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Abstract: In this work, we focus our attention on the existence of nontrivial solutions to the following
supercritical Schrodinger-Poisson type system with (p, g)-Laplacian:

—Apu— Agu + $lul?u = f (x,u) + plul*2u  inQ,

_A¢ = |u|q in Q,

u=¢=0 on 0Q,
where Q c R" is a bounded smooth domain, u > 0,N > 1, and —-A,¢ = div(|[V¢|"*Vy), with
¢ € {p,q}, 1s the homogeneous g-Laplacian. 1 < p < g < %, q = NN—_"q < s, and g is the

critical exponent to g. The proof is accomplished by the Moser iterative method, the mountain pass
theorem, and the truncation technique. Furthermore, the (p, g)-Laplacian and the supercritical term
appear simultaneously, which is the main innovation and difficulty of this paper.
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1. Introduction

This paper deals with the following Schrédinger-Poisson type system with supercritical growth:

—Apu — Agu + Plul?u = f (x,u) + plul*2u in Q,
—~Ap = |ul in Q, (%)
u=¢=0 on 0Q),

where Q c R" is a bounded smooth domain, 1 < p < ¢ < %, q = NN—_qq

i1 >0,and N > 1. In addition, the nonlinearity f € C(Q x R*,R) meets the following assumptions:

< s, ¢" is the critical exponent,
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(f1) There exist £ € (p,g*) and C > 0 such that
f 6l < CIE*™, VEeR",
(f>) There exists ¢ € (2¢, ¢*) such that
0 <(F(x,&) <Ef(x,8), Y (x,6) € QxR

where F(x,&) = f(f f(x, t)dt.

The Schrodinger-Poisson system has a strong physical background; for instance, it has been
widely applied in fields like semiconductor theory [16, 20] and quantum mechanics models [8, 17].
An increasing number of scholars developed an interest in the system after Benci and Fortunato’s
groundbreaking work [9]. To be more precise, Du et al. [12] investigated the following quasilinear
Schrodinger-Poisson system with p-Laplacian operator:

—A,u + lulP~2u + AlulP>u = [u|*u  in R

—A¢ = |ul? in R3,
where 4 > 0,A,u = div (IVuIP‘ZVu),l <p<3p<qg<p = 33_—”p. Combining the mountain pass
theorem together with some scaling transformation and ingenious methods, they demonstrated the
system has nontrivial solutions. In [10], Cassani et al. made use of the variational approximation
method to obtain the existence of the solution of the auxiliary Choquard equation for a class of
uniformly approximated variational logarithm kernels in fractional Sobolev space. For additional
information on this system, readers who are interested might consult [1,5,21] and their references.

Recently, the subcritical, critical, and supercritical studies of Schrodinger-Poisson systems have
attracted much attention in the field of mathematics. More precisely, Li et al. [18] illustrated that in
subcritical and critical circumstances, the existence of infinitely many solutions to fractional Kirchhoft-
Schrodinger-Poisson systems is obtained by using the variational method. Liu et al. [19] took into
account a critical nonlocal Schrodinger-Poisson system on the Heisenberg group. They utilized the
Clark critical point theorem, the mountain pass theorem, the Krasnoselskii genus theorem, and the
Ekeland variational principle to give the existence and multiplicity of solutions to this problem. Gu et
al. discussed fractional-order Schrodinger-Poisson systems with critical or supercritical nonlinearities
in [15]. The existence results of ground state solutions and variable-sign solutions were proved by
employing Moser iterative techniques and truncation methods. Readers can also refer to [4,11,24,25]
for more relevant content. On the other hand, we discover that investigations of Schrodinger-Poisson
systems with (p, g)-Laplacian are scarce. Indeed, Song et al. [22] dealt with the Schrédinger-Poisson
system as follows:

—Apu — Agu + (Iulp‘2 + Iul‘f‘z) u— Plul’>u = h(x,u) + Ag(x) in R3,
—A¢ = |ul in R3,

where A4 > 0, & is a Carathéodory function, % < p<g <3, and A, = div (qulP‘ZVu), s =1{p,q},

is the ¢-Laplacian. The authors admitted nontrivial solutions by applying fixed point theory. For the
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subcritical case, Du et al. [13] obtained the existence of solutions for the (p, g)-Schrodinger-Poisson

system. Arora et al. [6] obtained the multiplicity results for double phase problems of Kirchhoff type

with right-hand sides that include a parametric singular term and a nonlinear term of subcritical growth.

However, as far as we know, there are no works in the literature that study the supercritical Schrodinger

Poisson type system with (p, g) Laplacian. Hence, inspired by the studies mentioned above and Gao

and Tan [14], in the present paper, we consider the existence of nontrivial solutions to problem ().
Next, we state our main results.

Theorem 1.1. Assume that hypotheses (f,) and (f>) are satisfied. Then, there exists u, > 0 such that
problem () has a nontrivial solution u for u € (0, u,.).

Remark 1.1. Here we need to point out that problem (&) is driven by several nonstandard differential
operators with unbalanced growth, whose associated energy is a double-phase variational functional,
which generates an interesting double-phase associated energy. Furthermore, the interaction between
the two operators needs to be analyzed in detail. From a mathematical point of view, this problem
has great appeal because two features are present in it: the critical nonlinearity and (p, q)-Laplacian.
Moreover, our results are new, even in the p = q case.

The paper is organized as follows. In Section 2, we review some significant properties about D(L2),
and a truncation argument is introduced. In Section 3, we present that the truncated problem has a
nontrivial solution. Finally, we give our main result.

2. Preliminaries

In this section, we will work on some crucial embedding results and properties of D(€2), which will
be used in the rest of the paper.
To this end, we first show the functional spaces listed as follows:

& D'*(Q) denotes the completion of Cy (Q) with respect to the norm

lluellprs = (f IVulsdx) .
Q

& Forall r € (p,q"), L" (Q2) denotes the Lebesgue space with the norm

el = (f Iul’dX) .
Q

& D(Q) = D'"P(Q) N D"(Q), for all u € D(Q), is the natural space for the solutions of problem (%),
endowed with the natural norm
llull = lleellprr + [lullpra-

It is known that the space D(Q), D'*(Q), and L'(Q) are reflexive and uniformly convex Banach spaces.
Lemma 2.1. D(Q) is the reflexive Banach space.

Proof. Our proof consists of two steps.
Claim 1. D(Q) is complete with respect to the norm

llull = Nluel | prr + lutll pra-

AIMS Mathematics Volume 9, Issue 5, 13508—-13521.



13511

In fact, let {u,}, be a Cauchy sequence in D(Q2). Therefore, for any € > 0, there exists . > 0 such that
if n,m > u,, we have
ltn — wnll = 1l = tllpro + ity — tnllpra < &. (2.1)

Applying the completeness of L7(€2), then there exists u € LP(Q) such that u, — u asn — oo.
Consequently, there exists a subsequence {u,, } in D(€) such that u, — u a.e. in Q as k — oo (please
see Brézis [7], Theorem 4.9). Therefore, with the aid of Fatou’s lemma in (2.1), with € = 1, we obtain

llull = lleellprr + llutll pra

< lim inf [l o1+l 11
k—o0
= timinf |y, — e, llpo + it llors + N, =t llpra + i l1p1a]
= Biminf |y, — ity llps + it = s llpta + i ot + i l1p1a]
< 1+ [l |l < oo
Hence, u € D(Q). Let n > u,. Using (2.1) and Fatou’s lemma, we have
|, — u|| < liminf ||u,, — uill < &,
k— oo

i.e., u, — uin D(Q) as n — oo.

Claim 2. We prove that (D, || - ||) is uniformly convex. To this end, we fix £ € (0,2) and u,v € D(Q),
with 1 1
lullprr = IVllprr =277, lullpra = |Vlipra = 24
and |lu — V|lp1» = &, |lu — V||pre = &.
Case g > p > 2. We have the following inequality (see Adams and Fournier [2]):

[ 5] < Stat ) vab e

Now, we prove that

”u+v”D1q qu:fQ‘Vu+Vv +L‘Vu;Vv'qu
Vu+Vv Vu - Vv
:L('—z +L‘—2 ')dx
<1 f (AVul? + Vy|9)dx 22)

(f IVulqu+f|Vvlqu)

11
_*W%w”Mbﬁ—*‘ =<k

By (2.2), we get
u+v

&
=l < 1=, = 1= G
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We take ¢ = 6(&) such that
1-6

e
1-(2) = 1,
(2) ( 5 )
So, we have
u+v -0
5l < (5
Consequently,
1-
15 e < 5> < 1= 6

Therefore, we get that D'(Q) is uniformly convex. Similarly, we also obtain that D'*(Q) is uniformly
convex. Moreover, we get that

u-+v u+v u+v 1-6 1-6
I > =1l 3 llprr + |l 5 lpra < T+t =1-6.

Thus, D(€2) is uniformly convex.
Case 1 < p < g < 2. Obviously, the following formula holds:

lull?,,, = f |Vu|‘fdx)
Q
qfil.
= fqulqu)
Q
1
N a1
= f (1vu)’ dx) ,
Q

where ¢’ = (/%1. Following from the reverse Minkowski inequality (see [2], Theorem 2.13), we have

-

u+vl||? u—v|
2 D4 2 DlLa
Vu+ Vy|7\ w V- W\ a -
= f( dx + f( ) dx
Q 2 o 2
_‘Vu+Vvq, N Vu—Vy|?
2 1 2 1
B Vu+ V|’ |Vu-Vy|?
- 2 2 )
P
'f(vu+vv4’ Vu— Vv ‘1’)q‘1 o
= d.x .
| Ja 2 2
By the inequality (see [2])
a+bl? la-blT

| &
< (E (la|? + Iblq)) Va,b € R,

2 2
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we infer in addition to (2.3) that

1
q-1

u+v|? u—v||7 1 R
<| | 5 Qv + wve d
> |l 7 < fg(2 (IVul? + |V )) x
1\77
== f(qulq + |Vv|?) dx
2} Ja (2.4)
1
1\#1
=\5) (vully, +19v15,,)
N
== < 1.
2
From (2.4), we have
u+v||? u—v|| 1 (8)‘1'
2 D4 2 D4 B 2 )
We take 6 = §(¢) such that 1 — (%)q = (152)7. So, we have
1 —
15 e < 150 <1 -6

Therefore, we get that D'9(Q) is uniformly convex. Similarly, we also obtain that D'*(Q) is uniformly
convex. Moreover, we get that
1-6 1-96

u-+v u+v u+yv
I 5 =1l > llprr + I 5 lpre < ) =1-6.

Thus, D(Q) is uniformly convex. By Theorem 1.21 in Adams and Fournier [2], we obtain that D(Q) is
a reflexive Banach space. Hence, the proof of Lemma 2.1 is finished. O

Proposition 2.1. Let 1 < p <g < %* and q* = NN—_qq hold. Then,

¢ forallr € |p,q*], the embedding D(Q) — L'(Q) is continuous;
¢ forallr € |p,q"), the embedding D(Q) — L'(Q) is compact.

When we study problem (&) by variational methods, the main difficulty lies in the fact that the
presence of a supercritical term makes %,y unable to satisfy the PS condition. To solve such a
difficulty, we introduce a truncation function. Let H > 0, and define the following continuous function
m,p . QxR — R:

0 ifé<0,
myp(x,&) =S f (x, &) + pé&s! if0<é<H,
[+ p ™ ifE> H,
where p < 2 < g*,p > 1, and s > ¢*. We can easily check that the following properties are satisfied
by employing (f1) and (f2):

(my) |my(x,8)| < (C +puH*)|£#~!, where C > 0 and V& € R, x € Q.
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(my) 0 <My p(x,&) < Emyp(x,8),¥E>0,x € Q, where ¢ € (29,q") and

M,I,H(X,§):fmﬂﬂ(x,t)dt.
0

In the next moment, we are committed to a truncation problem as follows:

—Au—Aju+ ¢|u|‘1_2u =my,u(x,&) inQ,
—A¢ = |u|? in Q, (@)
u=¢=0 on 0Q).

Problem (@) is variational, and the associated energy functional 3, 5 : D(€2) — R is given by for any
u € D(Q):

Spu(U, ¢) = _Hu”Dll’ + —IIMIIqu + 5= f IVgldx - f i (X, u)dx.
For any u € D(Q), by the Lax-Milgram Theorem, we can find a unique ¢, € D'*(Q) satisfying

—Ad, = |ul’,

0< f Voidx = f pulul.
Q Q

Hence, we are able to define the one-variable functional 7, 5 : D(Q2) — R by

which yields that

Fur () = I n(u, ¢) = —IIMIIDIP —||M||D1q+—f¢u|u|"dx—f i (X, u)dx.

The derivative of this can be represented as

<j“”H(u),v>: fg \VulP2VuVv + fg IVul"2VuVv + fg Gulul”*uvdx — f my, g(x, uyvdx.  (2.5)

Q
Thanks to Du et al. [12], we have the following vital proposition.
Proposition 2.2. For any u € D(Q), the following results hold:

(i) ¢, = 0 and ¢,, = t4¢, for any t > 0.
(ii) There exists C > 0 such that ||¢,||p12 < Cllull¥ and fg IV |*dx = fggbululq < C|ul?.
(iii) If u, — uin D(Q), then ¢,, — ¢, in DY (Q), and

f Bu |t pdx — f Gulul"*updx, Vo € D(Q).
Q Q

Remark 2.1. Note that if u is a nontrivial solution of problem (@) with ||ul|l.. < H, then u is also a
nontrivial solution of problem ().
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3. Proving the main result

To prove our desired conclusion, let us start with some information on the geometry of functional

FiuH-
Lemma 3.1. The functional , u satisfies the following conditions:

(i) There exist ¥, p > 0 such that

HunW) 20, if llull = p.

(ii) Let w € D(QY) with w # 0, and we have

lim sup 7, y(tw) = —oo.

t—00

Proof. Notice that, as a consequence of p < g < q{, Sobolev embeddings, (m;) — (m;), and taking
llu|| < 1, we have

IR 1j‘ f
= + - +— | @ululdx— | Myp(x,u)d
Tuit0) =il + 4 50 | gulul'dx = | MG wd

s—7

+ uH
uall %

L

1
>=2"7Plul|” -

|
22l = Cll”

where C,, iz > 0. It follows from p < 2 < g* that item (7) follows. Now, let us prove the second term.
It can be deduced from (f>) that there exist positive constants C; and C, such that for all £ > 0

F(x,&) > Ci& - Cs. (3.1)

Let w € D(Q2) with w # 0 and ¢ > 0, and by means of p < g < ¢* and (3.1), we have
L N 1 J
tw) =— + — + — w - | M N
Fun(tw) » llwll, 7 lwll, 2 fgrﬁ lwl?dx fg o (X, tw)dx
1 124
<—llw|4 (" + t7) + — f dolw|'dx — f F(x,tw)dx
p 29 Ja o)
1 124
<—|lwl¥@ +t?) + — f dolw|?dx — Clt‘f lw|'dx + C,|Q.
p 29 Ja o)
In light of ¢ € (2¢, g*), one has that there exists ¥ = tw € D(Q) (with ¢ sufficiently large) such that

limsup 7, y(V) = —co.

t—00

This finishes the proof of Lemma 3.1. O
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By Lemma 3.1, according to Willem [23], we know that there is a PS sequence {u,} C D(Q2) at level
CyH> Where

CuH = mrf max Lu(m(0)

and
[, :={n € C([0, 1], D(Q)) : n(0) = 0,n(1) = v}.

In the following, we show that {u,} is bounded in D(Q).
Lemma 3.2. Assume (f1)—(f>) hold. If {u,} € D(Q) is a (PS). sequence, then {u,} is bounded in D(C2).

Proof. Combining p < g < %* and (m,), it is easy to see that

1
¢+ 0a(1) + 0u(Dllty| =751(1) = - (f,;H(unx u,,)
1 1 1

1
+ f [_m/,t,H(x7 un)un - M/J,H(-xa un)]dx
-t

1 1 1
>(— - —)IlunIIDlp + (— - —)IlunIIqu + (— --) f Gu, lun|dx
p Lt Jo

1 1
>(= = =27 |lu 1"
q L

From ¢ € (2¢q, g*), one has that {u,} is bounded in D(Q). O
In what follows, we are going to verify that the functional 7, i satisfies the PS condition.
Lemma 3.3. The functional §, y satisfies the (PS). condition.

Proof. Let {u,} be a PS sequence for 7, 5 at level c. Note that Lemma 3.2 shows that the sequence
{u,} 1s bounded in D(€2). Thus, utilizing the reflexivity of D(Q) and Proposition 2.1, we can get a
subsequence still denoted by {u,} and u € D(€Q) such that

u, — uin D(Q),
u, > uin L'(Q) foranyre|p,q), (3.2)

u, — ua.e. in Q.

Making use of the same ideas as those found in Alves and Figueiredo [3], it is easy to see that u is a
critical point of 7, . Thus, owing to (m;), one can easily show that

’ f m,u,H(x’ un)(un - l/t)dX’ < f |m/1,H(xa un)”un - uIdx
Q Q

< f (C + puH* ) ul*u, — uldx
Q
<(C + pH )|l oty — uall 5.
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We can use the Brezis-Lieb lemma and (3.2) to obtain that

lim |un —u? dx = hmf et |u|

n—oo

Then, this implies immediately that

lim fmy,H(x, u,)(u, — u)dx = 0. 3.3)
Q

n—oo

Furthermore, in view of Proposition 2.2, one has

lim | ¢, |l u,(u, — u)dx = 0. (3.4)
Q

n—oo

Next, we will present that, up to a subsequence, u, — u in D(€2).
In fact, with the help of the Brezis-Lieb lemma, fﬂ' yw) =0, ]ﬂ’ y ), — u) = 0,(1), (3.3), and
(3.4), we admit

0 = lim f mﬂ,H(x,un)(un—u)dxzhm[ f (IVu,l” — [Vul?)dx + f (IVuts|? = Vul?)dx|
n—-oo Q n—0o

tim [l = lel?),,) + (el = sl )]

:”un u”DIp Dla +0,(1)

>2P|\u, — ull? + 0,(1) > 0.

+ Il — ull]

This completes the proof of Lemma 3.3. O

In the following, the Moser iteration approach will be employed to demonstrate the following
lemma, which displays an estimate of the problem (@) in L*. For simplicity, we denote u, 5 by u,
where u,  is a nontrivial solution of problem (Q@).

Lemma 3.4. There exist two constants E\, E; > 0 independent of u and H such that
llulloo < Ey(1 + pH* "),

Proof. Forany A > 0,y > 1, let

Moreover, take the following function:
ZW)=2Zsy(u) = uuz(y D,

It is easy to see that Z is an increasing function, so we derive for each a,b € R
(a—b)(Z(a)—-Z (b)) = 0.

We define functions as follows:

_ _ |§Iq
@ (&) = (Z ()idr and @) ==
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From Jensen’s inequality, we admit that for any a > b,
7 (a=b)(Z(a) = Z (b)) =(a—b)"" (Z(a) - Z (b))
~a-nr [z
b

=(a—b)"" f (@' (&))" dé

:([[@e df)q.

Analogously, for each a < b, the above inequality also holds. This implies that for each a,b € R,
n(a-b)(Z(@-Z®)z|w()-aDI. (3.5)
It can be acquired from (3.5) that

@ () (%) — @ () W)’

3.6
<Ju(x) = w7 @) — u@) (@) = @l )y)). G0

Consider Z (u) = uug(y_l) to be the test function, and then one has (I’(«), Z(u)) = 0. In addition, putting

together (3.6), @w(u) > %uuﬁxy—l), and the Sobolev embedding DY < L7", we infer that

fg () (") (0dx 2 Il (uDI2,,
> Cslla(lu(x)DI;.
> Cazl I
The fact (m;) gives that

my, q(X, 1) (uuz(y_l)) (x)dx

C+yHS_'€)f|u|'€uZ(y_l)dx
Q

C +uH™*) f ol (jued ") dix.
Q

1
y-14
C3y—q|||u|uA lly <

s

<

<

N N

Consider wy = |u|u3‘_1. Utilizing the Holder inequality, we conclude

%—q q
Iwally. < C(l +,uHs_/é)7q (f ()] dx) (f wa(x)f dX) ;
Q Q

where i
. qq
B —q* “h+q
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Consequently, using Lemma 3.2 together with Proposition 2.1, one can easily know that
wallZ. < C (1 4+ pH ™)y Iwallf. (3.7)
Take A — +o00 in (3.7). Combining Fatou’s lemma and 0 < u4 < |u|, one gets
lillyg < CCL+ LH )yl (3.8)
Therefore,
u”® e LY(Q) = [ul? e LY(Q).
Setyy =y = g— > 1. We can employ y*8* = yg* and (3.8) to acquire that

2

1
— B\ T3
llullyoge < CCL+ pH™) oy 7 |lull,2p0,

which shows that s e
S—ANZizl 77 L Dinl
o < CQL+ LH ™)== 7y == u -

Since ¢* = yB*, repeating the arguments above for y*,v*, - -+, we can know for any d € N

d 1 yd i
lillyrge < CCL+ LHS Y55 2721 5 .. (3.9)
Notice that Y7, # and Y4, 7L are convergent series. Hence, by means of Lemma 3.2 and
Proposition 2.1, taking d — +oco in (3.9), one has that there are two constants E;, E, > 0 independent
of 1 and H such that
llullos < Ev(1 +pH*")%.

This completes the proof. O

Proof of Theorem 1.1. Due to Lemma 3.1, we infer that functional #, 5 admits mountain path
structure. Therefore, putting Lemma 3.2 together with Lemma 3.3, one can get that problem (Q)
has a nontrivial solution. Lemmas 3.1-3.4 mean that, for any u € (0, w.), there exists w,. > 0 such that
|lulle < H. Last but not least, according to Remark 2.1, we know that u is a nontrivial solution of
problem ().

4. Conclusions

This paper studies a supercritical Schrodinger-Poisson type system with (p, g)-Laplacian in R", and
the existence of nontrivial solutions is discussed. First, we introduced a working space and a truncation
argument and obtained the existence of solutions for the truncated problem. Then, by Moser iterative
method, the solution of the problem is proved to be the solution of the original system. Finally, we
obtain the existence of nontrivial solutions.
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