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Two
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Abstract. In this work, we study the existence of positive solution for
the following class of singular quasilinear Schrédinger equations:

—div(g*(u)Vau) + g(u)g' (v)|Vul> + V(z)u = 7w in R?,

el
where a € (0,2), g : R — Ry is a continuously differentiable function,
V(z) is a positive potential and the nonlinearity f(u) can exhibit critical
exponential growth. In order to prove our existence result, we combine
minimax methods with a singular version of the Trudinger-Moser in-
equality.
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1. Introduction and Main Result

In this paper, we consider quasilinear Schrédinger equations of the form

f(w)

||

— div(g?(u)Vu) + g(u)g' (w)|Vul® + V(z)u = in R? ~ (1.1)
where a € (0,2), g : R — R, is a continuously differentiable function, V' :
R? — R is a positive potential and f : R — R is a continuous function
that can exhibit critical exponential growth in sense of the Trudinger—Moser
inequality (see (1.8)).
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The study of equation (1.1) is related with the existence of solitary wave
solutions for the nonlinear Schrédinger equation
0w = —Aw + W (x)w — p(z, [w*)w — Alp(Jw*)]p' (jwf)w i RY,
(1.2)
where N > 1, w : R x RN — C is the unknown function, W : RY — R
is a given potential, p : Ry — R and p : RY x R, — R are real functions
satisfying appropriate conditions. Equation (1.2) is called in the current lit-
erature as Generalized Quasilinear Schrodinger Equation and it has been
accepted as model in many physical phenomena depending on the function
p. For instance, if p(s) = 1 then we have the classical semilinear Schrédinger
equation, see [25]. When p(s) = s, the equation arises from fluid mechan-
ics, plasma physics and dissipative quantum mechanics, see [23,27,31]. For
p(s) = (14 5)Y/2, (1.2) models the propagation of a high-irradiance laser in
a plasma as well as the self-channeling of a high-power ultrashort laser in
matter, see [24]. For further physical applications, we quote [3,32].

When we consider standing wave solutions for (1.2), that is, solutions
of type w(t,z) = exp(—iEt)u(x), where E € R and u is a real function, we
know that w satisfies (1.2) if and only if the function u(x) solves the elliptic
equation (see [8])

— Au+V(@)u— Alpu?))p (v?)u = p(z,u) in RY, (1.3)
where V(z) :== W(z) — E and p(z,u) := p(x,u?). Now, if we take

g2(u) =14 [(p(UQ))I]Q

then (1.3) turns into quasilinear elliptic equation (see [33])
= div(g®(w)Vu) + g(u)g' (u)|Vul® + V(2)u = p(z,u) in RY, (1.4)

which becomes (1.1) when N = 2 and p(x,u) = f(u)/|z|*. For example,
when we have g%(s) = 1+2s?%, that is, p(s) = s, we obtain the superfluid film
equation in plasma physics
—Au+V(zx)u— A(w?)u=p(z,u) in RY, (1.5)
which has been extensively studied, see for example [7,18,29,32]. More gener-
ally, if we put g2(s) = 1+272(s%)?7~1, v > 1/2, that corresponds to p(s) = s,
we get the equation
— Au+V(x)u — yA(ul)|u|*"%u = p(z,u) in RV, (1.6)
which was addressed for instance in [1,14,28,37]. Now, if we consider p(s) =

(1+ s)'/2, that is, g(s) = 1 + s2/[2(1 + s2)] we obtain
— Au+V(z)u— A[(1 +u?)?]

u fr—
21 +u2)t/z P

which was studied for instance in [6,10].

(z,u) in RN, (1.7)

Motivated by these physical aspects, Eq. (1.4) has attracted a lot of at-
tention of many researchers and some existence and multiplicity results have
been obtained (see [5,10-13,19,26,33-36]). In this work, more specifically, we
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intend to prove that equation (1.1) admits at least one positive solution. To
achieve this goal, we shall apply variational methods in combination with a
version singular of the Trudinger-Moser inequality.

As in the papers [10,12,33], we assume the following assumptions on
the function g(s):
(g90) g € CH(R,R,) is even, g'(s) >0 for all s > 0 and g(0) = 1;
(g91) there exists > 1 such that (o — 1)g(s) > ¢'(s)s for all s > 0;

(g2) lim 9) _ 5o,

s—Foo g@—1 o

Typical examples satisfying (go)—(g2) are given by the functions:
(a) g(s) =1 (a=1and 8 =1);
(b) g(s) = (1+25%)"/2 (a =2 and B = v2);
() gls) = (1+292(2)2"1)V/2 (a = 2y and § = V2),
which appear in the context of mathematical physics as indicated previously.

As it is known, the main difficulties in dealing with problem (1.4) is
the lack of compactness, which is inherent to elliptic problems defined in
unbounded domains and the fact that the energy functional associated to
(1.4) is not generally well defined in the usual Sobolev space, because the
presence of the integral [,y ¢%(u)|Vu|* (see more details in Sect. 2). Hence,
a direct variational approach is not possible.

To the best of our knowledge, the first existence result for generalized
quasilinear elliptic problem of the type (1.4) in unbounded domains involving
variational methods was due to [33]. The authors have used a change of
variables and the Mountain-Pass Theorem to obtain positive solutions for
(1.4) when p(x,u) is superlinear and has subcritical growth . Later on, by
using change of variable, many authors proposed the critical problem when
p(x,u) is the form |u|®? ~2u + f(u), see for instance [12,13]. In [12], by
using the semilinear dual equation, the authors postulated that the number
a2* = 2aN/(N — 2) must be the critical exponent for an equation of type
(1.4) in RY(N > 3). In the paper [26], Li and Wu studied the existence,
multiplicity and concentration of solutions for the critical case (N > 3).

In the subcritical case, through change of variable, the authors in [19]
studied problem (1.4) by using Orlicz space framework and proved the exis-
tence of positive solutions via minimax methods. Moreover, they considered
the nonlinearity p(x,t) behaving like ¢ at the origin and ¢* at infinity. Re-
cently, by using the non-Nehari manifold method, Chen et al. in [5] proved
that (1.4) admits a ground state solution under a monotonicity condition
and some standard growth conditions on p(x,u). In [10], Deng and Huang
proved the existence of ground state solutions for (1.4) by using Jeanjean’s
monotonicity trick (see [21]).

Next, we assume that V : R?2 — R is a continuous function satisfying
the condition

(V) there exists a constant Vg > 0 such that V(z) >V for all z € R?.

Unlike the articles cited above, this is the only condition imposed on the po-
tential V. Here, we do not need another condition on V in order to guarantee
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some compactness result. Instead we exploit the fact that the embedding

xi={ve mE): [ vianta < oo} o DR a0
RQ

is compact (see Section 2).

About the nonlinearity f(u), we introduce the notion of criticality in dimen-
sion two for this class of problems. More precisely, we say that f : R — R
has critical exponential growth at 400 if there exists ¢y > 0 such that

. 20 0 for all ¢ > ¢
1 Ss ) )
,lim f(s)e = {

400, for all ¢ < ¢. (1.8)

As far as we know, this is the first work dealing with this class of quasilinear
Schrodinger equations and involving exponential critical growth with singu-
larity. We point out that (1.8) extends the definition founded in the papers
[15,17,30]. Since the exponent 2« can be bigger than 2, the growth (1.8) is

better than the usual growth ess”. This is possible due to the properties of the
function g(s). Moreover, we assume that f satisfies the following conditions:

(f1) f(s)=o(s) as s — 0" and f(s) =0, for all s € (—o00,0];
(f2) there exist 6 > « such that

0 <20F(s) := 29/5 f®)dt < sf(s), forall s € (0,+00);
0

(f3) there exist constants sg, My > 0 such that
F(s) < Myf(s), forall s> sp;
(fa) there exists £ > 0 such that

lim inf sf(s)e_gﬂsm > &.

s——+00

An elementary example of function satisfying (f1) — (f4) is given by
f(s) = F'(s), where F(s) = s3%¢s™" for s > 0 and F(s) =0 for s < 0, with
constant ¢g = 1.

Now, let C§°(IR?) be the space of infinitely differentiable functions with
compact support and H'(R?) the usual Sobolev space with the norm

1/2
lullz = [ [ v +u2)dx] |
R2

In this context, we say that a function u : R? — R is a weak solution of
problem (1.1) if u € H'(R?) N LS (R?) and for all ¢ € C§°(R?) it holds

loc
[ @vaveds+ [ g @IVale+ [ Vpupds - [ fwgde=o.
R2 R2 R2 R2
(1.9)
Now, we may state our main result.

Theorem 1.1. Suppose that (go) —(g2), (V), (1.8) and (f1)—(fs) are satisfied.
Then, problem (1.1) has a positive solution.
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As already mentioned, the main difficulty in treating this class of
Schrédinger equations in R? is the possible lack of compactness as well as
the critical exponential growth. Our result extends and improves the papers
[14,15,17,30] in the sense that we are considering a broader class of operators.
In order, to prove Theorem 1.1, we use a change of variables and we trans-
form equation (1.1) into a semilinear one. The functional energy, denoted by
I, associated to this semilinear problem is well defined and it is differentiable
in the subspace X of H!(R?) (for details see Sect. 2). Therefore, we justify
that critical points of I provide weak solutions to problem (1.1).

The hypotheses (f1) and (f2) are sufficient conditions to guarantee the
geometry of a suitable version of the Mountain-Pass Theorem (see Theorem
2.7). Moreover, (f2) is important to prove that Cerami sequences are bounded
(see Lemma 4.1). With respect to the hypothesis (f4), it is fundamental to
prove an estimate for the minimax level of I, see Proposition 5.1. Further-
more, (fy) is more general than a similar condition found in [15], because
here we do not require a lower bounded for the constant &;. The hypothesis
(f3) is central for the proof of the convergence in Lemma 4.4. These last two
results allows us to obtain the estimate

2
(a) ol Va3 < 47
g

for n sufficiently large, where (v,,) is a Cerami sequence at the minimax level.
This estimate is fundamental for applying Corollary 4.7 and consequently is
used in the proof of Theorem 1.1. The conditions of the type (f3) and (f4)
were considered in the pioneering work due to de Figueiredo et al. [9].

The outline of the paper is as follows: in the forthcoming section is the re-
formulation of the problem and some preliminary results, including the ap-
propriate variational setting to study the quasilinear problem, the regularity
of the dual energy functional and properties of its critical points. Moreover,
we present the singular Trudinger-Moser inequality due to [4]. In Sect. 3, we
prove that the energy functional satisfies the geometric conditions of Theorem
2.7. Section 4 is dedicated to the proof of some technical results involving the
Cerami sequences associated to the energy functional. In Sect. 5, we derive
an important estimate for the mountain pass level and Sect. 6 is devoted to
the proof of the main result of the work.

2. Variational Setting and Preliminaries

We begin this section by defining the following subspace X of H'(R?):

X = {v € Hl(Rz);/ V(z)v?da < oo} ,
R2
which is a Hilbert space equipped with the inner product

(u,v)x = /R? (VuVo + V(z)uv)dz, u,v € X (2.1)
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and its corresponding norm ||v||x = (v,v)"/2. It is clear that the hypothesis
(V) implies the continuity of the embedding X < H'(R?). Furthermore, by
considering the weighted Lebesgue space

|ul?

,:cf xr) = u . — .U 1S mensurable an T < o0
LP(R? ed RZ - R:ui ble and 2] d
R2 X

we have the following compactness lemma:

Lemma 2.1. Suppose p > 2 and a € (0,2). Then, the embedding X —
LP(R?, |x|~%dx) is compact.

Proof. See Theorem 1.2 in [38]. O

Now, we are going to introduce our variational structure. As observed
in the Introduction, formally (1.1) is the Euler-Lagrange equation associated
to the energy functional

J(u) = %/]R? g (u)|Vul|?*dx + % /]R2 V(z)u?dr — /]Rz llzfﬁl) de.  (2.2)

The first difficulty that we have to deal with is to find an appropriate vari-
ational setting in order to apply variational methods to study the existence
of critical points for J, because g2(u)|Vu|? is not necessary in L*(R?) if
u € H*(R?). To overcome this difficulty, we follow ideas introduced in [33]
(see also [13]), that is, we make use of the change of variables

v=Glu) = /Oug(s)ds.

Hence, after this change of variables, we obtain the new functional

10) =96 w) = 5 [ (Ve + Vil e - [ FED

R2 |z|®

3

(2.3)

which is well defined in the space X, under the conditions on g, V and f. For
an easy reference, we list below the main properties of the function G~1!.

Lemma 2.2. Under conditions (go) — (g2), we have the following properties:
G~ is increasing; also G e G are odd functions;
0< [G_l(t)]l W S 1= g(l()) f07" allt € R,'
|G=L(t)| < |t| for all t € R;
G~l(t) - (O] Gt
— < g(Gjl(t)) < G7Ht) for allt > 0 and Z— < sy S
[G=L(t)]? for allt € R;
G @) .
ﬁ Slfora/”tER
|IG=L(t)]> < %|t| forallt € R;
_ 1/«
G (3)" ast— +oo;
there exists a positive constant C such that

_ Ct| [t <1
1 > ) )
@012 { Gl W31

L

®© N oo
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Proof. The item (1) follows from the monotonicity of G and since g is even.
To prove (2), just to derive the equality G(G~1(t)) = t. For item (3), we
use the Mean Value Theorem and (2) to conclude that |G~1(t)| = |G71(t) —
G7H0)| = [G7HE)]|t] < |t| for some & between 0 and t. Therefore this item
is proved.

In order to show (4), consider oy(t) := at — g(G~(t))G~1(t) and
oa(t) == g(G71(t))G7(t) —t. We have o1(0) = 02(0) = 0 and by (go) — (g1)

g(G~ )G (1) g@ G0
9(G=1(1)) g(G=(1)

Thus, o1(t) > 0, o2(t) > 0 for all ¢ > 0 and the first part is done. For the
second part, just to observe that G=1(¢)t > 0 for all t € R.

Next, from (go) — (g2) we deduce that g(s) > 3|s|*~! for all s € R and
taking s = G~1(t) we obtain (5). From item (5) and using integration, the
proof of item (6) follows.

o(t)=a—1-

>0 and oh(t) =

Now, let us check (7). By the limit in (g2), given £ > 0 there exists
R > 0 such that g(s) < 1+ 3.5%7! for s > R, where 3. = 3 + . By using
(6), (go) and the Mean Value Theorem, for ty > R we get

G- G ) = [ hsas /g q )11“‘81/a) ds

o
B
t
-)
t a=1

1
a—1
o a—1
0 1+B€ (%) S «
t t
1 1
2/ a1 ; ds _/ 2(a—1) ds.
« a— a 2(a—1
to ﬂs (%) P to 652 (%> s (a )

If @ > 2 and by calculating the last two integrals, there exists a positive
constant C7 such that

ds

1/a « 2-a 2—a

Gt = G (tg) — —— oty + —(tes —t =)
6 (3) " #2a-2)(5)

2 _Cl + %tl/a.
g (5) "
As . — 3 when € — 07, we conclude that

-1 1/
liminfG (*) > (oz) .

t——+o00 tl/a 6
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Using again (6) we establish the desired limit for a > 2. If @ = 2, for all
t >ty + 1> R+ 1 there exists a positive constant Cy satisfying

2 1 f1
G Ht) > G ty) + 71/2(7&1/2 — % - / —ds
5 (3) g2 (3) o
e\ B e\B
2 1/2
— =

> —Chlogt + 1/

€

/~
i
N

from where we reach

1 1/2
liminfw > <2) .

i—too t1/2 6
which is the desired limit. Finally, for 1 < a < 2 we have the estimate
a 1/ 2*T<¥ . a
A

- en s =

and similarly we get the result. To conclude, item (8) follows directly from
(7). O

The next proposition presents an important compactness result.

Proposition 2.3. Suppose that (V) is satisfied. Then, the map v — G~ 1(v)
from X into LP(R?, |x|~%dx) is compact for 2 < p < co.

Proof. Let (v,) C X be a bounded sequence in X. By Lemma 2.2-(2),(3)
we have ||G7(v,)|| < [|vnll. Thus, (G=1(v,)) is bounded in X and since
the embedding X < LP(R?,|z|~%dz) is compact for 2 < p < oo, up to a
subsequence, there exists w € LP(R?, |x|~%dz) such that G~ 1(v,) — w in
LP(R?, |x|~%dx) and the proof is done. O

It is standard to see that under the assumptions on V, g and f, the
functional I is of class C* on X with

o [ (o LG N[ G
roe= | (V VetV Z(Gl(v»“") o [ G T
(2.4)

for v, € X and therefore critical points of I turn out to be weak solutions
of the semilinear equation

— Av+V(x) S R (i O)) B (2.5)

9(G=H(v))  g(G~(v))[z|*
We also observe that given € > 0, ¢ > 1 and ¢ > ¢y, by (f1) and (1.8) there
exists a constant C, > 0 satisfying

I£(s)| < els| + Ce|s|2 (e —1) forall seR. (2.6)

We will see in Proposition 2.6 that if v € H'(R?) is a critical point of
the functional I, then u = G~!(v) is a weak solution of (1.1). Therefore, to
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obtain weak solutions of (1.1), it will be sufficient to look for critical points
of I.

At first, let us recall the following Trudinger-Moser inequality due to
[16]:

Lemma 2.4. If¢ >0, a € (0,2) and u € H'(R?), then

2

/ wdx < 0. (2.7)
R2

||

Moreover, if 0 < ¢ < 2m(2 — a) and ||ulls < M, then there exists a positive
constant C'= C(s,a, M), which depends only on M, a and s, such that

su? _ 1
sup / (ei)dx <C. (2.8)
IVula<1 Jre 2|

In many arguments, we will need of the following lemma:

Lemma 2.5. Let ¢ >0 andr > 1. Then
(egsz -1 < e — 1, forall s € R.

Proof. Just analyze the limits of the function £(s) = (e55 — 1)7/(e™*" — 1)
at the origin and at infinity applying the L’Hoépital rule. O

Proposition 2.6 (Critical points of I and solutions of (1.1)). Ewvery critical
point v of I belongs to CZOO’E(R2) for some ¥ € (0,1) and u = G~ (v) is a
weak solution of (1.1).

Proof. Every critical point v of I satisfies the equation —Av = w in R? in
weak sense, where

1 f(G7H(v) -1 }
w(x) = V()G (v)|.
= sy | Ve
From this, for ¢ > 1, according to (2.6), (5) and (10) of Lemma 2.2, Lemma
2.5, for almost everywhere © € Br = Bg(0), we obtain

Lo s (48" 1)
_t — ] -1 M
|x|at + |1.|at (e + Mg

t
(OO 1)+ Wﬂ

SC?,{

where Mp := sup{V(z) : € Br}. Now, considering ¢ > 1 such that 0 <
at < 2 and using Lemma 2.4 we conclude that w € L!(Bg). So, applying
Schauder regularity theory, it follows that v € Clo O’f (R?) to some ¥ € (0,1).
In particular, v € L° (R?). The rest of the argument follows in a similar way

loc

to the proof of Proposition 2.9 in [14]. O

To conclude this section, we present a version of the Mountain-Pass
Theorem, which is a consequence of the Ekeland Variational Principle as
developed in [2]. We will also need to establish a local version of the same
theorem.
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Theorem 2.7. (Mountain-Pass Theorem) Let X be a Banach space and ® €
CHX;R) with ®(0) = 0. Let S be a closed subset of X which disconnects
(archwise) X . Let vg = 0 and v1 € X be points belonging to distinct connected
components of X\S. Suppose that

iréfq) >0>0 and P(vy) <0 (2.9)

and let
I'={ye€C([0,1; X) : v(0) =0 and ~(1) = v} (2.10)
Then

= inf d(y(t)) >
¢ = Inf max (@) 2o

and there exists a Cerami sequence' for ® at the level c. The number c is
called the mountain-pass level of ®.

3. Geometric Properties
In this section, we are going to show that the functional I satisfies the geo-
metric conditions (2.9). For this, we need to obtain some technical lemmas.
Lemma 3.1. Assume that (V) and (go) — (g92) hold. If v € X, ¢ > 0, t >
2
0 and |jv|]2 < M with (%) S|Voll3 < 27(2 — a), then there exists C =
C(a,a,¢,M,t) > 0 such that
GG @ g
[ e s < ol Wl
R2 ||
2

Proof. Consider r > 1 close to 1 such that ( ) rel|Vol3 < 2n(2 — ar),

5
ar < 2 and ts > 2, where s = r/(r —1). Using (5) of Lemma 2.2 and Holder’s
inequality, we have

<GP (2)%0? _ 1yr
/ ;|G_l(v)|tdx < l/ udx
R? R?

|| ||

1/r

IG= ()llz

and by Lemmas 2.4, 2.5 and the continuous embedding H!(R?) — L!*(R?),
we conclude

(5) relvol(oir;)’
SIGTH ()P B) vl \Tee; ) —
[ e e | [ € S O
Jge || Jre ||
<alG )i <G )1,
which proves the lemma. O

L(vyp) such that ®(vy,) — c and ||®’(vn)]|(1 + |lvnl])-
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Lemma 3.2. Assume that (V) holds. If v € H'(R?) and t > 2, then there
exists C = C(t) > 0 such that

/ GO < a1 ).
R2

||

Proof. Let r > 1 be close to 1 such that ar < 2 and s = r/(r — 1). Using
Hélder’s inequality and the continuous embedding X < L9(R?) for all 2 <
q < 00, we obtain

. 1 ¢ X X 1/r . 1/s
/ de < / |G~ ()|t de + / %dx / |G~ (w)|**da
Rz |7 le|>1 lz|<1 |7] o<1

< NGl + CIGT )l
<G )

and the proof follows. O

In view of the last estimates, we can prove that the functional I has the
mountain-pass geometry. For this purpose, for p > 0, we define

A%{vGX:AJVﬂ%z+AJﬂ@W]@M%zf}.

Since @) : X — R, defined by

Q) = [ (190 + V(@6 )P

is a continuous function, it follows that S, is a closed subset that disconnects
the space X.

Lemma 3.3. Suppose that (V'), (go) and (f1) are satisfied. Then, there exist
p >0 and o > 0 satisfying

I(v) > o, forall veS,.
Proof. From the estimate (2.6), given € > 0 there is C. > 0 such that

|ﬂﬂ§%§+@ﬁﬂﬁm—n,bmﬂseRt>z (3.1)

2
Now, if (%) sp? < 27(2—a), by using (3.1), Lemma 3.1, Lemma 3.2, Lemma
2.2-(2) and the continuous embedding H*(R?) < L!(R?), we obtain

I(v) >

> 2Q0) - SCIGT W - GG @)

> (; - ;0> Qv) - C1Qv)! .

1 o\ . B [ 27(2—a) 1/2
Taking 0 < e < 1/C and since ¢ > 2, we may choose 0 < p < & ( ==
such that (% -5 )p2 — C1pt > 0. Thus, considering o = (% - £ )p2 —
C1p' > 0 we conclude I(v) > o for all v € S,,. O
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Lemma 3.4. Suppose that (V'), (go) — (g92) and (f2) are satisfied. Then, there
exists e € X such that Q(e) > p? and

< i .
I(e) <O<U_v1é1£p1(v)

Proof. First, consider ¢ € C§°(R?,[0,1])\{0} such that supp(¢) = B;. From
(f2), there are positive constants C; and Cy such that F(s) > Cy|s[?? — Cy
for all s € R. Thus, for ¢t > 0 we have

—1
I(ty) = %/B*(WW)‘Q + V() [G™(tp)]?)dz — Md

- x
B |l

2 G-1(t0) |20 1
<= | (Ve|* +V(z)p*)dz — C %dx—f—Cg —dx

2 JBy N B |2l

2 G—l t 20 C 1
ca[lel e, o 1
2 B Pz 2 g |x]e

Since 20 — 2a > 0, for x € By, by using Lemma 2.2-(7), it follows that

G L @) (G o)\ posa e
s —( W(x)> G (1)) ()

+oo as t — +oo.

Thus, according to Fatou’s Lemma, we obtain

G—l t 20
/ %dx—wi—oo as t — +oo.
by t2]a]®

and therefore I(tp) — —oo. Setting e := t¢ with ¢ large enough, the proof is
finished. O

4. On Cerami Sequences for I

The purpose of this section is to prove some results about the Cerami se-
quences for the functional I. The first one is the following:

Lemma 4.1. Suppose that (V), (go) — (g1) and (f2) are satisfied. Let (v,,) be
in X such that I(v,) — ¢ € R and I'(v,)v, — 0 as n — +oo. Then, Q(vy,)
is bounded and (v,) is bounded in H*(R?).

Proof. Using Lemma 2.2-(4) and (f2), we obtain

I(vn) — %I'(vn)vn = (% - 2%) /R |V, |2dz + %/}R V(2)[G~ (vn)]2dz

T R LY O (R (S L)
20 Jeo ' g@ iy /. we O

a [ _HGTw)
20 s 9(GL(on))le] "

1 «
1 F(G (0n))G  (vn) = 20F (G~ (vn))
20 Jya-1(v,)>0} ||

dzx
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1 «
> (5 - %> Q(vn).
Since I(v,) = ¢+ 0,(1) and I'(vy,)vy, = 0,(1), as n — +o0, it follows that
1 «
e < . .
(3 5) QU < ctout) (4.1)

Now, since 6 > «, for some constant C' > 0 we have
Qon) = / (IV0nl? + V(@)[G ()]} < C. (4.2)
]RZ

In view of (4.1), it remains to show that [;, v2dz is bounded. By condition
(V) and Lemma 2.2-(8) there exists a constant C; > 0 such that

/ vidx:/ vidx—&—/ vide
R2 {lvnl<1} {lon|>1}

cflvo /R V@I6 ) + 0%2& /]R (G )P,

Next, we will use the Gagliardo-Nirenberg inequality (see [22], p. 31), which
asserts

(4.3)

<

lully < COully™ IVully (4.4)

for all w € H'(R?) N L"(R?), where 1 <7 < 00,0 < ¥ < land | = 152

r

Setting u = G~ 1(v,), ¥ =1— i and r = 2, we have ¢ = 2a. Hence, by using
(V) and (4.4), we get

/}Rz G (0n)|?*dz < %j}m (/R V(:c)[G’l(vn)]Qd:c> (/R |an|2d:c>ail.

(4.5)
From (4.2), (4.3) and (4.5), it follows that [;, v2dz is bounded and the lemma
is proved. O

Corollary 4.2. Suppose that (V'), (go) — (g1) and (f2) are satisfied. Let (vy,)
be a Cerami sequence for I in X. Then, there exists C' > 0 such that

FC @l
/Rz oG Tl =

Proof. By Lemma 2.2-(4) and since I'(v,)v, — 0 as n — +o00, we have

M L vp|?dx z)[G7(v,))?dx + o
2 g(G_l(Un))|$|ad < /}R2 |V, |“d Jr/R2 V(x)[G™(v,)]?dz + 0,(1)
< Q(vn) + 0 (1).

By the previous lemma, Q(v,,) is bounded and the above estimate shows the
result. g

Lemma 4.3. Suppose that (V), (go) — (g1) and (f1) — (f2) are satisfied. Let
(vpn) be a Cerami sequence for I. Then, (v,) has a subsequence, still denoted
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by (vn), such that v, — v in H'(R?) such that [, V(z)|G~'(v)[*dz < oo
and
JG ) | HGW)
g(G=H(wn))fzle g(G=H(v))]x]®
(

Proof. According to Lemma 4.1, (v,) is bounded in H'(R?). Thus, up to
a subsequence, v, — v in H'(R?). Furthermore, the function v satisfies
Jg2 V(2)|G~(v)[*dz < oo, because Q(vy) is bounded and by Fatou’s Lemma

/ V()G (w) dx<hmmf/ V(z)|G™ (v,)]?da < C.
RQ

Li,.(R?), asn — +oo.

n—-4oo

Now, it is sufficient to prove that

SE e [ E e
/BRg<Gl<vn>>|x|ad /BRg<G1<v>>|xad’ oo

By using Lemma 4.1, Lemma 2.2-(3) and since the embedding H'(R?) —
Lt (R?), for all ¢ > 1, is compact, we can assume that G~ (v,) — G~ 1(v)
strongly in L'(Bg) for any t € [1,+00). Moreover, by using items (2) and
(3) of Lemma 2.2, Lemma 2.4, Corollary 4.2, estimate (2.6) and Holder’s
inequality, we obtain

R O)) [f(G (wn))va|
9(G=1(v))|z|* k2 9(G~1 (vn))]z|® —

The rest of the argument follows the same steps as in the proof of Lemma
4.3 in [14]. O

|G~ (v)| € L' (Br), € LY(Bgr) and

Lemma 4.4. Suppose that (V'), (g0) — (g91) and (f1) — (f3) are satisfied. Let
(vn) be a Cerami sequence for I in X. Then, (v,) has a subsequence, still
denoted by (vy,), such that

PG (wn)) | FIGT'(v)
|| ||

where v is the weak limit of (vy) in H'(R?) with [g, V(2)|G~!(v)]*dz < co.

in L*(R?), as n — 400,

Proof. From Lemma 2.2-(4) and Corollary 4.2 we have

LG w)O )l [ G el
/Ra ] d S/Rz oG o)l =

Thus, similarly to Lemma 4.3, we get
f(G7Hwn) | F(GTH(v)
|| ||
Next, by using (f2) and (f3) for each R > 0, there exists C' > 0 such
that F(G~1(v,)) < C[f(G~(v,))] in Bg. This together with (4.6) and the
generalized Lebesgue dominated convergence theorem, up to a subsequence,
implies that
F(G Y (v)  F(G™'(v))

ECT

n Lj.(R?), as n — 4oo. (4.6)

in L'(Bg), forall R > 0.
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To conclude the convergence of the lemma, it is sufficient to prove that given
0 > 0, there exists R > 0 such that

-1
/ PG ) 40 < 5 and /
B |z B,

For this, we also note that by (f2) and (f3), there exists C; > 0 satisfying
|F(2,8)| < C1|f(z,s)|, forall (z,5) € R* xR,
Thus, for each A > 0, we obtain

/ Ll FE )l
|z|>R x| =1 |z >R

| a

c
R

[G=1(vn)|>A [G=1(vn)|>A

Since

given 0 > 0, we may choose A > 0 such that

Ci [ [f(GH(n))G ™ (vn)] J
A Jge EE dr<y
Thus,
FG (), o
| e ® <y (4.7)

|G=1(vp)[>A
Moreover, since f has critical exponential growth and satisfies (f1) and (f2),
there exists C'(A) > 0 such that

F(z,G7(s)) < C(A)|G7(s)|?, forall (z,G '(s)) € R? x [-A, A

Therefore,

/ ion F(Gl(v"))dxgcm)/ |G wa)?

|z|>R |g;|a
|G (vp)|<A

< 2C(A)/ o PO

IG=1(up)l<A
G~ (v)?

+ 20(A)/ won el

[G=1(vn)|<A

[G=1(vn)|<A

dx.

Hence, by using Proposition (2.3), given § > 0, we may choose R > 0 satis-

fying
F(G7(vy)) )
/ - —————=dx < 5 (4.8)

||
|G (vn)I<A

From (4.7) and (4.8), given ¢ > 0, there exists R > 0 such that

/ PG ) g, < 5,
lz|>R N

||
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Similarly, we obtain
F —1
/ FIE0) g, <.
|z|>R |£C | N

Combining all the above estimates and since § > 0 is arbitrary, it follows
that

as n — o0,

[ HOe,, [ RE ),
RZ

|| re |7[®
and this completes the proof. O
Lemma 4.5. Suppose that (V), (g0) — (91) and (f1) — (f2) are satisfied. If

(vn) C X is a Cerami sequence for I such that v, — v weakly in H'(R?)
with [5, V(2)|G™(v)|*dz < oo, then

V(2)G ()
. V”W“/Ra 4(G-1(0)

= /R Ms&m for all ¢ € C°(R?).

pdx

Proof. First, we have that I’(v)y is well defined for ¢ € C§°(R?) and therefore
just prove that I'(v)¢ = 0 for all ¢ € C§°(R?). Note that

I'(vp)p —I'(v)p — / (Vu, — Vv)Vedz

R2
_ G ')  GTl(v) }
a /]1@2 [Q(G—l(vn)) g(G—1(v)) V(z)pds
f(GT ) fG(w) ] . \
+/R2 L(Gl(vnmxw qGT ) P 49
In view of v,, = v weakly in H*(R?), we have v, — v in L} (R?), withp > 1.
Then, up to a subsequence,

vp(z) — v(z) a.e. in K :=supp ¢, as n — +0o0,
|on(2)| < |wp(z)| for every n € N and a.e. in K, with w, € LP(K).

Consequently,
G_l(vn) _ G_l(v)
9(G=H(vn))  9(G~1(v))

Furthermore, by the continuity of V' and Lemma 2.2-(2) and (3), there exists
a constant C' > 0 such that
V()G (vn) ¢l 1
—————— < |V(2)vpp| < Clwsl|p| € L (K).
T < V(w)ungl < Cluslle] € L1 (K)

Using these estimates, Lebesgue Dominated Convergence Theorem and the
weak convergence v, — v in H(R?), we obtain

a.e.in KC, as n — +oo.

- v xr — an G_l(vn) — G_l(v) x xr —
JuFon = vovetn 0 ama [ | Cmsels - o | e —o
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as n — +oo. In addition, by Lemma 4.3, we have

FO ) [ HGTw)
/Rz 9(G (o))l * / oGl P M

Hence, taking the limit in (4.9), we get I'(v,)p — I'(v)p — 0 for all ¢ €
C§°(R?) and once I'(v,) — 0, we conclude I’(v)p = 0 for all ¢ € C§°(R?).
This finalizes the proof. O

Lemma 4.6. Suppose that (V'), (go)—(g1) and (f1)—(f2) are satisfied. Let (vy,)
2

) Sol|Vunll3 < 27(2—a). Then,
such that

be a Cerami sequence for I in X such that <%
(vn) has a subsequence, still denoted by (v,),

F(G™Hwn)) (v — vn)
Rz (G~ (vn))]a|®

dx — 0,

as n — 400, where v is the weak limit of (v,) in H'(R?) with [5, V(2)|G™*
(v)[Pdx < .

Proof. By (2.6), given € > 0, there exists C. > 0 such that

’f(G‘l(vn))(v — Un)

< |G (wp) [ — v+ Ce[elorNET @Y 11y — g,
et <6 ) o = vl +Cl |

Hence, by Lemma 2.2-(5), one has

R2 ||
oo [ G IO
R2 ||
(so+e)| G (wn)?™ _ —1(y _
o[k e =)l
R? |z|®

+

c: | [l 1)jG 1 (v — v, )|
&€ R?

||
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By Holder’s inequality and choosing ¢ > 1 such that ¢/ =t/(t — 1) > 2, we
get

f(G_l(Un))(U — Un)
rz (G (vn))|z|®

-1 2 5 1, 2 3
coon ([0 ([ 0oty
Rz |7[* R? ||
1 2 5 1, 2a 5
v ([ ) ([ 160y,
Rz |7[® R ||
Hso+o) G on) P _ g N
+ C, / le 1}dz /—|G (v —vn)] dzx
R? || R2 ||
t(so+e)|G 1 (vn)|?* _ 1 i 1/, at’ t
‘e / [e I /wdx .
R2 |] R ||

Next, note that there exists ¢ > 1 sufficiently close to 1, £ > 0 sufficiently
small and C' > 0 such that

/ et(co+e)|GTHwa) P _ 1
R2

||

dx‘

de < C. (4.11)

Indeed, we can infer that for n sufficiently large, there exists t > 1, sufficiently

2
close to 1, and & > 0 sufficiently small so that (%) t(so + &)||[Vonll3 <

27(2 — a). Hence, by Lemma 2.2-(7) and Lemma 2.4, we get

dz < C,

||

tlso+e)| G (wa) 2 _ et(<o+s)(%)zllvvn\|§(%)2 -1
| e f 2
R2 R2 ||
which proves (4.11). Since G~!(v,, — v) is a bounded sequence in X and
for p € [2,4+00) the embedding X < LP(R?;|z|~%dz) is compact, up to a
subsequence, we have
Gy — N t’ G (v — N at
/ 67w =v)l 4 0 ana / 167 = w)l™ 4 o,
R2 B R?

Therefore, from (4.10) and (4.11) we conclude the proof of the theorem. O

We recall that the minimax level of I is given by

m = inf I(v(t)), 412
0 < em = inf max (v(1)) (4.12)

where I' = {y € C([0,1]; X) : v(0) = 0 and (1) = e} and e was given in
Lemma 3.4.

As a consequence of Lemma 4.6, we have the following result, which is
essential for the proof of Theorem 1.1.

Corollary 4.7. Suppose that (V'), (go) — (92) and (f1) — (f2) are satisfied. Let
(vn) be a Cerami sequence for I in X at the level ¢y, satisfying (o) 3)° ||V
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vall3 < 27(2 — a) and v, — 0 weakly in X. Then ¢, = 0, where ¢y, is given

n (4.12).
Proof. Indeed, since I’ (vn)vn — 0,

/ |an|2dx+/ Viz o) V@)& (on) nz/R2 mvﬁon(l).

Hence, by Lemma 2.2—(4) we have

/|an|2dx+l/ V(2)[G™ (vp)]2de
R2 (0% R2
FE ) FE @)C (o)
< e 0 < -

Moreover, as I(v,) — ¢, we get
/ Vou?de + 2 / V(@) (vn)Pda
—/ EG ), + on(1). (4.14)
RQ

Then, by (4.13), (4.14) and Lemma 4.6-(2),(3), we conclude that ¢,, = 0 as
we desired. 0

5. Minimax Level Estimate

In this section, we obtain an estimate for the mountain pass level of I, which
will be crucial to study the behavior of Cerami sequences for I. For this, let
r > 0 and consider the Moser’s sequence defined by

Viogn, if |z < T,

1 ) log(r/|z|) .
M, (x,r) = Jif & < x| <
(7)) = 7= Togn o n ||
0, if x| > r,
which satisfies M,, € H}(B,.), |[VM,|2 = 1 for all n € N and
2 2 2
1My |3 = — 53~

4logn  2n?2  4n2logn’

Proposition 5.1. Assume that (V), (g0) — (92), (f1), (f2) and (fs) are satis-
fied. Then, the minimaz level c,, satisfies

(2—a)r
Cm < T 5.1
5P oy
Proof. To prove (5.1), it is sufficient to obtain n € N such that

— 9 _
max I (tM,,) < %,
t>0 (5)%<0
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where M, = M, /||M,||. Suppose, for the sake of contradiction, that for all
n € N, we have

— 9 _
max I(t47,) > G OT (5.2)
20 (F)%s0
In view of Lemma 3.3 and Lemma 3.4, for all n € N, there exists ¢,, > 0 such

that

I(tnMn) = I?ZaJé(I(tMn) (5'3)

By Lemma 2.2-(3), (5.2), (5.3), (f2) and | M,|| = 1, it follows that

22 —a)w
2> 0 5.4
" (5)0 (5.4)
because

trQL t% 712 2

e /R <|VMn| + V(x)Mn) da

> 1/ {1V (M) P + V(@)@ (1))} da
2 Jge

_/ F(G—l(tnﬂn))dx L @2-ar
R? || - (%)2%

Next, we will show that the sequence (¢,) is bounded. To achieve this goal,
let us remember that %I(tMn) =0 at t = t,, that is, I'(t, M,,) - M,, = 0.
— -1 tnﬁn —
|V M,|? + tn2V(x)G(,v)tnMn1 dz

Thus,
g _/ M
" Jre g(G=1(t, My,))

- [ - (C0 M) 4 57 40—,
R 9(G (1 M)l

By Lemma 2.2-(4), (f2) and |[VM, |2 < 1, one has

~ t2 M2
2 =12 VM, |? + V-2t
R2 2

n

G~ (tn My )tn M,
t29(G=1(tn My))

dz zti/ {lvz\%lh
JR2

:/ F(GT 1 (tn Mn)) tnﬂndxz/ FGTH(tnMn) |, o oo
g2 g(G=1(tn Mn))|z|® Br(0) 9(G~1(tn Mn))|z|

1 F(G= Y (tn Mp))G= (t, M,,)

t de. 5.5
Za/B;@) o] ’ 52

According to (fy), given € > 0 there exists R. > 0 such that

sf(s) > (& — 6)6%'5‘2&, for all s > R.. (5.6)
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Since G='(t,M,) > R. in B:(0) for n sufficiently large, using (5.5) and
(5.6), we obtain

_ solG™ (o M) |2
2> 5/ & da (5.7)
B

o =) |x|®

In view of Lemma 2.2-(7), given 1 > 0 there exists R, > 0 such that

2
|G~ (s)|2> > [(g) - n] s?, for all s > R,. (5.8)

Thus, for n sufficiently large (without loss of generality we can assume R, >
R,), using (5.7) and (5.8) we get

2
t;, > o

e | sol(3)7 ]2z
B

. [
- (0)

_ 80— wof(5) |k piEetn 2 (7")2‘“

a 2—a\n
_Ge ) Rt 2T (g
o 2—a
Hence,
1> O wl(3) -l i@ en-2iont 2T o)

T« 2—a

which implies

2
« 1 logn
: Kﬁ) ‘"] B a7 in ~ (2 @) logn —2logt <.

This estimate shows that (¢,) is bounded, otherwise, once ||M,|? < 1+
IV || oo (B, || M |3, we have

2
« 1 logn ,
% - —n| — t, —(2—a)logn — 2logt,
l(ﬁ) ]%HW 2o

2
w|(35)" -]
2 — 2logt,
Ztilogn — a4 _ 298

27 (1—1— ||V||LOO(B7‘)HJ\/[’VLH2) t% t% logn

— 400, asn — 400,

which is a contradiction with (5.10). Thus, by (5.4), (5.9) and since (t,,) is
bounded, there are constants C; = C4(a,s0,,3,17) > 0 and Cs > 0 such
that

logn

Cii—7—0
[My]12

—logn < Cs. (5.11)
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However,
c logn C1logn — | My ||? logn
1 —logn =
([ M2 ([ Mo
2 2 2
_ Culogn— |1+ Vlies(s,) (75 — 3 — awiogn) | log™
r2 r2 r2
1+ ”V”Loo(B ) (410gn T 2n?  4n? logn)
_ (G -Dlogn+ Vilz=(s,) (W 4 rilogn _ %>
2 2 — too,
1 + ”V”L"Q(Br) <4logn - ;7 - 4n27iogn)
as n — 400, which contradicts (5.11). The proposition is proved. 0

6. Proof of Theorem 1.1

According to Lemma 3.3 and Lemma 3.4, the hypotheses of Theorem 2.7 are
satisfied. Thus, the minimax level ¢,, of I is positive and there is a Cerami
sequence (vy,) for I at the level ¢,,. Applying Lemma 4.1 and 4.3, we may
assume, without loss generality, that v, — v weakly in H'(R?) for some
v € Hl(IR2 with [o. V(2)|G7!(v)|?dz < co. From Lemma 4.5, v is a weak
solution of equation (2. 5) Now, suppose by contradiction, that v is zero. In
view of Lemma 4.4 and since I(’Un) — ¢y, as N — 400, we reach

1

,/ {190l + V(@) [67(00)]*} dw = e + 0 (1), (6.1)

2 e
From Proposition 5.1, we have

o
<(2- a)w/(ﬁ)%o. (6.2)
Using condition (V'), (6.1) and (6.2), there exists ng € N such that
2
<;) ol Vunl3 < 27(2 — @), for all n > ny.

Thus, in view of Corollary 4.7, we get ¢, = 0, which is a contradiction.
Therefore, v # 0.

Next, we prove that v is nonnegative. Indeed, if v~ = max{—v, 0} then
v~™ € H'(R?) and by density we get

) F(GHw) -
" dac—i—/V - /7— dz < 0.

f e e el e T
On the other hand, we know that (G ( ))( v~) > 0 and this implies that
Jgz [V~ [2dz = 0. Thus, v~ = 0 almost everywhere in R? and therefore
v > 0. In order to prove that v > 0 in R?, we suppose, otherwise, that there
exists x9 € R? such that v(zg) = 0. Notice that 2.5 can be written in the
form

v G0) | (G (w)
oG 1) T gl =0

—Av + c(x)v =V (x)
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where ¢(z) = V(&) sz > 0 for all & € R2. Recalling that v € Cp7 (R?),
using Strong Maximum Principle (see [20], Theorem 8.19) in an arbitrary ball
centered in xg, we can conclude that v = 0, which is impossible. Therefore,
v has to be strictly positive. In view of Proposition 2.6 we reach u = G~!(v)

is a positive solution of (1.1) and the proof of Theorem 1.1 is complete.
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