness principle was used in these
papers to overcome the lack of compactness.

The results stated in Theorem 1.1 are new. However, even if we take b = ¢ =0,
when (2) becomes (6) with V(z) = 1 + ea(z), the perturbative approach allows us
to construct solutions for a range of k, V' and p not covered by [13, 16], including
cases when the ground state solution may not exist. In particular, it is worth
mentioning that we can handle some cases in which k is negative. See also Remark
(i) at the end of Section 3. We also give a different approach for obtaining ground
state solutions of (6) for prescribed A > 0. The results we find are similar to those
of [13] but we use an approach which is technically simpler than that in [13].

In Section 2 we first study the ground state solutions. Then Section 3 is devoted
to proving Theorem 1.1.

2. Ground state solutions. We first deal with the problem

—u" + V(z)u — k(u?)"u = AP,
ue HY(R) u>0.

We will consider A > 0 as a fixed parameter. Since in the following the arguments
are independent of such A\ > 0, we will take A = 1 for simplicity of notation.
We assume always that

(V0): infg V(z) > 0.
Let

X ={uec H' (R): /]RV(x)qux < 400}

endowed with norm

Jull = [ (u'P + Vo) de
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The corresponding scalar product in X will be denoted by (-, -). Then solutions of
(6) are positive critical points of

1 1 L
I(u) = S Jull® + kluu'3 — [ulp i,
2 p+1

where we use |ul, to denote the LI(R) norm. Let
() = (1 (), u) = [Jul2 + 4k} — |l
and define the Nehari manifold by setting
M ={ue X\ {0}:v(u) =0}
In the next two lemmas we collect the main properties of M that we need in the

sequel.

Lemma 2.1. Let k > 0 and p > 3. Then M # 0. Moreover, for any v € X \ {0}
with y(u) < 0 there exists a unique 0, €]0,1[ such that 0, u € M.

PROOF. Fixu € X\{0}. One has v(0u) = 62g(0), where g(0) = ||u||>+4k6%|uv’|3—

91”1|u|§ﬁ. Then g(0) = |Ju||?> > 0 and, for > 0 one has

g (0) = 8kO|uv'|3 — (p — 1)9p_2|u|§ﬁ. (7)

Let us distinguish between the case p > 3 and p = 3. In the former, from (7) we
find that ¢’(f) < 0, resp. > 0, for

Shfuad 2 1/(p-3)
6> 6% = (7;1 ,  resp 6 < 0,

p—Dlulyis
and the lemma follows when p > 3.
Next, let us consider the case p = 3. Recalling that inf{[;|¢'|’dz : ¢ €
H'(R), [p¢*dz =1} = 0, we infer that for all ¢ > 0 there exists ¢. € H'(R),
with [ ¢2da = 1 such that [, |(¢e)'|*da = e. Taking u? = ¢. we get:

1 1 1
it = [ a2t = 7 [ 12y Pdo = 1 [ 16Pde = g,

while |u.|} = |¢:|3 = 1. Corresponding to such u., we find ( recall that p = 3):
g(0) = |luc|)®* + ac6?,  where a. = dklucul|3 — |u|] = ke — 1.

Choosing ¢ < k we get that a. < 0 and the result follows. B

Lemma 2.2. Let p > 3. Then M is a manifold and (if M # () one has:
(1) there exists p > 0 such that ||ul| > p, Yue M.
(#): If u* € M is a constrained critical point of I on M, then I'(u*) = 0 and
u* is a solution of (6).
(#4d): m :=inf,epr I(u) > const. > 0.
PrOOF. From 7(u) = 0 it follows that

1
Aklun' |3 = ulp iy — [lull. (®)

Then for v € M one has
(7 (w),u) = 2]jul® + 16k[ud/|3 — (p+ D]ulbt; = =2|ul® + (3 = p)lulpi; <0. (9)
In particular, M is a manifold. Furthermore, (8) also yields

lull® = —4kluu' |3 + Julpiy < CllulP™ (u € M),
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proving (7). In addition, for the u* in the lemma, there exists p € R such that
I'(u*) = pvy'(u*). Taking the scalar product, one finds (I’ (u*), u*) = u(y'(u*), u*).
Since u* € M then (I'(u*),u*) = 0 while (v'(u*),u*) < 0, according to (9). Thus
=0, proving (i3).
Using again (8), we infer that
1 1 1
i = Jull? + (= — —— ) [Pt} 1

) = gl + (- 5 ) (10)

Therefore, if p > 3 and taking into account (i), we deduce that m > const. > 0. B

For future references let us recall the following lemma from [16].

Lemma 2.3. Let u,, — u in X and set v, = u,, — u. Then

liminf [u,u/, |3 > liminf [v,v), |3 + |uu/[3 .

We are now in position to prove the existence of ground states for (6).

Theorem 2.4. Let (V0) hold and suppose that either V satisfies
(V1): llm|m“>oo V(a?) = 400,
or is bounded and satisfies
(V2): V is periodic in x;
(V3): lim|y) oo V() exists and denoted by V' such a limit, one has that V =
supg V(z).
Then for k > 0 and p > 3, m is always achieved at some u € M, which is a solution

of (6).

Remarks. (i) When V satisfies (V0), (V3) and is of the form V(z) = 1 + ca(z)
we could also apply Theorem 1.1, with b(z) = ¢(z) = 0. However, let us point out
that (V3) implies that ea(z) < 0. On the contrary, no such restriction is required
in Theorem 1.1 where, in addition, we allow k to be negative and p > 1.

(74) There are cases not covered by Theorem 2.4 in which M is not empty and

I 5 is bounded below. For example, if £ < 0 and 1 < p < 3 one has that g(fu) =
62 (||u||2 + dk|un'|20% — |u|gi}9p*1) and this implies that Vu € X \ {0}, 36, such
that 6,u € M. Moreover,

luu'|3 >0, Yuée M.

) = g lul® +

p+1) p+1

Although we do not know in the present generality if the inf,; I(u) is achieved, we

will show later on that a ground state exists provided k > —ko, p > 1, V() =
1+ ea(x), a € S and ea(z) < 0, see the Remark at the end of Section 3.

(#91) The proof below will make it clear that assumption (V1) can be replaced

by any other condition that assures the compact embedding from X into LPT1(R).

PrOOF. Let u,, € M be a minimizing sequence. Clearly u,, is bounded and we
can assume that u, — u in X. First, some preliminary remarks are in order. Since
U, € M, then |un|gﬁ = |Jun||? + 4k|uyul, |3 > ||un||* and therefore (i) of lemma 2.1
yields

lim [u,,[V1] > 0. (11)
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Furthermore, setting as in the preceding Lemma v,, = u,, — u, we claim that
¥(u) + liminf y(v,) <0, (12)

so that either v(u) < 0 or liminf~(v,) < 0 (or both). To prove (12) we argue as
follows. Since u,, € M, then 0 = y(u,,) = ||u,||® + 4k|unul |3 — |un|gﬂ By a well
known result by Brezis and Lieb [7],
1 1 1
|Un|§il = |Un‘§i1 + |u|£il +o(1).
Also, [[un]|? = ||vnll? + ||ul|? 4+ o(1). Using these equations as well as Lemma 2.3 we
infer:

=
I

”UnH2 + 4k|unu;l|§ - ‘un|£ii
1 1
[onll? + llull® + 4klunun, |3 — [va P13 — [ulbT] +o(1)

> liminfy(v,) +(u),

proving (12).
We now distinguish among the three assumptions made on V.

(a) If (V1) holds then X is compacly embedded in LPT!  see [6], and hence
un — u strongly in LPT! (up to a subsequence). From (11) it follows that u # 0.
Moreover, one has

1(0m) = fel” + kfony 3 — oal23 2 el — oal2 = flonl* + 02).
If lim v, [|> # O (otherwise we have done) it follows that liminfy(v,) > 0. Then
from (12) it follows that y(u) < 0. So, u # 0 and Lemma 2.1 imply that there
exists 0 = 60, €]0,1[ such that fu € M. Since u,, is a minimizing sequence and
using (10), we deduce

meo(l) = I(uw) = gl + sl
> g+ Sl o)
= OO g 0 Il + o),
Since 0 < # < 1 it follows that
m > JI0ul + o= g = 1o,

a contradiction because fu € M. Thus, v, — 0 strongly in X, v € M and u is a
minimizer of ;.

(b) Suppose that (V2) holds. From (11) and by the Concentration Compactness
Principle [11], we infer that there exist » > 0 and y,, € R such that

n—oo

Yn+T
lim inf/ lun [P dz > 0. (13)
Yn—T
We may assume y, are integer multipliers of the period of V. Then the sequence
Un () = un(x+yy,) is also a minimizing sequence because I(t,) = I(u,) in view of
the periodicity of V. Without loss of generality, assume that y, = 0 and hence (13)
implies that u # 0. If y(u) = 0 it is easy to see that ||u, — ul| — 0 and I(u) = m.
Otherwise suppose that y(u) # 0. If y(u) < 0 we argue as in the preceding point
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(a). Tt remains to consider the case in which, up to a subsequence, limvy(v,) < 0.
Then, for n large, there exist 6,, = 6, €]0,1[ such that 6,v, € M. Furthermore
one has that limsup#, < 1, otherwise, along a subsequence, #,, — 1 and hence
Y(vn) = v(0nvn) + 0(1) = 0(1), a contradiction. As before, we find

L o 2 P—3 1 +1
m+o(1) = I(u,) > 1 0. “10nvn||” + m 0 (p+ )|9nyn|g+1 +o(1).
Therefore one has again m > I(0,v,), for n large, a contradiction. (c¢) Suppose
that (V'3) holds. First consider

_ 1 o 1
I(U)Zié(\u’|2+Vu2) dx+k/ﬂ{u2|u’|2dx_m/ﬂ§|u|pdx.

By the result proved in point (b), I has a critical point % which is a minimizer of T
on M :={u € H'R) : (Tl(u)iu) = 0}. Tt is readily proved that @ > 0 on R. Also,
we use the notation 7, 7 or 6 for this problem, with obvious meaning. If V' is not

constant (otherwise (b) applies), one easily gets v(u) < 7(u) for all u. In particular,
(@) < F(uw) = 0. Then 0(w) €]0,1[, and

m < I(0(u)u) < I(u) = m. (14)

Let us take again a minimizing sequence for I and let us show that u # 0. Otherwise,
from I(up) — I(uy) = [o(V(2) — V)uZdz and since limy,|_o V(z) =V we get

lim I (uy,) = lim I(u,) = m.

For the same reason, we also have 0 = y(un) = J(un) + 0(1). Let 6, be such that
O, € M. From %(0,u,) = 0 we infer for p > 3:

=2 (—p—3
B (0 unlf i = Akl [3) = fuall® + o(1).

Since ||uy|| and |u,ul, |2 are bounded and using (11) we deuce that 6,, is bounded.
The case p = 3 can be handled similarly. Then, using also the property of the
Nehari manifold that I(Au) < I(u) for all w € M and all A > 0, we find

m < 1(0pu,) = 1(0pu,) + o(1) < I(uy,) +o(1) = m + o(1),

a contradiction with (14). This proves that u # 0. Now we proceed as before:
one has that m + o(1) = I(u,) = I(v,) + I(u) + o(1) and since 0 = ~y(u,) >
~v(u) +lim inf 7 (v, ), we get that either y(u) < 0 or liminf¥(v,) < 0, or both. Then
the arguments carried out above yield a contradiction, proving that ||u, — u| — 0,
u € M and m is achieved there.

In any case, we have shown that u € M is a minimizer for )5, provided that one
among (V1),(V2) or (V3) holds. Using (i) of Lemma 2.2 it follows that u solves
the equation in (6). It remains to show that « > 0 and this follows as in [16]. Since
|un| is also a minimizer, one infers that uw > 0. Note that the equation in (6) can
be written in the form

—(1+ 2k = (=V(2) + 2k(u')® + [u[P~") u. (15)

If u(zg) = 0 for some zo € R, then u'(z¢) = 0 and by the uniqueness of the Cauchy
problem, (15) implies that © = 0, a contradiction. This shows that v > 0 and
completes the proof. B
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The autonomous problem. In the remaining part of this section, we consider
the autonomous problem (1). Setting v = v/, (1) is equivalent to the Hamiltonian
system on R?

o=
/ 2 -1 2\—1 (16)
v = (u—2kviu — |ulP" ) (1 + 2ku®) L.

The energy
,ov2 w2yt
E(u,v)7(1+2ku)2 2+p+1
is constant along the trajectories of (16) and a standard phase plane analysis shows
that there exists ko > 0 such that (0,0) is a hyperbolic equilibrium provided &k >
—ko and p > 1. Moreover, for such k, p, the equation F(u,v) = 0 defines an isolated
orbit (z(z), 2’ (x)) homoclinic to (0,0), with z(z) > 0 for all € R. By homoclinic
to (0,0) we mean, as usual, that z(x) — 0 and z'(x) — 0 as |x| — co. In addition, z
is even in z and z, 2/, 2" all tend to zero exponentially as |z| — oo. This z(x) is the
unique even positive solution of (1). Of course, all translations z¢(z) = z(z+§), § €
R, are also solutions of (1) and form a one dimensional manifold Z = {z : £ € R}.
By the uniqueness of the Cauchy problem, it is easy to see that the dimension of
Ker[I{/(z¢)] equals the dimension of the tangent space to the homoclinic trajectory
(2(x),2'(x)) in R?. This means that dim(Ker[I](z¢)]) = 1. Since, of course, the
tangent space at z¢ to Z, T..Z, is a subset of Ker[Ij(2¢)], by dimensionality one
infers that Z is nondegenerate in the sense that

T.. Z = Ker|[I{ (z¢)], Vze € Z. (ND)

In conclusion, we have shown:

Proposition 2.5. There exits kg > 0 such that for all k > —ko and all p > 1,

equation (1) has a one dimensional manifold Z of critical points such that (N D)
holds.

Remark. Let us explicitly point out that, for any & > —kq there is ¢ > 0 such that
(14 2k2%(z)) > ¢ for all x € R.

3. Proof of theorem 1.1. Solutions of (2) will be found as critical points of the
functional I. defined in (3). This will be done by means of the perturbation method
discussed in [1, 2], that we briefly recall for the reader convenience. For more details
we refer to the forementioned papers, as well as [4].

Here we merely take X = H'(R), with the standard norm

Jull? = [ (' +%) o

Moreover it is always understood that k > —ky. We look for critical points of I. of
the form z¢ + w, where z¢ € Z and w € (T..Z)*, where Z has been introduced in
the last part of Section 2. Let P¢ denote the projection of X to (7., Z)*. We first
solve the auxiliary equation P¢I.(z¢ + w) = 0, namely

Pe[I)(z¢ + w) + G (z¢ + w)] = 0. (17)

]
Since 1(z¢) = 0 one finds Ij(z¢ + w) = I{/(z¢) + R(w), where R(w) = o(||w]||) as
||lw|| — 0. Then (17) is equivalent to PeI{(z¢) + eP:G'(2¢ + w) + PeR(w) = 0. The
following Lemma holds
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Lemma 3.1. Let L¢ := P:Ij(z¢). There exists ¢ > 0 such that for all { € R
(Lew,w)| > cllwl®,  Ywe (T 2)". (18)
PRrOOF. It suffices to consider the linearized operator
I (ze) cv— — (14 2kz§)v’)/ + (1 — dkzezy — 2k(2)? — ngfl) v,

and to remark that, according to the Sturmian theory, it has a sequence of simple
eigenvalue \;. The first one, A; is negative (this is due to the fact that z¢ is a
mountain-pass critical point of Iy); moreover, by the nondegeneracy condition (ND)
it follows that As = 0 < A3 < .... Finally it is easy to check that the inequalities
A1 < 0 < Az are uniform with respect to £ € R. B

From the preceding Lemma it follows that (17) can be written as
w = (=L¢) 'eP:G' (2 + w) + PeR(w)).

Since the right hand side is a contraction, one can see that, for |e| is sufficiently
small, there exists p(e), with p(¢) — 0 as || — 0, such that (17) has a unique
solution wg . of class C* with respect to £ satisfying

[we el < ple). (19)

Once the auxiliary equation is solved, we consider the one dimensional functional

D, (&) = Ie(ze + we e)-
According to the results of [1, 2],
(x): if & € R is such that ®L(&) = 0 then z¢, + we, - is a critical point of I,
and hence a solution of (2).
We shall show that
lim ®.(&) = const. (20)

|§]—o0

and this will imply, in view of (x), that (2) has a solution. Thus the rest of this
section is devoted to show that (20) holds. For simplicity, we consider b(z) = ¢(z) =
0, so that

G(u) = %/Ra(x)qux.

However, from the proof it will be clear that the result holds for non zero b, ¢, too.
The procedure we follow is similar to that used in [4], but the presence of the term
(u?)"u requires different arguments here. In order to show that (20) holds we shall
prove that

Proposition 3.2. For all [e| small, lim¢|_,o ||we || = 0.

The proof of this Proposition is postponed after several preliminary Lemmas. In
the sequel, for brevity, we will write we instead of w¢ .. First, of all, since wg is
uniformly bounded in §{ € R, then we — Woo(= W ), along a sequence |&,| — oo.
Such a we satisfies the auxiliary equation (17). A direct computation yields

If (ze)[w] = —w" 4w — 2kwze(z)" — 2kziw” — kw(zF)"
—4kze(2¢)'w' —pzé’*lw,
Gz +w) = alx)(z+w)
Rw) = 28— (ze +w)? —k[(w?)"(z¢ + w) + 2(zew)"w] + pz2~ .
3 3 3 3 bz
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Therefore, applying the projection P; we find there exists o € R such that we
satisfies the following differential equation

fwg + we — 2kweze(ze)" — kag(wg)” — kwg(zg)"
—dkze(2¢) wi + ca(x)(ze +we) + 2¢ (21)
—(ze +we)” —k [(w%)”(zg +we) + 2(%“’5)”“}5} +agze =0.
Here we have used the fact that 7., Z is spanned by zé Multiplying (21) by weo,
integrating on R and taking into account that we 1 T Z, we get
fR(w’Ew’DO + wewoo)dx + k fR(wg)’(wgwoo)’dz
e fp a(@)(ze + wehwooda + i (2 = (26 + we)?) ) wadz (22)
— Jg bewsodz = 0,
where
le = kagzg(25)/'+2kz§(w5)"+kw§(zg)"—i-ﬁlkzg(25)’(w5)/+/€(w§)”z§+2k(z§w§)”w£.
We need to estimate the above integrals. This will be done in the next three lemmas.
Lemma 3.3.
()2 limg| oo [ (wiwly, + wewso)da = |lwool|?;

(44): fR(wg)’(wfwoo)’dx = |z |(w2,) |2dx + 2 [p [(we — Weo) 2w dx + o(1), as
€] — oco.

PROOF. (i) follows immediately, because lim [, (wiwl, +weweo)dz = (we, woo) —
llweo 2.
To prove (ii) we recall that wews, — w2, in X as |¢| — oo yielding:

Jo (W) (wewos) dw = [ (W — w3, +wl) (wewss) da
= [ [(we = woo) (we + weo) + (e — Woo ) (We + Woo)'] (Wewoo)'dz - (23)
+ Jo [(WZ) [Pdz + o(1).

Moreover
/(wg — Woo) (We + Woo ) (Wewoo ) da =
R

/R (1 — oo (1 — o) (Wetwao)' + 2tras (1 — Wso) (wewo)'] .
But

/ (we — woo) (wg — W) (wewn)'d
R

- ’/ (we — Woo ) (W — Woo ) (WeWoo) d:
|lz|<R

+ /|I|>R(w5 — Woo) (We — Wao) (Wetng )/ dt

S C||w§ waOHLoo(_R’R) +O/

o ngodif+0/ (w’)?da.
z|>

|z|>R
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Thus
|£1|im (We — Woo)' (W — Woo ) (WeWoo)'dz = 0.
Furthermore

/ Woo (W — Woo ) (Wewno ) da =
R

= /Rwoo(ws — Woo)' ((We — Woo)Woo)'daz + /Rwoo(wg — woo)' (wh,) dx

= /R [(we — woo) w2 dx + /Rwoo(wg — Weo) (W — Weo ) (Woo) d

— [ e — ) Puede + o(0).
R
The last two equations imply

|£llim (We — Woo)' (We + Woo ) (Wewoo ) da = 0. (24)
—0 JR
Similarly

dim (16 ) + wec) () dr = 0.

Substituting this and (24) into (23), (i7) follows. ®

Lemma 3.4.

(i) Jy [22 — (s + we))] woedi = f w4 0(1), a5 Je] — oo

(40): limjg| oo [p a(2)2ewoodz =0
Proor. To prove (i) it suffices to remark that, obviously, [, zfwecdz = o(1) as
|¢] — oo and that ze + we — woo as well as (z¢ + we)? — (w0 )P.

As for (i), let a = a3 +ag with a; € L™(R) and ag € L (R) and set, for i = 1,2
and R >0, Ai(R) = [, _p lai(2)2¢weo|dz and Bi(R) = flw\>R la;(x)2z¢woo|dx. One
has (r' denotes the conjugate exponent of r):

1/r 1/r'
AR) < max fc(o) ( /. |a1<x>|rdx> ( [ wr dx)

IN

< Cﬁﬁlgﬁl%(w)h
1/r 1/r'
B(R) < G (/ |a1<x>|7"dw> (/ |Zg<x>|“dx>
|z|>R |z|>R
<

1/r
Cy ( /|R |zg<x)|’°dx> .

Given n > 0, choose R > 0 such that B(R) < 7. Since max|,|<g |2¢(7)| — 0 as
|€] — oo, we deduce that A;(R) 4+ B1(R) <n+o(1) as || — co. Moreover

Ao(R) < Comax (@), Ba(R)<Cs [ fee(o)lda
lz| <R lz|>R

and, as before, one finds that A3(R) + B2(R) < n+ o(1) as || — oo. Then (i)
follows. m
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Lemma 3.5. There results:

lim lewsodx = 0.

[§]—o0 JR

PRrROOF. Note that every term of f¢weo contains z¢ or z; and also we or w,. Then
we write each term on (—R, R) and on R\ (=R, R). In (—R, R) we use that z,g and
z¢ are small for [{] — oo; on R\ (=R, R) we use that f$|>R 2, and f o> (W )2
are small if R is large. B

We are now in position to show
Lemma 3.6. For & small enough, one has that we . — 0 in H'(R) as |£| — oo.

ProOOF. We have to show that w,, = 0. Using Lemmas 3.3, 3.4 and 3.5 and
passing to the limit in (22) as |£] — oo we get

Hwoo||2+5/a(ac Yw? dx /|w [P de — /| Y |*dx
R

—2klim/ [(we — weo)' Pw2 da.
R

This implies, for some constants C; > 0 independent of £ and ¢,
(1 = eC)llwe? < Co lJweo [P+ [k| Cs lwos||* + 2[k| O [Jweo | lim [|wg — woe 2.

From (19), we have that [|[ws| < p(e) and [|we — ws|| < p(e) with p(e) — 0 as
le] — 0. Then we may choose |¢| small such that the right hand side of the preceding
inequality is smaller or equal to [[wsl|?/2, while (1 —eC1) > 1/2 and this implies
Weo = 0. W

We are now in position to prove Proposition 3.2. Multiplying (21) by we and
integrating on R, we get
(Lewg, we) = ¢ [y a(@)(z¢ + we)weda
+ Ji [ (26 + we)? = 2F = plzelP~ e | weda (25)
+k [ [(wg)”zg + (w?)”wg + 2(25w5)”w5} wedx.
Since we — 0 in Li]oc for any ¢ > 1 and a = a1 + ae with a; € L" and ay € L,
then

lim a(m)w?dw =0, VY R>0. (26)
l§l—o0 Jiz|<R

Moreover, using that as(z) — 0 as |z| — oo, then for any § > 0 we choose R > 0
such that |ag(z)| < § for all || > R. Then we get

/ a(m)wgdx
|z|>R

This and (26) imply

<y / la1(x)|"dz + C2 0.
|z|>R

lim a(x)w?dm =0.
[§]—o0 JR

Similarly,

lim a(x)zewedz = 0.
[€]—oc0 JR
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For the second term in (25) we find readily

< Clluwe|P*.

] [l w0 = = e s

In the last part of (25) each term contains either three we and u/f or four of them.
Then

< C(llwell® + [lwell)-

\ [ 1602 s+ (02" 02 + 2z i
Thus from (25) we get
Ol 2 < o ([P + e |° + el #) + o(1):

Since ||we|] < p(e), and p(e) — 0, we must have ||we]] — 0 as |§] — oo. This
completes the proof of proposition 3.2.

We are now ready to show that (20) holds, namely that
lim ®.(&) = const.

[€]—00
Below, of course, we take |e| small in such a way that all the preceding results hold
true. With easy calculation we find:

O.(§) = Io(ze +we) +%/Ra(x)(z§ +w£)2dm

= 1)+ ollogl) + 5 [ ale)(ee + we

Here we have used that In(z¢) = Io(z). Arguing as before one has that [; a(x)(ze +
we)?dr — 0 as || — co. In addition, we know by Proposition 3.2 that [Jwe| — 0
as [¢| — oo. Then we infer that lim¢_o ®-(§) = Io(2¢) = const, proving (20).
Since lim¢j o Pc(§) = const, then ®. has at least a stationary point . Thus,
according to (*), u. = zg, + We, ¢ is a solution of (2).

Let us finally show that for any fix £ > —kg, the solution w. is positive on
R, provided |e| is small enough. Given R > 0 let (g > 0 be the minimum of
z¢o () on the interval [—R, R]. Recalling that ||we, || < p(€), and p(e) — 0, we
find eg > 0 such that u.(x) > (g/2 > 0 for all z € [-R,R]. By regularity,
ue € C1'NL*® and u.(z) — 0 as |x| — oo. Then we can choose R such that
luc(x)[P~ < 1/2 for all |#| > R and all |¢| < er. Now, suppose by contradiction
that u. takes some negative values on |z| > R and let x1, |x1| > R, a point where
Ue(z1) = min{uc(z) : |x| > R} < 0. We claim that, taking |e| possibly smaller,

—(1 + 2ku?(x1))u” (x1) < 0. (27)

This is trivial if £ > 0. When —ko < k < 0 we use the fact that u, = z¢, + we, ¢
and that ||we, c||re — 0 as |¢] — 0. Using the Remark after Proposition 2.5, it
follows that (27) holds for k €] — ko, 0, provided |¢] is sufficiently small. Next, from
(15), namely

—(1+2ku®)u” = (—(1 + ea(z)) + 2k(u')? + [u[P~") u,
we infer that

(—(1+ea(@1)) + |uc(@)[P~) ue (1) = —(1 + 2ku(21))ul (21) <0
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On the other side, choose €1 > 0 in such a way that (1 4+ ca(x)) > 1/2 for |¢] < ;.
Then, taking |¢| < min{eg,e1} we get that (1 + ca(x1)) > 1/2 > |uc(z1)[P~! and
thus

(—(1 + ea(z1)) + |uec(z)[P~1) ue(a1) > 0,
a contradiction, proving that u. > 0. This completes the proof of Theorem 1.1.

Remarks. (i) The results of [2] would imply that the solution found above is a
mountain-pass solution, provided ea(z) < 0, |¢| small. Therefore, for all k > —kg
and all p > 1 Theorem 1.1 yields, for |¢| small, the existence of a ground state when
ea(z) < 0. Let us point out that, setting V = 1+ ea(z) with a € S, assumption
(V3) in Theorem 2.4 holds whenever a(z) < 0. Of course, unlike in Theorem 2.4,
here we deal only with perturbed potentials but cover a broader range of k and p.

(#4) According to [1, 2] one finds that

¢E(€) = IO(Z) + EF(S) + 0(|‘€|)7
where
re¢ = 1 / a(x + &) 22 dx + k/ b(x + €)2%()dx — b c(x + &)P M dx.
2 Jr R p+1J/r

As in [4] one can show that I'(§) — 0 as |£| — oo provided a,b,c € L" N L.
If T'(¢) # 0 then I' has a maximum or minimum which gives rise to a positive
solution of (2). In general, we do not know if a,b,¢ Z 0 implies that T'(§) # 0
and this is the reason why we have carried out the preceding arguments leading
to show that ®. has a stationary point provided a,b,c € S. However, in some
circumstances it is possible to work with I' and this often permits to obtain sharper
results. For instance, conditions on a,b,c can be imposed so that one can even
obtain multiplicity results. We will shortly illustrate such a fact with a specific
example. Let us assume that a, b, ¢ are smooth and even. By a stright calculation
one finds

1 1
I = — 2 2(.\2 - p+1
0 = 3 [ a@detk [ @2 e — [ dwrtia,
A B c
1 1
r'o) = */a’(x)szr+k/b’(m)zQ(z’)defi ¢ (2)2PH dz = 0,
2 Jr R p+1Jr
1 1
Moy = 3 / a(x)2*de +k / V()22 (2 de — —— | (x)2" da.
2 Jr R p+1Jr
A B o

Therefore £ = 0 is a stationary point of I' and if, eg. A+ kB — C < 0 and
A" + kB" — C" # 0, then £ = 0 gives rise to a solution of (2). Furthermore, if
A" +EkB" —C" < 0 the function I' achieves its global minimum at some £* # 0 and
such &* gives rise to a second solution of (2) u} >~ z¢+ + we+, which is asymmetric
(namely not even). Let us point out that such uf is the ground state of (2),
according to the discussion made in the item (i) above. For example, if B” > 0
and A” — C" < 0, then the ground state of (2) is asymmetric provided k < k* =

(C// _ A//)/B/l.

(7i7) For semilinear case in higher space dimensions, perturbation type results
in Theorem 1.1 have been obtained, see e.g. [4]. The functionals (4) and (5)
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have natural analogues in higher space dimensions, but they are not smooth any
more. Though ground state solutions for (6) have been studied for higher space
dimensions in [12, 13] there are difficulties to generalize Theorem 1.1 to higher
dimensions, mainly in dealing with estimates involving the quasilinear terms.
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