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ABSTRACT. The main purpose of this paper is to establish the existence of non-
trivial solutions to semilinear polyharmonic equations with exponential growth
at the subcritical or critical level. This growth condition is motivated by the
Adams inequality [1] of Moser-Trudinger type. More precisely, we consider the
semilinear elliptic equation

(=8)"u = f(z,u),

subject to the Dirichlet boundary condition v = Vu = ... = V™~ ly = 0, on the
bounded domains Q@ C R?™ when the nonlinear term f satisfies exponential
growth condition. We will study the above problem both in the case when
f satisfies the well-known Ambrosetti-Rabinowitz condition and in the case
without the Ambrosetti-Rabinowitz condition. This is one of a series of works
by the authors on nonlinear equations of Laplacian in R? and N —Laplacian in
RN when the nonlinear term has the exponential growth and with a possible
lack of the Ambrosetti-Rabinowitz condition (see [23], [24]).

1. Introduction. Sharp Moser-Trudinger’s inequality plays an important in geo-

metric analysis and partial differential equations. In 1971, J. Moser [37] sharpened

the result of Pohozaev [38] and Trudinger [42] and found the largest positive con-
1

n—1

stant 3, = nw, ~7, where w,_; is the area of the surface of the unit n—ball, such
that if © is an open subset of Euclidean space R™ (n > 2) with finite Lebesgue
measure, then there is a constant Cy depending only on n such that

ﬁ/ﬁexp (,B\U(J:)|%) dr < O

for any 8 < f3,, any u in the Sobolev space Wol’"(Q)7 provided [|Vul|pnq) < 1.
Moser also proved that if 5 exceeds (,,, then the above inequality can not hold with
uniform Cj independent of u.

In 1986, Carleson and Chang [9] proved that the following supremum
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has extremals for the case when 2 is a ball in R"™ for n > 2. We refer the reader to
the works of on existence of extremal functions by Flucher [15] on smooth domains
in R™ when n = 2, by Lin [32] for the case n > 2, on existence of extremal functions
with mean value zero by Leckband [27], Lu and Yang [33] and in L? norms ([35])
and on existence of extremal functions on Riemannian manifolds by Y.X. Li [28, 29]
and Yang [43], and on unbounded domains by Ruf in R? [41] and by Y.X. Li and
Ruf in R™ [31]. We also refer the reader to the survey article by S.Y. A. Chang and
P. Yang on Moser-Trudinger inequalities and their applications in PDEs [10].

D. Adams was the first one who finds the sharp constants for higher order Moser’s
inequality [1]. To state Adams’ result, we use the symbol V™u, m is a positive
integer, to denote the m—th order gradient for v € C™, the class of m—th order
differentiable functions:

AT for m even
VT = o
VA 7z uw for modd.

where V is the usual gradient operator and A is the Laplacian. We use ||V™ul|, to
denote the LP norm (1 < p < 00) of the function |V™u|, the usual Euclidean length
of the vector V™u. We also use Wé“ P(Q) to denote the Sobolev space which is a
completion of C§°(€2) under the norm of ||ul|zr () + ||V*u|| (). We will also use
the notation H{*() to denote the space WJ™? in the subsequent sections of this
paper. Then Adams proved the following

Theorem A. Let Q be an open and bounded set in R™. If m is a positive integer
less than n, then there exists a constant Cy = C(n,m) > 0 such that for any

u € Wom’ﬁ(Q) and ||Vmu\|Lﬁ(Q) <1, then
1 n
o [ explBluta)| 7 )de < Co
12| Jo
for all B < B(n,m) where

" |:ﬂ,'n/227n1—\(m;»1)

n

} "™ When m is odd

W1 [(f—m+l
B(n,m) = ==
n q/29mp(my] nem .
— when m is even.
Wn—1 r(*5™=)

Furthermore, for any 8 > B(n,m), the integral can be made arbitrarily large.

Note that 8(n, 1) coincides with Moser’s value of 3, and 3(2m, m) = 22" 7™ (m+
1) for both odd and even m. In the particularly interesting case n = 4 and m = 2,
£(4,2) = 3272 and the existence of the extremal function has been established in
[30], [34]. The Adams inequality was extended to compact Riemannian manifolds
without boundary by Fontana [16].

Motivated by the Adams inequality, we consider the following polyharmonic prob-
lem

(—A)"u = f(z,u) in Q CR" (1)
with Dirichlet boundary conditions
u=Vu=..=V" =0on o0

Here  is a sufficiently smooth (say C™~!) bounded domain of R", n > 2, m > 1,
A stands for the Laplace operator and f : Q x R — R satisfies some regularity
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and growth conditions. More precisely, we are interested in existence of nontrivial
solutions of (1) when the nonlinear term has the subcritical or critical exponential
growth.

When m =1, n = 2, problem (1) becomes the well-known Laplacian problem on
bounded domains € C R? and has been investigated in [2, 13, 17, 23, 36]. In fact, it
is well known that problems involving the Laplacian appear in many contexts. Some
of these problems come from different areas of applied mathematics and physics.
For example, they may be found in the study of propagation phenomena of solitary
waves, Newtonian fluids and nonlinear elasticity problems. It also appears in the
search for solitons of certain Lorentz-invariant nonlinear field equations. Those
authors considered the maximal growth on the nonlinear term f(z,w) which allowed
them to treat the equation (1) (in the case mn = 1) variationally. Here those maximal
growths are given by Trudinger-Moser inequality [37, 42] which says that

exp (au?) € L' (Q), Vu € Wy (Q), Yo >0
and

sup / exp (au2) <C(Q) < oo, if a<Adr
ueWy3(Q), [,,|Vu|?dz<1/Q

Therefore, from this result they have naturally associated notions of criticality and
subcriticality, namely, they say that a function f : 2 xR — R has subcritical growth
on Q C R? if

|f (@, u)]

= 0, uniformly on 2, Va > 0
lu|—o0 exp (u?)

and f has critical growth on Q if there exists ag > 0 such that

|f (z,u)|

= 0, uniformly on Q, Va > «g
|u| oo exp (au?)

and

|f (2, )|

= +00, uniformly on ©, Va < «p.
lu|—o0 exp (u?)

We should stress that in those works of Adimurthi, de Figueiredo-Miyagaki-Ruf,
Miyagaki-Souto, J.M. do 0, etc. (2, 13, 17, 23, 36], the Ambrosetti-Rabinowitz con-
dition played an important role. Indeed, this well-known Ambrosetti-Rabinowitz
condition ensures the boundedness of the Palais-Smale sequence which is very neces-
sary for using the Mountain-Pass Theorem [3]. There have been some works trying
to remove this condition, but only in the case of subcritical polynomial growth. The
Ambrosetti-Rabinowtiz condition in the exponential growth (both subcritical and
critical case) was first removed for the Laplacian operator in R? in [23].

When m > 2, many authors have studied (1), specially in the case of the bihar-
monic m = 2. See for example, in [14, 6, 18, 20, 21, 26, 39, 40], where the authors
treated problem in the case 2m < n and the nonlinearity has the subcritical and
critical polynomial growth of power < % It is worthwhile to notice that poly-
harmonic operators (—A)™ with Dirichlet boundary conditions in general do not
satisfy the maximum principle if m > 2 (see [5] for existence of minimal solutions
for biLaplacian).

We now consider in this paper the case n = 2m. So it’s necessary to introduce
the definition of the subcritical (exponential) and critical (exponential) growth in
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this case. By the Adams’ inequalities (see [1]) for the high order derivatives (see
Theorem A), namely,

sup / exp (a |u|p/) dx < C(m,n,Q) < oo, for all a < f(m,n)
weHF (), [olV™u|Pde<lJQ

where p = n/m and p’ = p/(p — 1). Therefore, it is natural to expect that the
critical growth functions are, roughly speaking, the nonlinearities that behave like
exp([t[™ "™ at infinity. Since we consider in this paper the case n = 2m, we have
the same definition for the subcritical and critical (exponential) growth as in the
case m = 1, n = 2. Note that 5(2m,m) = m! (47)™. As we mentioned earlier, for
the case of Laplace operator (that is m = 1 and n = 2), the answer of the existence
of nontrivial solutions has been given in many works, such as in [2, 13, 17], etc.
Nevertheless, in the case of polyharmonic operators, not much has been done about
the existence of nontrivial solution when the nonlinear term f(x,u) satisfies the
subcritical and critical exponential growth in the sense of Adams’ inequalities. In
[22], O. Lakkis used the same method of using Nehari manifold as Adimurthi did
when he treated the Laplace operator in [2]. As a result, the author in [22] must
require much restrictive conditions on the nonlinear term f. For instance (among
others), it was assumed that f is C'! and satisfies

0 f(z,u)
ou u

We also mention that in [4], the authors treated the case when f(z,u) = e*, which is

of exponential growth but not of the critical power implied by the Adams inequality.

In this paper, we will consider the problem in the case n = 2m in bounded

domains €2 C R"™. More precisely, we study the following problem in both the
subcritical and critical cases of exponential growth:

(=A)"u = f(z,u) in Q C R?™
{ u=Vu=..=V" lu=0 on N

We now recall the definition of the subcritical and critical growth for our case
n = 2m. We say that f has subcritical growth if for all & > 0
|f (@, t)]

tllrgm = 0, uniformly on z € Q C R" (SCaG)

(x,u) > , Vu e R\ {0}, Vz € Q.

(P)

and f has critical growth if there exists ap > 0 such that

t
lim RRCRIIE = 0, uniformly on = € Q, Va > «ag (Caq)
t—ooexp (at?)
lim M = 00, uniformly on z € Q, Vo < «g

t—ooexp (at?)

As we pointed out earlier, this notion of criticality is motivated by the so-called
Trudinger-Moser inequality and Adams’ inequalities. We will prove results analo-
gous to [22] under much less restrictive conditions than those in [22]. Our approach
is similar to those approaches in [13, 17] for the Laplace operator in domains in
R? (i.e., m = 1 and n = 2). Indeed, again in the critical case, our Euler-Lagrange
functional does not satisfy the Palais-Smale condition at all level. Similar to the
idea used by Brezis and Nirenberg [8], we use the test functions related to the op-
timal Adams’ inequalities to prove that our Euler-Lagrange functional satisfies the
Palais-Smale condition in a certain level and that is sufficient to get the nontriv-
ial solution thanks to the Ambrosetti-Rabinowitz (AR) condition that f satisfies.
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However, results in [13, 17] do not include the case when f does not satisfies the
Ambrosetti-Rabinowitz (AR) condition. In this paper, using the method similar to
that in [23, 24], we also consider the existence of nontrivial solutions to the poly-
harmonic operators when f does not satisfy the well-known Ambrosetti-Rabinowitz
condition.

We begin with two types of conditions on f that will be assumed in all theorems
below. The (H)-type condition is when f satisfies the well-known Ambrosetti-
Rabinowitz (AR) condition and the (L)-type condition is without the (AR) condi-
tion.

We first introduce the constant Agy, », which is defined by

Julf?
Ao () =
amm () HE @\ (0} [[ul |2

be the first eigenvalue of the poly-Laplacian operator A™ (see [19]). The constant
M in the following conditions will be defined in Section 2.

1.1. The (H)-type conditions. This kind of condition includes the well-known
Ambrosetti-Rabinowitz condition:

(H1) f:Q xR — R is continuous, f(x,u) >0 on 2 x [0,00) and f(z,u) =0 on
Q x (—00,0].

(H2) 3R > 0, 3M > 0 such that Yu > R, Vax € Q:

0< F(x,u) < Mf(z,u)
(H3) lim sup 22&Y < Ay, 0 (Q), uniformly on o € Q.

u—0~+ |l
. 2 72
(H4) ulgr;ouf(:uu) exp(—ag |u|”) > 51 > %312274/\/1

We should stress that as a consequence of (H)-type conditions, f automatically
satisfies the following

(H5) There is a positive constant C' such that Yu > Ry, Vo € :

1
F(z,u) > Cexp (Mu>
and

(H6) 3Ry > 0, 36 > 2 such that V|u| > Ry, Vo € Q:
OF (z,u) < uf(x,u)

The above condition (H6) is exactly the well-known Ambrosetti-Rabinowitz condi-
tion.

1.2. The (L)-type conditions. This kind of condition is without the well-known
Ambrosetti-Rabinowitz condition:

(L1) f: Q x R — R is continuous, f(z,u) > 0 on Q x [0,00) and f(z,u) = 0 on
Q x (—00,0].

(L2) : lirf % = 400 uniformly on z € Q.
U—r+00

(L3) : There is Cy > 0, 6 > 1 such that H(z,t) < 0H(x,s) + C, for all 0 < t <
s, Vo € Q where H(z,u) = uf(zr,u) — 2F(z, u).
2@w) Ao m (), uniformly on z € Q.

Jul?

. 7_(_2
(L5) uhﬂrrolouf(z,u) exp(—ag [ul?) > 81 > %312%74/\4.

L4) i
(£4) g, sup
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N 1 m
(L6) f isin the class (Lg), i.e., for any {uy} in HJ* (), if{ fzirf, uk)o_l?()Hi; [(,?)(Q)
then F(z,ux) — 0 in L' () (up to a subsequence).

We note that the (L)— type condition does not imply the well-known Ambrosetti-
Rabinowitz condition (H6).

We end this introduction with the following remarks. This paper, along with a
series of works by the authors [23], [24], is an attempt to study the existence of
nontrivial nonnegative solutions to nonlinear equations when the nonlinear term
satisfies the subcritical and critical exponential growth but does not satisfy the
well-known Ambrosetti-Rabinowitz (AR) condition (see also [25] for N—Laplace
equations with nonlinear terms without satisfying the (AR) condition on unbounded
domains). The lack of this condition generates many more kinds of nonlinearity
of exponential growth which was not studied in the literature. There are many
interesting examples of nonlinear term f which does not satisfy the (AR) condition,
but still allows us to have the existence of nontrivial and nonnegative solutions.

More precisely, in [23], we let © be a bounded smooth domain in R? and consider
the following class of semilinear elliptic problems

—Au = f(x,u)
Lt .

Further in [24], we let 2 be a bounded domain in RY and consider the following
nonlinear elliptic equation of N-Laplacian type:

—Anu = f(z,u)
{ue%ﬁmﬂw} )

Both in [23] and [24], the nonlinear term f is of subcritical or critical exponential
growth without the Ambrosetti-Rabinowitz condition. Earlier works in the litera-
ture on the existence of nontrivial solutions to Laplacian in R? and N —Laplacian
in RY when the nonlinear term f has the exponential growth only deal with the
case when f satisfies the (AR) condition.

We mention in passing that in a recent paper of the authors [7], we consider the
Bessel type polyharmonic equations in the whole space R2" of the form

(I —A)"u= f(x,u) in R",

We study the existence of the nontrivial solutions when the nonlinear terms have
the critical exponential growth in the sense of Adams’ inequalities Our approach
is variational methods such as the Mountain Pass Theorem without Palais-Smale
condition combining with a version of a result due to Lions for the critical growth
case. Moreover, using the regularity lifting by contracting operators and regularity
lifting by combinations of contracting and shrinking operators, we prove that our
solutions are uniformly bounded and Lipschitz continuous. This appears to be the
first work concerning existence and regularity of nontrivial nonnegative solutions of
the Bessel type polyharmonic equation with exponential growth of the nonlinearity
in the whole Euclidean space.

This paper is organized as follows:

In Section 2, we introduce some notations and state our main results (Theorems
2.1, 2.2, 2.3, 2.4). In Section 3, we establish the existence of nontrivial solutions to
our problem under (H)-type conditions, namely the Ambrosetti-Rabinowitz condi-
tion holds. Section 4 deals with the existence of nontrivial solutions to our problem
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with the (L)-conditions, namely when the nonlinear term f does not satisfy the
Ambrosetti-Rabinowitz condition.

2. Notations and main results. Let  be a bounded domain in R?™. Denote,

1
J(u) = §/§2\Vmu|2dx—/QF(m,u)dm

P, u) = / (@, 5)ds
0

1/2
nw=(/vwﬁm)
Q

Bo = B(2m,m) = m! (47)™
Let

[k
Romm (D= 8o T
be the first eigenvalue of the poly-Laplacian operator A™ (see [19]). By a direct
method of variation, one can show that Agy, n (2) > 0. We assume that there exist
positive constants C' and 3 such that

|f(z,t)] < Cexp (Bt?), Vz € Q, VtER. (4)

In particular, this is the case if f has subecritical or critical growth. Then .J is a C*
function: HJ* (2) — R and

DJ(u)v = / Vmuvmvdm—/ [z, uvdz, Vv € Hy" ()
Q Q

Now, we will construct particular functions, namely the Adams functions. Denote
by B the unit ball B(0, 1) in R*™ and by B; := B (0,) whenever [ € (0,1). We have
the following result (see [1, 22]):

Claim 1. For alll € (0,1) there exists
Ucw:={ue H"B): ulp =1}

such that
Bo

[U|* = Cpn 2 (Bi;B) < ———~
" 2m log (%)

Cin2 (K; E) denotes the (m, 2)-conductor capacity of K in F, whenever E is an
open set and K a relatively compact subset of F; it is defined as

Crma (K E) = mf{uvmung D ue CX(B), ulk = 1}.
Now, let 29 € Q, R < Ry = dist (xg, 0N), the Adams function is the function

2m 1 - T— .

Ay ) By, (252) i ool < R
0, if |Jj—x0‘ >R

where 0 < r < R and U is as in Claim 1.

It’s easy to check that the Adams functions satisfy ng < 1. Put

M = lim exp (Zmlogk ‘UR/k (J:)|2> dx

k=00 J1 <)z —zo|<1
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Note that M > 0.
Then we have the following results:

Theorem 2.1. Assume that f has subcritical growth and satisfies the (H)-type
conditions: (H1), (H2), (H3). Then, problem (2) has a nontrivial solution.

Theorem 2.2. Assume that f has critical growth and satisfies the (H)-type condi-
tions: (H1), (H2), (H3), (H4). Then, problem (2) has a nontrivial solution.

Theorem 2.3. Assume that f has subcritical growth and satisfies the (L)-type
conditions: (L1), (L2), (L3), (L4). Then, problem (2) has a nontrivial solution.

Theorem 2.4. Assume that f has critical growth and satisfies the (L)-type condi-
tions: (L1), (L2), (L3) with C, =0, 0 =1, (L4), (L5), (L6). Then, problem (2)
has a nontrivial solution.

Note that the superlinear condition (L2) is just a consequence of the critical
growth condition of the nonlinear term f.

3. Proof of Theorems 2.1 and 2.2: Existence under the (H)-type condi-
tion - with the Ambrosetti-Rabinowitz condition.

3.1. Mountain pass geometry.
Lemma 3.1. J(tu) — —oo as t — oo for allw € HJ* () \ {0} with u > 0.

Proof. Let uw € HJ* () \ {0}, u > 0. By (H5), for p > 2, there exist M >0 and A
such that for all (z,s) € Q x R

F(x,s) > Ms? — A.

Then
J(tu) < g lull? - Mtp/ luf? dz + O(1)

Since p > 2, we have J(tu) - —oo as t — oo. ! O
Lemma 3.2. There exist §,p > 0 such that

J(u) =6 if full =p
Proof. By (H1), (H3) and (4), there exist x,7 > 0 and ¢ > 2 such that

F(z,s) < % (Azm.m (2) — 7) |s)* + Cexp (ﬁ |s|2) s, V(z,5) € QxR

By Holder’s inequality and the Adams’ inequalities, we have:

‘ul 2 1/7‘ , 1/T/
/ exp (/{ \u|2) lu|? dz < / exp | & ||ul)® () dx (/ lul" qu)
, 1/v'
<C (/ |urqdac>
Q

if 7 > 1 sufficiently close to 1 and ||u|| < o, where k70? < . Thus by the definition
of Aoy m () and the Sobolev embedding:

) > 5 (1- 22D e ¢ e

Since 7 > 0 and ¢ > 2, we may choose p,d > 0 such that J(u) > § if ||lul| =p. O
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3.2. The subcritical case-Proof of Theorem 2.1.
Lemma 3.3. The functional J satisfies (PS). for all ¢ € R.

Proof. Let {ur} C HJ" () be a Palais-Smale sequence, i.e.
1
Jus) = 3 [l - / F(z,u)dz — c (5)
Q

|DJ (uy)v| = < el (6)

/V’"ukvmvdx—/f(x,uk)vdx
Q Q

where &, — 0. Choose v = uy, in (6), we get
1
= uge|? = / F(z,u;)dx — ¢
2 Q

g |2 — /Q Fsupupda

< éen [lukl]

which thus yields

(Z - 1) sl + [ (7o we)un = O (e, ue)) < O1) + 2 e
Q

By the Ambrosetti-Rabinowitz condition (H6), we have

0
(5-1) husl? < 000 + 20 sl

and thus {uy} is bounded. WLOG, we suppose that
lugl| < K
up — ug weakly in HJ" (Q)
up — ug strongly in LP (), ¥p > 1.
ug () = ug () ae.

Now, since f has the subcritical growth on €2, we can find a constant cx > 0 such
that

f(z,s) <cixexp <2€22|s|2), V(z,s) e QxR

then by the Holder’s inequality and Adams’ inequalities,

/ f(z,ug) (ug — u) dx
Q

s/ﬂ|f<z,uk> (up — u)| do

1/2 1/2
< ([@ufar) ([ o uta)
Q Q
Bo 2 1/2
<C (/Q exp (K2 ] ) dm) |l — ul|y
P ) 1/2
<C </ exp <K02 || ) dx) [k — ull,
Q

n—oo

< Cllug —ul|, = 0.

up,
[kl
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Similarly, since uy, — u weakly in HJ" ( fQ (up —u)dx — 0. Thus we
can conclude that

/Q<f<x,uk>—f<m,u>>< ¢ —u)de "0 ”)
Also, by (6) we have

(DJ(ug) — DJ(u), (uy —u)) "= 0 (8)
From (7) and (8), we get
g, =l "= 0

thus u, "= u strongly in HJ* (Q) which means that J satisfies (PS).. O

By the above lemma, it’s easy to deduce Theorem 2.1 by the well-known Moun-
tain Pass Theorem.

3.3. The critical case-Proof of Theorem 2.2.

Lemma 3.4. There exists k such that
Bo

Qo

max {J(tA) : t > 0} <o

where A = AVR/,C,
Proof. Suppose for the sake of contradiction that for all £ we have

mas {J(t4) 1 £ > 0} > 22 SBo.
(&%)

So for all k, we can choose t; > 0 such that

J(tpA) = max {J(tAg) : t > 0}

which thus
£2 || Axl® Bo
> —.
J(t A ) 9 /QF((E,tkAk)d:U = 2040
and
17 || Agll* = / teAr f (2, t Ay )dx (9)
Q
Since F(x,s) > 0 and ||Az||> < 1, we get
Bo
z— 1
= (10)

On the other hand, given € > 0, there exists R, > 0 such that
uf(z,u) > (61 —e)exp (ao |u|2) , Yu > R..

Thus, we have

th > (B — 8)/ exp (ao |tkAk|2) dx
B(xzo,R/k)

Wom— R\*™ 2mlog k
> (B —e¢) 22m - <k:> exp (040 & 5og>

2
m— t
> (B1—¢) wzm ! p2m exp <laogok| — 11 2m log k)
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for k large, which implies that (¢;) is bounded and moreover, by (10),

Bo
2 =2 11
P o (1)

[ Akl =1
It’s also easy to see that
Ag(xz) = 0 ae. z €.
Now, let
Xp={xeQ:t Ar > R} and Y}, = Q\ X

then the characteristic functions xy, — 1 a.e. « € Q. Therefore, in view of the
Lebesgue Dominated Convergence Theorem, we have

/ tkAkf(x,tkAk)dx —0

n

/ exp (ao |tkAk|2> dy — “2m=1 pem
Y, 2m

Also,

/ exp (ao |tkAk|2) dx > / exp (50 ‘An|2> dx
B(xo,R) B(zo,R)
= R2m/ exp (60 |Ak|2) dx
lz—20|<1/K

+ Rzm/ exp (60 |Ak|2) dx
#<|z—mo|<1

— %R%@
2m

+ R2m/ exp <2m log k ’UR/k (x)’Q) dx
#<|z—wo|<1

So, since
t% > (51 - 5)/ exp (ao |tkAk|2> dx +/ tkAkf(ﬁ,tkAk)dm
E(wo,R) Yk
— (p1 — 5)/ exp (ao |tkAk|2) dx
Yk
we will get
@ > (61 —¢) R*™ M
g
and
Bo
- >
OéoRzmM - ﬂl
which is a contradiction. O

Lemma 3.5. Let {ux} C HJ"(Q) be a Palais-Smale sequence. Then {ur} has a
subsequence, still denoted by {uy}, and uw € Hi* () such that

up — u weakly in HJ* (Q)

flx,up) — f(x,u) strongly in L' (Q)
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Proof. Let {ur} C HJ" () be a Palais-Smale sequence, i.e.
1 2
J(ug) = 3 lugll” — | F(z,ug)dz — ¢

Q

| DJ (ug)v| = <éen|lvll

/V’"ukvmvdx—/f(m,uk)vdx
Q Q

where &, — 0. Similarly as in the Lemma 3.3, we can prove that {us} is bounded
thanks to the (AR) condition. Moreover, [, F(z,ux)dz and [, f(z,ur)urdz are
also bounded. So WLOG, we suppose that

lugll < K; / F(z,ug)dzx < K / flz,up)ugde < K
Q Q
up — u weakly in Hj* ()

ur — w strongly in LP (Q), Vp > 1.
ug () = u(z) a.e. Q

Use the argument as in [13], Lemma 4, we get the lemma. O

Now, thanks to the Mountain Pass Geometry of the functional J and Lemma
3.4, we can find a Palais-Smale sequence {uy} at the level 0 < Cyy < 2‘%‘)0 More
precisely, we have

J(uy) = % gl — /QF(x,uk)dac —c (12)

| DJ (ug)v| = <en|lvll (13)

/Vmukvmvdx—/f(m,uk)vdx
Q Q

By Lemma 3.5, there exists v in Hj"* (2) such that

up — u weakly in HJ* (Q)
f(x,up) — f(x,u) strongly in L' (Q)

Moreover, it’s easy to check that
DJ(u)v =0, Yv € C5° ()

which means that w is a weak solution of (2). So it is remainder to prove that
u is not trivial. Suppose for the sake of contradiction that v = 0, then by (H2)
and the generalized Lebesgue Dominated Convergence Theorem, we have thanks to
f(x,u) — 0 strongly in L' (Q) :

/ F(x,ui,)dz — 0 strongly in L' (Q)
Q

So from (12), we have

Bo

luel> = 2Ch < =

Qo
It means that we can choose ¢ > 1 sufficiently close to 1 such that for n sufficiently
large

gao [luxl|* < Bo
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Notice that f has critical growth (at «p) and the Adams’ inequalities, we can
conclude that

[ 1@l de < € [ exp [gan ] da

< C/ exp [qao [Juk]|®
Q

By (13) with v = uy, we have |juz|®> — 0 and it’s a contradiction.

2
ug
—— | dx < O(1
o ] .

4. Proof of Theorems 2.3 and 2.4: Existence under the (L)-type condition
- without the Ambrosetti-Rabinowitz condition. In this case, we still use the
variational method to find the solution for (2). However, since we don’t have the
(AR) condition, we need to use a modified version of Mountain Pass Theorem which
was introduced in [11, 12].

Definition 4.1. Let (X,|-||y) be a real Banach space with its dual space
(X*, |||l x-) and I € C* (X, R). For ¢ € R, we say that I satisfies the (C). condition
if for any sequence {zy} C X with

I(aw) = ¢ [IDI (x)l - (1 + [lzx]lx) =0
there is a subsequence {xy, } such that {zy,} converges strongly in X.

We have the following versions of the Mountain Pass Theorem (see [3, 11, 12]):

Lemma 4.2. Let (X, ||| ) be a real Banach space and I € C* (X,R) satisfies the
(C)c condition for any c € R, I(0) =0 and
(i) There are constants p, o > 0 such that I|ap, > .
(t3) There is an e € X \ B, such that I(e) < 0.
Then ¢ = inf max I(v (t)) > « is a critical value of I where
YEro<i<1

L={yeC’([0,1],X), v(0) =0, y(1) =e}.
Lemma 4.3. Let (X, |||x) be a real Banach space and I € C' (X,R) satisfies
I1(0) =0 and
(i) There are constants p, o > 0 such that I|ap, > .
(it) There is an e € X \ B, such that I(e) < 0.
Let Cyy be characterized by

Cu = éré%%l?;i[ (v (1))

where
I'= {’YGCU([O,H,X), 7(0) =0, 'Y(l) :6}'

Then I possesses a (C)c,, sequence.

4.1. The geometry of the functional J. In this subsection, again we will check
the Mountain Pass properties of the functional J.

Lemma 4.4. Then J(tu) — —oo as t — oo for all nonnegative function u €
Hy () \ {0}
Proof. Let u € H* () \ {0}, u > 0. By (L2), there exist M > 2HH1;HH2§ >0 and A
such that for all (z,s) € Q x R

F(z,s) > Ms* — A.
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Then
9 2 2
J(tu) < 3 lul|” — Mt |u|” dz 4+ O(1)
Q
2
=2 <HU| - M/ \u|2 dac) +0(1)
2 Q
Since M > L we have J(tu) = —o0 as t — oo. O

2[|ull3”
Lemma 4.5. There exist 6,p > 0 such that
J(u) =6 if [lull =p
Proof. It’s similar to Lemma 3.2. 0
4.2. The subcritical case-Proof of Theorem 2.3.
Lemma 4.6. The functional J satisfies (C). for all ¢ € R.

Proof. Let {ur} C HJ" (©2) be a Palais-Smale sequence, i.e.

J(ug) = % lug]|* — /QF(x,uk)dx —c (14)
(1 -+ llul)) [ DI (i yo] = (1 + ) \ / VTV ud / f(, up)vdz| < e [l
Q Q 15)

where &, — 0. Choose v = uy, in (15), we get
1
= ug)? = / F(z,u)dx — ¢
2 Q

) e
ugl|” — T, U )upde —_—
e /Qf( ) T

We first show that {ux} is bounded which is our main purpose in this section.
Indeed, suppose that

Sén

[ug ] —= o0 (16)
Setting
U,
Vp = ——
[ |
then |lug]| = 1 so we can suppose that vy — v in HJ* (2). We may similarly show
that v — vT in HJ* (Q), where w = max {w,0}. Since Q is bounded, Sobolev’s

vl (z) = vT(z) a.e. in Q

v — ot in LP(Q), Vp > 1
that v = 0 a.e. Q. Indeed, suppose 1 (Q1) = p{z € Q:v" () >0} > 0. Then in
Q1. we have

imbedding theorem implies that . We will prove

lim ug(z) = lim v} (z) |Jugl| = +o00
k—o00 k— o0
and thus by (L2) :
F (2, ur(2))

=400 a.e. in QF
koo Jug(x))?

This means that

M v (2)|° = 400 ae. in OF
k—oo |uk(x)\2 | el )| N o (a7
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Also, by (14), we see that
gl = 2¢+ 2 /Q F(z,uy, (z))dz + o(1) (18)
which implies that

/QF(x,uk (z))dx — 400 (19)

Now, note that F(x,s) > 0, by Fatou’s lemma and (17), (18) and (19):

400 = / hmlnf (2, uk () ’ + ’ dx
+ koo fuy ()

F (@, u(2)) |v+(x)|2 dz

< liminf %

k=oo Jor  |ug(z)]?

< liminf/ Mdm
Q

koo HukH2
d
= lim inf fQ+ (z, uy () da
k—oo 2¢+2 [, F(x,up (z))dx + o(1)
_ 1
2

This is a contradiction. So we get v <0 a.e.
In fact, we have v = 0 a.e. Indeed, since

<1+|uk>|DJ<uk>v|<1+||uk||>\ / V"4,V vdz — / F (@ up) vdz| < ek ||o]
Q Q
we get

/ V™ up VMode < / V™ u V" dz —/ [ (z,up) vde < _enlvll -0

o Q o (1 + fJurll)

by noticing that since v < 0, f (x,ux)v < 0 ae. Q, thus — [, f (, ux)v > 0. So we
have

V™ u V™ od
/vakvmvdx = Jo V" uk V" vdz < e o] —0
) [ (1 + el ) flur
On the other hand, since vy — v in HJ" (),
/ V™, V"udr — / V™| da
Q Q
which implies v = 0.
Next, let ¢ € [0, 1] such that
J(t = J(t
(trur) Jnax, (tur)
For all R > 0, by (SCG), there exists C' > 0 such that
B
F(gcs)<C—|—exp(Ro2 2], V(z,8) € QxR (20)
Also since ||ug| — oo, we have
R
J (tpug) > J (||u Huk> = J (Ruvy) (21)
k
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and by (20) and noting that |lvg]| =1:
2J (Ruy) > R* — 2CR/ |og (z)| dz — 2/ exp (Bovi(z)) dz (22)
Q Q

By Adams’ inequalities, [, exp (Bovi(z)) dz is bounded by a constant C (€2) > 0.
Also, since vy — 0 in Hf* (), [q |vk(z)| dz — 0. Thus if we let k& — oo in (22), and
then let R — oo and using (21), we get

J (tpug) — o0 (23)
Note that J(0) = 0 and J(ux) — ¢, we can then suppose that ¢, € (0,1). Since
DJ(trug)trur = 0, we have
£ Jlugl|* = / f (@, true) trupda
Q
Also, by (14) and (15):

/ﬂ [F (g g — 2F (2, )] de = g | + 2 — [Jug |2 + o(1)
=2c+ o(1)
So by (L3) :

2 (tyug) = €2 [fug|” — 2 / F (2, toug) do
Q
:/ [f (x,tkUk) trur — 2F (m,tkuk)] dx
Q

< 9/ [ (2, ug) s — 2F (2, up)] dz + O(1)
Q
<o(1)

which is a contraction to (23). This proves that {ux} is bounded in HJ" (?). Now,
similarly as in Lemma 3.3, we can conclude that J satisfies (C),. O

By the above lemma, it’s easy to deduce Theorem 2.3 by Lemma 4.1.

4.3. The critical case-Proof of Theorem 2.4. Thanks to the Geometry of the
functional J, the Lemma 3.4 and Lemma 4.2, we can find a Cerami sequence {uy} in
H{" () such that

(1 + [Jur|l) [1DJ (ur) || = 0 (24)
Bo

J —Cu < —
(Uk) M 20&0
We again want to show that {ug} is bounded in Hj* (). Indeed, again if we suppose

that {uy} is unbounded, then similarly to the Lemma 4.5, we can get that
U

vp — 0 in HJ" () where vy, = .
[l

Let tj € [0, 1] such that

J (tkuk) = tlél[aa)i][] (tuk)
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Let R € (O,,/g—g) and choose € = %— ap > 0, by (CG), there exists C' > 0 such
that

Bo

F(z,s) < C|s|+ T2 Qo[ exp (a0 +€) %), V(z,s) € QxR (25)
Also since |lug|| — oo, we have
R
J(tkUk) Z J mﬂk = J(R'Uk-) (26)
k
and by (25) and note ||vg|| =1 :
2J (Rvy) > R*> —2CR | |vg(x)|dx — 2 % —ag / exp ((ao + &) R*vi(z)) dz
Q Q

(27)
By the Adams’ inequalities,

/Q exp ((ap + ) R20} () do = /Q exp (233211,3(3;)) dx

is bounded by an universal constant C' (£2) > 0 thanks to the choice of €. Also, since
v — 0in HY" (Q), [, [vk(x)]dz — 0. Thus if we let k& — oo in (27), and then let

R — (/2> and using (26), we get

@0

Note that J(0) = 0 and J(uy) — Ch, we can suppose that t € (0,1). Thus since
DJ(tkuk)tkuk =0,

2 JJug|? = / £ (2 toun) trunda
Q
Also, by (24)
/ UF (s ug) u, — 2F (2, u)] dz = [lugl|? +2Cas — [lugll? + o(1)
Q
=2Cy + 0(1)

So from (L3) with C,, =0, § =1:
2J (tpug) = 3 |lug|® — 2/ F (z, tyug) do
Q
:/ Uf (z, tpug) tpug — 2F (x, truy)] da
Q

< [ 1F (@) we 2P @) da
=2Cu +0(1)

which is a contradiction to (28). This proves that {uy} is bounded in H{™ (€2). Now
as in the proof of Theorem 2.2, we get Theorem 2.4.
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