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1. Introduction

In this study, we consider the global existence, blow-up, and orbital stability of standing waves for
the following Schrodinger-Hartree equation in the presence of a partial confinement:

k
ip, = —Ap + 2o+ a(x™” = e/, (t,x) € [0,T)xRY,
0 = —Ag Z 20 + (™ * [eP)g, (¢, x) € [0,T) i

¢(0,x) = ¢y, x €RY.

Here, * represents the standard convolution in RN, N > 3, ¢(t, x) : [0, T)xRY — C is a complex valued
function, 0 < T < oo, ¢ is a given function, 1 < k < N, 0 < v < min{4, N}, and @ < 0.

The nonlinear Schrodinger equation (NLS), including external confinement, is widely applicable in
physics, and is frequently used to describe the Bose-Einstein condensation(BEC) phenomenon [1-3].
Moreover, the Schrodinger equation with Hartree type nonlinearity is a fundamental model in quantum
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mechanics that describes the behavior of electrons in various systems. An intrinsic feature of the
Hartree equation is that the convolution factor |x|™ acts as either a nonlocal kernel or response, thus
describing the nonlocal feature to the nonlinearity of medium [4].

In the case of @ > 0, the Hartree equation with repulsive interactions is available to characterize BEC
in gases with very weak two-body interactions, which were found in either 23Na or 87Rb atomic
systems [5]. In the case of @ < 0, which represents the attractive interactions, one can observe BEC in
the very weakly attractive two-body gas, such as in the 7Li atomic system, as long as the density of the
gas in the trap is low enough [5].

In recent decades, there have been numerous significant works on the research of the NLS with
complete harmonic confinement(i.e., k = N); see e.g., [6-8] and the references therein. Specially,
Shu and Zhang [7, 8] derived the optimal threshold of the global existence for the NLS with
power nonlinearities and complete harmonic potential using the cross-constrained variational method.
Wang [9] investigated the optimal criterion of global existence and blow-up for the NLS with Hartree
nonlinearity and harmonic potential by constructing cross-constrained invariant sets, and showed the
strong instability of standing waves under some appropriate assumption on the frequency. Huang et
al. [10] explored the sharp mass threshold of global existence and discussed the existence and orbital
stability of standing waves for Eq (1.1) with harmonic potential in the critical case v = 2. Luo [11]
researched the existence and stability/instability of normalized standing waves for the Hartree equation
with or without harmonic potential. Feng [12] proved the global existence and blow-up of solutions to
the generalized Hartree equation, and explored the stability and instability of standing waves. Alex et
al. [13] constructed and classified the finite time blow-up solutions at the minimal mass threshold;
additionally, they investigated the existence, orbital stability, and instability of standing waves by
variational methods.

On the other hand, when 1 < k < N, Eq (1.1) turns to the NLS with a partial confinement.
Model (1.1) with a partial confinement plays an important role in physics, especially in the description
of nonlinear fluctuations and BEC. Increasing attention has been given to this kind of model from
a mathematical perspective; for examples, see [14—16]. In particular, it is worth mentioning that
Bellazzini et al. [14] undertook a comprehensive study on the existence, orbital stability, and some
qualitative properties of standing waves for the NLS with L?-supercritical power nonlinearity and
a partial confinement for N = 3 and k = 2, and utilized the concentration compact principle to
overcome the lack of compactness. Motivated by the outstanding work [14], the authors in [15, 16]
improved the results to a nonlinear Schrodinger system with coupled power nonlinearities and a
partial confinement. In the spirit of [14], in terms of the concentration compact arguments, Xiao et
al. [17] showed the existence and orbital stability of standing waves for Eq (1.1) with a Hartree-type
nonlinearity (1, = |¢|”)|¢|P~? and a partial confinement in the L*-supercritical case. However, their study
only involved the case when k = N — 1, that is, the case with a harmonic confinement in N — 1 space
directions. Meanwhile, for the more general case when 1 < k < N with an L?-subcritical and critical
nonlinearities, they didn’t give rigorous consideration and proof; this is one of the starting points of our
study. Recently, in light of [14], Liu et al. [18] took a thorough consideration on the existence of stable
standing waves for the inhomogeneous NLS with a partial harmonic potential in the L?-subcritical,
L?-critical, and L?-supercritical situations by taking advantage of the profile decomposition technique
and concentration compact arguments. More recently, Hong and Jin [19] investigated the uniqueness
and orbital stability of standing waves to the 3d cubic NLS with a strong 2d harmonic confinement
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by employing the dimension reduction. In [20], by means of the profile decomposition theory and
cross-constrained variational method, Mo et al. took the strong instability of standing waves for the
Hartree-type equation with a partial/complete harmonic confinement into account. Pan and Zhang [21]
researched the dynamical properties of blow-up solutions for the NLS with a partial confinement and
cubic nonlinearity for k = 1, N = 2. Gong and the second author in [22] discussed the sharp threshold
of global existence and mass concentration properties to the blow-up solutions for the generalized
Hartree equation with a complete and partial harmonic potential by constructing some cross-invariant
sets and variational problems.

To the authors’ knowledge, the sharp criterion of global existence and orbital stability issues of
standing waves to the Hartree equation with a partial harmonic potential haven’t been completely
solved yet. Inspired by the aforementioned works [9-11, 14,17, 18, 22], the main goal of this article
is to address these problems to the Cauchy problem (1.1) and complement the corresponding results
of [9-11,17].

Before giving out the main conclusions of this study, let’s first introduce some notations. Regarding
Eq (1.1), we equip its energy space

k
= {u c H'®RY), f Pluldx < oo}
2

i=1

with the inner product

k
{(u,v)s = Ref(u\'/ +Vu-Vv+ Z x,-zu\'/)dx, Yu,v ez,
i=1

and the corresponding norm is denoted by

k
2 2 2 21,012
el = lull3 + 11Vul 2 + fle.w dx, Yuex.
i=1

Meanwhile, Eq (1.1) enjoys a special solution known as the standing wave possessing the form e'u(x),
where o € R is a frequency, and u € X is a nontrivial solution to the following elliptic equation:

k
— Au+ ou + Z xl-zu +a(x™ = |ulPu = 0. (1.2)
i=1

The energy functional associated to Eq (1.1) is defined as follows:
: 1
E(u) = f (1u + " 2l + Sal™ ¢ Pl Jdx, u € 5 (13)
i=1

The first part of this study is devoted to the criterion of sharp global existence in the L>-critical and
supercritical cases when 2 < v < min{4, N}. For the L*-critical case where v = 2, we first explore the
sharp mass criterion for the existence of global and blow-up solutions using the Gagliardo-Nirenberg
inequality and some scaling arguments. The conclusions are as follows.
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Theorem 1.1. Let v = 2 and Q(x) be the positive radially symmetric ground state solution of Eq (1.13).

If oo € X and @y satisfies
1

V—a
then the Cauchy problem (1.1) has a global and bounded solution ¢(t, x) in C([0, o], X). Moreover, we
have the following for any 0 < t < oco:

Y E(¢0)
Vel + ) xilel’ Jdx < + E(go). (15)
f ( i Zx i ) TR Ao lgldn)

Theorem 1.2. Let Q(x) be the positive radially symmetric ground state solution of Eq (1.13), where
v = 2. Then, for any € > 0, there exists ¢, € X that satisfies f|x|2|900|2dx < oo such that

lleoll2 < Q). (1.4)

1
llgolly = _—QIIQ(x)H% +¢e,

and the solution ¢(t, x) of the Cauchy problem (1.1) blows up in finite time.

Remark 1.3. (i) For the L*-subcritical case 0 < v < 2, by the local-well posed theory and using
Gagliardo-Nirenberg and Young’s inequalities, we are able to show the existence of the global solution
to Eq (1.1) for any ¢ € X.

(ii) From Theorems 1.1 and 1.2, we see that the ground state mass \/%HQ(X)IIZ gives a sharp sufficient
condition of global existence for the solution to Eq (1.1), which is the same as [10], in which the
Hartree equation with a complete harmonic potential is considered.

For the L*-supercritical situation when 2 < v < min{4, N}, we explore the optimal threshold for
blow-up and global solutions by proposing and studying several cross-invariant sets and constrained
minimizing problems. In order to achieve this goal, for u € X, we introduce three key functionals
as follows:

1 d 1

Iw = = f AVl + P + )" Flul)dx + o f (2™ )P, (1.6)
2 RN -1 4 RN

Sw) = IVul® + |ul*dx + a f (x™ # |ul®)|ul*dx, (1.7)
RN RN

Pu) = |Vu|2dx+3a f (™ s |ul®)|ul*dx. (1.8)
RN 4 RN

Then, we denote the following two constrained minimizing problems:

dy = inﬁlZI(u), (1.9)
ue

dg = inflI(u), (1.10)
ueB

where

{ue 2\ {0}, P(u) =0,S (u) <0},
{ueZ\{0},S(u) =0}.

> <
1
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Let

then, from Lemmas 2.2 and 2.3, one can conclude that d > 0.
We define the following manifolds:

K={ueX\{0},I(u) <d,Su) <0,Pu) <0},
K. = {ueX\ {0}, I(u) <d,S(u) <0, P(u) > 0},
R, ={ue=\ {0}, 1) <d,Su)> 0l
R.={ueX\ {0} 1w <d,Su) <O}

In Section 3, we will show that K, K., R, R_ are invariant sets under the flow generated by Eq (1.1),
that is, the solution ¢(t,x) of Eq (1.1) satisfies ¢(t,x) € K, K., R, or R_ foranyt € [0,T), if
o€ K,K.,R, or R_.

The next two conclusions concern the sharp threshold of the global and blow-up solutions to
Eq (1.1) in the mass-supercritical cases when 2 < v < min{4, N}.

Theorem 1.4. Let 2 < v < min{4, N} and ¢y € K, | J R, then, the solution ¢(t, x) to Eq (1.1) globally
exists in time t € [0, 00).

Theorem 1.5. Let 2 < v < min{4, N} and assume ¢, € K satisfies f Ix*|pol?dx < oo; then, the solution
@(t, x) to Eq (1.1) blows up in finite time.

Remark 1.6. (i) From the definitions of the invariant sets K, K.,R,,R_, for 2 < v < min{4, N}, it’s
obvious to see that
{ueX\{0},I(u) <d} =K, UR, UK,

which gives the sharp threshold of global existence if |x|py € L*(RM).

(ii) For k = N in Eq (1.1), the conclusions of Theorems 1.4 and 1.5 remain valid. A novelty for our
article lies in that the structures of invariant manifolds K, K., R, R_ are different from those of [9],
that is, we derive a new sharp threshold of global existence for 2 < v < min{4, N}, which differs
from [9]. From this point of view, Theorems 1.4 and 1.5 can be viewed as a complement to [9].

With regard to the Cauchy problem (1.1), our second interest focuses on the orbital stability of
standing waves, which has gained increasing attention from both mathematicians and physicists and is
defined below.

Definition 1.7. The set A is orbitally stable if for any given € > 0, there exists 5 > 0 such that for any
initial data ¢y which satisfies
thg;f( llpo — ulls <6,

the corresponding solution ¢(t, x) of Eq (1.1) globally exists and satisfies

injf{ llp(t, x) —ully < &, forVit>0.
Ue,

Based on this definition, in order to investigate the orbital stability of standing waves, we demand
that the solutions of Eq (1.1) globally exist at least in the case when the initial value u is sufficiently

close to A. In the L*-subcritical case, all solutions for Eq (1.1) are global and bounded. However,
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in the L?-critical and L*-supercritical settings, according to local well-posedness theory of the NLS,
the NLS with small initial data has a global and bounded solution, while for some large initial values,
the solutions may blow up at a finite time. Therefore, to research the existence of stable standing
waves, we take the following constrained minimalized problem inspired by Cazenave and Lions [23]
into account:
m(c) = inf E(u), (1.12)
ueS (c)

where S(c) = {u € Z, ||ull, = ¢}, for ¢ > 0.

In the L?-subcritical case when 0 < v < 2, or in the L?-critical case when v = 2 and 0 < v—ac <
||Oll., the Gagliardo-Nirenberg inequality yields that E(«) is bounded from below on S (¢), where Q(x)
is the ground state of the elliptic equation with Hartree nonlinearity as follows:

—Av+v—(x = P = 0. (1.13)

The existence of ground state solutions to (1.13) has been studied by previous authors, based on
which we are able to study the orbital stability of standing waves by considering the minimization
problem (1.12) in the mass-subcritical and critical situations. Regarding the stability issues of
standing waves to (1.1), due to the presence of a partial confinement, we will face two major
challenges: Is the absence of compactness and the Hartree nonlinearity a(|x|™ * |¢|*)p. First, since
the embedding X — L" with r € [2, %) is not compact, the general consideration is to apply the
concentration compactness principle to overcome this difficulty. Second, due to m(c) > 0 and the
Hartree nonlinearity a/(|x|™ * |¢|*)g, the non-vanishing nature of the minimizing sequence is not easy to
exclude. Actually, due to the presence of the nonlocal nonlinearity a(|x|™ *|¢|*)¢, the general approach

is to compare Eq (1.2) with its limiting equation

k
—Au+ou+ ) Fu=0, (1.14)

=1

which does not have a non-trivial solution in X if o > —k (see [18]), in which an inhomogeneous NLS
with a partial confinement was considered. Similarly, the conventional methods cannot be applied
to our situation. To overcome these problems, we first attempt to apply the profile decomposition
of bounded sequence in X to show the compactness of minimizing sequences for the minimization
problem Eq (1.12) in the L>-subcritical and critical regions. With this tool in hand, we are able to
derive the existence of minimizers for the minimalized problem (1.12) and show the orbital stability of
standing waves. In what follows, we denote the set of whole minimizers to (1.12) by the following:

M. ={u € S(), E(u) = m(c)}.

It is standard that for any u. € M, there exists a w, € R such that (., w.) solves the stationary Eq (1.2)
and e"“'u.(x) is a standing wave solution of (1.1) with the initial data uy = u,.

Theorem 1.8. Suppose that either ¢ > 0if0 < v <2 o0r0 < V—ac < ||Q|; if v = 2, where Q(x) is the
ground state solution to Eq (1.13). Then, M. # @ and is orbitally stable.

Finally, we deal with the L?-supercritical case when 2 < v < min{4, N}. In this situation, the energy
functional E(u) is unbounded from below on S (c). In fact, when 2 < v < min{4, N}, by taking u € £
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such that ||u|, = ¢, then we have the following:
a a
B = 2Tuly + 27 [ 3 Buldx+ 527 (ol e uPdx - -
=1

as 1 — +oo, where u'(x) = /l%u(/lx). When v = 2 and V—ac > ||QO||;2, we set u = WQ; then
|lu|l;2 = ¢, and we deduce the following from the pohoZaev identity:

k
_ @ =
2|[Vul} + 272 f Zx?lulzdx+§/l2 f (2™ # JuuPdx
QP + 52— Vul
||Q||2 f Z 2 ||Q||2 o

2 2d — —00,
||Q||2 ||Q||2f Z 10 dx

as 4 — +oo. Thus, we cannot directly derive the existence and orbital stability of standing waves for
Eq (1.1) by considering the global minimization problem (1.12). Greatly inspired by [14, 18], we turn
to consider the local minimization problem: for any given r > 0, define

E@u?)

IVl +

||Q||2

IVOI(1 +

||Q||2

m(c,r) = uesé?rﬁ . E(u), (1.15)

where B(r) = {u € X, ||u|ly, < r} and ||u||s is given by

k
lull2 = [Vull2 + fz L. (1.16)
j=1

It goes without saying that m(c,r) > —oo if S(c)()B(r) # 0. Furthermore, there is no way of
overcoming this difficulty by comparing it with the limiting Eq (1.14). One can actually solve the
minimization problem (1.12) by proving the boundness of any translation sequence. Denote the set of
all minimizers of (1.12) by the following:

M(0) = {u € S(c) [ ) BO), E@w) = m(c, r)).
The main result of this situation is as follows.

Theorem 1.9. Let 1 <k < N and 2 < v < min{4, N}; then, there exists ro > 2 vk, such that for every
given r > ry, there exists a C, with 0 < C, < 1 such that for any c € (0,C,),

(i) @ # M,(c) C S(c) N B(5); and

(ii) The set M, (c) is orbitally stable.

Remark 1.10. (i) In the case when k = N, the authors in [10, 11] applied the compact embedding and
variational methods to study the existence and stability of normalized standing waves for the Hartree
equation with a complete harmonic potential in the L*-critical case when v = 2 and the supercritical
case when 2 < v < min{4, N}, respectively, and revealed the stabilizing effect of a complete harmonic
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potential on the standing waves. In the present study, the complete harmonic potential is replaced by
a partial confinement, which results in the fact that the embedding ¥ — L™ with r € [2, %) loses
compactness. We make full use of the profile decomposition principle and concentration compactness
arguments to recover compactness and show the existence and orbital stability of normalized standing
waves for v = 2 and 2 < v < min{4, N}, respectively. The current study indicates that the partial
confinement plays the same role as complete harmonic potential in [10, 11] for the Hartree equation.
Our study extends and complements the corresponding results of [10, 11].

(ii) For k = N—1, [17] showed that the standing waves of Eq (1.1) with a Hartree-type nonlinearity (1,
lelP)P~2 and a partial confinement existed and were orbitally stable in the L*-supercritical
case with the aid of the concentration compactness principle. In contrast with [17], we consider the
more general case when 1 < k < N and conduct an exhaustive study on the orbital stability of standing
waves by combining the profile decomposition principle and concentration compactness arguments,
including the L*-subcritical, L*-critical, and supercritical cases (see Theorems 1.8 and 1.9). This is
another novelty of the present paper. In addition, Theorems 1.8 and 1.9 remain valid for Eq (1.1) with
a Choguard nonlinearity (I, * |¢|")|¢|P~? and a partial confinement for 1 < k < N. From this point of
view, our results complement and compensate the corresponding ones of [17].

Throughout this paper, C denotes various positive constants, which may vary from line to line. To
simplify matter, we use f dx to represent &N - dx and denote ||u|l, = [[ullop@y) = (flull’dx)% in this
and subsequent sections.

The rest of this study is structured as follows: In Section 2, some notations and preliminaries are
given; Section 3 is concerned with the sharp criterion of global existence and finite time blow-up to
Eq (1.1); and the last section focuses on the orbital stability of standing waves.

2. Notations and preliminaries
To survey the criterion of global existence versus blow-up and the stability issues of standing waves,

one requires the well-posedness to Eq (1.1), which can be proven based on Cazenave [6].

Proposition 2.1. Suppose ¢y € £ and 0 < v < min{4, N}, then, there exist T = T(||uolly) and a

unique solution ¢(t, x) € C([0,T),X) of Eq (1.1). Assume that the solution ¢(t, x) is well-defined on the

maximal interval [0,T). If T < oo, then linTl lle(t, x)||ls = oo (blow-up). Moreover, for any t € [0, T), the
t—

following conservation laws of mass and energy hold:

lle(z, )2 = llgoll2, (2.1)
E(¢(1, x)) = E(¢o)- (2.2)
Lemma 2.2. Let 0 < A < N and s,r > 1 be constants such that

1 1 4
-+ -+==2
ros

Assume that g € L'(RY) and h € L*(R"). Then,

| f f (Ol h(ydxdy] < CN, 5, Vgl Al 2.3)
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For this lemma, the detailed proofs are available in [24]. By (2.3), we can derive the following
convolution-type Gagliardo-Nirenberg inequality:

v 4-y
f (™  luP)luldx < C, f VuPdx f uPdx | 2.4)

Following Weinstein [25] and Feng and Yuan [26], we are able to obtain the best constant in the
inequality (2.4) by dealing with the existence of the minimizer to the functional as follows:

(f |Vu|2dx)£( [ k)

[ [l luPdx

4y
2

J(v) =

Lemma 2.3. [26] The best constant in the convolution-type Gagliardo-Nirenberg inequality (2.4) is
given by the following:

—(X V);IIQ(x)IIEZ,

where Q(x) is the ground state of the Hartree equation

C, =

—Av+v—(x = v = 0. (2.5)

Especially, in the L*-critical situation v = 2, C, = 2||Q(x)|;>.

It is well known that the ground state of (2.5) plays a pivotal role on the research of the global
existence and blow-up dynamics for the NLS. In the following lemma, we recall some existing results
and properties of the ground state solution to (2.5).

Lemma 2.4. [27] Let v € (0, N) it follows that (2.5) admits a ground state solution Q(x) in H'(RM).
Every ground state Q(x) of (2.5) is in L' N C*, and there exists xo € RY and a monotone real function
T € C*(0,00) such that, Q(x) = t(|x — xo|) for every x € RN. Moreover, the following PohoZaev
identity holds:

N-2 N 2N -
5 f IVQ(X)Ide+§ f |0(x)Pdx = ) ! f (™ |0 Q)P dx; (2.6)
f IVO(x)Pdx + f |0(x0)Pdx = f (™ * Q)P Q) dx. 2.7)

From (2.6) and (2.7), one has the following:

IVOI; = gf(lxl_v * 100 Q) dx. (2.8)

By a direct computation, we can infer that if Q(x) is a ground state solution of Eq (2.5), then
Q.(x) = \/#_TyQ(x) is the ground state solution of the following Hartree equation:

—Au+u+a(x]” = uPu=0, a<D0. (2.9)

In order to study the blow-up phenomenon of Eq (1.1), we also need the following lemma, which
can be derived based on the analysis of the virial functional W(t) = f Ix*l(t, x)|>dx in light of [6,25].

AIMS Mathematics Volume 10, Issue 10, 24208-24239.



24217

Proposition 2.5. Assume that 2 < v < min{4, N}; let ¢y € H'(R") and |x|¢y € L*(RY), and one of the
following conditions are satisfied:

Case 1. E(gpy) < 0.

Case 2. E(py) = 0 and Imfogoogo_de < 0.

1
Case 3. Ego) > 0 and Im [ xVgogodx + (2W(O)E(<p0))2 <0.
Then, the corresponding solution ¢(t, x) of Eq (1.1) blows up in a finite time.

Lemma 2.6. [/4]

Ao= inf f |Vw|2dx+f2x lw(x)[*dx,

Jon lwPdx=1

k
o= inf f IV oupdxy - - doxg + f Zx|u|2dx1 cdx;
dxy. N

ul?dx; -
o uPdxy =

and

then, we have the following equality:
Ao = /10.

Eventually, to investigate the compactness of the minimizing sequence, we first establish the

profile decomposition of a bounded sequence in light of [18, 26] and recall the principle of
concentration compactness.

Lemma 2.7. Let 1 < k < N and 0 < v < min{4, N}, and {u,} be a bounded sequence in X. Then,
there exists a subsequence of {u,} (still denoted by {u,} ), a family {xn | of sequences in RV, k and a
sequence {U’ } >, in X such that the following hold:

(i) for each m # j, |x} — xn| — 400, as n — 00,

(i) for each 1 > 1 and x € RN, we have

1

w0 (x) = > T V) + 71, (2.10)
=1

with lim sup ||rf,||q — 0asl — oo foranyq € [2, 13N2) Here and in the following, we define t,U(x) =
Uxt, 5 X Xip1 = Y1, 5 Xy — Yn-) for x = (x1,-+- ,xy) € RN andy = (yi,"*+ ,ynk) € RNK,

Moreover,
lluall3 = Z U115 + NIF415 + o(1), (2.11)
fz Plu,Pdx = Z fz U Pdx + fz At Pdx + o(1), (2.12)
IVu,|I3 = Z IVUI3 + 1IVrll5 + o(1), (2.13)

J=1

!
f(IXI_V # |, e[ dx = Z f(IXI_V * |7/ P)lr g Pdx + f(IXI_V # P fdx +o(l),  (2.14)
J=1
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where 0o(1) = 0,(1) > 0 as n — oo.

When removing the partial confinement, Zhang and Zhu [28] proposed a similar profile for the
decomposition of a bounded sequence in H*(R¥)(0 < s < 1) and applied it and the Gagliardo-
Nirenberg inequality to investigate the orbital stability of standing waves for the nonlinear fractional
Hartree equation.

Lemma 2.8. [I8] Let a > 0, and assume {u,} ., is a bounded sequence in H U which satisfies

the following:
f lu,|*dx = a.
RN

Then, there exists a subsequence {unj}j.‘;] which satisfies one of the following three possibilities:
(i) (Compactness) there exists {Mn,-};il c RY such that |t (- + y”j.)l2 is compact, i.e.,
Ye > 0,3R < oo, lun, (X)Pdx > a - &

Br(yn;)
(ii) (vanishing) hm sup f Iunj(x)|2dx =0 for all R < oo; and

Br(y)

(i) ( dlchotomy) there exists b € (0, a), and ufll), uﬁ,z) c H' such that

(1 2
g |+ i) < |
1 2
| Lol \Pdx = [ ) 1Pdx = [ |y IPdx] — 0, as j — oo forany2 < p < 2%

1 2
( )”2 ( )”2

llw, |5 = b, lu,; |l; = a— by

dzst(Suppu Suppu ))—>oo as j — oo;

liminf [, (Vi |? = Vi, O = [Vu,, @P)dx > 0.
Jj—oo :

3. Sharp criterion of global existence

In this section, we study the criterion of the global existence and blow-up to Eq (1.1) and verify the
conclusions of Theorems 1.1 and 1.2, and Theorems 1.4 and 1.5.

3.1. The L*-critical case

In this subsection, we demonstrate the global existence and blow-up of the solutions to Eq (1.1) in
the L? critical case when v = 2 (i.e., Theorems 1.1 and 1.2).
Proof of Theorem 1.1. Let ¢(t, x) be the corresponding solution of Eq (1.1) in C([0, T'), X£) with initial
value ¢, € X. By (1.3), (2.1), (2.2), and Lemma 2.3, we obtain the following:

k

f (196 + ) RgRJx+ 5 f (xl™ * gl )dx
k

f (196 + ) 216 )dx + ellol” f VePdx f (ePdx
i=1
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k 2

lleoll

_ LloPdx + (1 ; af—z)HVgollz. 3.1
f Zl loR/ ™

Based on (1.4) and (3.1), we can conclude that there exists C for ¢ € [0, T) with T < oo such that

k
f VolAdx + f > Bpltdx < C.
i=1

Then, in accordance with Proposition 2.1, the solution ¢(z,x) is global and bounded in time.
Furthermore, we have the following:

2 E(go)
”V"DHZ < L+all QI ([ lpolPdx) 3-2)

k
) Z] lelPdx < E(po). (3.3)

Eventually, combining (3.2) and (3.3), we can conclude that (1.5) holds true.

Combining the variational character of the ground state solution of Eq (2.5), some scaling
arguments, and energy conservation, we can show the existence of the blow-up solutions to Eq (1.1)
forv = 2.

Proof of Theorem 1.2. For any a > 1 and b > 0, let Q**(x) = ab? Q(bx). Depending on some scaling
arguments, it follows that

f |0“"(x)Pdx = a® f |0(x)*dx, (3.4)

f IVO“*(x)|*dx = a*b? f IVO(x)|*dx, (3.5)
k k

f inle“’b(x)Izdx = b2 f ZxﬂQ(x)Fdx, (3.6)
i=1 i=1

f (™ * [0 PIQ™ (D)Pdx = a*F? f (xl™ * [0IPIQ(0)Pdx. (3.7)

Next, we set

k
L 10wpdx + ¢ J 2 eo0opdx -,
a=4|— >1, b> [ =l ,
J10()Pdx (@ = 1) [IVQ()Pdx

and ¢p(x) = ab® Q(bx); then, we have ¢o(x) € X and f |x*lgol’dx < oo. Indeed, by utilizing the
exponential decay of ground state solution Q(x) (see [27])

O(Ix), VO(Ix) = O(lxle™), as x| — oo, (3.8)

we conclude that Q,,(x) € LA(RY), and so ¢y = ab? Q(bx) € H'(RY) and f |x|?|ol?dx < co. Thus, we
deduce that ¢, € £. Moreover, from (3.4), one has the following:

fl‘ﬂolzdx = —La fIQ(x)Ide +é&.
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According to (1.3), (2.2), (2.8), and (3.5)—(3.7), we obtain the following:
d (04
f|V900|2 + Z x7lol*dx + ) f(|x|_v % |ol)lpol*dx
i=1
k (04
= a’b? f IVOPdx + a*b™> f Z x| 0 dx + Ea“bz f (2™ * |OP)|OPdx
i=1
k
= a’b? f IVOPdx + a*b™> f Z x2| Q1 dx + aa*b? f IVOI|*dx
i=1
k
= (1+ ad®)a’b? f IVOI*dx + a*b™> f Z x7|Qfdx
i=1

k
= azbz((1+aa2) f IVQ|*dx + b™* f ZxﬂQFdx)
i=1

< 0.

E(p) = E(¢0)

Thus, it follows from Proposition 2.5 that the solution ¢(¢, x) of Eq (1.1) blows up in a finite time.

3.2. The L*-supercritical case

This part is concerned with the proof of Theorems 1.4 and 1.5.
Proposition 3.1. Let 2 < v < min{4, N}; then, d > 0.

Proof. We divide the proof into three steps: First, we demonstrate that M is not empty; second, we
prove dy; > 0 using the Gagliardo-Nirenberg inequality and we prove dg > 0 based on the continuity
of the function; and finally it is convenient to justify d > 0 according to the definition of d.

Step 1. We prove M # @. According to Lemmas 2.3 and 2.4, there exists u € X \ {0} such that u is a
solution of Eq (2.6). By multiplying both sides of Eq (2.6) with u and integrating over R, we obtain
the following:

IVully + llull; = —a f(IXIV * ul)|uldx. (3.9)

It follows from (3.9) that S (u) = 0. Moreover, by taking the inner product of Eq (2.6) with x - Vu, we
have the following Pohozdev identity:

2-N N y—2N B
TIIVuH% - Ellulli S af(IXI * lul)luldx = 0. (3.10)

From (3.9) and (3.10), one has the following:

2-N N ., N B y—2N .
TIIVM||§+EIIMII§+EGI(IXI * |ul)uldx = 1 af(IXI * |ul*)|uldx,

v -v
IVull3 = _Z“f(lxl * [ul*)|ul*dx,
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which implies that P(u) = 0. Thus, there exists u € X \ {0} such that S (#) = 0 and P(u) = 0.
Let ¢(x) = u% u(ux), 1 > 0. By some simple computations, we obtain the following

S (¢(x) = u“‘V(nVun% ta f (x| * |u|2>|u|2dx) 2l
P@() = i (I9ull + 2o f (I = |u|2>|u|2dx) )

According to P(u) = 0, we have P(¢(x)) = O for any u > 0. Moreover, in accordance with (3.9),
one has the following:

— Nl + 3
(1 = @ ull5.

S (¢(x))

Thus, there exists u > 1 such that S (¢(x)) < 0 and P(¢(x)) = 0, which implies M # @.
Step 2. We prove dy; > 0. Let u € M; then, S () < 0 and P(u) = 0. Thus, u # 0. Since P(u) = 0,
we have the following:

k
_ 1 1 2 1 2 21,12
I(M)_(E—;)fwm dx+§f|u| +;xl~|u| dx. (3.11)

It follows from 2 < v < min{4, N} and u # O that I(u) > O for any u € M. Thus, by (1.9), we obtain
dy = 0. In the following, we will divide the proof into two situations: The L?-supercritical case and
the L2-critical case.

First, we consider the L2-supercritical case when 2 < v < min{4,N}. In this case, it follows
from (2.3) that

2N-v

C(flu(x)lZ?VNvdx) "

c(( f Vul? + |u|2dx)212VNv)

2
C( f Vul® + Iulzdx) .

IA

f(IXI‘V « [ul*)|ul*dx

2N-v

IA

Thus, due to S (1) < 0, one has

f IVul® + |ul’dx < —a f (x™ s [u)|ul*dx < C( f IVul> + |ul?dx)?,

which yields that
f IVul* + [ul’dx > C > 0.

Again, for v > 2, we have

1 1 1 1
I(u) > (5 — ;)fleul2 + ulPdx > (5 - )—/)C >0, foranyue M, (3.12)
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which implies dy; > 0 for 2 < v < min{4, N}.

Now, we deal with the L?-critical case when v = 2. Assume d,; = 0; then, we infer that there exists
a sequence {u,} € M such that P(u,) = 0, S(u,) < 0 and I(u,) — 0 as n — oo with respect to the
definition of dj,. Since v = 2, one can derive from (3.11) that

k
f|u,,|2dx -0, fz X lu,dx — 0, asn— oo, (3.13)
i=1

On the other hand, it follows from S (1,,) < 0 and (2.4) that

f (Vi) + [u,)dx < — f (2™ s | Hlua?dx < C f |V, |>dx f |u,|>dx. (3.14)

When n is sufficiently large, from (3.13), one has that

f (Vu)? + lu,)dx > C f \Vu,|>dx f || dx. (3.15)

It is obvious that (3.15) contradicts (3.14). Thus, dy, > 0 for v = 2. In summary, we have dy; > 0
for 2 < v < min{4, N}.
Step 3. We justify dg > 0. For u € B, we have S («) = 0; then,

f \Vul? + |u*dx = —a f (X7 * |uf*)ul*dx,

which means

1 1 <
1w =7 f \Vul* + |u*dx + 3 f ; *ZlulPdx > 0.

Therefore, dg > 0. This, together with Step 2, implies that the proposition holds true. O

Proposition 3.2. The K, K., R_, R, are invariant sets of Eq (1.1), that is, if ¢y € K, K., R_ or R, then
the solution ¢(t, x) of Eq (1.1) also satisfies either ¢(t,x) € K, K., R_or R, foranyt € [0, T).

Proof. First, we prove that K # @. According to the preceding discussion, we know that there exist
u € X\ {0} such that u is a solution of Eq (2.9). It is clear that S (#) = 0 by multiplying both sides of

Eq (2.9) by Au. Moreover, from Eq (2.9), we have the PohoZaev identity as follows:
N-2 N (v =2N)x =
TIIVuH% + EIIVuH% == f(IXI * ul)|udx, (3.16)

which is obtained from multiplying Eq (3.16) by xVu. Note that S () = 0; thus, P(u) = 0. Then,
depending the definition on (1.8—1.10), one has the following:

1 k 1
IOu) = = f (Vul + ul? + > P )dx + 7 f (2™ lu)lulPdx,
27 Jan £ 4 RN
SWu) = & IVul> + [ufPdx + a9* | (x| = [ul>)|ul*dx,
RN RN
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PWOu) = 9 f NIVu|2dx+;—/a194 f (™ s |ul*)|ul*dx.
R RN

Since d > 0, for a large enough 9 >> 1, we always have that S (¢u) < 0, P(du) < 0, and I(Ju) < d. In
other words, Ju € K, and so K # @.

Next, we prove that K is an invariant set of Eq (1.1). Let ¢y € Z and ¢(¢, x) = ¢ be the corresponding
solution of Eq (1.1). On the basis of the conservation of mass and the conservation of energy, one has
the following:

I(¢) = I(¢y), foranyt €[0,7T). (3.17)

Thus, I(¢y) < d implies that I(¢) < d for any ¢ € [0, T).

(i) In the following, we demonstrate that S (¢) < O for any ¢ € [0, T'). If otherwise, by the continuity
of S (¢) on t, there exists 7y € [0, T) such that S (¢(#, x)) = 0. By (3.17), we have ¢(ty, x) # 0. By the
definition of B and (1.10), one has ¢(y, x) € B; then, I(¢(ty, x)) > dg > d. This is contradictory to
I(p) <dforte[0,T). Thus, S(¢) <O forallte[0,T).

(i1) Next, we justify that P(¢) < O for any ¢ € [0, 7). Similarly, it is clear that there exists ¢y € [0, T)
such that P(¢(ty, x)) = 0 by the continuity of P(¢) on ¢ if P(¢) is not constantly less than 0. From (i),
we see that ¢(t, x) € M; thus, I(¢(t, x)) > d)y; > d. This is contradictory to I(¢) < d for t € [0, T). Thus,
P(p) < Oforallte0,T).

Combining (i) and (ii), we get ¢(t, x) € K for any ¢ € [0, T). Similar to the proof above, we can also
show that K, R_ , R, are invariant manifolds. m]

Next, we shall apply the cross-constrained variational approach to investigate the sharp condition
of global existence for Eq (1.1).
Proof of Theorem 1.4. First, we deal with the case where ¢y € K,. According to Propositions 2.1
and 3.2, the initial-value problem (1.1) possesses a unique solution ¢(¢,x) € K, for an arbitrary ¢ €
[0, T). Then, for all ¢ € [0, T'), we have I(¢) < d and P(¢) > 0. This implies the following:

1 1 ) 1 2 : 212
-3 [ 1vefax+ 3 [ + ) gl <a (3.18)

In the following, it is sufficient to give the proof on the global existence of the solution in two situations:
The L>-critical case and the L?-supercritical case.
First, we discuss the L?-critical case when v = 2. By (3.18), we obtain the following:

1 k
3 f o + > xlpPdx < d. (3.19)
i=1

Let ¢“(t, x) = W' ¢(t, wx); then, (1.8) gives us the following:

1
P(e(0)) = w f VP + sa f (W™ * oDl

Since P(¢) > 0, then one can find 0 < w; < 1 such that P(¢“'(x)) = 0. According to (1.7) and (1.8),
one has the following:

4-y v —y
0 f VoPdr=~Ya f (0™ * loP)lpPdx. (3.20)
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Thus, by (3.19), we obtain the following:

I () < wi d

For S (¢“'(x)), we will discuss the following two possibilities: S(¢“'(x)) < 0 and S(¢“'(x)) > O.
For the case when S (¢“'(x)) < 0 and P(¢“'(x)) = 0, then by the definitions of d and d,;, we obtain
the following:

(¢ = dy > d > 1(g);

then, we have I(¢) — I(¢*') <0, i.e.,

(———w1 2)f|V¢|2dX+ S0 —w” 2)f|s0|2dX+ 5 - w 3)IZXI¢|2dX<0

Thus, from (3.19), one has f Vo> dx < a%d; then, we obtain the following:

f IVo|*dx < C. (3.21)

For the case when S (¢“!(x)) > 0, according to (3.20), one has the following:

1 v
1)~ 78 = o f ol + 31 f Zx ol + 2 f VPdx < w5,
i=1

Therefore,

4y
VolPdx < ———d. 3.22
fl ¢l x<(4_v)w12 (3.22)

Thus, for v = 2, together with (3.21) and (3.22), we conclude that the solution ¢(z, x) is global in time
by Proposition 2.1.
Next, when 2 < v < min{4, N}, it follows from (3.18) that

1 v=2 1 k
Z(Vz ) f |V90|2dx+§ f |¢|2+;x,-2|<p|2dx<d,

which indicates that there exists C > 0O such that

k
f Vel + Z ClPdx < C.
i=1

Therefore, the solution ¢(z, x) is uniformly bounded in X for all + € [0,00). According to
Proposition 2.1, it suffices to show that the solution ¢(¢, x) to Eq (1.1) globally exists for # € [0, c0).

Now, we consider ¢y € R,. Let ¢y € R, ; then, ¢(t,x) € R, fort € [0,T), that is, I(¢) < d,S(¢) >0
for t € [0, T), then one has the following:

k
1 2 2 1 2 2
Zf|v¢| + ol dx+§f;xilcp| dx < d.
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Thus, the solution of ¢(z, x) of Eq (1.1) globally exists. This completes the proof.

Proof of Theorem 1.5. Suppose ¢, € K; from Proposition 3.2, we know that the solution ¢(z, x) of
Eq (1.1) satisfies ¢(t, x) € K for t € [0,T). We denote ¢(t, x) = ¢. For W(t) = flxlzlgalzdx, in light
of [6], from (1.1) and (2.2), we obtain the following:

W'(t) = 4Imfx - Voopdx,
k
W) = 8E(gn) + a2y =) a1 xlePlgfdr =16 [ Y wlePa
i=1

In the L2-supercritical case, according to 2 < v < min{4, N}, if 2v—4)a < 0, then one has the following:
W’ (t) < 8P(p), for t€[0,T).
k
In the mass-critical case v = 2, W”(t) = 8E(¢g) — 16 f > xl.zlgplzdx. It follows from (1.9) that
i=1
W’ (t) < 8P(p), for t€[0,T).
Thus, for ¢ € [0, T'), ¢ satisfies that P(¢) < 0,5 (¢) < 0. For u > 0, take ¢, = p%go(px); then,
S(@) = LT IVelR + 13 llgl3 + @ f(IXI_V * o)l dx,
4-y ya —y
P(g,) = 17 |[Vell; + T f(IXI * |l dx.
Since 2 < v < min{4, N}, P(¢) < 0, then there exists ¢; > 1 such that P(¢,,) = 0 by the continuity of
P(u), and for u € [1, ), P(¢,) < 0. Moreover, S (¢,) may have the following two possibilities:
(1) S(¢y) <O foru € [1,p]; and
(i1) there exists p» € (1, 41] such that S (¢,,) = 0.

For the case (i), we have P(¢,,) = 0 and S (¢,,) < 0; then, ¢,, € M, I(¢,,) > dy > d. Furthermore,
one has the following:

1w 1 - 1 e [ @ .
1(p) = M IVell3 + SH: llpll3 + SH f; X} lp(wx)Pdx + 1 f(|x| * o)l dx
e PR T et S 2, 12 a -y 2142
=Sk IVell; + SH: llellzdx + SH ; X; lel"dx + 1 (6™ = el )l dx.
1 o 2, 1 SNl ) -5 D oo
I(p) = I(¢y,) = 5(1 — )NVl + 5(1 — 1y Dllell; + 5(1 —u )fz x; el dx. (3.23)
=1

P(p) - P(g,) = (1 —#?)”V‘P”%- (3.24)

Taking that y; > 1 and 2 < v < min{4, N} into account, we infer from (3.23) and (3.24) that
1 1
I(p) — 1(¢y,) = E(P(SO) - P(gu)) = EP(sD)- (3.25)
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For the case (i1), we have S (¢,,) = 0 and P(g,,) < 0; then, ¢,, € B and I(¢,,) > dg > d. Using the
similar procedure as case (i), one can derive the following:

1)~ 1) = 5(P@) = Pg) = 5P (3.26)
Since I(g,,) > d,1(p,,) > d, from (3.25) and (3.26), we obtain the following:
P(p) < 2(I(¢o) — ).
Then, by I(¢) = I(¢o), ¢o € K, one has the following:
W (1) < 8P(p) < 16(I(¢y) — d) < 0. (3.27)

Then, by the convexity method introduced in [9], there must exist a time 0 < T < oo such that
W(T) = 0. Then, from Proposition 2.1, we have the following:

lim lglly = co. (3.28)
t—>T
Thus, the proof is completed.

4. Orbital stability of standing waves

In this section, we focus on the orbital stability of normalized standing waves of (1.1). For further
research, we first introduce the non-vanishing conclusion of the minimizing sequence.

Lemma 4.1. Let 1 < k < Nand 0 < v < 2. Suppose {u,} is a minimizing sequence of (1.12); then,
there exists 6 > 0 such that

lim inf f (™ s [Pty *dx > 6. (4.1)
Proof. Let us prove (4.1) by contradiction. If not, there exists a subsequence u,, such that
lim f (™ 5 Juty )t P x = 0.
]—)00 ;

Consequently, we obtain the following:

k
m(c) = lim E(u,,) = lim f Vi, Pdx + f > By Pdx = Aoc?. 4.2)
Jj—oo Jj—o
=1

k
On the other hand, since the space H = {u € H'(R%), ka > x%|u|2dx < oo} is compactly embedded
=1

in L2(R¥), it is standard to show that A, is achieved by some w € H'(RY) with ka lw|’dx = 1. Let
W € H'(RV*) satisfy fRN_k ly(x)*dx = ¢? and set

ua(x) = w(xr, -, XK1, 5 XN)s

N—k
YalXkset, 5 xn) = A7 Y(AXpyr, -+ -, Axy).
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Then, u, € S(c) for all 4 > 0. It follows that

k
a -y
f Vusl + 3 xfluldx + 5 f (el s Pl Plx
i=1

a -v
Li+DhL+ Equl * gl dx, (4.3)

fquﬂlzdx

f IVl dx + f P IVyal*dx
Rk RN-k

2 2 2 2
¢ f \Veldx, -+ dx + A f Vg Wil dXer - - dxy,
Rk RN-k

E(ua)

where

~
Il

k
L = fo,-zluﬂlzdx
i=1
k
20, 2 2
f in |wl dxf [al“dxsr - - - dxn,
R 53 RN-k

which implies that (4.3) can be written as

E(uy) = Aoc? + A2 f

RN-k

a -v
IV s ol d iy -+ - dxy + 5 f (X7 * |l *dx

= A0€2 + /12 fN . |V/1 ...le,bzdxk+1 e 'dXN
RN-k

k+1

@, lw() Pl Py

+ =1 ~dx
2 [((Ax) = A1) + -+ (A — A)? + (K1 — Yie1)? + -+ (o — yw)?]2

< A0C2,

for a sufficiently small 4 > 0. Notice that u; € B(r) for 4 > 0 sufficiently small; consequently, we
obtain the following:

m(c,r) < E(uy) < Agc?.

This is a contradiction with (4.2). This completes the proof. O

4.1. The L*-subcritical and L*-critical cases

Using the profile decomposition of bounded sequences in X, we can solve the variational
problem (1.12) and obtain the following theorem.

Theorem 4.2. Letc > 0if0 <v <20r0 < vV—ac < ||Q|, if v =2, where Q(x) is the ground state
solution of Eq (1.13). Then, there must exist u € S (c) which satisfies m(c) = E(u).
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Proof. We will prove this theorem in four steps.
Step 1. We prove that the minimalized problem (1.12) is well-defined and every minimizing sequence
of (1.12) is bounded in X. For u € ¥, from the inequality (3.13) that

k
Va2 + f ;xﬂmzdﬁg f (™ * [uP)lufdx

2, @ 4-
lluellg + ECy,zIIVuHEIIuIIz Y

E(u)

\%

For 0 < v < 2, from Young’s inequality, we deduce that for all 0 < & there exists a constant

C(g,C,,c) such that

< L
2’

1 201, 14— 2
SCollullzllully™ < éllull; + C(e, Cy2,0).

1
SCoallVullyllully™ < >

2

This implies that
E() > (1 + ag)|lull; + aC(&, Cy2, 0). (4.4)

When v =2 and 0 < v—ac < ||Q||, it follows from the inequality (3.13) that

E(u) > |lull} + || Q”2||Vu||2||u||2
> ||u||§+a” I ual |
IIQII§ :
_ Q5 + 1N + ac o
QI
> 0. (4.5)

Therefore, E(u) is bounded from below and the variational problem (1.12) is well-defined. Moreover,
we see from (4.4) and (4.5) that every minimizing sequence of (1.12) is bounded in X.

Step 2. Applying the profile decomposition of bounded sequences in X, we shall prove that there
exists only one term U’ # 0 in the decomposition (4.6). Applying Lemma 2.7 to the minimizing

sequence {u,},” |, u, can be decomposed as follows:

l
0 (x) = Y T V) + 71, (4.6)

n
J=1

with lim sup ||r l; > 0as/— cowheng e [2, 2 - 2) Injecting (4.6) into the energy functional E(u,), it

n—oo

follows from (4.6) and (2.9)—(2.14) that

E(u,) = Z E(Tx’éUj) + E(rfl) +0(l), asn — oo and |l — . “4.7)

J=1

For every 7 ;U J(x)(1 £ j < 1), taking the scaling transform T, U ﬁj(x) =AU J(x) with A i= T/”;U,”z, it
easily follows that h

ey Ulll = .
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. . . a —y
E@, U}) =Vt Uy Il; + f V(x)lrinjjlzdx+E f (™ 7y Uy Pl Uy PPdx

= VT VB + a2 f VI U dx+ S5 f (™ oy UP)lr U7 Pdx

= A/ E(r U%) + %/ljz(/ljz -1 f(lxl‘v x|t UP)r U/ Pdx, (4.8)
which means that
- E@ U, i ) . _
E(@,U)) = T - E/ljz(/ljz -1 f (X7 # [ty UP)r s U7 Pdx. (4.9)
j

Similarly, one can get the estimate of E(r!) as follows:

’,.l 2 2
By = Plig ey e < f (X % PP Pdx + (1)
II7,112 2 (AL
rl 2
| ”ZHZE( ~_ry+o(D). (4.10)
c 7,112
Since ||t ;U '/{/IIQ = ||”r,c||2 7 |l» = ¢, we deduce from the definition of m(c) that
E(r, UJ ) > m(c), and E(|| I Y > m(c).
Thus, we infer from (4.7)—(4.10) that
E(T /UJ )
E(u,) > (———(12—1) f (x| |T,Uf|2)|r Uf|2dx)
jZ:; AJZ x’
7113 c
E( r,) +o(1)
2 I
: m(c) « !
— 3 2 _ —-v 17712 77J12
> Zl 17 2 1)(21] f (W™ vy UP)Ir U7 P )
j= Jj=
1015
2E(——rb) + o(1)
2 I ||
/ 2
U
_y! 2” 2 inf(1; 2 - 1) f(lxl Yl U )|TX;U]|2d)C)
= c 2 ]>
|| T3
2 E(——r) + o(1). 4.11)

I ’II

Since 3 ||U’ ||§ is convergent, there exists j, > 1 such that
j=1

c
U2 = sup ||U|]?, and 1nf/l Ay, = ——.
2T T
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Letn — oo and [ — oo in (4.11); we deduce from Lemma 4.1 that

a

N

which implies that [|[U”*|3 > ¢. Hence, [|U”|l, = ¢, and there exists only one term U’ # 0 in the

decomposition (4.6). We consequently rewrite (4.6) as follows:

1)o,

u,(x) = 7 o U”(x) + r(x).

Due to [lualla = IU”]l2 + lIrull + 0,(1) and |lu,ll, = [[U”]l, = ¢, we get lim |Ir,|l, = 0. This shows
n—-oo

+2
q — 0,

that r, — 0in L%, This, together with the Gagliardo-Nirenberg inequality, implies that lim 7allyia

for all g € (0, ﬁ). We consequently obtain the following:

f(IXI_V # [P Pdx — 0.

Applying the lower semi-continuity of norm, it follows that lim inf E(r,)) > O; thus,

n—oo

liminf E(7 U”) < liminf E(7 j U’) + liminf E(r,)

n—oo n—00

lim inf (E(ijo Uy + E(rn))

n—o0o

IA

liminf E(u,) = m(c).
On the other hand, since ||T£2 U”||, = ||lU”||, = c for all n > 1, we have E(TQ U’*) > m(c) for all n > 1.
Therefore,

liminf E(r{ U”) = m(c).

n—0oo

Step 3. We show that the sequence {x,];"} is bounded. Indeed, if it is not true, then up to a subsequence,
we assume that |x}’| — oo as n — oco. Without a loss of generality, we assume that U/ is continuous
and compactly supported. We have the following:

f(lxl_" * |Txio UJ'(’IZ)ITX{?-0 U”Pdx — 0, asn — co.

This yields the following:
liminf E() U”) = |U”|ls = m(c).

By the definition of E(U”), we obtain the following:

E(U") - % f(IXI_V * [ UPPUPPdx = m(c),
which means E(U”) < m(c), which is a contradiction with E(U?) > m(c) due to [U?||; = .
Therefore, the sequence {x,"} € RV is bounded and up to a subsequence, we assume that x,° — x/ in

RV *asn — co.
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Step 4. Conclusion. Now, we write u,(x) = U”%(x) + 7(x), where U”(x) = 7 U”(x) and
() = 7 iy U (x) = 7_jy U (x) + 1, (x). Using the fact that [[u,|l, = [[U”]l, = ¢, it is easy to see that

rn—0inX and 1, — 0in L*(R").
Consequently, we obtain the following:
E(uy) = E(U™) + E(7) + 04(1).
Again, using the lower semi-continutity of norm and the fact 31_210 f (x]™ * |[raP)Iral?dx = 0, we get that

liminf E(r,) > 0. Therefore, using the fact that ||l7 j°||§ = ¢, we infer the following:

n—oo

\

m(c) = liminf E(u,) > 1iminf(E(z7/'0)+E(7n))

n—oo

\%

E(U”) + liminf E(7;)

EU) > m(c).

\%

This implies E (l7 J0) = m(c) and concludes the proof. |

Now, we are in a position to show that the standing waves to Eq (1.1) are orbitally stable with the
help of Theorem 4.2.
Proof of Theorem 1.8. First, we see that the solution ¢(¢, x) of (1.1) globally exists from Theorem 4.2.
By contradiction, suppose that there exist £y and a sequence {¢o,},. , such that

1
inf = -, 4.12
ulf/lw llspo, ully < " ( )

and there exist {z,}>" | such that the corresponding solution sequence {¢,(#,)}", of (1.1) satisfies
inf |lg,(2,) — ulls > &o. (4.13)
ue M,
Next, we show that there exists v € M, which satisfies the following:

lim [leg,, — vilz = 0.
n—00

Indeed, by (4.12), there exists {v,}>>, C M, such that

2
”‘;00,11 - Vn”E < Z (414)

Due to {v,}2, € M., {v,} is a minimizing sequence to (1.12). By the argument of Theorem 4.2, there
exists v € M, such that
lim ||[v, — V|l = 0. (4.15)

Then, the claim immediately follows from (4.14) and (4.15). Hence,

lim flpoill2 = Ivll2 = ¢, lim E(go,,) = E(v) = m(c).
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By (2.1) and (2.2), we obtain the following:
Iim [l (z)ll2 = ¢, lim E(u,(t,)) = E(v) = m(c).

C‘Pn(tn
llegn(tll2 >

According to Theorem 4.2, {¢,(t,)}2, is bounded in X. Set ¢, = ; then, ||@,ll, = ¢ and

C2
E@) = o Vel + f 3 len(t)Pd
0 o ,,>||2|| il * ”%(,n)uz Z (en(t)Pdx

(07 y )
n\*n n\‘tn d
i) 2||%(ln)”4 f (et e (8D pa ()Pl
ety it IE ||¢,,<rn>||2 lont )l

which implies that
lim E(@,) = E(gu(1,)) = m(c).

Therefore, ¢, also becomes a minimizing sequence to (1.12). Then, by the argument of Theorem 4.2,
there exists v € M, such that
Op > VinX.
From the definition of ¢,, it follows that
©n — @u(ty) = 0in X.
Consequently, we obtain the following:

n(ty) = Vinx,

which contradicts (4.13). Thus, we complete the proof.

4.2. The L*-supercritical case

Lemma4.3. Let1 <k < Nand?2 < v < min{ld, N}. Then, there exists ro > 2 Vk such that for every
given r > ry, there exists C, € (0, 1) such thatVc¢ < C,,

inf E()< inf E(u). (4.16)
ues (¢) N B(§) uesS (c) N(Br)\B(rc))
Proof. First, we claim that
rc
S©() B(7) #0. 4.17)

Indeed, let u € X be such that ||u|l, = 2 and ||u||22 = ro. Then, for all ¢ > 0, taking u. = Su, we
have ||u ||, = ¢ and ||uc||22 = ’g—c < 3, ¥r > ro, namely u. € S(c) () B(%); thus, (4.17) is verified.

Next, we prove ry > 2Vk. Letu € S(c)(B(%); by a similar argument as (4.17), we have
the following:

o) k
2
= < 7 > Il
j=1
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1 k k
< max - Z x~u2+2 u.z)
max - gl + 3 s

J= J=

15
< %”“”2
r2c?
< —.
4k

This implies » > 2+Vk. Finally, we prove (4.16). We deduce from the Gagliardo-Nirenberg
inequality that

a -V
E(u) = |lull} + ECv,zIIVuHZIIuIIg
[0
2

2, @ 4-
> lully + ECV,ZC MMl

2 4-
= llully + 5 Copc™ I Vully

= ac(|lully), Yu € S(c),
E(u) < |lully = Be(llully), Yu € S(c),

wheree =4 —v,6 = v —2 and
2 a dey y2 2 a £.6 2
a.(t) =t°(1 + ECV,zc )y =1+ ECV,zc ), Bt =r.

It is sufficient to prove that there exists 0 < C, << 1 such that

2.2

cr )
=% < inf a. (1), Ye < C,,

B2y =" <
27T 4 16 ™ re(ere)

which completes the proof of lemma. O

Lemma 4.4. Assume that1 <k <N and?2 <v <min{d,N}. Let r > 0 and C, > 0 be as in Lemma 4.3;
then, for any 0 < ¢, < ¢; < C,, we have the following:

m(c,r) < m(Jct = ¢35, 1) + m(ca, 7).

Proof. First, let {V,} € S(cy) () B(r) be a minimizing sequence of (1.12) (i.e., lim E(V,) = m(c,,1)).

Qr

Applying Lemma 4.3, we have V, € B(5

) for sufficiently large n and

Cq c\r
C_2vn € S(cy) ﬂ B(—-) € S(e) ﬂ B(r).

Thus, we deduce from Lemma 4.1 that
C C k a C
m(c,r) < E(=V,) = (=)’ f YV, + Y IV, Pdx + 5 (=) f (R VARTARE:
C () P 2 C
c a.c c _
= (ZPEWV,) + =(2(Z)? - 1] f R ARN AR
C 2 (6 Cy
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< (D2mies,r) + (LRLEY = 116 + 0,(1)
C 2 Cr C

< (&m(er, ),
%)

for sufficiently large n. This implies that

C12 — C22

2
(&%)
m(cy, r) = Tm(cl»r) + ;m(cl,”) <m(Ney? —ca?, r) + mica, 7).
I

1

Thus, the proof is complete. O

Proof of Theorem 1.9. (i) Let {u,} C S(c) () B(r) be a minimizing sequence of (1.15). We shall apply
the principle of concentration compactness to show that there exists a subsequence {u, } and u € X\ {0}
such that

U, — uin X.
J

In particular, u € M,(c). We proceed as follows.
Step 1. We prove that the vanishing case does not occur. If not, by Lion’s Lemma, we have
the following:

2N
n, — 0, Il ge2,——).
u,; = 0, for all q € ( N—2)

In addition, we apply Lemma 2.2 by taking s = r = 212\,7 - and g(x) = ||un_,.(x)||2, h(y) = ||u,,j(y)||2,

luty, ()P, ()
ff dxdy < Clljat, (PNl 2 llet, (0P| 2
|_x —y|v 2N-v 2N-v

4
< Clletn (Ol aw
’ IN-v

according to the interpolation inequality for u € . Note that P, = %, 2 < v < min{4, N}. One can find

_ APi+2) 1 _ 6, 18
that 0 < 0 = NP, <lsuchthat% =5 T 3 and

luty, () P2t () )
- ~—dxdy < Cllt, (s < Clluty I3l 129, — 0,
|x - y|" IN—v 2+5

as j — oo. This is a contradiction with (4.1).
Step 2. We show that the dichotomy case can not occur. If not, there exist uﬁ,lj) and ufl? such that

d,, = dist{S uppuﬁ,lj),Suppufj)} — 00
k

f Z uVPdx — a*
RN 4 !

i=1

2

6}1] l|

20,2)2 2 2

n"f:f ZX,-|M;.)| dx - ¢ —a’,
RN !

i=1

k

as j — oo.
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By a similar argument as Lemma 2.7, we have the following:

k k k
2 2 2)..(1))2 21..(2)12
f E X7 || dx:f § X |u,)| dx+f § XD Pdx + o0j(1).
L ' L L

Consequently, from Lemma 2.8, we obtain the following:

j—00

k
m(c,r) = lim |Vun Pdx + f Zx it | Pdx+ 2 f (™ 5 Juty |Not P x
N

k

. a _
> lim ( |Vu§ll_)|2dx + f E x?luﬁ,l_)lzdx + = f(|x| Vo |u,(11_)|2)|u,(11_)|2dx)
i RN J RN J 2 J J

—00
/ i=1

k
+ lim ( f VP + f > P+ 2 f (x ™" |u§3j>|2)|u;2j>|2dx) +oy(1)
<—)OO RN RN lzl
> m(a,r) + m(Nc? —a?,r) + o;(1).

Letting j — oo, we obtain that m(c, r) > m(a, r) + m( V¢ — a?, r), which is a contradiction with (4.1).
Hence, the dichotomy can not occur.

Applying the concentration compact argument, there exist w € X \ {0}, a subsequence {u,,}, and a
sequence {y, } € R¥™* such that

2N
Ty, Un; = W in LY, for all q € |2, m). (4.18)

Step 3. Conclusion. First, demonstrate that the sequence {y,,j} 1s bounded. Indeed, if it’s not true, then
up to a subsequence, we assume that |y, | — oo as n — co. Consequently, deduce from (4.17), we
deduce the following:

- 2 2 - 2 2
f(IXI T Uy || "dox = nynj(lxl "o Ty, Oy, [ "dx — 0,
as j — oo. This yields the following:
lwlls, < lim ||y, u, ||Z = lim E(u, ) = m(c, r).
j—>c>o )Ylj A ]_}00 J

By the definition of E(w), we obtain the following:

a -V
E(w) - B f(IXI # lw)lwldx = |lwl; < m(c,r),

which implies that E(w) < m(c, r), which is a contradiction with E(w) > m(c,r) due to [|wl, = c.
Therefore, the sequence {y,,} C c R¥*is bounded, and up to a subsequence, we assume that y,. — yo in
RN as j — co. Consequently, from (4.18), we deduce that for all g € [2, M ) 2
lt; = Ty ll, < Mlttn; = 7oy, 0l + 1Ty, @ = T-y0ll; = 0,
as j — oo. Let u(x) = 7_,,w(x); it follows from u € S (c) () B(r) that
m(c,r) = h,?lglf E(uy;) > E(u) > m(c, ).

Therefore, E(u) = m(c,r) and u,, — u;in X as j — oo. This completes the proof.
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Lemmad.5. Let 1 <k <Nand?2 <v <min{4,N}. Set r > 0 and C, > 0 as in Lemma 4.3; then, there
exists 0 > 0 such that for any ¢, € X and %f( )Ilgpo — ulls < 0, the maximal solution ¢(t, x) of (4.17)
ue M,(c

with the initial data ¢y globally exists.

Proof. We denote the right hand of (4.16) by B. Since the energy functional E(u) is continuous with
respect to ¢y € X, we deduce from E(u) = m(c,r) < B and ||ully < 75 that there exists 6 > 0 such that
for any ¢, € X and ||y — ullz < J, we have the following:

— rc
E(gpo) < B and |lgolls < ER

Now, we prove this claim by contradiction. If not, there exists u#y € X such that ||y — ully < o
and the corresponding solution blows up in a finite time. By continuity, there exist 7; > 0 such
that ||o(T))|ls = r. We now consider the initial ¢, = mcpo. If 6 > O is sufficiently small, then

we have ¢y € S(c¢) and E(gy) < B. Ifc < llgolla, then |lgolls < lleolls < r. If ¢ > |lgollo, due
to 0 < ¢ < C, < 1, then we have the following:

=~ _ c rc <
®o —— <r
lloll> 2

This implies that ¢, € S(c)() B(r). Since the solution of (1.1) continuously depends on the initial
data and ||¢(T)|ls > r, there exist 7, > 0 such that II@)HZ > r, where ¢; is the solution of (1.1)
with the initial data ¢,. Consequently, we infer from the continuity that there exist 75 > 0 such
that ||(T3)|ls = r, which implies ¢(T3) € S (c) N(B(r) \ B(rc)). It follows from Lemma 4.3 that

B > E(@o) = E(p(T3)) > inf E(v) = B,
(po) = E(p(T3)) esorm o )
which gives a contradiction. Thus, the proof is completed. O

Proof of Theorem 1.9. (ii) Now, we show that M,(c) is orbitally stable. Let’s argue by contradiction.
We suppose that there exist € > 0, a sequence of initial data {¢,} C X, and a sequence {t,} C R such
that the solution ¢, (¢) with ¢,(0) = ¢, satisfies the following:

lim inf |lg,0—ulls =0 and l,af( )”(pn(tn) —ulls > €. (4.19)
ueM,(c

n—oo ue M,(c)

By a similar argument as in (4.15), there exists V € M,(c) such that
lim g0 = Vlls = 0.

Next, we set ¢, = @u(ty). Since V € S(c) (N B(5), we obtain

_¢
llen(z)ll 2

S )Bm,

and

lim E(p,) = lim E(p,(1,)) = lim E(g,0) = E(V) = m(c,r),
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which yields that ¢, is a minimizing sequence of (1.15). Due to the compactness of minimizing
sequences of (1.15), there exists ¢ € M,(c) such that

On > QinX.
According to the definition of ¢,, one has that
On — @n(ty) > 0in X.

Thus we derive the following:
oully) > @ in’Z,

which contradicts to (4.19). This completes the proof.
5. Conclusions

In this paper, we investigated the sharp global existence of the solution and the stability property
of standing waves for the Schrodinger-Hartree equation with partial confinement. To be specific,
for 2 < v < min{4, N}, we constructed some novel cross-invariant manifolds and variational problems
to analyze the sharp criterion for global existence, that is, the solution ¢(z, x) for Eq (1.1) globally
exists in time ¢ € [0, co) if the initial data ¢y € K, U R,, or the solution ¢(¢, x) that corresponds to
problem (1.1) blows up in a finite time if the initial data ¢, € K and |x|¢y € L>(RY). Especially in the
critical v = 2, we obtained two different characterizations on the criterion of global existence versus
blow-up. Additionally, by utilizing the profile decomposition technique, we showed the existence of
orbitally stable standing waves for ¢ > 0if 0 < v < 2 or 0 < v-ac < ||Q|, if v = 2. Finally, we
utilized the concentration compactness principle to demonstrate the orbital stability of standing waves
in the L-supercritical case 2 < v < min{4, N}.
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