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Abstract

This report is dedicated to the study of the solitary waves for the nonlinear
Schrédinger equation (NLS). The NLS equation is known as the dispersive partial
differential equation. By dispersion, we mean that waves of different wavelengths
propagate at different phase velocities.

Our study is focused on the solitary wave solutions of NLS. The solution is a
shape-preserving wave when propagating at a constant velocity. It results from a
balance of dispersive and nonlinear effects. To achieve our study, we shall divide
it into two parts: (i) the existence of solitary wave solutions and (ii) the stability
of solitary wave solutions.

Before we start discussing the solitary waves, we will first briefly go over the
well-posedness results of NLS. These results provide assurance of the existence of
solutions to NLS in certain function spaces. Then, by viewing the well-posedness
results, we shall specifically look into the existence of solitary wave solutions.
Moreover, we also study their stability, which by considering the nonlinear inter-
action, we will split into stable and unstable cases.
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Chapter 1

Introduction

1.1 Background

The phenomenon of solitary waves was initially uncovered in 1834 by the renowned
civil engineer John Scott Russel'. His discovery was prompted by the observation
of a swiftly moving boat in a canal, where he discerned that the abrupt cessation
of the boat’s movement generated a wave that persisted in its trajectory along
the canal with seemingly unaltered shape and speed. In 1895, the first theoreti-
cal justification for the existence of solitary waves was elucidated by Korteweg?
and De Vries®, who derived an equation accounting for the motion of water that
admitting solitary wave solutions. This equation has since become widely known
as the Korteweg-De Vries (KDV) equation.

In fact, solitary waves emerge as a consequence of the balance of two com-
peting effects: the dispersive effect of the linear component and the focusing
effect of the nonlinear component. The former effect strives to flatten the so-
lution over time, whereas the latter aims to concentrate the solution. So far,
numerous nonlinear model equations have since been demonstrated to possess
solitary wave solutions, including the Klein-Gordon, Kadomtsev-Petviashvili and
Nonlinear Schrédinger equations (NLS).

This report focuses on the study of solitary waves for NLS. This topic has
garnered significant attention owing to its broad-ranging applications in both
Physics and Mathematics, including the study of light propagation in nonlinear
optical fibers, fluid dynamics, and plasma physics. See [1, 2, 4, 12] for more
examples.

To study solitary waves of NLS, we begin by considering the Cauchy problem
of the following NLS:

o(2.0) = 1o (x,t) e R" x I, (1.1)

{z’@tv + Av = f(v)

1 John Scott Russell (9 May 1808, Parkhead, Glasgow — 8 June 1882, Ventnor, Isle of Wight).
2Diederik Johannes Korteweg (31 March 1848 — 10 May 1941) was a Dutch mathematician.
3Gustav de Vries (22 January 1866 — 16 December 1934) was a Dutch mathematician.
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where i = /—1,A = > 8;_ and I = (=T,T) with T > 0. Here, the function
f(v) represents the nonlinearity of the equation. Note that the nonlinearity of
the NLS can result in either a focusing or defocusing effect. For instance, Let us
consider the case when f takes the form f(v) = Mov[P"*v. In this scenario, the
NLS is referred to as defocusing when A > 0, whereas it is called focusing when
A < 0. As previously discussed, the solitary waves arise from a balance between
the dispersive and focusing effects of the equation. Therefore, we will restrict our

attention to the focusing NLS in order to study the solitary waves.

It is well-known that when f satisfies certain conditions, NLS (1.1) admits
two conserved quantities, namely mass and energy. Specifically, let v be a smooth
solution of NLS (1.1) and f satisfies certain assumptions [See Lemma 2.2.1], the
following two quantities (mass and energy) are conserved for v:

M) i= [ foPds = ol
B(o) = 5 IVolls + [ F(lo(o)de

where F' is defined as

F(s) = / f(rydr, seR.
0
By means of conservation, we have ;M (v) = 0 and 0;E(v) = 0. In particular,
M(v) = M (wvp), E(v) = E(vy). (1.2)

The use of these conservation laws enables us to study the global-in-time dynam-
ics. In particular, let v be a solution to NLS (1.3) defined on a specific function
space over the time interval I. If v is the unique solution to NLS (1.3) and is
continuous with respect to the initial condition vy, then we can say that NLS
(1.3) is locally well-posed in this function space [See proposition 2.2.2]. The con-
servation laws (1.2) now would allow us to extend this local solution globally in
time. Roughly speaking for some appropriate nonlinearity, if the solution v lies
in the Sobolev space H', we have M + E ~ H'. Therefore they provide a global
control on the H'-solution, which implies that our solution exists for any 7" > 0.
This is known as the global well-posedness of NLS (1.3) [See proposition 2.2.4].

After verifying the existence of solutions to NLS (1.1), we discuss our main
topic: solitary wave solutions of NLS.

Let f(v) = —Jv[P~'v with p > 1. From (1.1), we have the following NLS
associated with a polynomial nonlinearity:

10w + Av = —|v|P . (1.3)

In studying the nonlinear dispersive equations, the behaviours of solutions are
determined by the interplay between nonlinear and dispersive effects. As the
parameter p increases, the nonlinear effect becomes stronger and the behaviour
of solutions changes accordingly. Therefore, when studying solitary wave solu-
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tions, different ranges of p can yield different results. In particular, Strass [10]
established the existence of non-trivial solitary wave solutions to NLS (1.3) when
1 < p < p*(n), where p*(n) = oo for n = 1,2 and p*(n) = Z—fg for n > 3, and
showed that no non-trivial solitary wave solution exists when p > p*(n). For
stability, Cazenave and Lions [3] demonstrated that the ground state solution of
NLS (1.3) is stable when 1 < p < 1+ 2 and unstable when 1+ 2 < p < p*(n).
Weinstein [14] proved the instability also holds when p = 1 + %. In this report,
we concentrate on two cases: 1 <p <1+ % and 1+ % < p<p(n).

Solitary wave solutions refer to a specific type of solutions represented by the
form:

v(z,t) = e"Mu(x), (1.4)
where u(x) denotes the solutions of the following nonlinear elliptic problem:
—nu + Au = —|ulPu, (1.5)

for uw # 0 and n > 0. We can verify v(x,t) satisfy NLS (1.3) by straightforward
calculations. Substituting (1.4) into (1.3) yields

—neu(z) + e Au(z) = —|e"u(z) [P e u(z),

—nu(z) + Au(z) = —|e™u(x)]" u(@),

which is equivalent to (1.5) since |e?"| = | cos(nt)+isin(nt)| = \/cos?(nt) + sin®(nt) =
1. Moreover,these solutions are also called the standing wave solutions of NLS
(1.3). As a consequence, we can prove the existence of standing wave solutions

to NLS (1.3) by demonstrating the existence of the solutions to the nonlinear
elliptic problem (1.5).

1.2 Main results

The first goal of this report is to establish the existence of solutions to (1.5). Our
approach to proving the existence involves using variational methods. Specifically,
we convert the elliptic problem (1.5) into a constrained minimization problem
and then prove the existence of the solution to this minimization problem while
subject to specific constraints.

We consider two different minimization problems in our analysis, depending
on the range of p values. When 1 < p < 1+ %, the minimization problem we
investigate is

bo = inf S,(u), (1.6)

uEKa

where 17 > 0, o > 0 and the definitions of S, and K, are given as

2
Sp(w) = [IVullZ> + nllullZ> - mllﬂlliﬁu (1.7)

Ko ={u€ H'|ullz2 = Va}. (1.8)
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On the other hand, when p < 1+ 2 < p*(n), we consider a different mini-
mization problem with the same functional S, (u) but with different constraints:

c, = inf S, (u), (1.9)

ueK

where 7 > 0 and K is defined as
K={ueH" u#0,T(u) =0},
with the expression of T'(u) given as follows:

n(p —1)
T(u) =2||Vul7. — pTHU’ S

Our main result about the existence is the following:
Theorem 1 (existence). Let n > 2, n > 0. Then, the following statements hold.

(i) Let 1 < p <1+ 3 and o > 0. Then, there exists w € K, N H} such that
0 > by, > —o0. Moreover, this function w is a weak solution to (1.5) for
some 7 > 0.

(i) Let 1+ 2 < p < p*(n). Then, ¢, > 0 and there exists w € K N H}
attaining the minimum value ¢, in (1.9). In this case, the function w is a
weak solution to (1.5).

Theorem 1 shows that, for both 1 <p <1+ % and 1+ % < p < p*(n), there
exists a standing wave solution to NLS (1.3). After establishing the existence of
the standing wave solutions, we examine their stability. For this purpose, we will
need the following definitions of stability:

Definition 1.2.1 ([13] Definition of stability restricted to H}!). A ground state
solution v is stable under radially symmetric perturbations if, given € > 0, there
exists ¢ > 0 such that
ug € HY, ||ug — v(0)||gn <6
inf — et :
= élelRH(u(i) e“vt)||lm <€, t>0

Definition 1.2.2 ([13] Orbital stablity). A standing wave solution v is orbitally
stable if, given € > 0, there exists § > 0 such that

ug € H', |Jup — v(-,0)|| 1 < 6
inf t) — (- +y,t t
= yoith () —ePo( +y,D)lm <6 >0,

where u denotes the solution to NLS (1.3) with initial condition u |;—o= uo.

Now, we are ready to present the main result about the stability of standing
wave solutions to NLS (1.3).
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Theorem 2 (Stability). Let n > 2, n > 0. Then, the following statements hold.

(i) Let 1 < p <1+ 2. Then, a ground state solution v to NLS (1.3) is stable
in the sense of Definition 1.2.1.

(i) Let 1+ 2 < p < p*(n). Then, a ground state solution v to NLS (1.3) is
orbitally unstable.

Theorem 2 states that a ground state solution to NLS (1.3) is stable under
radially symmetric perturbations for 1 < p < 1 + % and orbitally unstable for
1+ % < p < p*(n). To prove the stability, we utilize various lemmas, including
Rellich’s compactness theorem, the uniqueness of the standing wave solutions,
and the conservation laws satisfied by solutions to NLS (1.3). In the case where
instability occurs, we demonstrate the non-existence of global-in-time solutions to
NLS (1.3) and conclude that the standing wave solutions are unstable by blow-up.

The report is organized as follows:

Chapter 2 serves as an introduction to the preliminaries required for the sub-
sequent discussion on standing wave solutions. The chapter is divided into three
sections:

e In the first section, we display notations and some important background
materials from functional analysis.

e The second section focuses on the Cauchy problem of NLS (1.1). We present
known results regarding the local/global well-posedness of the problem,
which are essential for comprehending the subsequent discussion on stand-
ing wave solutions. Furthermore, these results are also used to prove our
main theorems.

e The final section of the chapter is dedicated to the study of variational
methods. Here, we demonstrate the propositions and lemmas that eluci-
date the process of transforming the nonlinear elliptic problem (1.5) into a
minimization problem.

In chapter 3, we investigate the existence and stability of standing wave solutions
to NLS (1.3). Our study is divided into two distinct sections, based on the range
of the parameter p:

e Section 3.1 focuses on the case where 1 <p <1+ % and aims to prove the
first part of both main theorems.

e In Section 3.2, we consider the case where 1—1—% < p < p*(n) and concentrate
on proving the second part of the main theorems.



Chapter 2

Preliminaries

In this chapter, we first introduce the notations and the background materials
from functional analysis. We then focus on the Cauchy problem of NLS (1.1) and
associated lemmas, which are essential to present the proof of the main theorems
accurately. Additionally, the variational method is presented. It is a powerful
method for proving the existence of solutions to a wide range of nonlinear partial
differential equations and has been used extensively in the study of nonlinear
dispersive equations. A general overview of variational methods can be found in
[11].

2.1 Notations and Functional analysis

First of all, we introduce the main notation that will be used throughout.

C > 0 stands for the universal constant, which varies at different occurrences.
We denote a < b if a < Cb for some constant C' > 0.

LP(€2) denotes the Banach space of measurable functions u : Q@ — R(or C)
such that the norm ||u||zr(q) < 0o where for 1 < p < oo

ll ey = ( / |u<x>|pdx) |

]| oo (@) = Esssup [ul.
z€Q

and for p = oo

We use the notation LP = LP(R™). Moreover, it is a Hilbert space when p = 2
and for u,v € L? the inner product is given as

(u,v) = /n u(z)v(x)dz.

H'(Q) denotes the L?-based Sobolev space on €2, which is defined as
HY(Q) = {u e L*(Q);0,u € L*(Q)}.

10
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It is equipped with the norm

lullm (/ ()2 + |0, d:c)

and the scalar product

(U, ) 1) = /QRe (u(x)@) dx.

We use the notation H! = H'(R"), and H~' = (H')* denotes the dual of H'.
Additionally, a real Hilbert space H! , and its inner product are defined as
={u:ue H'} and

real

(u U)Hl

1= Re/ ( u(x)v(z) + Vu(z) - Vv(a:)) dr, wu,ve HL,,.
Note that although the Hilbert space H! , is comprised of complex-valued func-
tions in H', it is considered to be a real Hilbert space, as the coefficients are
taken to be real numbers. It is analogous to regarding C as R? by separating into
the real and imaginary parts.

Moreover, we use the notation H! and LP to denote the spaces H' and LP
with the property of radial symmetry, respectively. That is,

H! = {u € H';u is radially symmetric},
L? = {u € LP;u is radially symmetric}.

Here, a function u defined on R"™ is considered radially symmetric if it satisfies the
condition u(z) = u(]z|), meaning that u depends solely on the radial component

Lastly, given a Banach space X and an open interval (=7, 7") with T" > 0, we
let

G(=.7iX) = {0 € CU-T. 1) X supll(o)lls <o
) < oo}.

We use the notation Cr X = Cy((—=7,7); X) and C' X = CJ*((—=T,T); X ). More-
over, (4 X = Cp(R; X)) and C}"X = CJ'(R; X).

Similarly, we denote L"((—=T1,T); X) and L"([-7",7"]; X) by L-X and L%, X
respectively, where [—T",T"] is any bounded closed subinterval of (=T, T).

G ((-T,T); X) = {v € C™((-T,T); X); > _sup

‘o tel

We then recall some important results from functional analysis [9].

Proposition 2.1.1 (Lebesgue dominated convergence theorem). Let f be mea-
surable in ©, and {f,} be a sequence of measurable functions on €2 such that

lim f,(z) = f(z),

n—oo

11
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for every x € Q. Suppose that there exists nonnegative g € L'(Q) such that

|[fu(2)] < g(2),

for every x € 2 and n > 1. Then, we have

hm/|fn x)|dx = 0,
ie. i w(z)dx = d
ie im f x)dx /Qf(x) x

n—oo

Proposition 2.1.2 (Holder’s inequality). Let p and ¢ be constants such that

1
=+
p

where p,q € (1,00). Then, for f € LP(Q

=1

VQlH

~—

and g € L1(Q), we have

[ 1#@g(@dz < sl

In particular, when p = ¢ = 2, it is called Schwarz’s inequality.

The following proposition is well-known as Sobolev embedding theorem. It
plays an important role in the proof of the main theorems.

Proposition 2.1.3 ([5] Theorem 2 in Section 5.6 and Theorem 1 in Section 5.7).
Let 2 <p < ooand 0 <a<1such that

%I;(l—a)—F(%—%) a
(2,

Then, except for (n,p) = (2,00), the following inequality holds:

lullr S Nullz*IVullfz, we HY.
In particular, the following embedding holds:
H' C P,
except for (n,p) = (2,00). Moreover, with p = p*(n) + 1,n > 3, we have
|w|l o1 < Cllul| g

Based on Proposition 2.1.3, we expand the statement by considering the func-
tional spaces H! and LP. Note that the embedding H' C L? holds except for
(n,p) = (2,00), and the following proposition states this embedding H! C L? is
compact, except for p =2 or p = p*(n) + 1.

Proposition 2.1.4 ([5] Theorem 1 in Section 5.7). Let n > 2 and 2 < p <
p*(n) + 1. Then the embedding H! C LP is compact. That is, for any bounded
sequence {u,,} in H}, there exists a subsequence {u,,, } convergent in L2,

12
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We end the section by recalling some definitions.

Definition 2.1.5 ([13] The differentiation of operators in Banach spaces). Let
(X1, || - llx,) and (X, - ||x,) be real Banach spaces. B(Xj, Xs) denotes the
collection of bounded, linear operators from X; into X,. Let F' be a map from
X; into X,. (i) F is said to be Fréchet differentiable at x € X if, for given
x € X, there exists A € B(X;, X3) such that

|F(z+h) = F(x) — Ahllx,

17, =0 1A x,

= 0. (2.1)

Such an operator A is called the Fréchet derivative of F' at z, denoted by dF(z).
(ii) F is said to be Gateaux differentiable at x € X if the limit

lim F(x +ty) — F(z)

t—0 t ’

exists for all ¥y € X;. Then the limit is called the Gateaux derivative of F' at z,
denoted by dF(x,y).

From the definition, we can conclude that if F'is Fréchet differentiable, then it
is Gateaux differentiable. Conversely, when F'is Gateaux differentiable at x € X7,
it is Fréchet differentiable at z if the Gateaux derivative dF(x,y) is linear in y
and dF(z,-) is a continuous map from x € X; to dF'(z,-) € B(X1, Xa).

Definition 2.1.6 ([13] Definition 5.2.7 and 5.3.1). Let S be a functional mapping
from H'! into R and v € H'!

(i) wis called a critical point of S if dS(u,v) = 0 for all v € H'. Tt follows that
S(u) is called a critical value.

(i) w is a local maximum point of S if there exists € > 0 such that
S(u) > S(v), (2.2)

for all v € H' with 0 < ||u — v|[;n < €. Here the corresponding value S(u)
is called a local maximum value. On the other hand, if the inequality (2.2)
holds in the opposite direction, then u is a local minimum point of 5, and
its value S(u) is a local minimum value.

Definition 2.1.7 ([13] Definition 5.2.8). Let n > 1,1 < p < p*(n). w € H' is
called a weak solution to (1.5), if it satisfies (1.5) in distributional sense,

ie. (Vo,Vw)+n(v,w) — (v, w]P"'w) =0, veH"

Weak convergence

Definition 2.1.8 ([13] Definition A.3.13). Let X be a normed space over C. A
mapping from X into C is called a functional. The collection of bounded linear
functionals on X is called the dual space of X, denoted by X*. For f € X* and
r € X, we write (f,z) for f(z). We say that X is reflexive if X** = X where
X** denotes the dual space of X*.

13
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Remark. X* is a Banach space since C is a Banach space with the norm given by
the absolute value.

Remark. For x € X, a mapping
feXx —(f x),

is a bounded linear functional on X*. Thus, z € X can be regarded as an element
in X**. Hence, X C X**.

Definition 2.1.9 ([13] Definition A.3.16). Let X be a Banach space. We say
that a sequence {z,} C X converges weakly to x € X and write

r, — x weakly,
if, for any f € X*, we have

(fxn) — ([, 2),
as n — 00.

Proposition 2.1.10 ([13] Theorem A.3.18). Let X be a Banach space. For
r € X and {z,} C X, if z,, — x strongly, then z,, — x weakly.
Moreover, if x,, — x weakly, then {z,} is bounded in X and

|z||x < liminf ||z,|x.
n—oo
Proposition 2.1.11 ([13] Theorem A.3.19). Let X be a reflexive Banach space.

A bounded sequence {x,} in X always has a weakly convergent subsequence.

2.2 Cauchy problem of Nonlinear Schrodinger
Equations

In this section, we present some known results for the Cauchy problem of NLS
(1.1). First, the following assumptions for the nonlinearity f are stated:

A1l fis a function from C to C with f(0) = 0. By regarding C = R?, we have
f e CHR?,R?).

A2 For 1 < p < p*(n), there exists K > 0 such that

[f(21) = f(z2)| S K1+ || + |2])" 7 o1 — 22|, 21,22 € C.

A3 f(s) € R for s € R and
f(e?2) =¢e?f(z), z€C, §cR.

14
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A4 Define F(z) by
F(z) :/0 f(s)ds.

Then we have
4
F(|Z|)>—L1|Z‘Q+1—L2|Z|2, ZGC? 1<q<1+_7
n

where L1, Ly and ¢ are positive constants that independent of z.

A5 A
f(z) =Xzl tz, A<0, 1+— <p<p(n)
n
Remark. The conditions A1 and A2 guarantee the existence and uniqueness of
local-in-time solutions to the Cauchy problem (1.1). The condition A3 is well

known as the gauge condition, which ensures the solutions to (1.1) satisfy physical
principles, such as the conservation of energy.

Lemma 2.2.1 (The conservation laws). Assume A1 - A3 hold for f, there exists
a smooth solution v to (1.1). If it satisfies v(x,t) — 0 as |z| — oo, then the
conservation laws (1.2) hold. Moreover, we can rewrite them as

@2 = llvollzz, E(v(t)) = E(vo). (2.3)

Local well-posedness

Proposition 2.2.2 ([12] Theorem 3.13). Let n > 1 and f satisfies A1-A2. Given
vy € H', there exists T > 0 and a unique solution v, satisfying (1.1) on (=T, T),

such that
v E CTHl N C%H_l,

Vo € LhLPH

where 1 < p < p*(n) , and r satisfies

r(g_pjl) s (2.4)

Here T depends on K, p,n, and ||vg|| g1, where K is as in A2.

Global well-posedness

By Proposition 2.2.2, we construct the local-in-time solutions to the Cauchy prob-
lem (1.1), and the next step is to extend them globally in time.

Lemma 2.2.3. Assume Al - A3 hold for f. For an open interval (=7, 7T) with
T > 0. Let v be a solution to (1.1) such that

v E OTHl HC%H_l,

2.5
Vv € L, LP*H, (2:5)

15
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where 1 < p < p*(n), and r satisfies (2.4). Then, the conservation laws (2.3) hold
for any t € I.

Proposition 2.2.4 ([12] Theorem 3.14). Let n > 1. Suppose f satisfies Al -
A4. Then, for any vy € H!, the local-in-time solution v to (1.1) constructed in
Proposition 2.2.2 can be extended globally in time such that it is unique and

(S CtHl ﬁC’tlH_l,
Vv € L LPH.

Moreover, by Lemma 2.2.3, the global-in-time solution v follows the conservation
laws (2.3).

However, it is not always the case that we can find global-in-time solutions.
If we only focus on whether we can extend a local-in-time solution to [0, 00), the
following proposition holds.

Proposition 2.2.5 ([13] Theorem 4.5.1). Let n > 1. Assume A5 holds for f
and vg € H', zvg € L2 If E(v) < 0, then the local-in-time solution v to (1.1)
constructed in Proposition 2.2.2 can not be extended globally in time.

Moreover, when A5 is satisfied by f, we have the following lemma.

Lemma 2.2.6 ([13] Lemma 4.5.3). Let n > 1. Suppose A5 holds for f, v € H
and zvy € L*. Let v be a solution to (1.1) on [0,T) that satisfies (2.5). Then

zv € C([0,T); L?),

and the following identity holds for ¢ € [0,T):

Hxv(t)H%z = ||JJU()H%2 + 4tIm i Tox - Vg dx
e nA(p—1
v [ [ v + P iz aras

We end this section by recalling the nonlinearity f(z) in NLS (1.3):
f(2) = |2,

Note that it satisfies all the conditions A1l - A5 for 1 < p < p*(n).

2.3 Variational formulation

To study the existence of standing wave solutions, it is important to comprehend
the variational methods. Following this section, one can understand the principle
of converting the elliptic problem into a minimization problem.

Let us recall the definition of S, (u) (1.7) and consider S,(u) : HL, — R
as a functional on H_. . Moreover, if it is Gateaux differentiable, its Gateaux
derivative is denoted by dS,(u,v), v € H

real*

16
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Proposition 2.3.1 ([13] Theorem 5.2.5). Let n > 1,1 < p < p*(n) and n > 0.
Then the functional S, is defined on all of H' and its Gateaux derivative dS, (u, v),
v € H! | exists for all w € HL . Furthermore, for u,v € H' the Gateaux

rea real*

derivative dS,(u,v) can be written as

dS,(u,v) = 0,5, (w)v + 075, (u)v
= 2Re[0,.5, (u)v],

where, for each u € H', 8,5, (u) and 955, (u) are bounded linear functionals from
H' into C given as

DuSy (v = (Yo, V) + (v, u) — (v, [uf*~"u),

(2.6)
0zSy (u)v = 0,5, (u)7,
Proof. By the Proposition 2.1.3, we obtain that for u € H!,
[ul| ot < Cllullan, (2.7)

which implies that S, maps H' into R.

Given u,v € H- ,, we define

real’

R(t) = Sy(u+tv) = Sy(u) — £ ([Vollz2 +nllvllz2) .

for t € R with |¢t| < 1. It follows from the definition of S, (1.7) that

lu + tollf 5

2
R(t) = [V (u+ tv)||Z2 + nllu + o[- — P

= [IVullZ: = nllulz. + lullpis =8 (1IVOllZe +nllollZe) -

p+1

Rearranging it and evaluating the norms, we have
R(t) = / ([Vu+tVo]? = |Vul> — £?|Vo]?) da
—l—n/ (Ju+tv]* = [ul® = o) dx
:/]R ( [Vul® + 2tRe(VuVv) + £*|Vol* — |Vu|? — £*|Vo|*) dz

+ 77/ (|u]* + 2tRe(uv) + £*|v|* — |u|* — *|v|*) dx

p+1/ / 2 Olu+ 1o + (1= 0)[u 2% dfda

= 2tRe ( /R n(vuﬁ)d:c +1 / n(u@)d:p)

1
- / / (Olu+ o> + (1 — 0)[uf2) 5~ d0(u + to]? — [uP)da
R™ JO

17



Solitary Waves for the Nonlinear Schrodinger Equation 18

Expanding |u + tv|* — |u|? yields 2tRe + (uv) + t*|v|>. Consequently,
R(t) = 2tRe[(Vv, Vu) + n(v,u)]

—Qt/ / (Olu + tv]* + (1 9)]u\2)%d9Re(u6)d1‘

(2.8)
/n/ (Olu + tv]* + (1 — O)|ul>) = d9|v| dx
= [(Vv, Vu) + n(v,u)] — tI(t) — 2 J(t),
where )
t) =2 (Ou+ tv]* + (1 — 0)[u]?) 7 dQRe(uv)d
ot w0

//9|u+tv|2 (1—0)|ul®)"= db|v|2dz.

For estimating I(t), we notice that for x € R",

1
1i 2 1— 2 % v
i | (Olu+ tv? + (1 — 0)[ul*) = dIRe(uv) (2.10)
= |u[P"'Re(uD),

and, for all ¢ such that |[¢t| < 1, the following inequality holds:

/0 (Olu+ tv]* + (1 — 0)[u)®) = dQRe(uv)

S (= + [P lullv].

(2.11)

From Proposition 2.1.3, it follows u,v € LPT'. Therefore, by (2.10)-(2.11) and
Lebesque dominated convergence theorem 2.1.1, we derive

t—0

1
lim/ / Olu + to]? + (1 — 0)|u[?) = dIRe(uD)dz
nJo
= |u|P~'Re(uv)dx.
Rn
Then, from (2.9), it follows that

limI(t) = 2Re/ (|ufP~ uwv)dz,

t—0

. . _ p—1
i.e. %g% I(t) = 2Re(|ulP" u, v).
For estimating J(¢), it follows from Proposition 2.1.2 and (2.7) that, for all ¢ such
that |¢| < 1,
OIS [ (P ol ) o
RTL
(||U||pp+1 + ol i) ol

< Ul + lollga) oll7

(2.12)

18
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Finally, we can conclude the Gateaux derivative dS,(u,v) by (2.8)-(2.12) that

dSn(U U) = lim Sn(u i tv) — Sﬂ(u) = lim @

t—0 t t—0 ¢
= 2Re [ (Vuv, Vu) v, u)] — 2Re([u[P""u, v)]
= 2Re [ (Vuv, Vu) v, u) — (JulP~u,v)]
= 0,5y (u)v + 055, (u)7,

+n(
+n(

where, by (2.6), the operators 0,5,(u) and 0S5, (u) are clearly linear for each
u € H'. Moreover, from (2.7), we have

05 (), [0S, (u)v] = (Yo, V) + (0, u) = (v, [ul” )]
S (lullg + ull) vl a

which implies that the operators 0,,5,(u) and 0z5,(u) are also bounded for each
ue H. [l

Remark. As 8,5,(u) and 95S,(u) are operators from H' into C, we regard
dS,(u,v) as an operator from H' x H' into C.

Proposition 2.3.2 ([13] Theorem 5.2.10). Let n > 1,1 < p < p*(n). u € H' is
a critical point of S, if and only if u € H' is a weak solution to (1.5). Moreover,
for u,v € H',

ds,(u,v) =0,

if and only if
Oy Sy(u)v = 0.

Proof. 1If u € H' is a critical point of S, then by Proposition 2.3.1 and definition
2.1.6(i) we have
dSy,(u,v) = 2Re[0,5,(u)v] = 0,

for v € H'. Tt is followed by

Re[(Vv, Vu) + n(v,u) — (v, |ul’~'u)] = 0. (2.13)
Replacing v by v yields

Im[(Vv, Vu) + (v, u) — (v, |ul’~'u)] = 0. (2.14)
Combining (2.13) and (2.14) gives

(Vv, V) +n(v,u) = (v, [ul"~ u) =0,
i.e. O0ySy(u)v =0.

Thus, by definition 2.1.7, u is a weak solution to (1.5).

19
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Conversely, if u € H' is a weak solution of S, then we have

0ySy(u)v =0,
dS,(u,v) = 2Re[0,S, (u)v]
=0,
for v € H', which implies u € H' is a critical point of S,,. O]

In summary, the nonlinear elliptic problem (1.5) can be solved in distributional
sense by determining the critical point of the functional S,. As per the standard
understanding that the derivative of a function is zero at local extremum points,
namely local maximum or minimum points. Moreover, from Definition 2.1.6(i),
we have dS,(u,v) = 0 at critical points of S,. Therefore, it is logical to explore
the relationship between critical points of S, and its local extremum points.

Proposition 2.3.3 ([13] Proposition 5.3.3). Let n > 1,1 < p < p*(n). If u € H*
is a local extremum point for the functional S,, then we have 9,5, (u)v = 0 for
veH"

Proof. Suppose u is a local maximum point for the functional S,. Then, by
Definition 2.1.6(ii), we have

Sy(u+tv) — S, (u) <0,
forv € H' and |t| < 1. Let ¢ > 0, divide both sides by t and take limits as ¢t — 0:

lim Sy(u+tv) — S, (u)

< 0.
t—0 t <0

Thus, by Definition 2.1.5(ii) and Proposition 2.3.1, we obtain

dS,(u,v) < 0. (2.15)
The one for ¢t < 0 is treated similarly, then we have

dS,(u,v) = 0. (2.16)
From (2.15)-(2.16) and Proposition 2.3.2, it follows that

0y Sy(u)v =0,
for v € H'. A similar argument is applied for u being a local minimum point. [J

Thus, it is clear that the local extremum points for the functional S, are the
weak solutions of (1.5).

Regarding extremum points, we usually think of absolute maximum or min-
imum points. However, since u ranges over the entire space, the functional S,
is not bounded H'. Therefore, in finding the local extremum values of an un-
bounded functional, we must impose some constraints and then find the maximum
or minimum points. Such problems are known as conditional extremum problems.
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Next, we present a useful proposition in considering the conditional extremum
problems.

Proposition 2.3.4 ([13] Theorem 5.3.5). Let n > 1,1 < p < p*(n), and v € H',
T(u) = a||Vul[Z2 + bllullZ: + cllul 73,
for some a, b, c € R.

(i) By regarding T'(u) as a functional on H! , the Gateaux derivative dT'(u,v)),
veH)

L., exists for any u € HL,, and can be expressed as

dT (u,v) = 0,T(u)v + 05T (u)v
= 2Re[0, T (u)v],

where u,v € H' and, for each u € H', 9,T(u) and 95T (u) are bounded
linear operators from H! into C with expressions

cp+1)

0, T (u)v = a(Vu, Vu) + b(v,u) +

0xT (u)v = 0, T (u)7,

(v, Jul”~ ),

(2.17)

(i) For a € R, define a subset K of H' by K ={v € H'; T(v)=a}. fue K
is a local extremum point of S,, on K and 9,7'(u) # 0, then the following

holds :
0uSy(u) — A0, T'(u) = 0,
)= Re[0,S, (u)v]
Re[0,T(u)v]’

where v € H', Re[d,T(u)v] # 0.

To prove it, we need the following lemma which is known as the Lagrange
multiplier method.

Lemma 2.3.5 ([13] Theorem A.1.3). Let D be a domain in R? and f(x,y), g(z,y) €
CY(D). Also, let E = {(z,y) : f(x,y) = 0}. Suppose that f(z,y) takes an ex-
treme value at (zg,yo) € E under the condition g(z,y) = 0. Then there exists a
constant A € R such that

f((z0,10)) — Aga (w0, 90) = 0,
Jy((xo,v0)) — Agy(z0,90) = 0.

Now it is possible to present the proof of Proposition 2.3.4.

Proof. The proof of part (i) is analogous to that of Proposition 2.3.1. Thus we
provide a sketch proof here. First, we have 7" maps H' into R from Proposition
2.1.3.

Given u,v € H! ,, define

R(t) = T(u+ tv) = T(u) — t* (al| V|7 + bllvll7:) ,
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for t € R with |¢t| < 1. It follows that

ct(p+1)

R(t) = 2tRe[a(Vv, Vu) + b(v,u)] + 5

I(t) +

where

1) _z/n/o (Olu + 02 + (1 — 0)[u[?) "7 dORe(uv)dz,

1
J(t) = / / (0w + tv]> + (1 — 0)[ul?) 7 db|v)dz.
nJo
Then, we deduce

lim I(t) = 2Re(|ulP~'u,v),

t—0
and, for |t| < 1, we have

@O < Clllullin’ + ol vl

Consequently, we obtain

dT (u,v) = lim Tluttv) = T(w) = lim R(t)
t—0 t t—0 ¢
=2Re | a(Vv,Vu) +b(v,u) + @(Mp—lu, v)

= 0,1 (u)v + 07T (u)7,

for u,v € H', where 9,T(u) and 95T (u) are bounded linear operators from H*
into C.

Next, we prove part (ii). In view of the assumption 0,7 (u) # 0, there exists
w € H' such that
Re[0, T (u)w] # 0.

Fix v € H! and let

F(s,t) = S,(u+ sv+tw),
G(s,t) =T (u+ sv+tw) — a.

It follows from Proposition 2.3.1 and part (i) that F,G € C'(R?). Moreover,
since u is a local extremum point of S, on the set K where T'(u) = a, the point
(s,t) = (0,0) is a local extremum point of F' on the set

K ={(s,t) € R?; G(s,t) = 0}.
From Lemma 2.3.5, it follows that there exists A € R such that

OF oG

OF 0.0) = 22%(0.0) = 0 21
ot ot T
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Moreover, by taking the partial derivative of G(s,t) with respect to t, we deduce
that

9G 0,0) = &, T(w)w + OuT ()

ot
= 2Re[0, T (u)w] # 0.
Since 2(0,0) # 0, we can rewrite (2.18) as

Re[0,S,(u)v — A0, T (u)v] = 0,
_ Re[0,.S,(u)w]
Re[0, T (u)w]

As 0,5, (u) and 0,T(u) are linear operators, we can replace v by v which then
leads to

Im[0,.S,(u)v — A0, T (u)v]
= —Re[i0,5,(w)v — A0, T (u)v]
= —Re[0,5,(u)(iv) — A0, T (u)(iv)]
=0.
Therefore, we have
0y Sy(u)v — A0, T'(u)v = 0.
which completes the proof. O]
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Chapter 3

Standing wave solutions of the
Nonlinear Schrodinger Equations

In this chapter, we give the proof of the main theorems. As mentioned before, we
firstlet 1 <p<1+ % and prove the first part of both theorems, and then prove
the second part where 1+ 2 < p < p*(n).

3.1 Existence of standing wave solutions and
their stability for 1 <p <1+ 7

In this section, we let n > 2 and 1 < p < 1 + % throughout and investigate
the existence of standing wave solutions along with their stability by proving
Theorem 1(i) and 2(i).

3.1.1 Proof of Theorem 1(i)

Let us recall the conditional minimization problem (1.6) for 1 <p <1+ %:

by = inf S, (u),

’U,EKa

where 17 > 0, o > 0 and the definitions of S, and K, are given as

2
Sp(w) = [IVullZ> + nllullZ> - mll%lliﬁl,

K,={ue H': |lullz2 = Va}.

Remark. If there exists u € K, such that b, = S,(u) < oo, then we say it
is a solution of the minimization problem (1.6) and the corresponding b, is a
minimum of the problem.

To prove the theorem, we will use the following lemmas.
Lemma 3.1.1. The minimization problem (1.6) is equivalent to the following
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conditional extremum problem:

Co = inf E(u), (3.1)

UEKQ

where o > 0 and E(u) denotes the energy functional with expression

1
E(u) = [[Vulzz - a7 (3:2)

p+1
Proof. Suppose w € K, is a solution to the problem (3.1), then

lwlizz = Va,
¢o = E(w) = inf E(u).

uEKa

By Definition 1.7, we have

2 +1
Sy(w) = [Vullz2 + nllullz> - Y Tlellzos
1 1 3.3
=2 ( GVl = =l )+l (33)
= 2E(u) + na,
for u € K,. Take the infimum on both sides:
ulenlga Spy(u) =2 ulenlga E(u) +na
=2E(w) + na
= Sy(w),
which implies w is also a solution of problem (1.6).
Moreover, the following equality holds:
ba = 2¢, + nav.
[

Lemma 3.1.2 ([13] Lemma 5.3.8). Let v € H', then there exists v* € H' with
the following properties:

i. v* >0, ae x€eR"

i. radial symmetry: v*(x) = v*(|z|).

—e

—

iii. [z] < [yl = v*(2) <v(y).
iv. meas{x;v*(x) >t} = meas{z;|v(z)| >t}, ¢>0.
V. ||VU*||L2 < ||V'U||L2.
Here meas denotes the Lebesque measure on R" and (iv) is equivalent to

[0l e = [[v*]| s,
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for 1 < ¢ < oo. We call such v*(z) the symmetric decreasing rearrangement
of v. Moreover, for a given v € H!, if there exist two symmetric decreasing
rearrangements v} and v}, then v (x) = v} (z) for almost every x € R™.

Lemma 3.1.3 ([13] Lemma 5.4.2). Let n > 1,1 < p < 1+ 2. Given o > 0,
suppose ¢, is a finite negative value. Let {u,,} be a sequence in H}. If the

following holds:
HUmHLQ — \/a,
E(uy) = cq,

as m — oco. Then there exists a subsequence {u,,, } of {u,,} and w € H} such
that, as m;, — oo,
{Up,} — w in H,

o = E(w), |w|p = Va.

Furthermore, w is a weak solution to (1.5) for some 7 > 0.

The proof for Lemma 3.1.3 is postponed to the end of this section. We can
easily prove Theorem 1(i) and Theorem 2(i) by assuming this lemma.

Now, we are able to present the proof of Theorem 1(i).

Proof. First, in view of Lemma 3.1.1, it suffices to prove there exists w € K,NH}
such that 0 > ¢, > —o0, and w is a weak solution to (1.5) for some 1 > 0.
Step 1: We claim 0 > ¢, > —o0.
Given u € H!, define
ux(z) = Nu(Az), (3.4)

where A > 0 and # € R. Then we have
sl = [ Justa)Pde = [ Nfu(no) s,
R n
by the change of variables,
sl = 320 [ 1408,
=32 [ Ju(y) Py (35)

Rn
= A" ulf7.

In like manner, we obtain

IVusll2e = A% / IV (u(Aa)) e

= (Vu)(\x)|*dx

Rn | (3.6)
=\ (V) (y) Pdy

]Rn
= NP2 |72,
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and

Juallth, = APTDE= gy 4L 3.7

Let 8 = % and u € K,. Substituting (3.5)-(3.7) into the energy functional (3.2)
yields

n(p+1)
A2 A .
E(uy) = —IIVUAIIi2 - || [
n(p 1)
A2 A2
= _Hvu/\HL? - 1 lull

Since l <p <1+ %, E(uy) <0 if and only if

1
0o ( 2ulgih ) st
: _

p+ D[VulZ.

Moreover, |[uy]|2, = |lul|3, = /o« indicates that uy € K,. Since ¢, is defined as
the infimum of the energy on the set u € K, E(uy) < 0 is equivalent to ¢, < 0.

Next, we use Proposition 2.1.3 to show ¢, > —o0. Recall the proposition, we

have 2 < p+ 1 < oo and evaluate a = ((LB from

1 1 1 1
= (1- S
+ 2( a)—|—<2 n)a

p
Since n > 2, we have 0 < a < 1. Thus, the following inequality holds:

—_

n(p—1) n(p—1)
||UHL:D+1 C”UHLQ 2(P+1) ||vu||2(p+1)’

) 1 n 272(77, 2) n(p—1)
e ullppes < Cllull, [Vull2*
for u € H'. Then, we deduce that
1 ) ni2op(n-2) n(p-1)
E(u) 2 5[IVullzs = Cllul [Vull.* - (3.8)

By ||u|lr2 = v/a and @ < 2, we can conclude that

. 1 n+2—p(n—2) n(p—1)
0>c,>inf | =s> — Ca 1 s 2
s>0 2

> —00.

Step 2: We show w is a weak solution to (1.5) for some 7 > 0.
By the definition (3.1) of ¢,, there exists a sequence {u,,} in K, such that

E(um) = ca,
as m — oo, and for all m > 1, we have
Coa < E(up).
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From Lemma 3.1.2, it follows that there exists a symmetric decreasing rearrange-
ment {u} } in K, N H}! such that, as m — oo,

E(u},) — ca,

lurallze = Ve

It is clear that {u},} satisfies the hypothesis in Lemma 3.1.3, therefore, by Lemma
3.1.3, there exists a subsequence {u;, } and w € H! such that, as my — oo,

{up, } —w inH',

o = E(w), |w| =V,

Furthermore, w is a weak solution to (1.5) for some 1 > 0. O

The Theorem 1(i) states that there exists at least one weak solution to (1.5)
for some 1 > 0. Then, for any 77 > 0, define w by

W(z) = ( g) 1y ( \/§x> | (3.9)

Let 6 denote g Substituting (3.9) into
—Aw + 1w — WP~ w,

yields

= <—Aw(\/5x) + nw(Voz) — ‘w(\/gm) r w(x@x)) .

Since w is a weak solution to (1.5), we have

—Aw(V0z) + nuw(vV0x) — ‘w(\/ém) r w(Voz) =0,

ie. —Aw+nw— |wP'w =0,
which implies that w is a weak solution to (1.5) for n = 7. As a consequence,
(1.5) has weak solutions for any 7 > 0.

Uniqueness of the standing wave solutions After verifying the existence,
we fix a value of 7 > 0 to derive the uniqueness of standing wave solutions.

Proposition 3.1.4 ([13] Proposition 5.4.3). Let n > 2,1 < p < p*(n) and n > 0.
Suppose that w € H} is a weak solution to (1.5) such that

w(r) >0, (3.10)

for every x € R". Let G,, be the collection of weak solutions v to (1.5) satisfying
S,(v) = S)(w). Then we have

G, ={ve Hv(x) = w(z+a), § €R, a € R"}.
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In other words, the proposition states that all weak solutions v such that
Sy(v) = S,(w) are equal to w, modulo translations and modulations, which
implies the uniqueness of standing wave solutions.

Remark. Recall the solution w(x) we constructed in the proof of Theorem 1(i).
It appears as a limit of the symmetric decreasing rearrangement w;, . Therefore,
it must satisfy (3.10). Moreover, if w is a solution to (1.5), v(-) = e®w(- + a) is
a solution to (1.5) for all # € R, a € R™.

The notable thing is there are still infinitely many solutions to (1.5) that are
not contained in G, and we call them excited state solutions or excited states.
Meanwhile, the solutions contained in G, are called ground state solutions or
ground states. In particular, the solution w given by Theorem 1(i) is a ground
state solution as w € G),.

Furthermore, since the ground states minimize the functional S, among all
non-zero solutions, the values of S, for excited states are always greater than that
of ground states. Physically, the functional S, corresponds to the quantity called
action. Hence, ground states are known as least-action solutions.

If w is a ground state solution to (1.5), then the standing wave solution v to
(1.3) constructed by v(x,t) = e"w(z) is called a ground state solution. If w is
an excited state solution to (1.5), then v is called an excited state solution.

3.1.2 Proof of Theorem 2(i)

To prove the Theorem 2(i), we let w denote the solution to (1.5) constructed
in Theorem 1(i) and show that the standing wave solution v given by v(xz,t) =
ew(x) is stable under small radially symmetric perturbations.

As we know, w is a ground state solution to (1.5), then v(z,t) = ew(x)
is a ground state solution to (1.3). Note that the ground state solutions are
radially symmetric for each ¢, then we restrict ourselves to H! when considering
the stability of ground state solutions. Thus, we shall prove the stability of the
standing wave solution v in the sense of Definition 1.2.1.

Since the Laplacian in NLS (1.3) is invariant under rotations, even if a solution
u(z,t) to (1.3) is rotated in spatial variables, it remains a solution to (1.3). Thus,
if an initial condition ug € H}, from Proposition 2.2.2, we have the corresponding
solution u(z,t) is also radially symmetric for each ¢. More precisely, if we take a
solution u that has a radially symmetric initial condition and let uy denote the
solution obtained from rotating u by angle 6 around some axis of rotation for all
t. As the initial condition ug € H}, we have

u(z,0) = uy(x,0),

for x € R and t = 0. Then according to the uniqueness of solutions, we have
u = ug for all ¢, which implies that both the angle and the axis of rotation are
arbitrary. That is to say, the solution w is radially symmetric.

In Definition 1.2.1, we do not need translations in spatial variables since only
radially symmetric solutions are being considered.
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Now, let us prove the standing wave solution v is stable under small radially
symmetric perturbations, i.e. Theorem 2(i).

Proof. We prove this theorem by contradiction. Let v be a ground state solution
to (1.3) and we assume it is unstable in the sense of Definition 1.2.1. Then there
exists €y > 0, a sequence {t;} C R, and a sequence {ug;} C H} such that

1
Juo.e = w(O)llm < 7.
(3.11)

inf [|(us(tx) = e v(te)llm > eo,

for all £ € N, where u; denotes the solution to (1.3) with i.c. ux(0) = ugy. From
Proposition 2.2.4, it follows that ug(t) exists for all 0 < ¢ < oo and

|uk(@) 2z = [Juokl 22,
E(ug(t)) = E(uok)-

Now, let @ = [|v(0)]|3,, then, as k goes to infinity, we have
lur(ti) |22 = l[uopllez — Ve (3.12)

Moreover, by Proposition 3.1.4, we have

E(v(z)) = E(ew(z + a))

1, . |
= 5 IVePw(a +a)l. - lew(z + a)|[7,

p+1

1 1 .
= SIVw|?. - mﬂwl s

for all t > 0. Together with the assumption wgx — v(0) in H ! and Proposition
2.1.3, we obtain that, as k — oo,

E(Uo&) — Cq,s

i.e. E(ur(ty)) — ca, (3:13)

for all t > 0. From (3.12)-(3.13), we can apply the Lemma 3.1.3 to (ug(tx)),
then there exists a subsequence {ug,(t,)} of {ux(tr)} and w € H} such that as
k; — o0,

{ukl(tkl)} —w in Hla

E(®) = cq, |||z = Vo
Therefore, we have w € G,,. It is followed by

{ug, (tp,)} — €®w in H',
as k; — 0o, which contradicts (3.11). This completes the proof. ]

The final part of this section is devoted to proving Lemma 3.1.3. In the
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following, we introduce one more lemma to present the proof of Lemma 3.1.3.

Lemma 3.1.5 ([13] Lemma 5.4.11). Let n > 2,1 < p < 1+ 2. For o > 0,
suppose that we have

lim |up,| 2 = Vo
m—0o0

Then,

liminf E(u,,) > c4-
m—0o0

Proof. Since we can easily see that the lemma holds when liminf,, ,., E(u,,) =
00, we just need to consider the case liminf,, .o E(u,,) < oco. Assume by con-
tradiction that there exists a subsequence {u,,, } such that

E(tp,) < ¢o — €, (3.14)
for any my. Define

A
Uy, = (1 + AU,
a
A= 2 g
[ty 172

Then, we obtain
[tm, 172 = (14 N)[[tm, 72 = o,

which implies uﬁnk € ko. From (3.8) and @ < 2, it follows that

1
2
> —00,

2-p(n—=2) n(p=1)
2

n+2—p(
E(um,) 2 5Vl = Clium > [V, |l 27

for any w,,, € H'. That is saying the sequence {u,,, } is bounded in H;}. Thus,

. A
i, =t = 0.

Then there must exist some N > 0 such that

1 1
Bt ) < B(um,) + Se0 < €a = 6o, (3.15)
for all m;, > N. However, by definition of ¢, and uﬁlk € k., we shall have £/ (uﬁlk) >
o Therefore, (3.15) is a contradiction which completes the proof.
O

Proof of Lemma 3.1.3 : The proof consists of four steps. The first step
employs the compactness property of the embedding H! C LP to demonstrate
that w # 0. In step 2, we establish that ||wl|;2 = Uminf,,, oo |[|tm, |22 = V.
Step 3 demonstrates the convergence of u,,, to w in the H' space. Lastly, in step
4, we show w is a weak solution to (1.5) for some n > 0.

Step 1: By the hypothesis ||u,,||z2 — v/« and (3.8) with @ < 2, we have
{um} is bounded H;}. Then, by Lemma 2.1.4, there exists a subsequence {u,,, },
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w € H}! and ¢ > 0 such that

U, — w weakly in H}, (3.16)
Up, —> w  in LPT (3.17)
IVt |2 — 6, (3.18)

(3.19)

Jwlze < Uminf [, |2 = Va.
Mg —00

We claim w # 0 and prove it by contradiction. Suppose w = 0. Recall the
expression of F(u) and substitute (3.18) into it, then we have

i Bun,) = T (G190 =l 51)
— 1 2 LH |p+1
9 p+1 Lp+1
.
2

On the other hand, {u,,, } is a subsequence of {u,,}, thus
E(umk) — Ca, (320)

as my — 00. By the uniqueness of limits,
1
Co = =020,
2
which contradicts the assumption ¢, < 0. Therefore, we have w # 0.

Step 2: Let v = ||wl|3., then v < a by (3.19). We aim to show v = « in this
step. First we assume v < «, and then let

Uppy, 7= Uy, — W.

From (3.16)-(3.17), it follows that

Unp, — 0  weakly in H},

3.21
U, — 0 in LP* (321)

as my — 0o. Moreover, we derive that

(U, , w) —> 0,
sl z2 = [y, + w]Z:
= ||t |I72 + w2 + 2Re(tn,, w)
— Q,
Thus, we obtain
[ 72 — =, (3.22)

as my — 0Q.
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Recall the proof of Theorem 1(i), we define uy(x) = Nu(Az), with A > 0 and
g €R. Now let g = ) Then, by (3.5)-(3.7), we have

(p

N AT—”HUHB =\ _HUHL27
E(uy) = —||VUA||2L2 mn 1||UA||Z£L11
(3.23)
7,n 2(p+1)
= —)\ V2. - p—/\ B

n+2—(n—2)p

— AT B(u).

)= (1)4—%—1)
a )

X
hualiz = () e = .

which means u, € K.,. Taking infimum on both sides of (3.23) yields

For 0 < v < a, let

then

inf F(uy) = inf E(uy)

’U,GKa ’U,)\GKA/

— AT g E(uy).

ueK,

By the definition of ¢,, it can be rewritten as
n+2—(n—2)p
n+2—(n—2) ey e
Cy =N »1 pca = (1) e Ca-
o
Replacing v by o — v gives us

n+2—(n—2)p

. B a—y 4—n(p—1) .
a—y o «

Recall the following technique: A function ® : R — R is convex if for all
z,y € R and a € [0, 1], we have

O(ax + (1 —a)y) < a®(z) + (1 — a)®(y).
Moreover, it has the following property:
O(z) + 0(y) < P(z +y).
Thus, from convexity of the function ®(s) = s, s > 0 with ¢ > 1, it follows that

B(0) + B(1—0) < DO +1—0)
07 1+ (1—0)7 < 1.

where 0 < 6 < 1.
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34

n+2-(n-2)p

By the assumption 1 < p < %, we have o)

technique, we derive that
—(n— nt2—(n—2)p
(/y) 77lzfn((g—12))p <a /7 4—n(p—1)

(6] (0%

< 1.

Thus, we obtain

N2 (n— n+2—(n—2)p
7\ e (a—y) e
Cy+ Cony = — + Ca
a «

> Ca.

On the other hand, we have

E(umk) = E(amk +w)
1. |
= §\|Vumk + Vul|7: — m”umk +wl|Pr
= E<amk) + E(w) + A(amkvw)v

where

AU, , w) = Re(Viy,, , Vw)
1

- m[llﬁmk ol = N, 7 — )]
By (3.21), we have that, as my — oo,
Re(Vi,,, , Vw) — 0,
@, || Lo+1 — 0.
Moreover, we apply Dominated convergence theorem to derive
i [T, s = || T (T + ) e = ol

Thus, as m; — 0o, we have

A(TUp,,, w) — 0.

> 1. Using the above

(3.24)

(3.25)

By (3.22) and Lemma 3.1.5, taking limit infimum on both sides of (3.25) yields

Co = 17lnril_l>£lof E(upm,)

> liminf E(t,,, ) + E(w) + lim inf A(t,,, , w)
M —00 M —00
Z Ca—ny t+ Cy,

which contradicts to (3.24). Therefore, we conclude v = a.

Step 3: In this step, we show u,,, — w in H' as my, — oo.
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First, we have (3.16) which is equivalent to the following:

Up, — w weakly in L?, (3.26)
Vi, — Vw weakly in L?. (3.27)

Then, we deduce from (3.26) that

[ty = wlIZ2 = [t |72 — 2Re(um, , w) + [lw]72
= |72 — 2lwlze + [lwlZ.

— a—7,

as my — 0o. Since we have v = «, then lim,,, o [|Um, — w3, = 0. It is known
as a strong convergence:
Up,, —> W 1N L2

Next, from (3.16), (3.17) and (3.20), it follows that
Co = lim E(uy,)

mp—0Q

1 1 1
Z 5171751_{{.15 IVt 172 — m“umk\\ﬁu

> F(w).

From step 2, we have [|w| ;2 = \/7 = /o which implies w € k,. Thus, by the
definition of ¢,, we have ¢, < F(w). Then, we conclude that

ca = E(w). (3.28)
From (3.16), (3.20) and (3.28), we deduce
lim [V, |22 =2 Tim | B, ) + —— [, [
Mg —00 . my—00 k P+ 1 kILLP
=2 <ca + m||w| Z;J,H)
= vani%
which together with (3.27), implies

lim_ [V, — Vool

my

= lim ([[Vtn, |72 — 2Re(Viti, , V) + || Vwl[32)
mi—00

= [|[Vwl|7. = 2| Vw|Z: + |[Vw|Z:

=0.

It is followed by
Vi, — Vw  in L?.

As a consequence, U, — w in H'.
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Step 4: The final step of the proof is to show the function w is a weak solution
to (1.5) for some n > 0.
From step 3, we have w € K, and F(w) = ¢,. That is to say, w solves the
minimization problem (3.1):

E(w) = ulenlga E(u).
By Lemma 3.1.1, we know that the problem (3.1) is equivalent to the problem
(1.6). Thus,
Sy(w) = by = ulenfi Sy (u).
It indicates that w € K, is a local extremum point of S, on K,.
Now, we apply Proposition 2.3.4(ii) with a = ¢ = 0 and b = 1 such that

T(w) = w72 = a, (3.29)
0T (w)v = (v, w), (3.30)
K ={ve Y||35 =a} = K,. (3.31)

Then it follows from ||wl|3, = /& # 0 that, for v € H',
OwSy(w)v — A0, T'(w)v = 0,

where "
_ Re[0uSy(w)w] _ |[Vwl|[7. — [[w]|f
Re[0,, T (w)w] Jwl|72

Substitute (2.6) and (3.30) into the equation, we get

(Vo, Vw) + n(v,w) — (v, |w[P~ w) = AMv, w),
(Vo, Vw) + (n — A) (v, w) — (v, |w|P~ w) =0,

where 7 > 0 and v € H'. Since E(w) = 3||Vw||7. — ﬁ”w”iﬁl = o < 0, we
have A < 0. Thus, w is a weak solution to (1.5) for some ' =n — X\ > 0.
This completes the proof of Lemma 3.1.3. ]

3.2 Existence of standing wave solutions and
o o é *
their stability for 1+~ < p < p*(n)
In this section, we discuss the existence and instability of standing wave solutions

when n > 2 and 1+ 2 < p < p*(n).

3.2.1 Proof of Theorem 1(ii)

Let us recall the conditional minimization problem (1.7) for 1 <p <1+ %:

¢, = inf S, (u),

ueK
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where 7 > 0 and K is defined as
K={uecH" u#0, T(u) =0},

with ( 0
n(p —
T(u) = 2[|Vullz. — pTHU’ Do (3.32)
For simplicity, we use another equivalent minimization problem to prove the
theorem:

¢y = Inf J,(u), (3.33)
where
nip—1)—4
Jy(u) = WHVUH%2 +1plful|Z:- (3.34)

It follows from p > 1+ 2 that the coefficient of the first term in (3.34) is positive.
Hence, ¢, is a finite non-negative number.

Proof. Since the minimization problem (1.9) is equivalent to (3.33), it suffices to
show there exists w € K N H} attaining the minimum value ¢, in (3.33) and this
function w is a weak solution to (1.5).

The proof of Theorem 1(ii) is made of two steps. In step 1, we find a solution
w € KN H} to the minimization problem (3.33). Then, we prove w is also a weak
solution to (1.5) in step 2.

Step 1: By the definition of ¢,, we can find a sequence {u,,} in K such that,
as m — 0o,

Iy (Um) — ¢y, (3.35)

From the definition of the functional J,, it follows that {u,,} is bounded in H*.
In view of Lemma 3.1.2, there exists a bounded sequence {u,} in H' satisfying

[umnllze = llumlle, 2 <p <p*(n),
Vg2 < [V 2.

Then, by (3.32), (3.34) and the fact that {u,,} € K, we have

Jo(us,) < Jy(um),
T(uh) < T(um) = (3.36)

When T'(uf,) < 0, we choose A € (0,1) such that

* 2 ) np—=1), +1
T(Auy,) = 22XV, |72 — A7 pTHUmHim = 0.

There exists unique such A since p+1 > 2. Then, we define a new sequence {v,, }
such that v, = u}, when T'(u},) = 0, and v,, = A\u}, when T'(u},) < 0. Thus, we
have T'(v,,) = 0 which implies that {v,,} € K.

By definition of ¢,, we have

ey < Jp(vm). (3.37)
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Note that A € (0,1). Hence,

Jn(Auy,) = )\ZWHVUM@ + Nnllus |17

n(p—1)—4 |2 * |2
< ————IVu, |72 +1llu,l 72 3.38
LRI + il (3.38)
= Jy(up,),
ie.  Jy(vm) < Jp(ur,).

m

Combining (3.36),(3.37) with (3.38) yields

Cn S In(om) < In(ug,) < Ty ().

m

for all m > 1. Hence, v, is bounded in H}. Moreover, by (3.35), we have
Tn(vm) — e, (3.39)

as m — o0o. By Lemma 2.1.4 and Proposition 2.1.11, there exists a subsequence
{vm, } € K and w € H} such that

Uy, — W weakly in H', (3.40)
Uy, —> W in LPTL (3.41)

Now we claim that w € K. It suffices to prove T'(w) = 0 and w # 0. From
(3.39),(3.40) and Proposition 2.1.10, it follows that

CU = mlklgoo J (Umk)
—1)—4
nP =) A nf (Vo [+ Tim [Jom |2
n(p—1) mi—oe =300 (3.42)
nip—1)—4
n(p—1)
= J,(w).

WV

IVewlZ: +nllwlz:

In a like manner, we obtain the following inequality:
lim T(v,,,) = 2liminf |V, ||7: — np=1) Hm v, |75}
M —00 M/ = My —00 Mk L —|— 1 mp—oo e Lptt

n(p ) 1
> 2||Vwl|7. — pT” w7
=T(w).

Since {vpn, } € K, we have T'(v,,,) = 0. Thus, T'(w) < 0.

Let us prove T'(w) = 0 by contradiction. Suppose T'(w) < 0, then we choose
A € (0, 1) such that

n(p —1)
T(\w) = 2)\2||Vw||2 )\p+1;T|| ||1;j1 —
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Let w = Aw. If w # 0, then w € K. Furthermore, by (3.42), we have
Ty(@) = N Jy(w) < Jy(w) < .

It contradicts the definition of ¢, (3.33). Hence, T'(w) = 0.

To complete the proof, we still need to show w # 0. From Proposition 2.1.3
and T’ (v, ) = 0, it follows that

—1
mp=1)y, e,
2(p+1)

1—a)(p+1 +1
g |5 D T, 45D

IV vm, 172 =

~Y

where
n n n(p—1)

2 p+1 20p+1)
Since vy, # 0, dividing both sides by ||V, [|3. gives

(2=n)p+n+2 n(p=1) o

(2=n)ptn+2 (
LS lomll: * 0 IVomll® (3.43)

Now suppose w = 0, then from (3.41), we obtain

. . n(p—1) 1
19 = i (G o)
_ n(p - 1) ||w| p+1 (344>
20p+ 1)
= 0.

Since {v,,, } is bounded in H}, we have ||v,,, ||z bounded. Also, by the hypothesis
of p, we deduce @ — 2 > 0. Moreover, we have ||V, |2 = 0 from (3.44).
Therefore,

' Gompint2 np-1)_,
o (A P O e B

This contradicts (3.43). Hence, w # 0. Now, we conclude w € K and it is
followed by ¢, < J,(w). Combining this with (3.42) yields

Jy(w) = ¢,

Step 1 illustrates that there exists w € K N H}' attaining the minimum value ¢,
in (3.33). In step 2, we shall prove it is a weak solution to (1.5).

Step 2: Notice that w is also a solution to the minimization problem (1.9).
Then, by Proposition 2.3.4(ii), we have

OwSy(w)v — pdy,T'(w)v =0, (3.45)
for v € H', where

_ Re[0,, S, (w)w]
H = Re[0,T(w)w]

(3.46)
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To satisfy the hypothesis of Proposition 2.3.4, we claim that Re[0,T (w)w] # 0.
From (2.17) and (3.32), we obtain

n(p _ 1)(p + 1) ||U)| p+1
2(p+1) Lot

Re[0,T(w)w] = 2| V|22 —

n(p—1) 1
= 2||[Vuw|?: — THWH’ELr

Moreover, in step 1 we have

n(p—1)

T(w) = 2 Vulf - P

lwll73: =0, (3.47)

which together with p + 1 > 2, implies that

Re[0,T(w)w] < T'(w) = 0.

Next, we claim g = 0. Define
wy = Mw(\z),
where A > 0. Then, we deduce from (3.5)-(3.7) that

”(P— 1) 1
T(wy) = 2[|Vw,l72 — pTwaHprrﬂ

-n n(p — ]') -n
= 2072 V|7, — pT)\B(pH) [l

By letting § = 1%, we have

n+2—(n—2)p

T(wy) =X »1 T(w)=0,

which implies that w) € K.
In a like mannar, from (3.5)-(3.7), we have
2 2 2 p+1
Sn(wa) = [IVeolze +mlfwlze = == llwallzen
41 2(p+1)

4, 4 _n 2 —n
) A e U |75

n+2—(n—2)p 2 44+n—np
= N ([Tl - Sl ) + 3 gl

Since w attains the minimum of S, (u) on the set K and wy € K, then
Sy(wx) Z ¢y = Sy(w).

We observe that S, (w,) attains its minimum at A = 1.

Recall that the derivative of a function at an extremum point is zero. There-
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fore, let us take a derivative of S, (w)) at A =1,

d n+2—(n-—2)p 5 2 1
—9 = - = pHl
d)\ n(w/\) N p— 1 HVIZUHL2 P + 1 “w”LIH-
44+n—np 3.48
+ THHWH%Z (3.48)
= 0.

Moreover, from (3.47), it follows that

n(p —1)
IVw|?: = ——|lw|[5F3.

2(p+1)

Substituting this into (3.48) yields

- n =)l = o 2= (0= 2p) ("B S s, ),

2(p+1)
o _n+2—m=2)p (np-1)—4
nHw“LQ - np o n+ 4 2(p+ 1) ”w| Lp+1

k2= (n=2p o
2(p+ 1) Lpt+1-

Thus, we deduce that

IVwl|Ze + nllwllZ: — w7

_ n(p _ 1) p+1 n+2- (n — 2)]? p+1 p+1
B 2<p+ 1) HwHLPH + 2(]9"_ 1) HwHLpH ”w||Lp+1
=0.

It is equivalent to 0,,5,(w)w = 0 which implies ¢ = 0 by (3.46). Then, it follows
from (3.45) that
OwSy(w)v =0,

for v € H'. Lastly, by Definition 2.1.7, we conclude w € K N H} is a weak
solution to (1.5).
O

From the proof of Theorem 1(ii), it follows that w € K N H} is radially
symmetric, non-increasing in r = |z|, and non-negative for all z € R™. In other
words, w is a ground state solution to (1.5). By Proposition 3.1.4, any weak
solution z to (1.5) such that S, (z) = S, (w) coincides with the solution w, modulo
translations and modulations.

We then construct a ground state solution v to (1.3) by v = e"w and show
it is indeed unstable.

3.2.2 Proof of Theorem 2(ii)

First, we need to understand the definition of orbital stability 1.2.2.
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For a solution u to (1.3), the set {u(-,t) € H';t > 0} is called the orbit of the
solution u. Since a standing wave solution v is periodic with period 27“, the orbit
is given by

2
L={v(-t); 0<t <=}
n

Theoretically, Definition 1.2.2 is saying that for a stable standing wave solution
v, if an initial condition ug is close to it, then the corresponding solution u to
(1.3) stays close to its orbits.

In the following, we introduce two important lemmas that will appear in the
proof of Theorem 2(ii).

Lemma 3.2.1 ([13] Lemma 5.5.4). Let n > 2,1+ 2 < p < p*(n) and n > 0.

Suppose u € H' satisfies
T(u) <0,

Sp(u) < ¢
Then, the following inequality holds:
T(u) < Sy(u) = .
Proof. Define uy by
ux(z) = Nu(Az),
where A > 0 and 8 € R. Let § = §. It follows from (3.5)-(3.7) that

n -1 n(pflf,%)
T() = 2 (21Valls - ") g

2 n(p—1)
m)\ =l (3.50)

Sp(ur) = N[ Vull Lz +nllullzz —

Notice that, at A = 1, we have the assumption T'(u) < 0,

- n(p—1)
ie. 2|Vul?. < pTHUHIfﬁr (3.51)

14
Since p > 1+%, we have w

such that

> (0. Thus, there must exist a unique A* € (0, 1)

np—1),,net=n)
2| Vull7. = W)\ > ull T
which implies that
Moreover, for all A € (A*, 1],
T(U)\> < 0.

Differentiating (3.50) in A yields

d n(p—1) re-1-2)
ﬁsn(ux) = 2)\[|Vu|)7. — m)\ = |ulPE
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Then, we derive the second derivative:

d? np—1)(n(p—1) —2) ne-1-3)
S, (un) = 2l Vuf2s — PPV P ) Z2) w1t (359

dxz (p+1) 2
Define h(\) := S, (uy), then
, d
R = 28w,

n(p—1) +1

=2||Vul[3e — ——|ul/)

IVulls - Bl
=T(u).

(n(p—1)-2)
2

Furthermore, since > 1, we have

2

Vi _
(A = A2

Sn(u,\) < T(U)\)

It is followed by
R"(N) <0, VXe[X1]. (3.53)

By Taylor’s theorem, there exists 6 € (0,1) such that

AOV) = B(1) + (VDI + L DPHL 00— 1), (354)
where 1 + 6(A* — 1) denotes every A € (A*,1). Then, it follows from (3.53) that

(146N —1)) <0.
Thus, from (3.54), the following inequality holds:
Sp(ur) < Sp(u) + (N = 1)T'(u). (3.55)
Since T'(uy«) = 0, we have uy- € K. Therefore, by the definition of ¢,
ey < Sy (unx).

Then, from (3.55), it follows that

(A" = 1)T(u) = Sy(ux-) — Sy(u)
> ¢y — Sy(u).

Moreover, by A* € (0,1) and S, (u) < ¢,, we derive that

—_

which completes the proof. O]
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Lemma 3.2.2 ([13] Lemma 5.5.5). Let n > 2,1+ % < p < p*(n) and 5 > 0. For
d < ¢, define
Ag:={ue H"; T(u) <0, S,(u) <d}.

Suppose that a solution u to (1.3) with initial condition uy € Ay at time t = 0
exists on [0,7), satisfying

we C([0,T); HYnCH([0,T); H™),
Vu e L7((0,T); LP*),

where 0 < T" < T and r satisfies

7‘<2— n ):2
2 p+1

Then, we have u(t) € Ay for all t € [0, 7).

Proof. By Proposition 2.2.3, the conservation laws (2.3) hold for ¢ € [0,T"). Thus,

we have
Sy(u(t)) = 2E(u(t)) + nllu(t)||7

= 2E(uo) + 1l|uo|l72 (3.56)
= S77<u0) < d7

for t € [0,T). Next, set
to = sup{t € [0,T); T(u(t)) < 0}.

Since T'(u(t)) is a continuous function in ¢t and T'(ug) < 0, we have ¢, > 0.
Suppose ty < T, then by the continuity of T'(u(t)) in t,

T(u(ty)) = 0.

Moreover, it is followed from the L?-conservation that u(ty) # 0. Thus, u(ty) € K.
Then the following holds by the definition of c,:

d < ¢, < Sy(ulty)).

This is a contradiction with (3.56). Therefore, we have ty = 7" which indicates
T(u(t)) <0 for all t € [0,T). As a consequence,

u(t) €Ay, Vte [O,T)
[l

Now we can prove the final theorem of this report which states the instability
of the standing wave solutions for 1 4+ 2 < p < p*(n), i.e. Theorem 2(ii).

Proof. In general, we know that to demonstrate the instability of a ground state
solution v to (1.3), it suffices to show, in any neighbourhood of v(0), there exists
an initial condition such that the corresponding solution blows up in a finite
amount of time.
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Step 1: Let d < ¢,. Suppose vy € Ay and zuy € L? where A; C H' as
defined in Lemma 3.2.2. Let u be the corresponding solution to (1.3) with initial
condition u(0) = wg.

We claim the solution u(t) can not be extended to [0,00) and prove it by
contradiction. Suppose the solution u exists on [0,00). By Lemma 2.2.6, we
derive that

||5W(t)||%2 = ||$u0||L2+4t/ T - Vugd
+4// {QHV“ Iz= = ( >|| (T)|[744 | drds

= [|2uol|32 —|—4t/ Uox - Vugdx

+4/ / )) drds,

for t € [0,00). Moreover, from the assumption ug € Ay and Lemma 3.2.2; it
follows that

(3.57)

u(t) € Ag, Vitel0,00),

which means wu(t) satisfies the hypothesis of Lemma 3.2.1 for all ¢ € (0, co]. It is
then followed by
T(u(t)) < Sy(u(t)) — ey < d —cy.

Hence, the equation (3.57) can be converted to

zu(t)]72 < ||lzuol|72 +4t/ Tox - Vugdz
+4t3(d — ¢;).

Since d < ¢, the right-hand side of the inequality is negative when ¢ is sufficiently
large. It is obviously a contradiction since the square on the left-hand side can
not be negative. Therefore, the solution u(t) can not be extended to t € (0, cc.

More specifically, there exists T' > 0 such that

li 2 = 00.
Tim ([ Fu(b)]z2 = oo

Step 2: Let w be a solution to the minimization problem (1.9) (i.e. w € K
and S, (w) = ¢,), then by Theorem 1(ii), w is a weak solution to (1.5). Therefore,
w satisfies

IVwl|Z2 +nllwlze — w7 =o. (3.58)

Now, define
wy(z) := Aw(x),

where A > 0. Substituting it into (1.7) yields

2
p+1

Sy(wy) = N[ Vwl|Z> +nA\*[w]Z — AP w755 (3.59)
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Then differentiating (3.59) in A, we have

d .
5 Sn(ws) = 2X ([VwllZe +nllw]fe — X~ lwl)

It follows from (3.58) that for all A > 1,

d
o Sn(wn) < 22 ([Vewllf + nllwlfz = [lwllzn)

=0.

It is equivalent to
Sy(wy) = Sy(w)
A—1
Thus for A > 1, we deduce S, (wy) < S, (w) = ¢,.
Also, we have T'(w) = 0 from w € K. Then,

< 0.

anp—1)
) = ¥ |2l - v P

n(p— 1) 1
<X\ {2Hw||%2 - pTHUJ' §i+1:|
= AT (w) = 0.

Moreover, by definition of w,, it is clear that the following holds as A — 1 :

[wallrz = [[wllze,
[wallo+r = [Jw]| o+,
||V'LU)\||L2 — ||Vw||L2

Therefore, we have

wy — w in H,
Sﬁ(w)\> — Sﬂ(w)u

as A = 1. Now, let d) := S,(w),), then dy, — ¢, as A — 1. Hence, given any
€ > 0, there exists A > 0 such that

|lwy —wl|lg <€, wy€ Ag, zwy€ L

It follows from Step 1 that the solution u to (1.3) with initial condition u(0) = w,
blows up in finite time. This implies that a ground state solution v to (1.3) is
orbitally unstable. O
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