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Abstract

In this paper, we study the existence of solutions for the following nonhomogeneous
Schrédinger-Poisson systems:

" ~Au+ VU +Kx)px)u=rfx,u)+gkx), xelR?
~A¢ =KkX)u?, iMoo @) =0, xRS,

where f(x,u) is either sublinear in u as |u] — oo or a combination of concave and
convex terms. Under some suitable assumptions, the existence of solutions is proved
by using critical point theory.
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1 Introduction
The following Schrédinger-Poisson system:

~Au+ V(x)u+ Kx)p@x)u = f(x,u) +gx), xeR3, L

~Ap=K®)u?,  limyo,ep®) =0, xeR? '
arises in several interesting physical contexts. It is well known that (1.1) has a strong phys-
ical meaning since it appears in quantum mechanical models (see [1, 2]) and in semicon-
ductor theory (see [3—6]). From the point view of quantum mechanics, the system (1.1)
describes the mutual interactions of many particles [7]. Indeed, if the terms f(x, «) and g(x)
are replaced with 0, then problem (1.1) becomes the Schrédinger-Poisson system. In some
recent work (see [8-16]), different nonlinearities are added to the Schrodinger-Poisson
equation, giving rise to the so-called nonlinear Schrédinger-Poisson system. These non-
linear terms have been traditionally used in the Schrédinger equation to model the inter-
action among particles.

Many mathematicians have devoted their efforts to the study of (1.1) with various non-

linearities f(x, u). We recall some of them as follows.
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The case of g = 0, that is, the homogeneous case, has been studied widely in [6, 8,11,17—
25]. In 2010, Cerami and Vaira [10] study system (1.1) in the case of f(x, ) = a(x)|u[P~2u
with 4 < p < 6 and a(x) > 0. In order to recover the compactness of the embedding of
HY(R3) into the Lebesgue space L*(R3), s € [2,6), they establish a global compactness
lemma. They prove the existence of positive ground state and bound state solutions with-
out requiring any symmetry property on a(x) and K(x).

In 2012, Sun et al. [26] consider a more general case, that is, f(x,u) = a(x)f(u) wherej?
is asymptotically linear at infinity, i.e. f(s)/s — ¢ as s — +o0o with a suitable constant c.
They establish a compactness lemma different from that in [10] and prove the existence
of ground state solutions. In [27], Ye and Tang study the existence and multiplicity of so-
lutions for homogeneous system of (1.1) when the potential V' may change sign and the
nonlinear term f is superlinear or sublinear in  as || — 00. For the Schrodinger-Poisson
system with sign-changing potential, see [14, 28].

Huang et al. [12] study the case that f(x,u) is a combination of a superlinear term and
a linear term. More precisely, f(x, u) = ky (x)|u|P~2u + why(x)u, where 4 < p <6 and u > 0,
ki € C(R?), k; changes sign in R? and limy|_, ;00 k1(¥) = ks < 0. They prove the existence
of at least two positive solutions in the case that u > u; and near p;, where p, is the
first eigenvalue of —A + id in H*(R?®) and with weight function /. In [29, 30], the authors
consider the critical case of p = 6; in [31] one studies the case of p = 4.

Sun et al. [32] get infinitely many solutions for (1.1), where we have the nonlinearity
fox, ) = ko (%) |92 u — hy(x) 4|21, 1 < q < 2 < [ < 00, i.e. the nonlinearity involving a com-
bination of concave and convex terms. For more results on the effect of concave and convex
terms of elliptic equations, see [33, 34] and the references therein.

Next, we consider the nonhomogeneous case of (1.1), that is, g # 0. The existence of
radially symmetric solutions is obtained for above nonhomogeneous system in [23]. Chen
and Tang [35] obtain two solutions for the nonhomogeneous system with f(x, «) satisfying
Amborosetti-Rabinowitz type condition and V being non-radially symmetric. In [36, 37],
the system with asymptotically linear and 3-linear nonlinearity is considered. For more
results on the nonhomogeneous case, see [38, 39] and the references therein.

Motivated by the work mentioned above, in the present paper, we first handle the sub-

linear case, and hence make the following assumptions:

(V1) Vi(x) e C(R3R) satisfies inf, g3 V(x) = a; > 0;

(V,) for any M > 0, meas{x € R3 : V(x) < M} < +00, where meas denotes the Lebesgue
measures;

(K) K(x) e L*>(R?) UL>®(R?) and K(x) > 0 for all x € R?;

(F) there exist constants o,y € (1,2) and functions A € L*@-9)(R3,R*), B € L¥*>7)(R3,
R*) such that |f(x, u)| < A(x)|u|°™t + Bx)|u|’ L, V(x, u) € (R3,R);

(G) glx) € L2(R3) and g(x) > 0 for a.e. x € R3.

Before stating our main result, we give several notations. Let H!(R?) be the usual Sobolev

space endowed with the standard scalar and norm

(u,v) :/ (VuVv + uv)dx; llu|? =/ (|Vu|2 + |u|2) dx.
R3 R3
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D'2(R3) is the completion of C{°(R?) with respect to the norm

Il = Vit = [ 19 .
Let
E:= {u e H'(R?) :/ (IVul® + V(x)u?) dx < oo}.
R3
Then E is a Hilbert space with the inner product
(u, V) = / (Vu- Vv+ V(x)uv) dx
R3

and the norm |u||g = (4, u)}g/z. Obviously, the embedding E < L*(R®) is continuous for
any s € [2,2*]. The norm on L* = L*(R3) with 1 < s < 0o is given by |u( = fR3 |ul® dx.

Throughout this paper, the letters C;, d; will be used to denote various positive constants
which may vary from line to line and are not essential to the problem. We denote by ‘—’
weak convergence and by ‘—’ strong convergence. Also if we take a subsequence of a se-
quence {u,}, we shall denote it again {u, }. We use o(1) to denote any quantity which tends
to zero when n — oo.

Now we state our main result.

Theorem 1.1 (Sublinear) Assume that (V1), (Va), (K), (F), and (G) are satisfied. Then prob-
lem (1.1) possesses at least one nontrivial solution.

Remark 1 It is not difficult to see that a function f satisfies our assumption (F). For ex-
ample, let

Y I, oD .
Iwle ™ [0l 2usin® (1) — olul 22 sin(:2;)], £ 70,

O, t:O’

Sl u) =

where ¢ > 0 small enough and o € (1 + 0,2).

Remark 2 To the best of our knowledge, it seems that Theorem 1.1 is the first result about
the existence of solutions for the nonhomogeneous Schrédinger-Poisson equations with
sublinear case.

In the second part of this paper, we deal with the following nonhomogeneous Schro-
dinger-Poisson system:

—Au+ V(X)u + ¢(x)u = k(x)|u|72u — h(x)|ulPu + g(x), x<R3, 12)
_Ad) = uzy hm|x|—>+00 ¢(x) = 0) RS RS; ‘
where 1 < g <2 < p <4, ie the nonlinearity of this problem may involve a combination of
concave and convex terms.
We assume that k(x) and /4(x) are measurable functions satisfying the following condi-
tions:
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(k) k(x) € L&C-D(R3) N L>®(R3) and k(x) > 0 is not identically zero for a.e. x € R;
(h) h(x) € L®(R3) and k(x) > 0 for a.e. x € R3.

Theorem 1.2 Let1<g<2<p<4, (Vy), (Vy), k), (h), and (G) hold, then problem (1.2)
admits at least one nontrivial solution.

Remark 3 The condition in (V;), which implies the compactness of embedding of the
working space E and contains the coercivity condition, V(x) — oo as |x| — oo, is first
introduced by Bartsch and Wang in [40] to overcome the lack of compactness. We are not
sure whether Theorem 1.2 holds without the condition (V5).

Remark 4 In [23], the author obtains the existence of multiple radially symmetric solu-
tions on R? for (1.2). In our Theorem 1.2, we do not need the radially symmetric on the
potential V, so we get the non-radially symmetrical solution for system (1.2) with the con-

cave and convex nonlinearities.

Remark 5 In order to get our results, we have to solve some difficulties. The main diffi-
culty is the loss of compactness of the Sobolev embedding H'(R?) into L*(R3), s € [2, 6],
since this problem is set on R®. To recover the difficulty, some references use the radially
symmetric function space, which possesses a compact embedding; see [41]. In our paper,
we have the integrability of k and the assumption 1 < g < 2 to ensure the space E is com-

pactly embedding in the weighted Lebesgue space (see the following Lemma 2.1).

Remark 6 In [42], the authors first get two solutions for the nonhomogeneous Schré-
dinger-Poisson equations on R® with 1 < g <2, 4 < p < 6. Theorem 1.2 can be regarded as
complementary work to Wang and Ma (2015) [42].

2 Nonlinear Schrodinger-Poisson equations with sublinear case

In this section, we consider the following nonhomogeneous Schrédinger-Poisson system:

—Au+ V(x)u + Kx)p@x)u = f(x,u) + glx), xe€R3,

(2.1)
—A¢ = K(x)u?, x e R3,

where g € L2(R3), g # 0, V satisfies (V1)-(V3), and f satisfies (F).
In Section 1, we know that the embedding E < L(R3) is continuous, for any s € [2,2*].
Furthermore, we have the following result.

Lemma 2.1 ([43], Lemma 3.4) Under assumption (V1) and (V,), the embedding E —
L5(R3) is compact for any s € [2,2%).

By Lemma 2.1, there exists d; > 0 such that

luls < ds||ulle, YuckE. (2.2)

It is well known that problem (2.1) can be reduced to a single equation with a nonlocal
term; see [11]. In fact, for every u € E, the Lax-Milgram theorem implies that there exists
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a unique ¢,, € D"?(R3) such that

—A¢, = K(x)u? (2.3)
with
1 K(y)u*(y)
W)= — | ———dy.
B = /R Dy

If K € L®(R3), by (2.3), the Holder inequality, and the Sobolev inequality, we get
16,03 = [ Kb do < 52t K Nl
R
Similarly, if K € L*(R?),
nm%=/Kmm#MsFWWWM$
R3
Thus, there exists Cy > 0 such that
lpull? = / Kx)guu®dx < Collullf, VK e L*(R®) UL®(R?). (2.4)
R3
Now we consider the functional 7 on (E, || - ||g):
1 2 2 1 2
I(u) = - (IVu| + V(x)u )dx + = Kx)pudx— o) — | gx)udx,
2 R3 4 R3 R3

where ¢(u) = [ps F(x, u) dx.
It follows from (F) that

’F(x, u)| <A@®)|ul’ + B@)|ul”, V(iu)eR® xR, (2.5)

by which, together with (2.4) and the Holder inequality, we have

/ F(x, u)dxf/ (A@)|u|” +B®)|ul”) dx
R3 R3
o 14
=< |A|%|M|2 + |B|%|M|2
< 1Al 2 d3 llullz + Bl 2 dy llully

=

< +00. (2.6)

Therefore, ¢ and I are well defined. In addition, we need the following lemmas.

Lemma 2.2 ([27], Lemma 4.1) Assume that (V1), (V2), and (F) are satisfied and u, — u in
E, then

flx,uy) = fx,u) in Lz(Rs).
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Lemma 2.3 ([27], Lemma 4.2) Assume that (V), (K), and (F) hold. Then ¢ € C*(E,R) and
¢’ : E — E* (the dual space of E) is compact, and hence I € C'(E,R),

(' (1), v) = f s,
. 2.7)

<1/(u), V) = / (VMVV + V(x)uv + K(x)p,uv — f (x, u)v —g(x)v) dx
R3

forallu,v € E. Hence, ifu € E is a critical point of I, then (u, ¢,) € E x DV*(R3) is a solution
of problem (2.1).

We refer the reader to [3] and [11] for the details.

Now we give a proposition, which will be applied to prove Theorem 1.1. Recall that I €
CY(E,R) is said to satisfy the (PS)-condition if any sequence {#4j}jen is bounded and I'(u;) —
0 as j — +00, possesses a convergent subsequence in E.

Proposition 2.4 ([44, 45]) Let E be a real Banach space and I € C'(E, R) satisfy the (PS)-

condition. If I is bounded from below, then c = infr I is a critical value of 1.

Lemma 2.5 Under the assumptions of Theorem 1.1, I is bounded from below and satisfies
the (PS)-condition.

Proof By (K), (G), and (2.5), it follows that

1
I(u) > Ellullfg - Al 2 d; flullz - IBI%dg luly, YucE.
Noting that o,y € (1,2), we have
I(u) —> +o0  as ||lullg = oo. (2.8)
Thus [ is bounded from below.
Let {u,} C E be a (PS)-sequence of I, i.e. {I(u,)} is bounded and I'(u,) — 0 as n — +00.
By (2.8), {u,} is bounded, and then u,, — u in E for some u € E. Recall that

(xy)m(x +y) < X2 +y2, Vx,y > 0.

By —A¢, = K(x)u? and the Hélder inequality, we obtain

/ KO b it + rutiit)
]R?)

1/2 172
< ( / Kx)pu, uft dx) ( f K (%), u* dx)
R3 R3
172 172
+ ( / K (x)qbuufl dx) ( / Kx)pu, u? dx>
R3 R3

172
= (/1%3 Vo, Vo, dx) (”¢Mn Ilp + ”¢u”D)
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< ll¢u,llp + l1¢ullp

- / K () (Pu, 1y + pus®) d,
R3
which implies that
/ 1<(x)(¢un Uy — ¢uu)(un - L{) dx Z 0
R3

Since u, — u in L*(R?) and g € L*(R%), we obtain [p3 g(u, — u)dx = o(1). This with
Lemma 2.2 shows that

ity = = {1 0) === [ KO0~ a0, =)
+ / (f (&, 1) — f (w, w)) dlx
R3
E ”1/(14}1) E* ”un - u”E - <I/(I/l), Uy — u)
) 1/2
+ </ |f (G, 1) = f (o, 1) | dx) <t —uly
R3
— 0.
That is, u, — u as n — oco. Hence the (PS)-condition holds. The proof is complete. O

Proof of Theorem 1.1 Theorem 1.1 holds directly by Lemma 2.5 and Proposition 2.4. The
proof is complete. O

3 Nonlinear term involving a combination of concave and convex terms
In this section, we consider the following nonhomogeneous Schrédinger-Poisson system:

—Au+ V(xX)u + ¢(x)u = k(x)|u|72u — h(x)|ulPu + g(x), x<cR3,

(3.1)
-A¢ =u?, limyy 400 #(x) = 0, x e R3,
where 1 < g <2 < p <4, i.e the nonlinearity of this problem may involve a combination of
concave and convex terms.
It is known that problem (3.1) can be reduced to a single equation see [11]. In fact, for
every u € E, the Lax-Milgram theorem implies that there exists a unique ¢, € D"2(R3)

such that

—A¢,=u?, uck® (3.2)
with

0= [ ;i”y)' d.

By (3.2), the Holder inequality, and the Sobolev inequality, we get

2 2 2 2
[ V0 ds= [ guds < iyl < Clufyslal,
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then

Igullp < Clulys
and

fR (b dx < Clulpys < Cllullg. (3.3)
Therefore, problem (3.1) can be reduced to the following equation:

—Au+ V(®)u + ¢y = k(x)|ul2u — h(x)|ulfu+gx), xeR>

We introduce the functional J : E — R defined by

](u):l/ (IVu|2+V(x)u2)dx+l/ duu’d —l/ k(x)|u|? dx
2 Jr3 4 Jps q Jr3

1
+ —/ h(x)|u|pdx—/ gxX)udx. (3.4)
b Jrs R3
By (3.3) and the conditions of Theorem 1.2, all the integrals in (3.4) are well defined and in

CY(E,R). Now, it is easy to verify that the weak solutions of (3.1) correspond to the critical
points of / : E — R with derivative given by

"(w),v) = VuVy + V(x)uv + ¢,uv — k(x)|u|? 2uv
- [ 1 (v + Buav — k)
R3

+ h(@)|ul’*uv - g(x)v] dx.
Lemma 3.1 Under the assumptions in Theorem 1.2, the functional ] is coercive on E.

Proof By (k), we have
[ k= iy 2 (35)
R3
For | u||g large enough, by (3.5) we obtain

](u):l/ (|Vu|2+V(x)u2)dx+l/ ¢,4u2dx—l/ k(x)|u|? dx
2 R3 4 R3 q R3

1 1 _
> E“u”% = ~|kle/6-g)S "1l — clgl2llull e
Lo q
> §||M||E —allullg - clglallullg — +oo,
since 1 < g < 2. The proof is complete. d

Lemma 3.2 Assume that (V1), (V3), (k), (h), (G) hold, and {u,} C E is a bounded (PS)-
sequence of ], then {u,} has a strongly convergent subsequence in E.
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Proof Consider a sequence {u,} in E which satisfies

J(u,) — ¢, J (u,) — 0, sup ||uy,| g < +00.

Going if necessary to a subsequence, we can assume that u, — u in E. In view of
Lemma 2.1, u,, — u in L5(R3) for any s € [2,2*). By the derivative of J, we easily obtain

|mn—m@=Uﬁm»Jﬁ&un—@+A;kmxmaf%4m*$wn—wdx
—/1MXMM*—M”WW—MM—/(%mwwmmm—mW.
R3 R3
It is clear that

J () =] (), 4y —u)— 0 asn—> o0. (3.6)
( )

By the Holder inequality and the Sobolev inequality, we have

/3 ¢unun(un —u)dx| < |¢un|6|un|12/5|un — ul12/5
R

< Gill®u, I Dlttnl12s5 |1t — 1275

3
< Gl |Tos51ttn — tl12/5 — 0,

since u,, — u in L*(R3) for any s € [2,2*). We obtain

/RS Gu, Un(tby —u)dx — 0 asn— oo. (3.7)
Similarly we can also obtain

/}Rﬁ duu(u, —u)dx — 0 asn— oo. (3.8)

By 2 < p <4, (h), and the Holder inequality, one has

/ h(x)(|un |p—1 - |u|p71)(un —u)dx| < |h|oo(|un|571 + |ulzil)|un —Ulp
R3

— 0 asun— oo. (3.9)

By 1< ¢ <2, (k), and the Holder inequality, one has

/kmmwwwmm
]R3

q-1 1
=/ k(x) T k() |0, T, — ) dx
R3

1-1 1 % 6 %
< |k|ooq[/S(k(x)ﬂunﬂ_l)ﬁ_q dx] < 3(14;4—14)7’ dx>
R R
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1 L g &4(g-1)
1-1 6 6 g 6q 69
< |k|oo‘f<f k) dx) (/ |5 dx) it — e
R3 R3 q
1-1 1 1
= |kloo? k| % |utn q6q |, —uls — 0 asn— 0o, (3.10)
& b4 a
since 3 < g <6, u, — u in L*(R®) for any s € [2,2%).
Similarly, we also obtain
f k@) u|T N, —u)dx — 0 asn — oo. (3.11)
R3
Therefore, by (3.7)-(3.11), we get ||u,, — u||[g — 0. The proof is complete. a

Proof of Theorem 1.2 In view of Proposition 2.4 and Lemma 3.2, we only need to check
that {u,} is bounded in E,

1
Co+ 1+ llulle =J(un) - E(]’(un),un)

Lo (iot 4 l_l/ »
sttt (5-0) [ koomrrase (-1 ) [ morue as

3
2 ./R3 gx)u, dx

1., (1 1 s 3
Z””n”g"’ (Z - ;I)Ikle/(eq)s P \ullf - Zlglzlunlz

for n large enough. Since g € L?(R3), it follows from 1 < g < 2 that {u,} is bounded in E.
The proof is complete. 0
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