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1. Introduction

Geometric inequalities are very important tools in the study of geometric analysis, a mathematical discipline at the
interface of differential geometry and partial differential equations. Sobolev embedding can be considered as one of such

inequalities. Basically, the Sobolev inequality asserts that Wg’p (£2) C L1(£2) whenkp < n,where 2 C R" (n > 2)isa

bounded domain, 1 < q < nf’;{p and that W(’)"I’ (£2) C L1(£2) for 1 < g < oo when kp = n. However, it can be showed by

many examples that W(I; " (£2) € L% (£2). In fact, Yudovich [1], Pohozaev [2] and Trudinger [3] proved independently that

W, " (22) C Ly, ($2) where L, (£2) is the Orlicz space associated with the Young function ¢,(t) = exp (8 [t/ V) — 1
for some 8 > 0. It was established in his 1971 paper [4] by ]. Moser the following inequality using the symmetrization
argument:

Theorem A (Moser-Trudinger Inequality). Let 2 be a domain with finite measure in Euclidean n-space R", n > 2. Then there
1

n—1
n—1’

1 / n
— | exp (ozluln—l)dx§ Co
1221 Jo

forany o < ap,anyu € W(}’" (£2) with fg |Vu|" dx < 1. This constant «y, is sharp in the sense that if a > «y, then the above
inequality can no longer hold with some cq independent of u.

exists a sharp constant o, = nw where w,_1 is the area of the surface of the unit n-ball, such that

There have been many generalizations related to the Moser-Trudinger inequality. For instance, Adimurthi and Sandeep
in [5] established an interpolation of Hardy inequality and Moser-Trudinger inequality and proved that with 2 C R", n >
2, |£2| < oo, there exists a constant Cy = Cy(n) > 0 such that

1 exp (oz |u|ﬁ)
)

|_Q|1*% |x|ﬁ deC()

forany 8 € [0,n), 0 <« < (1 — g) Op,any U € Wg‘” (£2) with f_Q |Vu|" dx < 1. Moreover, this constant (1 — g) oy is

sharp in the sense that if @ > (1 — %) oy, then the above inequality can no longer hold with some C, independent of u.

Another interesting extension is to study the Moser-Trudinger inequality on unbounded domains. In fact, when £2 has
infinite volume, the above results are trivial. Adachi and Tanaka [6], using Moser’s approach of symmetrization, proved that

Theorem B. For any o € (0, «y,), there exists a constant C, > 0 such that
f ) (a Iulnfnl) dx < Gy llully, VYue W' (R"), [Vul, <1,
]Rﬂ

where

n—2 ti
ot -
PO =¢ -3 3
i=0
This inequality is false for « > «, in the sense that there is no finite C, such that the inequality holds uniformly for all u.

It is particularly interesting to note that in this situation, the constant «,, cannot be achieved. Namely, the inequality fails
when o = oy,

In order to obtain a Moser-Trudinger type inequality including the critical case «;,, Ruf [7] and Li-Ruf [8] used the full
norm of the Sobolev space W " (R"), namely [Ilullg + IIVuIIZ]V", instead of || Vul|,, to set up the result in the critical case

o = a,. These results were generalized recently in [9] where they proved that for all ¢ < ( — %) apand T > 0,

sup
lully,r =1

fn o (o lul)

where

1/n
llully . = (/ (IVul™ + 7 [u]") dx) )
Rn

Moreover, this constant (1 — g) o, is sharp in the sense that if o« > (1 — g) oy, then the supremum is infinity.
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All the proofs of the above theorems use symmetrization argument in Euclidean spaces. More precisely, for a given
function f we denote A;(t) = |{x : |[f(x)| > t} and let f* be defined by

fA(s) = inf{t : Ap(t) <s}.

Then we can define the non-increasing rearrangement f* of f by f*(x) = f¥(cn|x|™), where ¢, is the volume of the unit ball
in R". Thus, we have (see e.g. [10])

IF ey = If llp@ny, and ”Vf*”b”(]R”) < IVfllr@n

for1 <p < oo.

These properties of the rearrangement functions allow them to reduce the proofs of Theorems A and B to radial
functions [4,6]. Nevertheless, such rearrangement inequalities are not true on the Heisenberg group. Therefore, analogous
theorems on the Heisenberg group to Theorems A and B become more difficult to prove.

The first main purpose of this paper is to establish the sharp subcritical Moser-Trudinger type inequalities on Heisenberg
groups. To state our theorems, we shall begin with some preliminaries.

Let H = C" x R be the n-dimensional Heisenberg group whose group structure is given by

@, t)- @, tY=@z+7,t+t +2Im(z - 7)),
for any two points (z, t) and (z/, t’) in H. The Lie algebra of H is generated by the left invariant vector fields

R T R R B
T YT Yo T TN

fori = 1,...n. These generators satisfy the non-commutative relationship

[Xi, Yj] = —46;T.
Moreover, all the commutators of length greater than two vanish, and thus this is a nilpotent, graded, and stratified group
of step two.

For each real number r € R, there is a dilation naturally associated with Heisenberg group structure which is usually
denoted as

8.(z,t) = (rz, r%t).

However, for simplicity we will write ru to denote 8,u. The Jacobian determinant of §, is r¢, where Q = 2n + 2 is the
homogeneous dimension of H.

We use £ = (z, t) to denote any point (z, t) € Hand p(£) = (Jz|* + tz)% to denote the homogeneous norm of & € H.
With this norm, we can define a Heisenberg ball centered at £ = (z, t) with radiusR : B(£,R) = {v € H : |€~"v| < R}. The
volume of such a ball is 6 = CqR? for some constant depending on Q.

We use | Vif| to express the norm of the subelliptic gradient of the function f : H — R:

. 1/2
|Verf | = (Z((w + (YJ)2)> :
i=1

Let £2 be an open set in H. We use Wol’p (£2) to denote the completion of C3°(£2) under the norm ||f [l 15 (o) = (fQ (| Vanf [P+
FIPydu)'/P.

As pointed out earlier, it is not known whether or not the LP norm of the subelliptic gradient of the rearrangement of a
function is dominated by the I? norm of the subelliptic gradient of the function on the Heisenberg group H. In other words,
an inequality like

I Vaulle < Vaulw

is not available on H. Thus, in order to establish the Moser-Trudinger inequality on bounded domains on the Heisenberg
group, we also have to avoid the rearrangement argument. Nevertheless, Cohn and Lu [11], using a sharp representation
formula on the Heisenberg group, adapted D. Adams’ idea (see [12]) to avoid considering the subelliptic gradient of the
rearrangement function. Instead, they considered the rearrangement of the convolution of the subelliptic gradient with an
optimal kernel (see also [13] in the case of complex spheres).

The sharp constant for the Moser-Trudinger inequality on domains of finite measure in the Heisenberg group established
in [11] is stated as follows:

Theorem C. Let o = Q (Zn“F(%)F(%)F(%)”F(n)*l)Q ' Then there exists a uniform constant Cy depending only on
Q such thatforall 2 C H, |2| <ocoanda < aqg
1 /
sup 7/ exp(a [u(§)|%)dg < Gy < oc. (1.1)
ueWy ¢ (2), [ Vaul, o <1 121 Ja

The constant o is the best possible in the sense that if @ > cq, then the supremum in the inequality (1.1) is infinite.
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Using similar ideas of [ 11], we considered in [ 14] the sharp singular Moser-Trudinger inequality on bounded domains in
the Heisenberg group H. This is stated as follows:

Theorem D. There exists a constant Cy depending only on Q, B such that for all 2 € H, |£2| < oo, and forallu € W(}’Q(.Q),

L exp (oq (1 5 ) 1u)|)
2

|Q|1*§ p(&)F

d¢ < G,

provided || Vyull;o < 1. Furthermore, if aq(1 — g) is replaced by any larger number, then the above statement is false.

The situation is more complicated when concerning the Moser-Trudinger type inequalities for unbounded domains on
Heisenberg group since the Adams’ approach does not work. In this case, the authors of [15] established a non-optimal
Moser-Trudinger inequality by using a symmetrization argument. Recently, the first two authors of this paper developed a
new idea of establishing sharp constants for Moser-Trudinger inequalities on unbounded domains of Heisenberg groups and
for Adams inequalities on high order Sobolev spaces on unbounded domains without using rearrangement argument [ 16,
17]. With this new method, we can set up the following sharp Moser-Trudinger type inequality on unbounded domain
in[16]:

Theorem E. Let t be any positive real number. Then for any pair f, o satisfying 0 < 8 < Q and0 < o < ag(1 — g), there
holds

1
IIUﬁfFiljl:ﬂ &7 {exp (o |u|¥ @) = Sq_5 (. w)} < o0. (1.2)

Whena > aq(1 — g), the integral in (1.2) is still finite for any u € W€ (H), but the supremum is infinite. Here

1/Q
lull, = U|Vmu|Q+r/|u|Q] ,
H H

Q-2 ak '
-1
So-2 (e u) = 3 - Jul"¥/ @Y

We notice that in the above result, we used the restriction of the full norm of the Sobolev space W< (H) : [ fH | Vigu|?
1/Q
+ [ ]
These results on the Heisenberg group raised a very interesting question: Is the analogous theorem to Theorem B on the
Heisenberg group true? Namely, can we only impose the restriction on the norm fH | Vigu|? without restricting the full norm

1/0
[/ IVHuIQ+rf|u|Q} <1?
H H

The proof of Theorem B by Adachi-Tanaka [6] in the Euclidean spaces requires a symmetrization argument which is not
available on the Heisenberg group. Therefore, it is nontrivial to know if such an inequality holds on the Heisenberg group.

In this paper, we will use a rearrangement-free argument to prove the singular Moser-Trudinger type inequality in the
spirit of Adachi-Tanaka. More precisely, we will prove that

Theorem 1.1. For any pair B, o satisfying 0 < B < Qand0 < o < ag(1— g) there exists a constant 0 < Cy g = C (a, B) <
oo such that the following inequality holds

1 / 1 B
sup - exp (o [u]¥ @) = Sq_s (@, )} < Cup. (1.3)
IViull;Q ) =1 ||u||?q(£1) H P (g)ﬂ { } “

The above result is sharp in the sense when a > o (1 — g), the integral in (1.3) is still finite for any u € W2 (H), but the
supremum is infinite.

In fact, to prove the first part of Theorem 1.1, we will prove the following more general result:
Theorem 1.2. Let B be a nonnegative real number satisfying 0 < B < Q and {ax};2, be a positive sequence satisfying the

following: there exist constants 0 < o < o (1 — g) and C = C () > Osuch that Y 1% o o [x[*¥/ @D < C (o) M@
V|x| > 1. Then there exists a constant 0 < C, g = C («, B) < oo such that the following inequality holds

1 / 1 00 o |u|l<Q/(Q*1) < Cup
- E k = Co -
Q-p H P (S)B k

1Q (1) =Q-1

sup
IVEUlQ g <1 llul
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It is clear that if we choose o, = i in Theorem 1.2, we will have Theorem 1.1.

We note here that our proof of Theorem 1.2 (and hence Theorem 1.1) does not rely on the method of symmetrization
which was used by Adachi-Tanaka in [6] on the Euclidean space. As a matter of fact, such a symmetrization is not available
on the Heisenberg group H as we pointed out earlier. Therefore, the argument in [6] does not work on H.

It is important to observe that there is a sharp difference between Theorems 1.1 and E. The inequality (1.2) in Theorem E
holds foralla < (1 — g)on, while the inequality (1.3) in Theorem 1.1 only holds for o < (1 — g)aQ. This indicates the
restriction of Sobolev norms on the functions under consideration has a substantial impact on the sharp constants for the
geometric inequalities.

As an application of our results proved in this paper, we will study and investigate some properties of the solutions to
the Q-sub-Laplacian equation

LU
— Aqu+ V(&) ul¥2u = ¢ /3) (1.4)
p (&)
where Aqu = divg (|Viu|®* Vxu). When the nonlinear term f satisfies the Ambrosetti-Rabinowitz condition (see

[18,19]), the existence of a nonnegative solution has been established in [16]. We will deal with the case when f does not
satisfy the Ambrosetti-Rabinowitz condition in this paper.

We assume that f : H x R — R is continuous, f(§,u) = 0 for all (§,u) € H x (—o0,0] and f behaves like
exp (o [ul%@"V) as |u| — oo. More precisely, we assume the following growth conditions on the nonlinearity f (¢, u):

(f1) There exist constants «g, by, b, > 0such that forall (§,u) € H x R,
If (&, w)| < by [u|®™" + by [exp (ao [u]¥ @) = Sq_3 (a0, )],
(f2) L(§,u) < L(&,v)forallé e Hand 0 < u < v, where

Fe.o = [ 1o
0
L(sv I) = uf(é:a t) - QF(S’ T).

(f3) limys oo Fl(jlgl) = oo uniformly on & € H.

(f4) There exists ¢ > 0 such that forall (£,s) € H x R : F(£,s) < c|s|¢ + ¢f (&, s).

(f5) limsupg_,q, QTS(EQ’S) < A1(Q) uniformly in £ € H where

Q
l[ullx

|u]2
fH p&)P dg

(f6) lim_o0 Sf (£, s) exp (—ag Is|%/‘¢™") = oo uniformly on compact subsets of H.

2(Q) = inf ‘ueX\ {0}

We also assume that the potential satisfies

(V1) V : H — R is a continuous function bounded from below by a positive constant Vy; and one of the two following
conditions:

(V2) ForeveryM > 0, u ({& e H: V(&) < M}) < 0.

(V3) The function [V(£)]" isin L' (H).

The main features of our equation are that it is defined in the whole Heisenberg group H (therefore it has the non-
compact nature for the problem) and that the singular nonlinearity is with the critical growth, but does not satisfy the
classical Ambrosetti-Rabinowitz condition. The failure of the Ambrosetti-Rabinowitz condition for the nonlinear term f
adds extra difficulty (we refer the reader to [20-22]) where nonlinear equations and systems in Euclidean spaces have been
considered and existence theorems have been proved when the nonlinear terms do not satisfy the Ambrosetti-Rabinowitz
condition. In spite of a possible failure of the Palais—Smale compactness condition, in this paper, we still use a version of the
Mountain-pass approach due to Cerami [23,24] for the critical growth to derive a nontrivial weak solution. More precisely,
we will prove in this paper that:

Theorem 1.3. Suppose that (V1) and (V2) (or (V3))and (f1)-(f6) are satisfied. Then Eq. (1.4) has a nontrivial weak solution.

We are now ready to make the following remarks. First of all, all the results, including the sharp critical and subcritical
Moser-Trudinger inequalities (Theorems 1.1 and E) and existence of nontrivial solutions of the subelliptic PDEs of
exponential growth on the Heisenberg group (Theorem 1.3), hold true for more general groups such as stratified (also
know as Carnot) groups. Using the same rearrangement-free argument, we can first extend Theorems 1.1 and E to the
arbitrary Carnot (stratified) groups. Second, for functions which are restricted to be in the class of first-layer symmetric on
the groups of Heisenberg type, our Theorem 1.1 has been extended to weighted Moser-Trudinger inequalities on unbounded
domains with sharp constants by the first and third authors in [25] (we note that our Theorem 1.1 does not restrict to this
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class of functions). Third, best constants for critical and subcritical Moser-Trudinger inequalities on hyperbolic spaces of
any dimension have been established by the second and third authors in [26] using a rearrangement-free argument. It is
worthwhile to note that the symmetrization method on the hyperbolic space does not work to establish such sharp singular
Moser-Trudinger inequalities on the entire hyperbolic space.

Following our first remark, we now state that the sharp critical Moser-Trudinger inequality on the Heisenberg group
(Theorem E) can be extended to the following:

Theorem 1.4. Let G be a Carnot group with homogeneous dimension Q and t be any positive real number. Let Vgu be the
subelliptic gradient on G. Then for any pair B, o satisfying0 < <Q, 0 <a < aqg (1 — g) there holds

| ¢>(oz|u($)|ea—1)dS j
G

N (&)

sup
ueW.¢(G), [lully <1

Moreover, the constant o is sharp in the sense that if o > aq (1 — g) then the supremum is infinite. Here
Nis the homogeneous norm on G,
0 o
0 =0 [/ VeN®) da(&)} ,
s
S={N=1},

1/Q
llully,. = [/ IVGH(S)IQdS+r/ Iu(E)IQdS]
G G
¢ S
() = e _;f!'

Next, the sharp subcritical Moser-Trudinger inequality on the Heisenberg group (Theorem 1.1) can be generalized to the
following:

Theorem 1.5. Let G be a Carnot group with homogeneous dimension Q. Let Vgu be the subelliptic gradient on G. Then for any
pair B, a satisfying0 < B <Q, 0 <o < ag (l - g) there holds

¢ (alu@)o)
.= v

N()?

sup
uew.2(G),[IVgull o <1

dé¢ < oo.

Moreover, the constant o is sharp in the sense that if « > og (1 — g) then the supremum is infinite.

The proofs of Theorems 1.4 and 1.5 on the Carnot group are identical to those of Theorems 1.1 and E with very minimal
modifications. We have chosen in this paper to present our results and their proofs on the Heisenberg group only for the
purpose of clarity and simplicity. We note the Moser-Trudinger inequality on domains of finite measure in the Carnot group
was given in [27] which extends the results on the Heisenberg group and groups of Heisenberg type in [11,28]. For analysis
on Carnot (stratified) groups, we refer to [29,30].

The paper is organized as follows. We will prove the sharp subcritical Moser-Trudinger inequality Theorems 1.1 and
1.2 in Section 2. The existence of a nontrivial weak solution to Eq. (1.4) when the nonlinear term f does not satisfy the
well-known Ambrosetti-Rabinowitz condition will be studied in Section 3.

2. Proof of Theorems 1.1 and 1.2

We will begin with the proof of Theorem 1.2 from which the first part of Theorem 1.1 follows.

2.1. Proof of Theorem 1.2

It is enough to prove that for all u € C§°(H) \ {0}, u > O and || Vyullo = 1, there holds

Q
Pq (Ju| 1) 0t
——d Cy ,
/H oy = Corlitle
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where
o0
()= Y aplt]r.
k=Q—1
Set 2(u) = {£ e H: u > 1}. Since u € C{°(H), £2(u) is a bounded domain. Moreover, we have /H [ul® > ffz(u) [u|¢ >
[2(W)].

Now, we split the integral as follows:

/ ®, (|u|%>

p(é)ﬁ ds :Il +127
where
Q
D (|uje-1
H\£2(u) p(&)P
Q
Dg (|uje-1
S Gl
ew  p&)

We first estimate [;. Sinceu < 1inH \ £2(u), we get

/ Do (Iul %) "
H\$2 (1)

p(&)P
< / LS e
< —_— aglule-
wsy P& S ‘

<[ s Y ar
= <7 [0
wen PP L2

1
C(a)e”‘/ [u|¢ +C(a)e°‘/
=1, p@)<ulg) P&’ =1, p@)>lulg) 10E)P

L

Ju®.

IA

Now, since 8 < Q,we canfixy > Osuchthat0 <y <Q — B (sayy = QTﬂg), then

f o ul® < / — o lul’
=1, p©<lulg) L&) {1, p©)=<lulg) L&)

1 1-y/Q v
([ Gar) ) (fam?)
~ \o@<iuig \pE)F -
Q—y
Nl oy
= Jull} (/ / QerlfQﬁnydrdu(g*)> ’
X Jo

4 Q-B-y
= Caplltllgllullg

= Capllullg™,
where in the second inequality, we used the Holder inequality.
We also have that

/ e = — [
W=t p@®>lulg) L&) lully Ju
Q7
= Jlullg™".
Therefore we get the following inequality:
I < Cupllullg™".

To estimate I, we first notice thatif we set v(§) = u(§)—1in £2(u),thenv(§) € Wol’Q(.Q(u)), and | Vgv|lq = | Vaulle =
1. Moreover in £2(u),

u(E)| 2T = () + DT < (14 )[u(E)| T + (1 = 1)”2
(1+ )1
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for any small ¢ > 0, where we use the following elementary inequality:
1.\ 1-p
(@+b)P — b < eb? + (1 - +e)*ﬁ) ,

foralla,b > 1andp > 1.
1
Now since 0 < o < ag(1 — g),we canfixe = %Q(l — g) —1>0,andsetC. = (1 —(1+¢&) 71)"P. ThenC, isa
constant only depending on «, 8.
Since £2(u) is bounded, using Theorem D, we get

| / %(IHI%)d
"= Jow @

Q
exp (a|u|Q—1)
av/
2(u)

p(&)P

Q

exp|a(v+1)2-1

o[ o
2 p(&)P

exp <a(1 + vl
. /
() P(S)ﬁ

8 _Q
exp (aQ (1 — 6) |v| a1 —|—oeC8)
C
¢ /m p(&)F

IA

Q
o1 4 acg)

IA

IA

_B
Coe™e|2(u)|' " @
Capllully ™.

IA

IA

Thus

Pa <|u|%> Q-8
————=dé =1L+ L <Cypllully "
/IHI p(€)P 1= reslle

This completes the proof of Theorem 1.2.

2.2. Proof of Theorem 1.1

We first introduce some notations needed in the proof. Given any & = (z,t) set z* = z/p(£), t* = t/p(£)? and
E* = (z*,t*).Thusforanyu € Hand £ #Owehaveé* e ¥ ={£ e H: p(§) = 1}.

ki _
It is clear that if we choose o = & Q/IE!Q D , we have
1 1 Q/@-1)
sup g 3 {exp (o [u] ) — Sq—2 (&, w)} < o0
95,0 =1 1l g o) it 0 &)

for any pair 8, « satisfying0 < 8 < Q and0 < o < aQ(l—g).Also,the fact that — {exp (o |u|¥ @ V) —So_5 (@, w)} €

p(€)?
L'(H) for all u € W'© (H) can be found in [15] or [16].
Now, we will verify that the constant g (1 — g) is our best possible. Indeed, we choose the sequence {u;} as follows

Q_
e if0 < p(§) <2,
U(E) = 55 |~k 0QInp(®), ife < p@®) <1,
%o 0, if1 < p(§).
We can verify that
1 -10g 2
|VHUI<| = @k Qrg)ZXB(O’l)\B(O*E_k) Where§ = (Z, t) cH
Q
o
Q

lz]

since [Vup(§)| = ;-
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By [11], q = chQ*U where cQ = fz |Z*|Qdu(§*).Then we get

/ | Vi |2 =
H

Moreover,

1 1 o1 Inr\¢ . .
/H|uk|Q - & / /ﬁw (k C QT> rO drdpu (%)
o f / (k' r“drdu@)

lffdé‘_(f) RC )/ O (Inr)%dr +
k aQ

“1,%0 ) o
|Z*| drdu(g )= ch —dr =
*k/Q e—k/Q T

ke~ 1f)gdli(% )
e Qa 31

k— o0
—

0.

Thus, we can conclude that {uy(§)}2, € WQ(H).
Moreover, we have

fp(;ﬂ {e p( ( g) '”"'Q/(Q_D) oo (“Q (1_@’”")}@

exp( (1——) = 1) _QX*:ZMWHJQ T

j=0

=) ) %
Q 1 Q
exp ((1-4)QeTk™ T [Inp(&)|aT
L e(0-) )
ekQ<pE)<1 p &P
SRR 2
_/ =0 dt + e\ "0)l),
e MQ<p(e)<1 p&)P 0<p(€)<e*/Q p(&)P
Q-2 : (1—3)]@'% .
oy [ S np)fetd
;< e Jp@F mPETETE
- k
Lot [ gy Z(( 9o
Q-8 < !
— M >0 ask— o0

Q-8

since

io=1
/ wd€<+oo foranyje{1,...,Q —2}.
ozperz1  PE)F

Therefore the chosen sequence satisfies that {uy(£)}22, € W' Q(H), || Vyukll e = 1and

g exp(aq (1= ) g /@) 55 (aq (1- ).
el 7 B PP

mum in Theorem 1.1 is infinite when o = «q.
3. Q-sub-Laplace equation
3.1. Variational framework

We define the function space:

X = {uew‘-Q (H) : / VE) lulde < oo}.
H

85

dé — oo. That completes the proof of Theorem 1.1, namely, the supre-
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By the assumptions of the potential V, we see that X with the norm

1/Q
lully == [/ (1Vaul® + V() [u2) ds}
H

is a reflexive Banach space. Moreover, we also get the continuous embedding
X > W' (R?) < L7(R?)

forall Q < g < o0, and the compactness of the embedding
X < IP (RQ) forallp > Q.

Thus, we can conclude that

*1(Q) = inf L ”X :ueX\{O} >0 forany0 < <Q.
Ju ag p(&)ﬂ

Now, by assumptions on the nonlinear term, we obtain for all (£, u) € H x R,
IF (5, w)| < b3 [exp (a1 [ul¥ @) = Sq—z (1, w)]

for some constants a1, b > 0. Thus, by our Theorem 1.1, F (¢, u) € L' (H) for allu € W' (R?). Thus, we can define the
following functional J : X — R by

: i Few
=— | [Vaul%d / ed /
1w =g [ 1vauae + & [ veymeas - [ T8

Moreover, by standard arguments, J is a C! functional on X and Yu, v € X,

FE, wv
p(&)F

As a consequence, critical points of | are weak solutions of Eq. (1.4). We will search such critical points by the Mountain
Pass Theorems. We stress that to use the Mountain-pass Theorem, we need to verify some types of compactness for the
associated Lagrange-Euler functional, namely the Palais-Smale condition. Or at least, we must prove the boundedness of the
Palais—Smale sequence. In almost all of works, we can easily establish this condition thanks to the Ambrosetti-Rabinowitz
(AR) condition which is not assumed in our work. Nevertheless, we will use the following version of Mountain Pass Theorem
with Cerami sequence [23,24]:

D](U)v—/ Viul® ZvHuvHvds+/V(s)|u|Q 2 ude — f d.

Lemma 3.1. Let (X, ||-|lx) be a real Banach space and I € C' (X, R) satisfies I(0) = 0 and

(i) There are constants p, « > 0 such that 1|38, > c.
(ii) Thereisanx € X \ B, such that I(x) < 0.

Let Cy be characterized by
Cuy = 1nf max I(y(t))

0<t<1
where
={y €C°([0.1].X), y(0) =0, y(1) =x}.
Then I possesses a (C)c,, sequence, i.e., there exists a sequence {x,} C X with

I'(n) = Gu, DI (xa)llxx (1+ lIXallx) — O.

3.2. Basic lemmas
In this subsection, we recall some lemmas in [16].

Lemma 3.2. For k > 0 and |u|ly < M with M sufficiently small and q > Q, we have

/ [exp (i [u|®@7V) = Sq_ (i, )] |ul?
H p(&)P

d&§ < C(Q.x) flull?.



N. Lam et al. / Nonlinear Analysis 95 (2014) 77-92 87

Lemma3.3. Ifk >0,0<p8 <Q,ueXand |lully <M with«eM¥ Q@D < (1 — g) ag, then

Q/@-1Y _
/- [exp (« |ul ) = So-2 (k, w)] |u|dg <C(Q,M,«)|lull
H

p(&)P

forsomes > Q.

Lemma 34. Let {wy} C X, ||willx = 1. If wy — w # 0 weakly and almost everywhere, Vyw, — Vyw almost everywhere,

exp(alwy |2/ QD) =55 5 (@,wp) | | . -1/@Q-1)
[ ( £ ) R ’]lsboundedle (H)for0<a<aq(l—g> (1—||w||3) .

then P

3.3. Mountain pass geometry

Lemma 3.5. There exists p > 0 such that J(u) > Oif |lullxy = p.
Proof. By the assumptions (f5) and (f 1), we see that there exist t, § > 0 such that |u| < § implies

F(E,u) < ko (M(Q) — 1) [u|¢ forallé e H (3.1)
and for each g > Q, we can find a constant C = C(q, §) such that for some ¥ > 0:

F(&,u) < Clul? [exp (k [u¥ @) =S5 (k,w)] for |u| > §and& € H. (3.2)
Hence, we have

F(&, u) < ko (21(Q) — 7) |ul® + C [u]? [exp (i |u|® D) = Sq_5 (k, w)]

forall (£, u) € H x R. As a consequence, we obtain

Q
Jw = Sl = L o) - r)/ ™ e ¢ jupe
Q Q s 0(E)P

T/ a@=D\, 0
Q(l ) )nunx C Jlull

(o GBQ =D o1 e pye
_||u||x[Q(1 PG >||u||x cuunx} (3.3)

by using Lemma 3.2 and noting the continuous embedding E < L2 (H). Since 7 > 0 and q¢ > Q, we may choose p > 0

such that é (1 — %) pL T —Cpi'>0. O

\%

Lemma 3.6. There exists x € X with ||x|ly > p such that J(x) < infjy =, J(w).

Proof. Letu € E \ {0}, u > 0 with compact support £2 = supp(u). By (f3), for all M > 0, there exists a constant C > 0
such that

Vs>0, VEeQF(E,s)>Ms?—C. (3.4)
Thus,
Jew < i we | U 4 el
—Q o pE)P '
Q
Now, choosing M > IH% and letting t — 00, we have J, (tu) — —oo. Setting x = tu with t sufficiently large, we get
Qg gds
p)

the conclusion. O
By Lemmas 3.5 and 3.6, we now can find a Cerami sequence at minimax level
Cy = inf max t
m = Inf OStg]()/( )
where

r={yec®(0,1.X), y(0) =0, y(1) =x}.
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It means that there exist sequences {u;} and {ey} such that for all v € X:

1 F
9 ||uk||§%—/ @(s;:) d§ — G (1+ llul)

/|VHUI<|Q VHukVHUdS—i—/V(%‘)lule " eds — /f(é(,s)lzvdg

We will now prove that this Cerami sequence is bounded. To do that, we first need to find more information about the
minimax level Cy;. In fact, it was proved in [16] that (see Lemma 6.2):

Q-1
O<CM<(;<(1—5>ZE> . (35)

With the help of inequality (3.5), we are now able to prove the boundedness of the Cerami sequence.

Ek ”U”X & —> 0.

Lemma 3.7. Let {u,} be an arbitrary Cerami sequence associated to the functional

F(§,u)
1) = g i — [ 28D
Q pE)P
such that
1 F(&, uy)
g Il —/ oy 6 Cu (O el
_ _ f&, uv
[ 112 GanVaode + [ vl wods — [ T2 ] < ol 0
H H a pE&)
1 B\ « Q-1 .
where Cyy € | 0, 2 ((1 - 6) ﬁ) . Then {uy} is bounded up to a subsequence.
Proof. We could suppose for a contradiction that
llugllx — oo. (3.6)
Now, letting
- Uk
K =
llukllx
then
loellx = 1,

vy — v in X (up to a subsequence).

Similarly, we have v,j — v* in X. Here we are using the standard notation w* = max {w, 0}. By assumptions on the
potential V, the embedding E < L% (H) is compact for all ¢ > Q, we get that

vl () > vt(E) aeinH
v, —>v" inl?(H), ¥q > Q.

Noting that {u,} is a Cerami sequence at level Cy;, we see that

Q _ F(&, uf (§))
luell = QCy +Q/H HES e 4 o).
As consequences,
+
/F(S u, (§)) dE — +00
u o p
and
+ +
"minffWIk(sn dg = 1i /(Suk@)g
k=00 p(&)F |uf (©)] P(E)P lull$
s ®)
— liminf Ju ”@”’ %
k=00 F(.uf ()

Qv +Q Ji, “EE g + o(1)

1 (3.7)
Q '
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Now, we will prove that v* = 0 a.e. H. Indeed, if ST = {S ceH: vt (&) > 0} has a positive measure, then in ST, we have

by (£3) that

lim w? () = lim v (&) luelly = +oo,
k— 00 k— o0

F (&, uf ()
1m 7Q

k=00 ()8 [uf ()]

Thus

; F (&, uf ()

k=00 (£ |ut (8)]°
+

/ iminf & 4 ©) (S))Q
B koo p(S)"’\uﬁ(S)\

=400 ae.inSt.

|v,<+($)|Q =400 ae.inSt,

vt (&)|° d& = +o0.

(3.8)

(3.9)

This is a contradiction by Fatou’s lemma, (3.9), (3.7) and noting that F(&, s) > 0. Thus, we can conclude that v,f — 0inX.

Next, we choose t;, € [0, 1] such that
J (tkt) = max J (tuy) .
tel0,1]
Q-1
T

@0

1_B
For any given M € | O, ((Q)QQ>

C = C(M) > 0 such that

Q
FE.s) = CIsl + | S oy

Since ||uklly — oo, we have

M
J (teur) > <7Uk) =] (Muy) .
[l x

Jlete =

By (3.10), [|vlly = 1and the fact that [, "6 dg

p©P
Q (Muvy) > MQ—QCMQ/ | ’:erS—Q
B u PP
>MQ—QCMQ/ | ;QdE—Q
B u PP
> MQ—QCMQ/ |UHQd&—Q
B u PP
Here
1 (1—5)%
o = ozo+5 By

Q.
— 0o Me-1 e (0,(

()

MQ/@Q-1)

p(&)P

(1—§)aQ

— g

= [, F<E’U':r) dg, we get

J
J

J

e[y
AN/ A R(ao+5,s), V(£,5) € Hx R.

R(oo+ 5, M Ju; )

d
p(&)F :
R((wo+5) M1, [o}])
dé
p(&)F
R (a1, |vk|)d$.

p(€)P

- D)ea).

— ag > 0. Since f has critical growth (f1) on H, there exists

(3.10)

(3.11)

(3.12)

Since v — 0in X, the fact that the embedding X <> [P (H) is compact for all p > Q, using the Holder inequality, we

k— 00

Q

v @
p&)P

bounded by a universal C.

can show easily that [,

dé "— 0. Also, noting that 0 < a7 <

(1

Q

ﬂ) aq, by our Theorem 1.1, [,

Rerlu®D ge s
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-1~
1_B T
Thus using (3.11) and letting k — oo in (3.12), and then letting M — <(Q)%> , We get

liminf] (G > — ((1 — ﬂ) O‘Q>Q_] C
P ) Q) a = v

Note that J(0) = 0 and J(u;) — Cu, we can now suppose that ¢, € (0, 1). Thus since DJ (tyu) teuy, = 0,
f (&, teug) teuk

S)

Qy 1Q _
tk ”uk”X = p(é)ﬂ dé"
By (f2):
F (&, tyuy)
O () = 2wl - Q f (g’;ﬂ’
_ [f ¢, tew) tru — QF (&, tkuk)]d%,
H p(&)P
< / F &, w)ue — QF (S,Uk)]dé
p(&)F
= Juklly + QCu — lluellg + o(1)
= QCy +o(1).

This is a contraction to (3.13). This proves that {uy} is bounded in X. O

Now, by standard arguments (see Lemma 5.3 in [16]), noting that the sequence {u;} is bounded, we have

(3.13)

Lemma 3.8. Let (ux) C X be an arbitrary Cerami sequence of ] at the minimax level Cy,. Then there exist a subsequence of (uy)

(still denoted by (uy)) and u € X such that

fGuw)  fGw

p®F 0P
Viu(§) — Vyu(€) almost everywhere in H

strongly in L. (H)

Q-2

loc

| Vit |22 Vg — |Vgu|?2 Vgu - weakly in (LQ/@_D (H))
u, — u weaklyinX.

Furthermore u is a weak solution of (1.4).

Thus, our work will be completed if we can prove that u is nontrivial.

3.4. Proof of Theorem 1.3

Suppose that u = 0. First, we will prove that

F(§, .
U)o i @,
p(&)P
Indeed, by Lemma 3.8, we have by (f4) and the generalized Lebesgue dominated convergence theorem that:
F(,u .
(&, u) — 0 inL'(Bg) forallR > 0.
p(&)*

Hence, it is enough to show that for arbitrary § > 0, we can find R > 0 such that

F(&, w)
d 36
//7(E)>R p(&)P 5=

First, we would like to recall the following facts: there exists C > 0 such that for all (¢,s) € H x R™:

F(&,5) < Cls|® + Cf (&, 5)

F(£.5) < Cs|% + CR (ct, 5) s
F&, wuy /F(%‘ Ug)
———d C,

L pEF TS ©)F

dé <C

(3.14)

(3.15)
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Using (3.15), the fact that ||u ||y is bounded, we can choose A and R large enough such that

F(&, u) / Jug | f f&, w)
C d C
];J(E)>R p(g)ﬁ & = /\Ju(il)j p(g)ﬁ §+ p(E)>R p(g)ﬁ d§

|ug|>A Jug I
C w)u
< |uk|Q+1 d?;"-‘rC f@: k) kd%'
RﬂA 0(E)>R u pE)P
f&, wu
< g Il O | U e
a p&)
<2 8.
Also,
F C(ag, A
/ € ), _ Clo.d [0 de
p&>R  p(&)B RA pE>R
ug| <A Jug|<A
22971C (g, A)
- - _ Q Q
< P Jeror Uk — Uol™ dE +ﬁ(5)>R uo|~ d& | .
Jug|<A Jug|=A

Using the compactness of embedding E < L% (H), g > Q and noticing that uy — ug, again we can choose R sufficiently
large such that

P& w)
ﬁw G

Jug|=A

Thus, we have

F(&, u)
d 35
/p(s)>R P(g)ﬁ 8=

As a consequence, we get (3.14) and then

lull$ — Qe > 0. (3.16)

Q-1
Also, since Gy € (0, é (Tﬁ—Q) ),we can find § > 0 and K € N such that

@o

_ 01
Nl < <QT’3%Q - 5) forallk > K. (3.17)
0

Now, if we choose t > 1 sufficiently close to 1, then by (f 1) we have

If (&, wug| < by [uel® + by [exp (ero [u| ¥/ @) = Sq—a (cro, wi)] uiel -

Hence

If &, up)uy] b Juge| ¢ b / [exp (e |uk| ¥/ @) — Sq_ (a0, up) ] |Uk|
w p®F T ap@F p(€)P

Using Holder inequality, the compactness of the embedding X < L7 (H), we have fz—n K';z’él)qﬁ — 0ask — oo.
Now, by Theorem 1.1, Lemma 3.3 and (3.17), we can conclude that

/ [exp (o |uk ¥/ @) — Sq—3 (et0, we)] Ikl
H p(&)F

— 0 ask — oo.

Thus,
/ If &, w)ug]
p(&)P

Now, since DJy (ux) — 0, we get ||ug|ly — 0 and it is a contradiction.
The proof is now completed.

— 0 ask— oo.
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