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Abstract

In this dissertation we show the existence and stability of the normalized ground states for the
Kawahara, fourth order nonlinear Schrodinger (NLS) and the generalized Ostrovsky equations.
One of the starting points in our investigation were numerical stability results by S. Levandosky
in [32], [31] which agree with our rigorous stability results. We show existence of the waves
using variational techniques together with the concentration compactness argument. On the level
of construction, we encounter certain obstacles in the form of new Gagliardo—Nirenberg—Sobolev
type inequalities, which impose restrictions on the parameter space. We show stability utilizing
spectral theory developed in the recent work by Z.Lin and C.Zeng in [35].

For the Kawahara model, our results provide a significant extension in the parameter space of
the current rigorous results. In fact, our results rigorously establish the spectral stability for all
acceptable values of the parameters.

For the fourth order NLS models, we improve upon recent results on stability of, very special,
explicit solutions in the one dimensional case. Our multidimensional results for the fourth order
NLS equations seem to be the first of its kind. Of particular interest is a new paradigm that we
discover herein. Namely, all else being equal, the form of the second order derivatives (mixed
second order derivatives vs pure Laplacian) has implications on the range of the existence and
stability of the normalized waves.

For the Ostrovsky equation, we show that all normalized waves we construct are spectrally
stable. We also establish decay rates for the waves, extending the results in the paper by P. Zhang

and Y. Liu [51].
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Chapter 1

Introduction

In this chapter we introduce some notations, standard inequalities, lemmas and the instability index

counting theory used in subsequent chapters.

1.1 Function spaces and GNS inequalities

The L? spaces are defined via

e = ([ ircorae) "

We will need some Fourier analysis basics. Fourier transform and its inverse in chapters 2 and 3
(for convenience reasons) are defined via

(&) = [ e ax, ) = [ FE)esag,

R4

and
1

(€)= —— x)e ®dx, flx)=——
7(&) = o= [ e, f0) =

| FEecae,

respectively.
For an integer k, the classical Sobolev spaces W*? are taken to be the closure of Schwartz

functions in the norm || f|yx, = || fllr + X|aj=k |0% f||zr. For a non-integer s, one may introduce



anorm! as follows

I fllwse := || (1 =AY/ £ s

We also use the common notation H® for p = 2:

1/2
Il = ( fra-+iEPPU@PRaE )

and the homogeneous versions H* defined via the semi-norms

o= [ Jeevierae)

Recall the sharp Sobolev inequality ||fl| ey < Cspllf|lwsr(re)> Where n <[lj - %) =s. In
addition, we shall make use of the Gagliardo-Nirenberg-Sobolev (GNS) inequality, which com-
bines the Sobolev estimate with the well-known log-convexity of the complex interpolation functor
1 o110 < [1£1] )1(0_6 Ial 50(1' For example, the following estimate proves useful in the sequel
4= 140D
[l Laray < Callul 2™ llull o =7 7, (11D

whenever g € (2,00) ford = 1,2,3,4,and 2 < g < % ford > 5.

We record the formula for the Green function of (—A+ 1)~!, thatis Q(&) = (1 +4n?|E>)~!
(see [13], p. 418),

0(x) = (2\/%)—’1 /Oooe—(f"‘fn);ll_/tz' (1.1.2)

Note that Q > 0, radial and radially decreasing. Also, [|Q||,1gn) = [ge Q(x)dx = Q(0) = 1, but

note that Q(0) = +oo for n > 2. In fact, there are the following classical estimates for it, p. 418,

'Which is equivalent to the standard one for an integer s.



[13],

10(x)| < Ce™P |x] > 1, (1.1.3)
x>+ 0(1), n>3,

O(x) ~ |x| < 1. (1.1.4)
In(1)+0(1), n=2,

I

In particular, Q € L7(R"), whenever g < "5 (or g < e, when n = 2).

1.2 Instability index counting theory

In this section, we present the instability index count theory , as developed in [19], [20], [44]
(see also the book [21]), and, more recently, in [22], [35], which will be useful for our stability
arguments later. We will only consider appropriate representative corollaries, which serve our
purposes.

First, consider the following eigenvalue problem in the form

TLf=Af, (1.2.1)

where ¢ is assumed to be bounded, invertible and skew-symmetric (_#* = —_¢), while
(Z,D(2)) is self-adjoint ((£* = .£), with finite dimensional kernel Ker[.Z] : dim(Ker[-L]) < ee.
In addition, the Morse index, n(.Z) (that is the number of negative eigenvalues of %), is as-
sumed to be finite. Regarding the skew-symmetric part, we need to assume that _# 1 Ker[ %] —
Ker[ZL]* .

Let k, denote the number of real instabilities of (1.2.1) (i.e. the number of positive eigenvalues
of ¢ .Z), whereas k. be the number of quadruplets of eigenvalues with non-zero real and imag-

inary parts. Finally, let k;” be the number of pairs of purely imaginary eigenvalues with negative



Krein-signature?. Introduce the matrix D as follows. Let Ker[.Z] = {¢1,...,¢,}, then

D= (L7 "9l 7 '9)). (1.2.2)

Note that the last formula makes sense, since _¢# ~!¢; € Ker[-£]* and hence £~ ![_# ~1¢] is well-

defined. The index counting theorem?, see Theorem 1, [20], states that if det(D) # 0, then
ky +2ke +2k; =n(%)—n(D). (1.2.3)

In particular, if n(.Z) = n(D), we can conclude that all the terms on the left hand side of (1.2.3)
are zero, so spectral stability holds true.
Second, mostly following the theory developed in [35], in the specific case when the self-

adjoint operator is _# = d,, we consider the following eigenvalue problem

0Lz = Uz (1.2.4)
We require the following - there is a Hilbert space 2" over the reals, so that:

o £ : 2 — 2" is abounded and symmetric operator, in the sense that (u,v) — (Zu,v) is a

bounded symmetric form on 2" x Z7;

o dim(Ker[Z]) < o and, moreover, there is an . invariant decomposition
X =2_®Ker[L]|D X1, dim(Z_) < oo,

so that for some 6 > 0, Z_| 4 < —6 and %} |9, > O. That is, for every ui € 2, there is

(Lu_us) < ~8lu_|y and (Lupuy) > 8lus

Introduce the Morse index n™ (%) := dim(Z_), which is equivalent to the number of negative

2The precise definition of those is provided for example in [19], [35]. For us, this is irrelevant, in our application,
we will indeed have k;” = 0.
3See also Theorem 5.2.11 in [21] for the case n(.Z) = n(D).
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eigenvalues of the operator .7, counted with their respective multiplicities. Consider the general-
ized eigenspace Eg = {u € 2 : (0:.L)u =0,k =1,2,...}. Clearly Ker[.Z] C Ey, so consider the

complement in Eq of Ker[.Z]. That is, Ey = Ker[.Z] ® Ey. Let
k3 := max{dim(Z) : Z subspace of Eo : (Lz,z) < 0,z € Z}.
Theorem 2.3, [35] asserts that* the number of solutions of (1.2.4), kyusapies 1S estimated by
kunstaple <1~ (L) — k5 (L). (1.2.5)

In particular, and this is what we use in this work, if n~ (%) = 1 and k§0($ ) > 1, the problem
(1.2.4) is spectrally stable.

Let us now derive the so-called Vakhitov-Kolokolov criteria for the stability’. Assume that ¥
is sufficiently smooth, ¥ € Ker[.#] and, in addition, assume ¥ | Ker[.Z]. In this case, we can
identify Q := .Z~![¥] as an element of Ker[(d,.2)?] \ Ker[(0v-L)] C Ey. Indeed, 9,20 = ¥/,
while (0,.2)20 = 0,2¥' = 9,2¥ = 0. Now, if (£, Q) < 0, we can conclude that k3 (£) > 1,
which together with n~ (.¢’) = 1 would imply stability by (1.2.5). On the other hand,

(20,0) = (227, 727'v) = (27w W),

1.3 General spectral stability lemma

Lemma 1. Let 7 be a self-adjoint operator on a Hilbert space H, so that | = 0 for some

vector &y : &y L Ker[ ), ||Eo|| = 1. Assume that (7 Ey,Ey) < 0. Then,

(A#1E),&) <O0.

“Theorem 2.3, [35] is actually much more general, but we state this corollary, as it is enough for us.
3 Although the original criteria and his derivation was done, strictly speaking, in the NLS context, it introduces an
important quantity, which turns out to be relevant in wide class of Hamiltonian stability problems.




Remark: Note that the condition &) L Ker[.7#] guarantees that 77~ is well-defined.

Proof. Due to the self-adjointness, 72~ : Ker[s#)* — Ker[7#]*". Consider

Mo =& — (A&, &)oL &.

Note that (7 ~1&y, &) is a real. Thus,

0 < {7#Mo,Mo)
= (A" & — (80, 80) 0], &0 — (A" &0, E0) o)
= (60— (180, &0) H &), A 60 — (" E0,&0) 60)
= (A&, &0) + (A E0,&0)* (A &0, &)

< — (7 "&, &)

Thus, (7~ '&y, &) < 0. In fact, equality is also impossible. We argue by contradiction. Assume

that (7 1&,&)) = 0. By the assumptions, for every 1 : g L Ker[#],n L &), we have that

(n,n) > 0. Applying this to  := &, € Ker[s¢]* and ) L &), we conclude the contradic-

tory statement 0 < (71, n) = (&, ' &) = 0, whence we obtain that (7 ~1&y, &) < 0.

1.4 Sampling a W!! function

We have the following elementary lemma, which may be of independent interest.

Lemma 2. Let N > 1 be an integer and f : R — R, f € WHI(R). Then

Y/ Y fgar= [ rar+ote)

€



as € — 04. More precisely,

L s o

Proof. We are going to prove the lemma for a smooth function. The statement for a W!!(R)

X <5 [ POy

function can then be proven by passing to the limit. Let us split each interval [ne + 5, (n+1)€)

into N — 1 equal intervals and compare one of them with the integral over the interval [n€,ne + 5).

We have
ne+%£ n£+ﬁm+0 ne+ 5 £
/ Nf(x)dx—/ fx)dx| = Nf(x)—f(x%—nL)dx
ne ne+4%¢ N
ne+5  rxt+%8
/ [T 17 0)dyas
(1.4.1)
n8+- n8+»m+1
/ / y)|dydx
n+1
< d
<5 [ o
forallm=1,...,N—1.
n£+(m41:/l)£

Now, using this last estimate, we get, after adding and subtracting Zﬁ:’l;% ng4 1E f(x)dx,
N

> n£+% 0 n£+% N-1 ”£+W
N Z / fx)dx = Z (/ fx)dx+ Z / e f(x)dx)
e I E e oo \ e m—] Jne+"%E
o ne+% N=1 rpeylntle
+ ) ((N— 1)/ fx)dx— Y / ot f(x)dx)
Nn=—oo née m=1 née
o (ntle o N=1 [ rmett et e
= ,,_Z_’oo/m? f(x)dX—f—n_Z_’me,l (/ne flx)dx— /’1£+%s f(x)dx)

+ (m+1)e

:/f s i > </ns+;3 dx_/n:i%slvf(x)dx>.

n=—ocom=|1



Rearranging the terms and using the estimate (1.4.1), implies

00 ne+& o N-1| rnett ne-+ (e
NE J, S i< BRI s [T s

Dividing by N yields the claim.




Chapter 2

The Kawahara and Fourth Order NLS Equations

2.1 Introduction

We consider several dispersive equations in one and multiple space dimensions. Our main moti-
vating example will be the (generalized) Kawahara equation, which is a fifth order KdV equation,

allowing for the third order dispersion effects as well. Namely,
Uy + Ueeer + bty — ([u)P " 'u)y =0,x ER, £ >0, p > 1. (2.1.1)

This is a model that appears in the study of plasma and capillary waves, where the third order
dispersion is considered to be weak. In fact, Kawahara studied the quadratic case' [28] and he
argued that the inclusion of a fifth order derivative is necessary for capillary-gravity waves, for
values of the Bond number close to a critical one. Craig and Groves, [7] offered some further
generalizations. Kichenassamy and Olver, [29] have studied the cases where explicit waves exist,
see also Hunter-Scheurle, [16] for the existence of solitary waves.

Another model, which is important in the applications is the non-linear Schrédinger equation
with fourth order dispersion. We consider two versions of it, which will turn out to be qualitatively

different, from a the point of view of the stability of their standing waves. Namely,

i+ A2u+e((b,V))u—|ulP'u=0, (r,x) e RxRY, (2.1.2)

i+ Au+bAu—|ulP"'u=0, (t,x) e RxRY, (2.1.3)

"Where the nonlinearity is in the form (u?),, slightly different than ours.



where d > 1, p > 1,€ = 1. These have been much studied, both in the NLS as well as Klein-
Gordon context, since the early 90’s, see for example [1, 2].

For both models, we will be interested in the existence of solitons, and the corresponding close
to soliton dynamics, in particular spectral stability. For the Kawahara, the relevant objects are
traveling waves, in the form u(x,7) = ®(x+ @t), where ® is dying off at infinity. These satisfy the

profile equation of the form

" 4 bd" + b — |q)|17—1q) =0. (2.1.4)

Similarly, standing wave solutions in the form u = e ~''®, @ > 0, with real-valued ® for the fourth

order NLS (2.1.2) and (2.1.3) solve the elliptic profile equations

AN D +e((b,V))’®+ o — |d|P ' =0, (2.1.5)

A’® + bAD + 0P — |D|P 1D = 0. (2.1.6)

Constructing solutions to (2.1.4) and, more generally, (2.1.6)-(2.1.5) is not straightforward. In fact,
it depends on the parameter p, the sign of the parameter b, as well as the dimension d > 1. Here,
it is worth noting the works of Albert, [1] and Andrade-Cristofani-Natali, [2] in which the authors
have mostly studied stability of some explicitly available solutions in one spatial dimension.

We proceed differently, by means of variational methods. More specifically, we employ the
constrained minimization method, which minimizes the total energy with respect to a fixed particle
number, or L? mass. In addition to being the most physically relevant, the waves constructed this
way (which we refer to as normalized waves) have good stability properties?.

This brings us to the second important goal of the chapter. Namely, we wish to examine the
stability of waves arising as solutions of (2.1.4), (2.1.5) and (2.1.6). Our constructions will not

yield explicit waves®. Thus, we need to decide, whenever possible, about their stability, based on

2This is probably the reason why these waves are considered the most “physical” in the first place.
3 Although some do exist, for very specific values of the parameter b and d = 1, more on this below.
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their construction and properties.

2.1.1 Previous results

The Kawahara model. We would like to review the history of the problem for the existence and
stability of the traveling waves, by concentrating mostly on some recent results in the last twenty
years or so, which we feel are the most relevant in relation to our results. We would like to draw an
important point that since uniqueness results are generally lacking?, it is hard to compare results
about waves obtained by different methods, as they may differ in shape and stability properties.

In [17] and [23] the authors have shown that certain waves of depression (i.e. b < 0) are stable.
In [23], the author establishes an important Vakhitov-Kolokolov type criteria for certain waves, but
it appears that it is hard to verify outside of a few explicit examples. In [5], Bridges and Derks have
studied a Kawahara model with a more general nonlinearity. They have employed the methods
of Evans functions to locate the point spectrum (and hence the stability) of the corresponding
linearizations. The results of their work are mostly computationally aided.

Levandosky, [30] has studied the problem for existence of such waves via an energy-momentum
type argument and compensated compactness. Groves, [13] has shown the existence of multi-bump
solitary waves for certain homogeneous nonlinearities. Haragus-Lombardi-Scheel, [15] have con-
sidered spatially periodic solutions and solitary waves, which are asymptotic to them at infinity.
They showed spectral stability for such small amplitude solutions. We should also mention the
work [2], in which the authors consider the orbital stability for explicit periodic solutions of the
Kawahara problem, subjected to a quadratic nonlinearity.

The paper of Angulo, [3] gives some sufficient conditions for instability of such waves, both
for the cases b > 0 and b < 0. Levandosky, [32] nicely summarizes the results in the literature’
and offers rigorous analysis for stability/instability close to bifurcation points. Furthermore, his

paper provides a useful, numerically aided, classification of solitary waves of the Kawahara model,

“For both, minimizers of the constrained variational problem and solutions of the PDE.
SHe considers more general non-linearities containing powers of derivatives as well.

11



based on the type of non-linearity (i.e. the power p) and the parameters of the problem b, ® -
the exhaustive tables on p. 164, [32] provided a good starting point for our investigation. We
should mention that the waves considered in [32] are produced as the constrained minimizers of
the following variational problem
Jolu] = [ga |Au(x)|* — b|Vu(x)|* + ou? (x)dx — min, 217
Jra |u(x)|PHdx = 1.
We take a different approach below. Namely, by constructing the normalized waves, i.e., minimiz-
ing energy constrained on the L? norm, in a physically relevant fashion (see Section 2.3.1). An
important point we would like to make is that the procedure outlined by (2.1.7) provides waves for

a considerably wider range of p than the ones produced in Section 2.3.1. Specifically, the mini-

o, d= 1727 3a47
mizers of (2.1.7) exist for p € (1, pmax ), With pmax(d) = whereas, the
1+, d>5,

normalized waves constructed herein are only available for p € (1,14 %).

Fourth order NLS models. The fourth order Schrédinger equation was introduced in [27]
and [26], where it has an important role in modeling the propagation of intense laser beams in
a bulk medium with Kerr nonlinearity. Moreover, the equation was also used in nonlinear fiber
optics and the theory of optical solitons in gyrotropic media. The problem for the existence and
the stability of the waves arising in (2.1.5) has been the subject of investigation of a few recent
papers, the results of which we summarize below.

For the case of d = 1,p = 3 (and in fact only for the special value of € = —1,b =1 and
W= %), the elliptic problem (2.1.4) (or equivalently (2.1.5)) was considered by Albert, [1] in
relation to soliton solutions of related approximate water wave models. The explicit soliton,
Dy(x) = \/%sech2 <\/sz0) , was studied in detail. Important properties of the corresponding lin-
earized operators were established. These properties allowed Natali and Pastor, [41] to establish

the orbital stability of this wave (see also [8] for alternative approach and extensions to Klein-

Gordon solitons). One of the central difficulties that the authors faced is that this solution is only

12



available explicitly for an isolated value of @ = %. This precludes one from differentiating with
respect to the parameter @ as is customary in these types of arguments. Additionally, the prob-
lem for stability of the equation (2.1.2) ind =1, € = —1,b = 1 and general p were addressed in
the works [24] and [25]. The numerically generated waves were shown to exists for every p > 1,
but stable for only p € (1,5). Further (mostly numerical) investigations regarding this model are
available in the papers [26], [27].

Finally, it is important to discuss the recent work [4], as it has significant overlap with ours.
In it, the authors have studied (2.1.3) in great detail, including the stability of their waves. They
have constructed the waves in a similar manner, in fact the existence part of our Theorem 5 is
similar in nature, although more details on radial symmetry, the zero set and exponential decay
rates of the waves are derived as well. In addition, they discuss some cases, in which they can

show non-degeneracy, i.e. Ker[.Z,]| = span|V@]. This is verified in two cases:
e for any dimension d > 1, but with b < 0 and |b| sufficiently large,
e the one dimensional case, d = 1, but with b < 0, b > 4.

Concerning stability of the waves, the authors of [4] do not establish stability for any given exam-
ple. On the other hand, they show that orbital stability holds, once one can verify non-degeneracy
and the index condition <.$J:1q), ¢) < 0. The non-degeneracy was already discussed, while the
verification of (.,iﬂ_lq), ¢) < 0is left as an open problem in [4]. This last condition however is es-
sentially equivalent, modulo some easy to establish technical assumptions, to the spectral stability,
see Corollary 1 below.

In this work, we actually do establish <$+_] 02,0, ) < 0 for all waves produced in Theorems 1,
4, 5, thus answering the open problem in [4]. Our results rigorously establish spectral stability for
all waves constructed therein - in all dimensions, for all values of b, positive or negative, large or
small. This combined with the results of [4] would also provide orbital stability for all normalized

waves enjoying the non-degeneracy property.

13



2.1.2 Main results: Kawahara waves

It is easy to informally summarize our results - all normalized waves, whenever they exists, turn out
to be spectrally stable. Our hope is that the approach here will shed further light on this interesting
phenomena in a much more general setting. As we have alluded to above, the main focus will be
the Kawahara problem, (2.1.1), for both positive and negative values of b.

In order to construct solutions to the elliptic problem (2.1.4), we shall work with the following

variational problem

116] = 5 Jpll9" (x)]* = 519" (x*dx — 37 [ |9 (x)|P*dx — min,
Jr#*(x)dx =2,

(2.1.8)

where one could take ¢ in the Schwartz class, in order to make /[¢] meaningful. Introduce the
scalar function

myA)=  inf  1[g]
PpcH?(R),[|9]3=A

which will play a prominent role in the subsequent investigation. Let us say that it is not a priori
clear whether the problem (2.1.8) is well-posed (i.e. mp(A) > —oo) for all A. We have the following

existence result.

Theorem 1. (Existence of the normalized Kawahara traveling waves)

Let p € (1,9),A > 0,b € R satisfy one of the following
1. 1<p<5A>0,
2. For5 < p <9 and all sufficiently large® A.

Then, the constrained minimization problem (2.1.8) has a solution ¢; € H*(R), ||(])H%2 = A and
® = o(b,A, ) which satisfies
B ifbh>0,

o > (2.1.9)
0, ifb<0.

®Here, for all given p € [5,9), for both b > 0,b < 0, there is a specific value A, , and we assume that A > 2y, .

14



Moreover, ¢, satisfies the Euler-Lagrange equation (2.1.4) in a classical sense. We call such

solutions ¢, normalized waves.

Concerning the stability of the waves produced in Theorem 1, we have the following results

(we employ the standard definition of spectral stability, see Definition 2 in Section 2.2.3 below).

Theorem 2. Let A > 0 and p satisfy the requirements of Theorem 1, and ¢; is any minimizer

constructed therein. Then, @, is spectrally stable, as a solution of the Kawahara equation (2.1.1).
Remarks:

e The Lagrange multiplier @ may depend on the particular normalized wave ¢. In particular,
we can not rule out the existence of two constrained minimizers of (2.1.8), ¢3,9;, with
@(A,9;) # @(A, ;). This is of course related to the uniqueness problem for the minimizers

of (2.1.8) (and it should be a much simpler one), but it is open at the moment.

e The results of Theorem 2 present rigorous sufficient conditions for stability of traveling
waves in much wider range than previously available. In fact, our results confirm’ the avail-
able numerical simulations by Levandosky, [32]. For example, it is quite obvious that the bi-
furcation point is at p = 5 (corresponding to the case p = 6 in the notations of [32]). Namely,
for powers p < 5 all waves are stable®, while for p > 5, some unstable waves start to appear
(which are of course not normalized). For p > 9, Levandosky observed a very small set of

stable waves, again, none of them normalized, but rather generated as minimizers of (2.1.7).

e The non-degeneracy, Ker[.Z,| = span[¢'], appears to be a hard problem in the theory. In
fact, an easier version would be to establish such a non-degeneracy of the kernel, if ¢ is
a minimizer of (2.1.8), while a harder problem would be to do so, knowing that ¢ is just

a solution to the PDE (2.1.4). In both cases, the non-degeneracy is directly relevant to the

THere the usual caveat is that, since the uniqueness is not known, it is possible that the waves considered in [32]
are different from ours.

8Except at p =4 (p =5 in the notations of [32]), for a small region in the parameter space, an instability is observed
numerically. This could be a fluke of the computations in [32], because as we see from Theorem 1, the stable region
isuptop <5.
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uniqueness of the ground state, which is an even harder open problem in the area. See [9]

for the discussion about these and related issues.
We first have the following special constrained minimizers, which we call limit waves.

Proposition 1. Ler A > 0 and p satisfy the assumptions of Theorem 1. Then, for every sequence

8; — 0, there is a subsequence 8j,, y, € R and ®; € H*(R), so that
o limy e || 0315, (- + 1) — Pyl g2y = O, in particular ||®; ||, = A.
koo (|02 4-8;, \ + Yk Allpzw) =0 inp Allr2
o &, is a constrained minimizer for (2.1.8), so in particular Theorem 1 applies to it.
We call ®; a limit wave for the Kawahara problem.

Note that if there is uniqueness for the constrained minimizers of (2.1.8), all waves are limit
waves. Our next result is about the properties of the functions m, ®. This is of independent interest,

as it could be helpful in future studies on the uniqueness of minimizers for such models.

Theorem 3. The function my : (0,00) — R is a negative, strictly decreasing and concave down
function. In particular, m is Lipschitz continuous on bounded intervals (a,b) C R...
As a consequence, m has a derivative on the full measure subset <, := {1 > 0:m'(1) exists}

of Ry. For A € &, there is the formula

/ _ w(bvﬂ‘v(P/l)
' (3) = - 220,

In particular, w(b,A, 9, is uniquely defined (i.e. independent on the particular minimizer @, ) on
the set <y, so we denote this a.e. defined function by @y, : <7, — R. For each 0 < A < A, there

is the formula

1 (7
mULz)—m()Ll):—E/A w, 7. (2.1.10)

The function A — @, is a strictly increasing function. Thus, it has a derivative on a full

measure subset g = {A € o, : 0 (L) exists} C <7, and, in fact, there is the inequality

Lp+1

1
o' (1) > ’027||¢;L||”+1 > 0. 2.1.11)
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More generally, for points A & <y, there is

lim m(A+€)—m(A) < ~0(A,b,9) < lim m(l—i—&‘)—m(l)‘

2.1.12
e—0—+ € 2 T e—0— € ( )

Finally, suppose A & <t and let @, be a limit wave at A. Then

Opp, = lim m(A+€)—m(A)

A+€)—m(A
or (l)k’b’cp)L = lim m( + ) m< )
e—0+ €

e—0— E
In particular, if there is uniqueness for the minimizers of (2.1.8), the function A — @, is continu-

ous.

2.1.3 Main results: fourth order NLS waves

We start with the existence result for the models. Before we state the results for the fourth order
NLS models, we need to make an obvious reduction of the equation (2.1.2). Namely, picking a
rotation matrix A € SU (n), so that b= |Z3|AE 1, we can clearly reduce matters (both the existence
of the solutions of the profile equation (2.1.5) and its stability analysis), by the transformation

A

a(&) — t(A*E), to the consideration of the following problems:

i+ A*u+ €|b]* g u—ul’'u =0, (2.1.13)
and the associated elliptic profile equation
A*¢ +€[b|*07 ¢ + wd — |p[P 19 =0. (2.1.14)

That is, the existence of solutions to (2.1.14) is equivalent to the existence of solutions to (2.1.5)
(under the appropriate transformation) and their stability is equivalent to the stability of their coun-
terparts. Thus, it suffices to discuss the fourth order NLS problem (2.1.13), with its solitons satis-

fying (2.1.14). Below are our existence and stability results.
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Theorem 4. (Stability of the normalized waves for the fourth order NLS: mixed derivatives)

Letd > 1,e ==+1. Let p € (1,1 —i—%), A > 0 and assume one of the following:
L 1<p<l+ziyandd>0;
2. 1+ dLH <p< 1—}—% and a sufficiently large A.

Then, there exists ¢; € H*(R?) N LPH (RY) satisfying (2.1.14), with an appropriate @(b, A, ¢y ).

In addition,

BE - ife =1,
o(b,A,0,) > (2.1.15)
0, ife=-—1.

The solution @ is constructed as a constrained minimizer of (2.4.1), with ||, ||i2 = A. The func-

tion A — @y, is increasing, in the sense that for each 0 < A < A and any constrained minimizers,

0y, Pa,, we have (b, A1, 0;,) < 0(b,A2,0;,).

Finally, e~ "' ¢, (x) is a spectrally stable solution of (2.1.13).

Despite the obvious similarities with (2.1.5), the fourth order NLS with pure Laplacian, (2.1.3)
and its associated profile equation (2.1.6), turn out to be quite different - even at the level of the

existence of the waves and their stability. We have the following result.

Theorem 5. (Stability of the normalized waves for the fourth order NLS: pure Laplacian case)

Letd>1,beR Letpe (1,14 %), A > 0 and assume one of the following:
L 1<p<l+%and]>0;
2. 1+ 3 <p<l+ % and a sufficiently large A.

Then, there exists a normalized wave ¢;, € H*(R?) N LPTI(RY) : |0, ]1> = A, satisfying (2.1.6),
with an appropriate ® = ®(b, A, ), which is increasing and satisfies (2.1.9).

The soliton e~ ¢, (x) is a spectrally stable solution of (2.1.3).
Remarks:

e The results extend the stability results of Albert, [1] for the one dimensional cubic case p = 3.
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e The results here also extend the NLS related results of [8] (namely, stability for p < 1+ %

and instability otherwise), which apply to the case b = 0.

e Both results, Theorem 4 and 5 of course coincide for d = 1, but are different for d > 2.
We do not have a good physical explanation as to why the range of existence and stability
of standing waves for the models (2.1.13) vis a vis (2.1.3) differ. In particular, the mixed
derivative model (2.1.13) seems to support all stable normalized waves in the wider range
pe(l,1+ %),l > 0, compared to p € (1,1+ ‘3‘) for (2.1.3). This topic clearly merits

further investigations.

2.2 Preliminaries

2.2.1 Distributional vs strong solutions of the Euler-Lagrange equation

Definition 1. We say that g € H*(R?) N LPT1(R?) is a distributional solution of the equation
A’g+bAg+wg—|glPlg=0,xcR? (2.2.1)
if the following relation holds for every h € H*(R?) NL>(R?):
(Ag, Ah) + (bAg + wg,h) — (g|P"'g,h) = 0.

Proposition 2. Let p € (1,1+ %) and b, ® be so that b>* —4w < 0 or b*> —4w > 0,0 > 0,b < 0.
Then, any weak solution g of (2.2.1) is in fact g € H*(RY) N L”(RY) N L' €(RY) for any € > 0. In

particular, the weak solutions of (2.2.1), in fact, satisfy (2.2.1) as L* functions.

Proof. Note that by the restrictions on b, @, we have that the operator (AZ + bA + ®) is invertible

on L?(R%). Let § := (A’ +bA+ ®) '[|g|?"'g]. From Sobolev embedding, we easily get that
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gEHYR), 00 <4— %, since

~ ~1 ~1
181ty < 1817 8ll -y < Clllgl” 8l ot <Cligly -

In addition, for every test function 4, we have
(Ag,AR) + (bAG + 0g,h) = (|g|"~"g,h) = (Ag, Ah) + (bAg + @, h).

It follows that g = g in the sense of distributions, whence g € H*(R?).

We will show that g € L*(R?). In fact, denote

qo =sup{q: g € LY(R")}.

Clearly, go > p+ 1, by assumption. We will show first that gy = o=. Assume not. By Sobolev

embedding, we have

l8llzoma) = 2]l ore) < Clllgl” 8l oer < Clgll7, i < o0

as long as 611 > # — %. In particular, we can take g as close to oo, as we please, and hence go = oo,

: 1 p 4
if d < 4. So, assume d > 5. It follows that o < o~ d

Take any go < g < co. We have, by Sobolev embedding

121l o(ray < Clllgl” " gllr < Cligl 7, (222)

solongasd(%— )§40r%§§+

1 1 4,1 141 .
2 7 Ifz+5< 1, we take r: —d+q, whereas, if we have

%+%21,wecantaker:p—+l

and we have a contradiction right away, since the left-hand side of

(2.2.2) is unbounded (by the definition of gq), while the right-hand is bounded. For the remainder,
141

taker. ;_E+Z]

Clearly, if rp < qo, this would be a contradiction, because the left-hand side is supposed to be
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unbounded (by the definition of gq), while the right-hand is clearly bounded. We claim that this is
the case, under our restrictions for p € (1,1+ %). We have
1 p 4 1 p 4 p-—1

== D o(g—qo).
r q d q q d qo (4= 40)

So, if we show that % > pq—_ol, we will have achieved the contradiction, as we can take g very close

to go. Indeed, by the inequality for qio, we have pq—_ol <(p-1) <# — %) . Resolving the inequality

leads to the solution 1 < p < 1+ ﬁ, which, of course, contains the interval (1,1 + %) Therefore,
it is true for all p in the set that we are interested in. We have reached a contradiction, with gg < ee.
Thus, gg = o. This does not mean yet that g € L™ (Rd), but this follows easily by Sobolev
embedding, once we know that g € My<y<el? (RY). Furthermore, we see that the same type of
arguments imply g € H>(R?) and that for every p < oo and for every € > 0, g € W*~&7(R?).
For our next step, we shall need a representation of the Green’s function of the operator

(A% + bA+ )" as follows. We have

—1 —1
. —b+\/b2—4w> (_A+ —b—\/b2—4w>
2 2

(A2 +bA+ ) ! = (—A

-1 -1
_h_ /P2 _ _ A/ h2
=(b? —4w) /2 (—A+ b 2” 4w> —<—A+ b+2b 4w>

In the case b* — 4@ > 0,0 > 0,b <0, both —bivbi—de ‘5’274“’ are positive numbers, so clearly the corre-
[ /240
sponding Greens function G has decay e~ ey M according to (1.1.3).

As far as the case b —4® < 0 is concerned, it is not hard to see, in the same way, that the

21



Green’s function G has decay rate e*kw|x|, where

2/ o+b
Yorb 0, b] <2,
VZVOTh 50, [b] < 2/

2 Y

ka) =

In both cases, the Green’s function enjoys exponential rate of decay.
For p > 2, we can actually conclude that g € L' (RY) since by the Hardy-Littlewood-Sobolev
inequality

12112 ey < NG 1 rey 1817~ 8l (Re) < Cl8lly gay < o=

as g € L>N L™, in particular g € LP(R¥). For p < 2, denote qo = inf{q : g € LY(R¥)}. Our claim
is that go = 1. Assume for a contradiction that gy > 1. We will show that for every g > qg, we
have that g € Ly (RY), which would be a contradiction with gy > 1. Indeed, by Hardy-Littlewood-

Sobolev inequality

121l 4 < ClIGlIllgll7

-1
) < ||G||L1(Rd)H|g|p gHL%(Rd) = LI(RY)

(R

This establishes the contradiction with go > 1, hence g € My,LY(R?).

2.2.2 Concavity criteria

The following result was obtained in [47].

Lemma 3. Let f: (a,b) — R be a continuous function that satisfies

imsap sup TAT OO —8) ~27(2)

<0.
550 Ae(ab) 82

Then, f is concave down on (a,b).
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2.2.3 Linearized problems and spectral stability

We next discuss the linearized problems and the stability of the waves. For solutions & of (2.1.4),
we introduce the traveling wave ansatz, u(f,x) = ®(x+ ot) + v(¢,x + or). Plugging this back in

(2.1.1) and ignoring all terms O(v?), we obtain the following linearized problem
Vi + 0[0F + 532 + @ — p|®|P v = 0. (2.2.3)

Denoting .2 := 04 +bd?2 +® — p|®|P~!, the associated eigenvalue problem is obtained by setting

v(t,x) — e H'z(x) in (2.2.3), which results in
Lz = Uz. (2.2.4)

We proceed similarly with the linearization of the NLS problem (2.1.2). Consider solutions
® of (2.1.14) and then perturbations of the solution u(t,x) = e '@ of (2.1.13) in the form
u=e "P®+ 7z, +iz]. Plugging this ansatz into (2.1.2), retaining only the linear in z terms and

taking real and imaginary parts leads us to the system
dz= J Lz, (2.2.5)

where
0 —1 Z. 0

1o o =

with
Ly =N +e((b,V) +o—ploPr,
L =N+e((b,V))2+0—|DP .

The eigenvalue problem associated with (2.2.5) (7 — e*7) takes the form

FLE=2Z, (2.2.6)
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For solutions ® of (2.1.6), the linearized problem appears in the form

dz= _J 2Lz, (2.2.7)

where

with
L =N +bA+ o p|®P,
L =N +bA+o— PPl

The eigenvalue problem associated with (2.2.7) (7 — M ?) takes the form

T L7T=)Z. (2.2.8)

We are now ready to give the definition of the spectral stability.

Definition 2. The Kawahara waves are stable, provided the eigenvalue problem (2.2.4) does not
have non-trivial solutions® (u,z): Ry >0, z € H*(R).
The NLS waves ® are stable, if the eigenvalue problem (2.2.6) ((2.2.8) respectively) does not

have non-trivial solutions (u,7): Ru >0, 7 € H*(R?Y) x H*(RY).

We are going to use the following corollaries from the instability index counting theory pre-

sented in section 1.2.
Corollary 1. For the spectral problems (2.2.6) and (2.2.8) stability follows, provided
o n(Z)=1=2_>0,

o ¢ L Ker[ZL,),

Note that by the Hamiltonian symmetry of the problem u — —pu, the existence of eigenvalues u : Ry < 0 is
equivalent to the existence of pt : Ry > 0.
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° (Z'9.9)<0.

Corollary 2. For the spectral problem (2.2.4), stability follows, provided
e n( %) =1,
o ¢ L Ker[Z,],

o (£79,9) <0.

2.2.4 Necessary conditions for the existence of solutions of (2.1.5)

We have the following Pohozaev identities.

Lemma 4. (Pohozaev’s identities) Let some smooth and decaying ¢ satisfy
n
A9 +eY bibidjxd+ 09 —[]"' 9 =0.
J.k

Then

dip—1)-2 1
[ 1aopax = 42 Z&Hf)’” V[ Jop o [ jopax
dip—1)—4(p+1)

e[ |b-Voldx = / rrlg 20)/ 2dx.
|, Jb-voras S 1l Ja 9 20 [ 0P

Proof. Multiplying (2.2.9) by ¢ and integrating over R we get

[ 180Pax—e [ b-voPar— [ 1ortldx+e [ (oPdx=o0.

Also, multiplying (2.2.9) by x- V¢ and integrating over R¢ we get

(2.2.9)

(2.2.10)

(2.2.11)

d 2 d 7 2 d 1 d 2
2~ [ |agPax—(1-2 b.v L i — —/ _o.
< 2)/Rd| 0[2dx < 2),s/Rd| ¢|dx+p+1/Rd|¢| dr-oF [ 19Pdr=0

Let A = [ga|A|2dx, B =€ [ga|b-V¢|2dx, C = [ga|¢|P dx and D = [ga |@|?dx. Solving for
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A and B in terms of C and D we get

_ dp=1)=2(p+1)

_ d(p—1)—4(p+1)

which is (2.2.10) and (2.2.11). [l

Corollary 3. Ifd = 1,2, then ® > 0. If € = —1 and @ > 0, then p < pmax- I]‘B:O, then @ > 0

and p < Pmax-

Proof. If d = 1,2, the first term on the right of (2.2.10) is negative, forcing the positivity of the

second term, so @ > 0. Next, from the relation (2.2.11), we see that if @ > 0,& = —1, then
d(p—1)—4 1
% < 0, Orp < pmax.

Ifbh= 0, it is clear from (2.2.11) that either @ > 0 and p < pmax or @ < 0 and p > ppax (the
second one being impossible immediately for d = 1,2,3,4). For d > 5, assume for a moment that
@ <0and p > pmax = %. Let us look at (2.2.10). The second term is now negative, while for
the first term, since p > pmax > %, we also conclude its negativity. It follows that the right hand

side of (2.2.10) is negative a contradiction. Thus, ® > 0, p < pmax- [

As we see from the results of Corollary 3, the Pohozaev’s identities are by themselves not
strong enough to derive necessary conditions on @, p that are close to the sufficient ones.

We believe that the necessary conditions are close to the ones required by [32] to construct so-
lutions of the constrained minimization problem (2.1.7). Namely, we expect p < pmax and @ > Z—z
for b > 0, and, more generally, (2.1.9) to be necessary for the existence of localized and smooth
solutions of (2.2.9) and (2.1.6). Let us show that, in fact, these follow from a natural assumption
on the spectral theory for the operator .Z;. Specifically, the fact that zero cannot be an embed-
ded eigenvalue in the continuous spectrum of .Z;. Let us note that, while for the second order
Schrodinger operators 77 = —A+V this is generally the case (the point spectrum does not embed
into the continuous one under some decay assumptions on V), it is not the case for their fourth

order counterparts, [11]. However, in physically relevant situations (and the case of .Z; certainly
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merits this designation), embedded eigenvalues do not exist. If this is the case for .7, we, using

Weyl’s theorem, see that

w-2 b>0
Oac[Z}] = Ouc. (A2+bA+ w_P|¢|p_]) = Galc.(Az—FbA—F(D) = T
, b < 0.

Clearly, if zero is not embedded, it must be that ® satisfies (2.1.9). If that holds, at least in the case

b < 0, it follows from Corollary 3 that p < pmax as well.

2.3 Variational construction in the one dimensional case

We start with some preparatory results.

2.3.1 Variational problem: preliminary steps

We now discuss the variational problem (2.1.8). It is certainly not a priori clear that for a given
A > 0, such a value is finite (that is m,(A) > —eo) and non-trivial (i.e. m,(A) < 0). In fact, in some

cases, it is not finite, as we show below. Note that

p—1
mb(l) . 1/ "2 2 A2 / +1 .

= inf { = —b dx— —— Pmldx » = inf J[d]. 2.3.1

: |¢|§1{2 J07Pblo'Pax— 55 [0 = ind ol 23

This is, clearly, a non-increasing function. In particular, % is differentiable a.e. and so is

mp(A). Our considerations naturally split in two case, b > 0 and b < 0. In this section, we develop
criteria (based on the parameters in the problem), which address the question for finiteness and
non-triviality of m;(A). The next lemma shows this for p € (1,5) and, in addition, it establishes
the non-finiteness of m;(A) for p > 9.

First, we treat the case b < 0.
Lemma 5.
o Ifpe(1,5),b<0, then —o <my(A) <O0forall A > 0.
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o Ifp>9, then my(AL) = —oo forall AL > 0.
o If p=09, then my(L) = —oo for all A large enough.

Proof. Let 9¢(x) = £'/2¢(ex), where ||¢||3 = A. We have that

||¢"||Lz A [ [y
€72 . 232
1[¢e] = 3 5 € D1 (2.3.2)

Since 0 < 55— L < 2for1 < p <5, we see that m, (1) < 0 in this case by choosing & small enough.
On the other hand, if p > 9, it is clear that limg_,e I[¢] = —o0, Whence my,(A) = —co.

By the GNS inequality

19111 ry < CpllOll 4 (2.3.3)

1
1
1

<C ||<z>|| ||¢”HL2 : (2.3.4)

we have

_ 1 2 112 1 / p+]
=5 077~ blo P~ [ 1ol
"2 12 " p+1-—
> [ 10"P = blo'Pax—colo"1,5 1011
> 210"~ e s 16715 +1)

Z =%

for some y > 0 because the function g(x) = %xz —CpaX =2 , clearly, has a negative minimum on

[0,00) for p € (1,9). Therefore, my(A) > —y > —oo for p € (1,9). Letting € — oo in (2.3.2) shows
that my(A) = —oo for p > 9.
Consider now the case p = 9. Clearly, for large A, m;(A) < 0, as it is evident from the formula

(2.3.1). Assuming that my(A) € (—o0,0) for some A, let ¢ be such that my(1) < I[¢] < mbT(“
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Using @y as in the formula (2.3.2), we see that ||q)NH%2 = A, while for N > 1, we have

19”17 olig"ll7> 1ol %

Iow) = N5 2 - Sl = 233
"2 12 10

<yl P H¢1lgw] (2:36)

< N* mbél)‘ (2.3.7)

But then

mb(l) < lirl]l\’infl[(p]\[] = —09,

a contradiction.

]

Our next lemma shows that for p € [5,9], there is a threshold value A, > 0, below which m;,(1)

is trivial.

Lemma 6. Ifb < 0and p € [5,9], then there exists a finite number A, > 0 such that for all A < A,

we have my(A) = 0. In addition, if p € [5,9), then for all A > A, we have —co < myp(A) < 0.
Proof. Take ¢, as in Lemma 5 with ||¢ ||% = 1. We have

my(A)
A

< lim J[¢e] =0, (2.3.8)

which implies that m,(4) < 0. Now, we are going to show that for each p € [5,9) there exists a

constant ¢, > 0 such that

013 (0”1 —blo"Pdx) _
070 INCIGREE -

(2.3.9)

Using the GNS inequality (1.1.1), we get the following estimates for the LP™! norm:
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p1 3p+s
191251 < ap[0”]|,* 1197

"2 12 1%1 e
<a (fjloR-sloPar) " loln". 2310
and
! bt s
o157y <bpllo"[|,7 Nl
p—1
R
<oy ([ l0"P-plo'Pax) " foll” @311)

Note that for p € [5,9], we have that L; <1< p%]. Therefore, interpolating between the

estimates (2.3.10) and (2.3.11) we get

1 —1
o125 < cplloll?s' [ 19”2 — blo*dx.
R

Thus we have that for all ¢ € H2 with ||¢||3 = 1

1
[ 10" ~lo'Pdx—— [ g7 1dx> 0.
R Cp JR

2

This implies that for 4 10 < A <y, = (1’“) 7“1 J[0] > 0, which together with (2.3.8) implies

Cp

that m,(A) = 0.

Observe that for a large enough A, the quantity

1 AT

2
inf —/ ¢"2—b¢’2dx——/ o|PHdx
¢||%—1{2 SR

is strictly negative!?, so A, < . Clearly, A, = sup{y > 0: m;(1) =0 for all 1 < y}.

10This can be seen by fixing ¢ in the infimum and taking A > A(¢).
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Lemma 7. Suppose b <0, 1 < p <9and —oo <my(A) <O0. Let {¢, }>_, be a minimizing sequence.

Then, there exists a subsequence { @y, }7._, such that:

hm/ |y (X) )|?dx =Ly, hm/ 6y, (%) )2dx = Lo, hm/ 60, ()P dx = L,

where Ly >0, Ly > 0 and Lz > 0.

Proof. We have already established in Lemma 5 that

1 /! 1A
1¢] > —119"112: —cp25(l19 lle +1). (2.3.12)

Since, {¢,}°°_, is minimizing, it follows that the sequence { [ |,/ (x)|*dx}:>_, is bounded. By the
GNS inequality, the sequences { [ |95 (x)|?dx}>_; and [g|9a(x)[PT1dx}_; are bounded as well.
Possibly passing to a subsequence a couple of times, we get a subsequence {¢,, };-_; such that all
of the above sequences converge(to L1, L, and L3 respectively). We claim that L3 cannot be zero.

Indeed, otherwise

bl
= Jim [ [ 10 (0Pdx—3 [ 10}, (0Pdx) >

which is a contradiction with the fact that m;(A) < 0. By the GNS inequality, neither L; nor L,

could be zero, as this would force L3 = 0, which we have shown to be impossible.

In the following 3 lemmas we will be concerned with the case b > 0.
Lemma 8. Ifb>0and 1 < p <9, then —oo < my(L) <0 forall A > 0.

Proof. Since 0 < 5= L < 4, the dominant term in (2.3.2) is max (&2, 8[%1) so if we just take € small

enough, we see that m;,(A1) < 0. Boundedness from below follows from (2.3.12). O
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Lemma9. Let 1 < p <5, b > 0 and fix a constant c. Then, the inequality

_ b
0155 < cllolfs " | [ 10"~ 010 + 5 oo P 313)
cannot hold for all ¢ € H*(R).
For p € [5,9], b > 0, there is a c(b, p), so that
p+1 p—1 " 2 / 2 b2 2
10111 <cllol; /R|¢ ()7 = 09" (x)[" + |9 (x)|"dx (2.3.14)

holds for all ¢ € H*(R).

Proof. Let p € [5,9]. Write
" 2 I 2 bz 2 2 2 2 b ?
16" =16/ @)+ o) Pdx = [ 18P (2287 -7 ) d.
R 4 R 2
Introducing g, so that ¢ (§) := g(2w& — \/g ). Clearly, (2.3.14) is equivalent to the estimate

IsliZh <cllgls" [ 18(8)PIERIE —Colag 2315

for some Cj, # 0. We show (2.3.15) as follows. By Sobolev embedding and Holder’s

I8l S M8l 1y

—e(frorerag) "

1

<l ([ le@Piersa)”

Clearly, this last estimate implies (2.3.15) as long as 2 < pT_l < 4, which is the same as p € [5,9].
Let now p € (1,5). Take a Schwartz function ) and then ¢(x) = x(ex). Testing (2.3.13) for
p=1

this choice of ¢ leads us to e ' < Ce~"2 (&% + ). This is a contradiction as € — 0+, so (2.3.13)

cannot hold. ]
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Lemma 10. Suppose b > 0,1 > 0and 1 < p <9. Let {¢,}7_, be a minimizing sequence for the

minimization problem inf) 012, I[¢]. Assume one of the following:
o pe(1,5,1>0,
e p € [5,9) and for some sufficiently large Ay ,, A > Ay .

Then, there exists a subsequence { @y, };>_,, such that:

i 1
m —
k—o0 2

/R|¢,2;|2dx:L1, ]}EEO/RW,/UJZCIX:LQ and %ggoA|¢nk|P+ldx:L3,
where Ly >0, Ly, > 0 and L3 > 0.

Proof. First, by (2.3.12), the sequence { [g |¢,/|?dx}>_, is bounded. By GNS inequality, so are the
sequences { g |95]2dx}>_; and { [g |§n|P T dx}_, . Therefore, there exists a subsequence { ¢, }7>_,
such that all three subsequences { [g |0y [*dx}7_ ;. { g |0y, [*dx}y_ | and { [g ¢, [Pt dx} | con-
verge to three non-negative reals L1, L, L3 respectively.

First, suppose that L3 = 0. Then, consider the following minimization problem

1 .
inf o [ 19" ~blg'(x)Pdri= inf Tlo].
l9l=2 = /R ll2=2

Observe that since I[¢] > I[¢], we have

lim I[g,] = lim I[¢,] = inf I[¢p] < inf I[¢].
nee ne 195=A 915=A2

Thus, {¢,};_, is minimizing for I as well, and
inf I[]= inf I[¢].
913=2 I913=2

On the other hand, inf|| o= I[¢] s easily seen to be — ’IT[’Z. Indeed, for a function ¢ with ||¢ ||%2 =2,
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we have by Plancherel’s

2 2
01+ 70 = [ 10"@P — b0’ WP + 792 (x)dx 23.16)
2
- |16

b
(2m&)? — 5| d&=0. (2.3.17)
I (@] > —’IT”Z. On the other hand, for any Schwartz function ¥, consider

whence inf
1915=2

bele) = oyt
B el f T e

which has ||¢ ||i2 = A and saturates the inequality (2.3.16) in the sense that

. b|?
s o0 xe - o,
Thus, inf\|¢||§:/ll[¢] = —%”2. So, we have that
Ab? 1 " 72 P+1
S = me(2) < 3 [ 10" WP =bloPas—— [ lo(o)*ax

holds for all ¢ with ||¢ ||2 — A. Applying this to an arbitrary f and ¢ := VAL —, so that llo ”%2 =1

1,2 H
the following inequality holds

pl p*
b2

AIEE Jireoptars St ([P s WF + 5 P )

for all f # 0. This last inequality however contradicts Lemma 9 - for every A > 0, if p € (1,5) and
for all large enough A, if p € [5,9). Thus L3 # 0. Clearly, by Sobolev embedding L; > 0, L, > 0,
otherwise L3 must be zero, which previously lead to a contradiction.

O

The following lemma will be useful for ruling out the dichotomy option in the concentration

34



compactness argument.

Lemma 11 (Strict sub-additivity). Let 1 < p <9 and A > 0. Then for all o € (0,4) we have

mp(A) < mp(@) +mp(A — ). (2.3.18)

Proof. First, suppose that 1 < p <5 and b < 0. Then
(A/a)"
m() =g it {5 [ 1070 bl 0P B = [ ot ian

A
< amb(a)v

where the last strict inequality holds because a minimizing sequence for my() doesn’t loose

> 0. The
my(4)
A

|9kl - Namely, there exists a minimizing sequence {@};2, so that limy |||,

existence of such a sequence was established in Lemmas 7 and 10. Hence the function A —

is a strictly decreasing function.

Assuming that & € [%,l) (and otherwise we could just work with A — &) we get

my(A) < “my(@)

A —
:mb(OC>—|— «

mb(OC)

< mb(a) ""mb()L - OC),

where we have used mp() < m”({fa) , since & > A — a. This completes the case p € (1,5),b < 0.
o A—a

Let 5 < p <9and b < 0. Note that in this case, m;(A) is zero for small A, by Lemma 6. So,

there are three possibilities:

1. mp(0) =mp(A —a) =0. In this case (2.3.18) trivially holds, since by assumption m;,(A) < 0.
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2. mp(A) <0, but mp(A — o) = 0. In this case we have

3. When both my, (o), m,(A — @) are negative, the proof is the same as in the case 1 < p < 5 for

b <O.

Next, we consider the cases when b > 0. In this case forall 1 < p < 5and all A > 0 we have that
—oo < my(A) < 0. The proof is the same as in the case b < 0, p € (1,5), since we never develop the

complication that m;,(A1) = 0 for any A > 0. The case p € [5,9) and A > A;, , is similar as well. [

2.3.2 Existence of the minimizer

Now, suppose
I<p<5, A>0,

55p<9, A>NA,,

so that Lemma 7 and Lemma 10 hold. Let {¢y};> , C H 2 be a minimizing sequence, i.e.

/ |Ocl>dx =2, lim I[gx] = my(A).
R k—yo0
Therefore, by passing to a further subsequence, by Lemma 7 and Lemma 10, we have

lim [[of[; =L >0, lim [|9f[[5 =L2 >0, lim [[]7,7 = L3 > 0.

Let p; = |¢x|%, so [ px(x)dx = A. By the concentration compactness lemma of P.L.Lions, there is

a subsequence (denoted again by py), so that at least one of the following is satisfied:
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1. Tightness. There exists y; € R such that for any € > 0 there exists R(€) such that for all k

d >/ —&.
/Bm,R(e))pk t= JRPx

2. Vanishing. For every R > 0

lim sup prdx = 0.
k—reoyeR JB(y,R)

3. Dichotomy. There exists o € (0,A4), such that for any € > 0 there exist R, Ry — oo, y; and kg

such that

<E, <§&,

/ prdx— (A —o)| <e. (2.3.19)
Ri<|x—yxl

/ prdx —a / Prdx
B(y:R) R<|x—yi|<Ry

We proceed to rule out the dichotomy and vanishing alternatives, which will leave us with tightness.
Dichotomy is not an option. Assuming dichotomy, we have by (2.3.19) and [ p(x)dx = A that
JRe<|x—y,| Prdx — (A — @) | < 2e.
Let y1, ¥, € C*(R), satisfying 0 < w1,y < 1 and

1, |x[ <1, 1, [x|>1,
v (x) = , Y(x) = :
0, [x>2, 0, [x[<1/2,

Define ¢ 1 and ¢y > as follows:

P11 (x) = O (x) w1 ();;—/ysk) ;o Ok (x) = Gr(x) v (x;kyk) :

Clearly, for k large enough we have

’A¢§](x)dx—a‘ <2¢and ‘/R(p,iz(x)dx—(),—a) < 2.

In fact, by taking a sequence &, — 0, we can find subsequence of ¢y 1, ¢ > (denoted again the same)
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and sequences {yx};>; C R, {Ri};2, with Ry — oo as k — oo, such that

1
lim/ |0 1)?dx = «t, lim/ |¢k2|2dx:l—aand o] ?dx < —.  (2.3.20)
k—o JR ’ k—o JR ’ Rk/5<|x—yk\<Rk k

Consider I[¢x] —I[¢x 1] —I[@x2]. Using (2.3.20) we get

1100~ 16ua] = 110c2) = 5 [ 100 =bloiPar—— [ g

1 . "2 X—y 12 1 o il
2o () | ol ()| v Ko ()

1 X—y "2 X—y 12 1 Y=y 1
Al ) (o (52)) [ o (o (22)

! — — " b /
LR (vt () - () [oreon o]
1 +1 +1 (X =Yk 41 [ X— Yk
+p_|_ 1 /R|¢k(x)|p <V’f (m) ‘l’g < R ) — 1) dx+ Ey.

The error term Ej, contains only terms having at least one derivative on the cutoff functions, there-

fore generating Rk_l. At the same time, there is at most one derivative falling on the ¢. So, we can

estimate these terms away as follows

C
|Ex| < —

2 I 2 C "
B e s o, 1CCOP +10COP Y < G el (el + 19 )

Since supy || @k ;2,supy |||z < oo, we conclude that limy E; = 0. For the next term, we have the

positivity relation [ (1 —y? (’;;/yg) 2 (x yk>> |9/ (x)|?dx > 0. Integration by parts yields

v () v (F5Y)) wicarax=
- - fomgi(-vi(53) - (7)) s
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Thus, by Holder’s

<

‘/R <1 v ();Z/y;) v (;—kyk)) 94(x) Pdx

C
< C||¢/$'||L2||¢k||L2(Rk/s<|.\<Rk)+17k||¢1§||L2||¢k|lL2-

Note that since Ry — oo and on the other hand ||¢x|| ;2 is uniformly bounded in k, this term goes to

zero, by the last estimate in (2.3.20). Finally,

e (v (G ) = (52) 1)

Since by GNS

<

[Be () [P+ dx.

/Rk/5< =i <Ry

p—1 3pts
|¢k(x)|p+1dx S CH(PIQ/HLEt ||¢k||L24(Rk/5<H<Rk)’

/Rk/5< |x—yi| <Ry

and ||¢/'|| ;2 is uniformly bounded in k, we conclude that this term also goes to zero as k — oo,

It follows that

li]{gio{}f [1[0x] —1[r,1] — 19 2] ] > 0. (2.3.21)

Now, let {a}7_, and {b;}7>_, be sequences such that

Hakq)k,lHi =, ku(bk,ZHi =A-a.

Note that ai, by — 1. Using (2.3.21), there is f3, lim; B = 0, so that

1¢n] > 1[0 1] +1[¢x 2] + Br
> Iax@r1] +1[bidi 2] + B — C(|1 — ar| + |1 — byl)

> mp (o) +my(A — &) + B — C(|1 —ax| + |1 —by]),

where we have used that supy, ||| ;2 < oo, the estimate |I(¢) —I(ad)| < C(||@||52)|1 — a| (which
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is a direct consequence of the definition of the functional /[-]) and the definition of m;(z). Taking
limits in k, we see that

mp(A) = limI[6) > my (@) +my (2 — 1),

which is a contradiction with the sub-additivity of m,(-) established in Lemma 11. So, dichotomy
cannot occur.

Vanishing is not an option. Suppose vanishing occurs and let € > 0. Let ¢ € C* be such that

L, [x <1,
nx) =
0, |x|>2.

Using GNS we have forall Rand y € R

19617551y < /B(y 7

X— p+1
S/R N (Ty) dx
e 3p+s
xX—y 3pts
= H<¢kn( R )) Lz(R)Hq)kHLZ(B(y,ZR))

3pts
<Chr H(pkHL;(B(y,ZR)) .

We can cover R with balls of radius 2 such that every point is contained in at most 3 balls, let it be
{B(yj,2)}. Moreover, we can choose these balls so that {B(y;,1)} still covers R. Choose N € N

so large that for all k > N,

/ "Pk’zdx <E,
B(y,2)
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for all y € R. We can estimate the L’*!(R) norm of ¢y as follows

1027 gy < Z / 0[P dx
;Cn R 110l 2 s ;2 196l 2y, 2))

3p-3 2
<3Chre " ||9cllz2(r)

p+1

So, we get that ||(1>k||Lerl ®)

— 0 as k — oo which is a contradiction. Therefore, the sequence
Pr = |¢x|* is tight.
Existence of the minimizer. We have that there exists a sequence {y;};>_, such that for all

€ > 0 there exists R(€) such that

/x Ioxt 0P <e

Define uy(x) := @y (yx +x). The sequence {uy};>; C H? is bounded, therefore there exists a weakly
convergent subsequence (renamed to {ux};> ), say, to u € H? . By compactness criterion on
LP(R"), the sequence {uy};_, has a strongly convergent subsequence in L*(R), say, to 4 € H>.
Since weak convergence on H? implies weak convergence on L?, we have that u = i by uniqueness
of weak limits. In addition, HuHi2 = limy Huk||%2 = A, so u satisfies the constraint.

We also have that u; converges to u in LP*! norm. Indeed, using GNS inequality we get

—1 -1

||uk—u||Lp+1(R) < ||(Mk—u HLPH) ||uk—u|| p+1)

pfl
< Cllug — u|| p“ — 0 as k — oo.

Also, since

2
etk = w'l[72 < Mfoa = "l 2w = el 22 < Cllag N 2 4 12a”]] 2) et = | 2,
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we conclude that limy [[u}, — || ;2 = 0, and, in addition, limy [ (1} (x))?dx — [ (/' (x))?dx.
Finally, by the lower semi-continuity of the L? norm with respect to weak convergence, we

have liminfy [ [u}|* > [g |«”|>. We conclude that

1 1 1 1
11m1nf—/ |u;{l‘2—b‘u;€‘2dx__/ ‘uk‘p—’—ldxz _/ |u//|2_b|u/|2dx_ /|u|p+1dx,
k2R p+1Jr 2 Jr p+1JR

whence we have that my,(A) > I[u], therefore I(u) = my(A) and u is a minimizer.

2.3.3 Euler-Lagrange equation

Proposition 3. Let p € (1,9),4 > 0, be so that one of the following holds

e l<p<5A>0,

e 5<p<9A>A,>0
Then, there exists a function ®@(A) > 0, so that the minimizer of the constrained minimization
problem (2.1.8) ¢ = ¢,, constructed in Section 2.3.2, satisfies the Euler-Lagrange equation

07" +b97 — 1621”62 + ()9 =0, (23.22)
where
1
0(1) = 5 [ b5+ 10217 = (9%

In addition, n(£;.) = 1, that is £, has exactly one negative eigenvalue. In fact £ | (o1t =0

Proof. We have shown that minimizers for the constrained minimization problem exist in the two
cases described above, for both » > 0 and b < 0.

Consider ug = VA Hg%gzll’ where £ is a test function. Note that ||ug Hiz = A, so it satisfies the
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constraint. Expanding I[ug] in powers of § we obtain

] = () + | [ 0"~ 01}~ log| o

1 / i
o [ BB +1gal ! = (9 [ mhdx}

62 " / -
+ 5| 02 608~ i on1

o h Dh|oP~ o + 26K ¢) — 21" 97
+ 5 (0,0) [ (p+ DO 9 +20 05 — 20" 9] dx

52
4503000 [ (p3) g2l +4b(07)7 (07 *dr+

D [ 0217 4 b0} (9P 0(5)
2}{ R A A A :

Using only the first order in & information and the fact that I{ug] > m;,(A) for all 6 € R, we

conclude that

(07" + 007 — 9217 d3 + (1) 95, h) =0,

where @(A) = 1 [gb(¢5)? + 927" — (¢7)?dx. Since this is true for any test function h, we
conclude that ¢, is a distributional solution of the Euler-Lagrange equation (2.3.22). According to
Proposition 2, this turns out to be a solution in stronger sense, in particular ¢; € H*(R).

Now, using the fact that the function g, (6) := I[ug] has a minimum at zero, we also conclude
that g/(0) > 0. This is of course valid for all 4, but in order to simplify the expression, we only

look at /2 : ||| = 1, which are orthogonal to the wave @, i.e. (h,@;) = 0. This implies that
(" +bh" + & (X)h— p|oy [P~ h,h) > 0.

In other words, (£, h,h) > 0, whenever h : ||h]| = 1,(h,¢,) = 0, that is exactly the claim about
Zi| (o)L = 0. In particular, this implies that the second smallest eigenvalue of .Z; is non-negative
or n(%Z,) < 1. On the other hand, since (Z, ¢;,0;) = —(p—1) [ |¢x (x)[Pdx < 0, it follows that

there is a negative eigenvalue or n(.Z;) = 1. O
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2.3.4 Norms of the minimizers are controlled

We have the following technical proposition, which will be useful in the sequel.

Proposition 4. Let A, p satisfy the assumptions in Theorem 1. Then, there exists Cp,, Dy, so that

/lebi'ler/RWi\er/R!mI”“ < Cy(1+AP). (2.3.23)

Proof. By (2.3.11), p <9 and the Gagliardo-Nirenberg’s inequality ||¢'||2, < C||¢"[|2[|@ | ;2. we

have that for all € > 0, there is C¢,
1
”‘P?LHi:H < SH(PXH%z +C87LD-

Thus,

1
0> m(A) =1[g2] > Z1l97]l7> — CA®.

This yields the inequality for ||¢; ||i2 For all the others, we use the GNS bounds and (2.3.11). [

2.4 Variational construction in higher dimensions

In this section, we follow the approach and constructions from Section 2.3. Most, if not all, of the
steps go through essentially unchanged, save for the numerology, which is of course impacted by
the dimension d. Thus, we will be just indicating the main points, without providing full details,

where the arguments follow closely the one dimensional case. We work with

119) = 4 Jual|AG (x) 2 — £[B2]0x, 6 (x) Pl — 1 fa 6.e) P+ dx — min,
Jra 92 (¥)dx = .

(2.4.1)

Again, we introduce

my(A) = inf 1[¢]
9EH2NLPHL[0]5=A

44



Noting that

le:”;éf_l{% [ 80 —elBfian o) Pl — 27 / 5(x \P“dx} 242)

A%

and hence A — — . is non-increasing, we conclude that my (A ) is differentiable a.e..

As before, we split our discussion in the cases € =1, € = —1.

2.4.1 The case e =—1
We have the following regarding m;(4).
Lemma 12. Let € = —1. then,
o forpe (1,1+ diﬂ) and A > 0, we have that —e> < my() <0,
o forpe (1,1+3), mz(1) > —eo,
e forp> 1+§1, mg, = —oo for all A > 0.
o forp=1+ %, My 2 = —oo for all A large enough.

Proof. The proof goes through the same steps as in Lemma 5. Pick ¢5 = 55 T ¢(8%x1,8x'), with

19172 = A. Clearly, || 95|, = A, while

SHUNOIP+8Y02 012 | BRI 7 50 IO Swsnpo

Il9s] = 2 2 p+1

Since for § small enough and p < 1+ %, the last term is dominant, we have m;, (A1) < 0. Similarly,

using Y5 = 0 %(])(Sx) we obtain

— Lp+1
841 AQ|> + 8B 19 1> 1915t gaton
2 p+1

Iys] =

and taking the limit § — oo yields my(A) = —oo, for p > 1 + %.
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Next, by GNS, we have that

1911y S CollOl aiy oy SCpllglln "7 llagll" >

Thus,

0] = 5 [ L8000+ BRIy 00 Idx — / 600l dx

p+1— d’

v

: 3 [ 10+ BRI, o) P —cy A0l o1

1801 — A9l > —,

v

where in the last inequality, we have used that p < 1+ 3 S (whence d 3~ L < 2). Therefore, ||A¢|? I
is dominant. The fact that m;,(1) = —oo for A large enough, when p =1+ 3 follows in the same

fashion as in Lemma 5. O]

Next, we present a technical lemma.

Lemma 13. For 1+ % <p<lIl+ %, the following inequality holds

+1 -1 2 2
I8l ey < CollliZs" [, IAgl?+ 1o sl 243

Forpe (1,1+ %), such an estimate cannot hold.
Proof. We apply the Sobolev embedding in the variables x; and then in X' = (x7,...,x4)

1

p+l ||L2 RY)- 2.4.4)

N\*—

d—-1)(3—-1)
lgll 1 ey S NVl @ VG5 v, |27
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Next, by Plancherel’s, Holder’s inequality and Young’s inequality

1

—(d--L 11 1/2
9140819, [ gl = ([ le@PIE1 400 g g )

1
=1 —1 ~1 T
Slelfy’ (e |é'|<d—l>”z|¢1|pzdaz)

1

Slelfs ([ le@rner +ia s ag)

where g = W Clearly, (2.4.3) follows, provided 2 < £ ( D < 4. Solving this inequality
yields exactly 1+ d_+1 <p<l+ 3.
Ifp<l+ %, take ¢ = y(€2x1,€x’) in (2.4.3). Assuming the validity of (2.4.3), we obtain
that @+ < const(e* 4 €®). This is a contradiction for ¢ << 1 and p € (1,1+ %).
[
The next two lemmas are the generalizations of Lemma 6 and Lemma 7 to higher dimensions.

Lemma 14. [fe=—land p € [1+ %, 1+ %), then there exists a finite number 2 , > 0 such that

e forall A < l;)p we have my(A) =0,

e forall A > lgp we have —oo < my(A) < 0.

Proof. The inequality m(A) < 0 follows in the same way as in Lemma 6. Then, by Lemma 13, we

have

101175 [rallAQ|> — €]B[?| 9y, |P)dx
L >c: >0. 2.4.5
i T |97 1dx = (245

Thus, for all ¢ € H? (Rd), we have

2 T2 2T p+l
[ Ia0P —elbPlgy Plax— 22 [ ol iax o0,
=
— 1 p—
which by (2.4.2) implies that for A < QL;W = (%) , m,;(/'L) > 0. Since we always have
the opposite inequality, this implies m;(A) = 0, when A is small enough. Note that for very large

A, the quantity in (2.4.2) is clearly negative, so this implies that A; p <o [
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The next lemma is the generalization of Lemma 7 to the higher dimensional case. Its proof

follows similar path and it is thus omitted.

Lemma 15. Suppose e = —1, p € (1,1 + %) and —eo < my(A) < 0. That is, one of the following
holds:

e pe(l,1+5%),2>0,
e pell+ gy l+g)andd >0,

Let {9}, be a minimizing sequence for the constrained minimization problem (2.4.1). Then,

there exists a subsequence { @y, };°_, such that:

™ 2 . 2 . 1
lim /Rd |A@p, (x)|"dx = Ly, kll_r>r°10/Rd|8xl¢)nk(x)| dx=L,, ;}E?o/RdW"k(x”H dx =L,

k—ro0

where L1 >0, L, > 0 and L3 > 0.

‘We now turn to the case € = 1.

2.4.2 Thecasee=1

The first observation is that for ¢g5(x) = 5% ¢ (5x), we have

+1
10 A T ey o

2 2 p+1

1[¢s]

Clearly for p € (1,1+ %) and 0 < 0 << 1, we conclude that m;,(A) < 0. Boundedness from below

follows from the estimate

p—1

1 ae=t
1[¢] > Z||A¢||%z —cpanlAd] .t +1) > -7,

established earlier. Hence, we have shown the following.

Lemma 16. If 1 < p < 1+3 and e = 1, then —co < mz_ (1) <O.

P
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Next, we have a generalization of Lemma 9 to the case d > 1.

Lemmal7. Letp: 1 <p<1+ %, € =1,k # 0 and fix a constant c. Then, the inequality

ol < cllolfs | [, 180002 - 260, 0F + lolas|  @a46)

cannot hold for all ¢ € H>(RY).

Forpell +di+1, 1 +%] and € = 1, there is a ¢ = ¢(K,d), so that

19175 < cllgliz: { L |A¢<x>|2—2x2|ax1¢<x>|2+1<4|¢><x>|2dx] (2.47)

holds for all ¢ € H*(RY).

Proof. Note that to prove (2.4.6) it is enough to prove a stronger inequality
ol <ol | [ 18R (&1 + & - ) az .
Thus, one introduces a function g : (& — x,&’') = ¢ (&), so that (2.4.6) is now equivalent to

el < el | [, 1) (2714+ 18 Pie + 2x) ] 248

According to the estimate in Lemma 13, we have, with g = m,

ol < el ([, 16OP (18714+ 121" >)ds)

Again, this implies (2.4.8), provided 2 < 4 ( D <dorl+ 5 +1 <p<l + . The contradiction in

thecase | <p <1+ m is obtained in the same way as in the proof of Lemma 13.

]

Our next lemma is a generalization of Lemma 10. Its proof follows verbatim the proof of

Lemma 10, where one needs to make some adjustments to account for the dimension.
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Lemma 18. Suppose e =1, A >0and 1 <p <1+ %. Let {¢,}>_, be a minimizing sequence'!

for the constrained minimization problem (2.4.1). In addition, assume one of the following:
e pe(l,1+5%), >0
e pell+ %, 1+ %) and A is sufficiently large.

Then, there exists a subsequence { ¢y, }7_,, such that:

. 1 2 . 2 . 1
tim 5 [ 180, (0P = L1 Jim [ 1040, (0 = Laand fim [ /16,7 dx = Ls

where L1 >0, L, > 0 and L3 > 0.

2.4.3 Existence of minimizers

Before we go ahead with the existence of minimizers, we need analogs of Lemma 11 and Lemma

23. Their proofs in the higher dimensional case goes in an identical manner.

Lemma 19. Suppose the assumptions of Lemma 15 and Lemma 18 on A, p and d hold. Then

A — ms

b,p()t) is strictly sub-additive. That is, for every a € (0, 1),

mzp(l) < mB7p(OC) —|—mB’p(l — OC).

In addition, A — my () is twice differentiable a.e..
P

With the basic results in place, we can now proceed to establish the existence of the minimizers

of (2.4.1). Supposing
l<p<l+3, A>0,

I+ 5 <p<1+3 1>k,

we take a minimizing sequence {¢}7, C H*(R?), with I{¢y] — mzp(l) as k — oo. Possibly

passing to a subsequence, using either Lemma 15 for € = —1 or Lemma 18 for € = 1, we can

T According to Lemma 16, m(A) is well-defined, hence such a sequence always exists.
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assume that!2

. 1 2 . 2 . 1
lim > [ 80P =1, fim [ 12400 = Lyand fim [ 9" dx = Ls,

where Ly > 0, L, > 0 and L3z > 0. The next task is to show that this sequence does not split nor
vanish. The absence of splitting is established in the same way as the first part of Section 2.3.2.
Next, we rule out vanishing. The proof presented in Section 2.3.2 works for d = 1,2,3,4, but
breaks down in d > 5, so let us present another one that works in all dimensions. More concretely,
for all R > 0 and y € R? and a cutoff function 1 introduced in Section 2.3.2, we have by the GNS

inequality

100 gy < [ oo (B2 ) i < el
(03 (5-7) -4 (3-5+)
< lalounall. ol .

Since p < 1+ 3, it follows that (p+1)4 (% — ﬁ) < 2. In addition [|gxnrllz2 < [19kll2(8(y28)>

whence

+1
19ell 751 (50 < Crnll0xllr2spam)) 19172 5,25
B(,R)) B(y, B(y.2R))"

So, if we assume that vanishing occurs, then for every £ > 0, we will be able to cover R¢ with balls

of radius 1, say B(yj, 1), so that fB(ij) |0 (x)|*dx < €. Then,

+1
196l gy < Z 00
j7

< 10Cype"™ 194172 e -

-1
(B(y;,2)) Hq)k”IL)z(B(y 2))

Clearly, since ||| ;y2(ga) is uniformly bounded in k, we conclude that [|@[;,+1 — 0, whichis ina
contradiction with limy [ga |@¢|?"dx = L3 > 0.

From here, it follows that the sequence py = | ¢ (x)|? is tight and the existence of the minimizer

2For conciseness, we use ¢ instead of Oy
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is done as in Section 2.3.2.
The Euler-Lagrange equation, together with the appropriate properties of the linearized opera-

tors is done similar to Proposition 3.

Proposition 5. Let p € (1,1+ %), A > 0, be so that one of the following holds:
o I<p<l4+2,1>0,
o I+ <p<1+5A>2%,>0

Then, there exists a function ®(A) > 0, so that the minimizer of the constrained minimization

problem (2.4.1), ¢ = ¢,, satisfies the Euler-Lagrange equation
A2y, +€|b297 03 — |9217 b5 + @ (A )9 = 0. (2.4.9)

In addition, n(£y) = 1, that is £ has exactly one negative eigenvalue. Finally, £_ > 0, with a

simple eigenfunction at zero, i.e. Ker[L_]| = span|[@; ].

As we mentioned above, the proof goes along the lines of Proposition 3. The only new element
are the statements about .Z_, which we now prove.

Note that by direct inspection, .Z_[¢; ] = 0, by (2.4.9), so zero is an eigenvalue. Assuming that
there is a negative eigenvalue, say .Z_[y] = —c2y, ||y|| = 1, we clearly would have y L ¢;. In
addition, since!3 L. <L,

(Lo, y) <(ZL_y,y) = -0,

<$+¢)L7¢7L> <0.

But then 2 |spanfy,9,1 < 0, and dim(span{y, ¢, }) = 2. This would force n(Z;) > 2, a contra-

diction. Thus, .2 > 0. Finally, 0 is a simple eigenvalue of .Z"_ along the same line of reasoning.

13This is an obvious statement, once we realize that ¢, cannot vanish on an interval. Indeed, otherwise, since it
solves the fourth order equation (2.4.9), it follows that ¢, is trivial, which it is not.
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Indeed, take v : Z_w =0,y | ¢;. Again, we conclude %, | span{y.¢;} < 0, which leads to a

contradiction.

2.4.4 Discussion of the proof of Theorem 5: existence of the waves

We do not provide an extensive review of the existence claims in Theorem 5, as this would be
repetitious, but we would like to make a few notable points. In particular, we would like to clarify

the range of indices in p. More concretely, we have the following analogue of Lemmas 13.

Lemma 20. ForH—% <p< 1+§,
1 —1
155 ey < Colglf [ Isl? +|Vgld. (24.10)

Forpe (1,14 %), such an estimate cannot hold.

The proof proceeds in a similar fashion, so we omit it. A combination of arguments in the
flavor of the proofs for Lemma 12 and Lemma 14 leads us to the following variant of Lemma 14

and Lemma 15.
Lemma 21. Ifb<0and p € [1 + %, 1+ %), then there exists a finite number Ay, , > 0 so that
o forall A < Ay, we have my(A) =0,
o forall A > A, we have —co < my(A) <.
In addition, assume that —eo < my(A) < 0, that is one of the following holds:
e pc (1,1+%),/1 >0,
e pel+5, 1+ and A > 4,

Let {¢,}_| be a minimizing sequence for the constrained minimization problem

119] = 3 Jw |80 (1) — BIV6 (P — 75 e 9 (x)|*dx — min, 24.11)
A

fR ¢2(x)dx =4,
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then there exists a subsequence { @y, }7°_, such that:

lim [ |Ady (x)|?dx=L;, lim / V@, (x))?dx =Ly, lim / | B, (%) [P dx = L3,
k—oo JRA k—o JRA

k—o JRA

where Ly >0, Ly, > 0 and L3 > 0.

With these tools at hand, the existence of the waves follows in the same manner as before, so

we omit the details.

2.5 Stability of the normalized waves

Interestingly, the proof of the spectral stability proceeds by a common argument, both for the
Kawahara and the fourth order NLS case. From corollaries 1 and 2, it suffices to show that
n(ZLy) =1, 2 >0, ¢, L Ker[Z,] and to verify that (Z'9;,¢;) < 0. Indeed, the condi-
tion n(.Z}) = 1 was already verified as part of the variational construction, see Proposition 3 and
5. Similarly, .Z_ > 0 was verified in the higher dimensional case in Proposition 5.

First, we show the weak non-degeneracy.
Lemma 22. For each constrained minimizer ¢, we have that ¢;, | Ker[Z}].

Proof. Take any element of Ker[Z, |, say ¥ : || ¥||;2 = 1. We need to show (¥, ¢, ) = 0. To this
end, consider ¥ — || ¢y | “2(P, ¢1)0; L ¢;. Recall that due to the construction .Z, 19,3+ = 0. We

have

0 < (LW — 10211 7>(P, 02) 0241, — |62 (F, 02)02) = 02|~ (W, 02)* (L1 02,02) <O,

where we have used that (£, ¢, ,¢;) = —(p—1) [|¢2|P*! < 0. The only way the last chains of

inequalities is non-contradictory, is if (¥, ¢, ) = 0, which is the claim. O

Apply Lemma 1 to the vector &y := ¢, and the operator 7 := ., . Recall that the construction
of ¢, involved the property Z | {9,}+ = 0. By Lemma 22, we have that ¢; L Ker[Z]. Finally,

(L1 0;,0,) <0 was used repeatedly. Thus, we conclude that (34:1(1);“ 0;) <O.
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These arguments establish rigorously the spectral stability of the waves for the Kawahara and

the fourth order problems, i.e., Theorem 2 and the stability claims in Theorems 4 and 5.

2.6 Additional properties of the function m: Proof of Theorem 3

In this section, we prove Theorem 3. It is worth mentioning that identical results hold for the
multidimensional case as well, but it would be repetitious to prove it separately, so we just restrict
our attention to the one dimensional case.

Interestingly, a number of properties has already been established and utilized already for the
purposes of the variational construction. For example, we have shown that for A, p satisfying
Theorem 1, we have that —eo < m(A) < 0, see Lemma 5, Lemma 6 for » < 0 and Lemma 8 for
the case b > 0. In Lemma 11, we have established the strict sub-additivity of m, see (2.3.18),
m(A) <m(o) +m(A — ), whenever 0 < o < A. This, together with the fact that m(A — a) < 0,
implies that m is strictly decreasing. As a strictly decreasing function, m is differentiable at all, but
possibly countably many points. It also admits left and right derivatives at each point in (0, o).

The remaining claims in Theorem 3 will be proved in a sequence of lemmas.

2.6.1 mis Lipschitz continuous

We start with the following lemma.

Lemma 23. The function A — my(A) is a Lipschitz continuous function. Moreover, m is twice

differentiable a.e. in (0,o0).

Proof. The simple proof is based on the representation formula (2.3.1). According to it, set

: 1 2 12 H —+1
g(u)= 1inf {—/ 0" —b|o dx——/ O1P dx p,

so that g (l PT?I) = mb/{l) . Clearly, the properties of A — mj,(A) listed in the statement follow from

the concavity of the function g, which we are about to prove. So, it suffices to prove that g is
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concave down.

To this end, denote J,[@] := J [g |9"|* — b|¢’|>dx — 1 Jr|¢|PF dx. Clearly, for every a €

(0,1), 1y, 4 > 0, we have

‘]:J/thqL(lfa),llz [¢] = aflil (9] + (1 — a)juz [¢].

Hence, taking inf|\¢HLz=1 on both sides

glap + (1 —a)up) = Jap+(1—a) [0

inf
loll,2=1
>a inf Jy +(1—a) inf J,

ol =1 I9ll,=17*2

=ag(t)+ (1 —a)g(ua).

Hence, the function g is concave down, whence twice differentiable a.e..

N
Our next result concerns the derivative of m, whenever it exists.
2.6.2 Computing the derivative of m
Lemma 24. On the set <, m'(L) = —%. Moreover, m is concave down, and there is the
inequality, (2.1.12) for A ¢ <,,. That is,
A
m' (A+) < _o.01) <m'(A-). (2.6.1)

2

In particular, the function A — ®(A, @) is non-decreasing, in the sense that for every 0 < A; <

Ay < o0 and for every ¢y, , 9y, we have the inequality

(A1, 03,) < ©(A2,92,).
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Proof. According to Lemma 23, the function m is continuous and differentiable at all but countably
many points, at which left and right derivatives still exists. It also has a second derivative a.e. We
can now compute the derivative m’(A), whenever it exists. To that end, consider ¢, + €h, for any

A. We have, for a fixed test function A,

195+ hll3 = A +2& (g, 1) + € [|l]3,

whence according to the definition of my,(+),

1[93, + €h) > my([| 95 + €hl)3) = mp(A +2¢(¢y,h) + €| A]]3). (2.6.2)

Expanding I[¢; + €h] in powers of € yields

1[¢; + €h) = my(A) + €(05" + by — |$2 |7~ 9, 1)+

82 " 2 / 2 -1 3
+7U [W"(x) 7 = B[ (x)|” — pl@a (x)|"" 9phdx| +O(€’)
R

2
=mp(A) —€(A)(Pr,h) + %(($+ —@(1))h,h) +O(%).

where .2, 1= 94 +bd? — p|¢, [P~ + @y, Take h = ¢;. From (2.6.2) it follows that
mp(A) — e@(A)A +0(€?) > my(A +24e +0(€?)), or

AR
I’I’lb(ﬂ« +2)Lg+0(£ )) mb(l) S _gw(k)—f—O(Sz).
21 2
This gives two inequalities. For € > 0, we obtain
2y
mb(l+2/18~;fé£ ) —mp(A) < _(0(2)») +0(e), (2.6.3)
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while for £ < 0, we obtain

my(A+21e+0(€?)) —my(A)
2A¢€

2_

@ +0(). (2.6.4)

Taking into account the fact that my, is Lipschitz, we can write

mp(A +216+O0(€?)) = mp(A +21€) + O(£?).

Setting € — —¢ in (2.6.4), we obtain the double inequality for all € > 0

my(A +20€) —my(A) O(2) _ my(R—248) —my(A)

Oe) < — O(€). 2.6.5
2he Tole)s-=— < “2he +0(e) (265)
Form here, we deduce that if m has a derivative at A, then clearly m'(1) = —%. Even when m

does not have a derivative, i.e. A ¢ .o, we can still take limits in (2.6.5) and conclude that

m' (A+) < —“’T’” <m'(A-).

Finally, we derive the concavity of m, but we need to involve the terms 0(82) in (2.6.3), (2.6.4) in

our analysis. To this end,

(21— @A) 02) = @A~ (p=1) [ 19217 dx,

since @, satisfies (2.1.4). Thus, we have the inequalities for all € > 0

m(A+2Ae+1e2)—m(A) _ o(A) e

20e = —n[a’@)lﬂp—1)/|¢z|”“]+0(82), (2.6.6)
m(A — 2 _m
(A 2/18;;18 ) —m(4) < w(zl) _ﬁ[a)(z);ur(p_1)/|¢l|p+1]+0(82)_ 2.67)

Setting § =2Ae+A€?in (2.6.6) and § = 2Ae — A€? in (2.6.7), we can rewrite the previous two
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relations in the form

- e (=) e )| (1= )+ 0

- gl - [l 14 ) + 08

Here, it is important to observe that the terms O(82) are bounded by C3? [ |¢; |P*!. Adding the

last two inequalities results in

A+0 A—0)—2m(A —1
A rma 2O 2D [l s [l @6

This immediately implies that whenever @’(A) exists, we have the inequality

) gy A8 0= 8) Z2mh) (1) [, o,

0—0+ 52

which implies the estimate (2.1.11).

Now, for each interval (a,b) C R, we have

limsup sup m(A+98)+m(A—358)—2m(A) <0,
530+ Ae(ab) 2
provided, we can show that sup; ¢ (4 J [92|” 1 < C,p. We can then apply Lemma 3 to the contin-
uous function m to conclude the concavity of m. The bound for sup; ¢, ) J (92 |P*1dx in terms of
the function m(A ) is contained in (2.3.23).
Lastly, in order to show that @(A) is increasing, we observe that for any A; < A, by (2.6.1)

and the concavity of the function m (so m’ is non-increasing),

@ (A1, 92,) < =2m' (Mi+) < =2m'(A2—) < ©(ha, 3,)-
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2.6.3 Proof of Proposition 1

For the justification of the limit waves, we argue as in Section 2.3.2. More specifically, consider the
sequence ¢, ; 5, of constrained minimizers. For it, we have [|¢; 5, ||%2 = A +6; — A, while from

the continuity of A — my(A), we have I[(});Hcgj] =m(A+8;) — m(2). It follows that ¢, := ive;

have ||(;§j||i2 = A and lim;1[§;] = m(A). Thus, ¢; is a minimizing sequence. By the arguments
deployed early for the existence of the minimizers for (2.1.8), there is a subsequence j; and y; € R,

®; € H?, so that lim ||}, (- +yx) — Py |2r) = 0 and @, is a minimizer of (2.1.8), since

m(2) =limm(& + 8;,) = lim (8] = 11®1], || =i |6, |> = 2.

2.6.4 Therange of A —

Our next lemma establishes the range of L — ®(4,9).

Lemma 25. For A, p satisfying Theorem 1, the function A — ®, is satisfies the inequalities in

(2.1.9).

Remark: Note that our results do not imply that the range of the function @ covers the whole

interval described in (2.1.9), since we cannot rule out discontinuities.

Proof. Since w, is non-decreasing, by Lemma 24, we have that for every A > 0,

E
@, > limsup w(&) > —2liminfmy(€) = —21iminfm( )
e—0+ e—0+ e—=0+ €

(e)

In fact, we will show that limg_,o % exists and we will be able to compute it, which will then

yield (2.1.9). By formula (2.3.1) and the construction of the infimum there, it is clear that for all
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1 A
— = inf J[¢] = inf —/ ¢”2—b¢’2dx——/ o|PHdx
A loll,2=1 ! |¢|§—1{2 R| " ble p+1 R| |

1 15
= lim—/ " 1% — blo! de——/ P+
m > R|¢M’ (%Y P R|¢k,/1

for some minimizing sequence ¢ ; : ||¢x 2 ||;2 = 1. Similar to our previous calculations, for k large
enough

1 L8|
0> J[de] > ZH¢/£/||1%2 —cpan90l2 7 = -7,

for some absolute constant y. It follows that we have an upper bound on limsupy |92 < C,

which is independent on A € (0, 1). Thus, by GNS

p—1 3p+5
@ llzonr < N0 ol y™ <€,

independent on A € (0, 1). Hence

inf {1/ |¢/’|2—b|¢’|2dx}—cﬂ,p21§M§ inf {1/ |¢”|2—b|¢’|2dx}.
lo3=1 L2 /R AT = 2k

It follows that

im "5 = e {5 [P -sigParh = wr {5f |¢3<é>|2[<2n|&|>2—’§]2dx}—%2-

A506 A g)3=1 loli3=1
The consideration now splits into two cases: b > 0 and b < 0. If b > 0, we clearly have (try

05 05(E) =8"12% (ﬂ) for § << 1)

i {5 [ I8Pz~ 2Raxh —o.

]3=1
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whereas for b < 0, we have (try ¢ : E)g(é) =5 129(871¢E) for § << 1)

. L[y R
|¢1Ef1{§/R|¢(§)| [(2718])" =] dx}_ -

Thus, we have shown for every A > 0,

b2
) bZOa
o) > —2 fim MM _ ) 9

=0+ A 0, b<0.
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Chapter 3

The Ostrovsky Equation

3.1 Introduction and main results

The Ostrovsky model, which is ubiquitous in the modern water waves theory, is given by,
(ut — Uxxx — (uz)x)x =Uu. 3.1.1)

The related, generalized Ostrovsky/Vakhnenko/short pulse equation is the corresponding equation

with a cubic nonlinearity

(1 — thex — (1)) = ut. (3.1.2)

These models have attracted a lot of attention in the last thirty years, as models of water waves
under the action of a Coriolis force, [42, 43, 12], as well as the amplitude of a “short” pulse in an
optical fiber, [46]. We shall be interested in the dynamics of a family of problems, which contain

these two. More specifically, we consider the following generalized Ostrovsky models

(tr — thxr — (u]P)x), = u, (3.1.3)

(ut—uxxx—(|u|p*1u)x)x:u. (3.1.4)

Clearly, (3.1.3), in the case p = 2 is nothing but (3.1.1), while (3.1.4), for p =3 is (3.1.2). Let us

comment on the seemingly more general form of the equations that appear in other publications,
(uy — Puyex — o (|ul?)x), = yu, (x,1) € RxR. (3.1.5)
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Using the scaling transformations t — at,x — bx,u — cu, we obtain the equivalent problem

b ob|c|P~2c
(R CUET

a ab’

which means that by choosing a, b, c appropriately, we may scale all the coefficients to plus or
minus one, just as in (3.1.3). In addition, by a judicious choice of the signs of a, b, ¢, one concludes

that all systems in the form (3.1.5) reduce to

(ur — €15gn(B) e — E2(|u|P)x)x = sgn(y)eru

where €1,& € {—1,1}. In this work, we stick to the case' sgn(B) = sgn(y). In this case, an

appropriate further rescale leads us to
(tr — sy — €(|U]P)x)x = u. (3.1.6)

Thus, our model, (3.1.3), covers the cases for which € = 1.
Let us record another, mostly equivalent formulation of (3.1.3) and (3.1.4). Using u = vy in

(3.1.3) and integrating once (by tacitly assuming that v, v, vanishes at o), we get

(Vt — Vyrx — (|Vx’p>>x =Y,
3.1.7)

(Vt — Vaxx — (le|p71Vx))x =W

Regarding local and global well-posedness for these models, most of the theory has been devel-
oped for standard quadratic and cubic models (3.1.1), [14, 46, 48, 49, 36, 45]. Extensive further
references to earlier works can be found in [48, 49]. Break up in finite time is shown in various
situations in [38].

The main purpose of this chapter is the study of traveling wave solutions, namely functions in

the form ¢ (x — wt). More specifically, plugging in this ansatz in (3.1.7) turns it into the profile

't is well-known that solitary waves do not exists in the case when sgn(B) # sgn(y).
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equations

0"+ 09"+ ¢+ (|9'1") =0,
(3.1.8)

0"+ 09"+ + (|91~ =0.

These are fourth order nonlinear ODE’s, for which there is no very well-developed theory. In
particular, for non-integer values of p, existence has been proved by variational methods, [33, 34,
31], so that (3.1.8) is an Euler-Lagrange equation for these constrained minimizers. Uniqueness,
which is well-known to be a hard problem (even for second order problems of this type), is only
known in the case p = 2. This is the main result of [51], where it is shown that localized solutions
are unique, together with some asymptotic decay properties of ¢ and its derivatives. Note that the
result obtained there rely heavily on the quadratic nonlinearity as well as the precise structure of
the equation. We provide an independent analysis of the elliptic profile equations (3.1.8) and we
also compute the spatial exponential rate of decay, which we believe to be sharp, see Proposition 7
below.

Our approach to (3.1.8) is variational, but rather different than the works [31, 33, 34]. More
precisely, Levandosky and Liu construct their waves as minimizers of energy, subject to a fixed
LP*! norm. This method allows for a construction of waves for any power of p > 1. As shown
therein, some of these waves, for large enough p, are spectrally unstable. On the other hand, our
goal is to construct the so-called normalized waves - that is, we construct the waves to minimize
energy, by keeping their L? norm fixed. As we show later in the chapter, see Theorem 6, this
imposes restrictions on p, but the result is that all of these waves are necessarily spectrally stable.

We state our results below, starting with the existence, and then proceeding onto the stability.
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3.1.1 Existence of the normalized waves

Let us first introduce the functionals that we work with, namely

and their variants

1

1 2 2
lu| = - - p
[u] 2/R\uxx] + |u|"dx 5 1/R|ux] uydx,

I |
P :§/R|vxx|2+|v|2dx—m/R|vx|p+1dx7

1 _ 1
Sl =5 [ e 4107 uPdx— o [ fulud

1 2 _ 1
=5 X d ! 2d _—/ p+1d.
=5 1o P - g [ s

Note I[u] = #[u,] and J[v] = _Z [v,]. For every A > 0, we consider the variational problems

and

)
Iu] = %fR|Mxx|2+ |u|?dx — lﬁfﬂux\puxdx% min,

fR \ux|2dx = A’;
\
(

I [u] = 3 Jg |wl* + |05 ul*dx — lﬁleu\pudx — min,

ue H', [glulPdx=2,
\

;

I =3 fx Ve ® + [v]2dx — [ﬁfR [ve[PT1dx — min,

\fR|Vx|2d'x: ;L7

J = %fR vl ? + |95 1] 2dx — ﬁfR|v|p+1dx — min,

veH™ !, [gv]Pdx=A.

Our existence results are as follows.
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Theorem 6 (Existence of solitary waves). Let A > 0. Then,

e for 1 < p < 3, the constrained minimization problems (3.1.9) and (3.1.10) have solutions
@y, and ¢y In addition, ¢;, € H* NH2(R), ¢, € H*(R): @), = O, and they satisfy, for some

W € (—o0,2),

079y + 0, 2y + 0y + 927 =0,

0"+ 0] + o1+ (|93 |") =0,

respectively. The waves @, , 0, are exponentially decaying, together with their derivatives,

in fact

5 o€ (-2,2),

: (3.1.13)
—0-—vVwo -4 \£w—4 < —2.

|92.(0)] + 192, ()| + 7 ()] < Ce™ M kg =

e For 1 < p <5, the minimization problems (3.1.11) and (3.1.12) have constrained minimizers

@, € H*(R), ¢, e H>NH2(R) : @) = a, which satisfy, for some ® € (—o,2),

0293 + 07 2y + 0y + 927 9y =0,

"

0"+ 0] + ¢ + (10417 o) =0.

The waves @, , ¢, satisfy (3.1.13).
Below are some remarks:

e The waves @, ,9,, which initially satisfy the Euler-Lagrange equation in a distributional

sense, are actually smoother solutions, see Proposition 6 below.

e The waves satisfy the decay bounds (3.1.13) hold whenever one has a weak solution of

(3.1.8), see Proposition 7. This result matches the results in Zhang-Liu, [51], see Lemma
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3.2 and Remark 3.1, p. 824, for the case @ < —2. For the case @ € (—2,2), the new bound

(3.1.13) provides the sharp rate of decay for the solitary waves.

Let us again point out that in [33, 34, 31], the authors have constructed traveling waves for values

of p beyond the range of Theorem 6, due to the use of an alternative variational approach.

3.1.2 Stability results

We start by describing in detail the state of the art, regarding the stability of the Ostrovsky waves.
For the reduced Ostrovsky case, that is the model without the dispersive term u,,, and with
quadratic or cubic non-linearities, much is known, as the model is completely integrable. A full
description of its periodic waves as well as their stability can be found in the recent papers, [10, 18].

For the full Ostrovsky model under consideration, Liu and Ohta, [39] and by a slightly different
method, Liu, [37] have established the orbital stability for the classical Ostrovsky’s equation (i.e.
p =2) for large speeds. Another, set stability result, sometimes referred to as weak orbital stability,
is given in [40]. In the works, [33], [34], Levandosky and Liu have constructed the waves for the
generalized problems and they have shown that their orbital stability is reduced to the convexity
of certain scalar functions, a la Grillakis-Shatah-Strauss. In [31], Levandosky obtained rigorously
the orbital stability of the waves near some bifurcation points. In addition, he has launched an
impressive numerical study, which was our main motivation for this work.

In order to state our stability results, we need to introduce the linearized operators as well.
Namely, for a traveling wave @, solving either one of the elliptic equations in (3.1.8), set

u(t,x) = ¢(x — ot) +v(t,x — ot) into (3.1.7). After ignoring O(v?) terms we get

(Vi) — Vioox — OV — v — p(|0[P72¢"v,), = 0. (3.1.14)

Setting the stability ansatz v(¢,x) = e'*z(x) in (3.1.14), we obtain the eigenvalue problem in the
form

Liz=10z, Ly = dox+ @+ 14 pai(|¢'|P720'0i(")). (3.1.15)
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Clearly, L, D(L. ) = H*(R) is unbounded, but self-adjoint operator on L?(R). Spectral instability
here is understood as the existence of a non-trivial pair (u,z) : Ry > 0,z # 0,z € D(Ly), so that
(3.1.15) is satisfied. Spectral stability means non-existence of such pairs.

The eigenvalue problem (3.1.15) is a non-standard one, although problems in this form were
recently considered in the literature. An equivalent formulation, which is technically more conve-

nient for our approach is the following: write L, = —0\.Z; dy, where

Ly =—0;—w—0; > —p|¢/|P %’

and D(.Z,) = H*(R)NH2(R). In terms of the new operator

HZy = —8x$+zx.

Since the function spaces require vanishing at both infinities, this is equivalent to uz = —%; oz

or — U is an eigenvalue for —%; d,. Equivalently, —u is an eigenvalue for the adjoint —d,.%Z; or
L1z =z (3.1.16)
Thus, the spectral stability of the traveling wave ¢ (x — @r) is equivalent to the non-solvability of

(3.1.16). Our main result is the following.

Theorem 7. Let 1 < p <3 and A > 0. Then, the constrained minimizers ¢, _for (3.1.9) is spectrally
stable. That is (3.1.16) does not have non-trivial solutions (W,z) : Ru > 0,z # 0.
For1 <p<5andA >0, let ¢, be a constrained minimizer for (3.1.12). Then, ¢, is spectrally

stable.

From the instability index counting theory presented in Section 1.2 it follows that the corollary

below is enough to prove spectral stability.

Corollary 4. Suppose that the wave ¢, satisfies
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1. n~ ($+) = 1,
2. the wave @, is weakly non-degenerate, i.e. ¢; | Ker|.Z,],

3.(ZL o, ) <.

Then, the wave is strongly spectrally stable, in the sense that the eigenvalue problem (3.1.16) does

not have non-trivial solutions, and in fact 6(0,.%+) C iR.

3.2 Preliminaries

3.2.1 Weak solutions and bootstrapping regularity

In our considerations, we will need to rely, at least initially, on a weak solution formulations of

certain elliptic PDE’s, specifically (3.1.8). More concretely,

Definition 3. We say that g € H 2(R) is a weak solution of the equation

g////+ a)g”+g+ (F(g'))/ =0, (3.2.1)

if the non-linearity satisfies F(f') € L?, whenever f € H* and for every h € H?, we have the

relation (g" 0"+ (wg" + g,h) — (F(¢'),I) = 0.

A simple observation is that if g is a weak solution of (3.2.1), in the sense of Definition 3, then
we can bootstrap its smoothness, namely g € H> (R). Indeed, since the operator 8;‘ + 1 is invertible
on L?(R), introduce & := (97 +1)"![~wg” + d:(F(g'))] € L*(R). Of course, this is the formal
solution of (3.2.1), which should mean that § = g, which we will prove momentarily. Before that,

let us observe that due to the smoothing nature of (92 +1)~!: L? — H*, we can immediately see
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that?> § € H*>(R). Now, for every test function 4, we have that?

(1+07)g.h) = —(g",h) — (F(g'),') = {(1+ 7). h).

It follows that (g, (1+0#)h) = (g, (1 +d¢)h) for all h, whence g = &. In particular, we have shown
the extra regularity g € H>(R). One can immediately bootstrap this to g € H*(R) by taking into
account the representation g = (95 + 1)~ [—wg” + 0(F(g'))], if ,F (¢') € L?. This is the case for

the profile equations (3.1.8). Thus, we have shown:

Proposition 6. The weak solution g of (3.2.1) is in fact g € H*(R). For non-linearities in the
form F(z) = |z|P, |z|P~ 'z, this can be further improved to g € H*(R), whence the weak solutions of

(3.2.1) in fact satisfy (3.2.1) as L? functions.

Due to this result, we will henceforth not make the distinction between weak and strong(er)

solutions of our profile equations.

3.2.2 Exponential decay of the waves and eigenfunctions

In this section, we show that the solutions to the elliptic profile equations (3.1.8) have exponential
decay at 4o, and in fact we are able to compute explicitly the leading order terms. Similar result
holds for any element in the kernels of the linearized operators .#;,L,. The precise result is as

follows.

Proposition 7. Let ¢ € H* solves either of the fourth order profile equations (3.1.8), with ® < 2.

Then, ¢, ¢’ both have exponential decay at 4= and in fact,

' ko] 72, o € (—2,2),
[9(x)[+]9"(x)| < Ce ™M kg, := — (3.2.2)
—o-vai g

2This can be improved further to gH*, once we impose the mild extra smoothness assumption F(g) € H', which
will not be necessary for our purposes.
3This is understood as pairing between an element of the distribution space H~2 and H>.
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In addition, every eigenfunction of LLY = 0 has the same exponential decay. Similarly, let

¢ € H*NH?2 solve, for o < 2,
920 +0,20 + 0 + 42| =0.

Then, ¢ has the same exponential decay as in (3.2.2), together with the eigenfunctions correspond-

ing to zero eigenvalues for L.

Proof. We work with the fourth order waves, namely the solutions of (3.1.8). Since @ < 2, we have
that £ — w&2 41 > 0, for every & € R, and, therefore, (97 + @d? + 1)~ is a bounded operator

on L2, so we have the representation

9 = —(0F+adl+1)"l¢'P71e'],

9 = —(0F+adl+1)"l¢')"].
Take a derivative in this last equation and denote g := ¢’, so

g = —0(df +wdl+1)""|g" g, (3.2.3)

g = —0(d+wd?+1)"gl"]. (3.2.4)

Clearly, it is enough to show the desired exponential decay for g, whence since ¢ vanishes at oo,
one can conclude from the representations ¢ (x) = — [ ¢’ (y)dy = [*.. ¢’ (y)dy, that ¢ vanishes at
the same rate at +oo. Let V (x) := |g(x)|P~! or V(x) := |g(x)|?~'sgn(g(x)), depending on whether
we consider (3.2.3) or (3.2.4). Either way,

g=—0(d} +wd>+1)" vy, (3.2.5)

where lim|y| .,V (x) = 0, since g € H* C Cy(R).
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Let us now comment on the operator (d5 + ®d?2 +1)~!. Clearly

08+ 032+ 1) fx) = [ Golx =)y

where é\w(é) = m. Note that since the roots of the bi-quadratic equation k* — @) k? +1=0
are given by
®0+vVo:—4
K= — (3.2.6)

from the formula (£2 +k2)~! = Z¢ =k it follows that G is a linear combination of two exponential
functions. In fact, taking into account @ < 2, after some elementary analysis, we conclude that the

solutions of (3.2.6), have Rk = ¥ 22_“’ when @ € (—2,2) and Rk = |/ =2=¥2==2 5‘02_4 forw < —2. It

follows that

se o e (-2,2),

Go(x)| + Gy ()| < Coe™ oM kg =

—— 2_
—oVold <)

We are now ready to analyze (3.2.5). To this end, let € = &, > 0, to be selected momentarily. Let

N be so large that [V (x)| < €, so long as |x| > N. We now rewrite (3.2.5) as

g(x) + / Go(x—y)V(y)g(y)dy = — / Go(x—y)V(y)g(y)dy. (3.2.7)
ly[>N [y|<N

We can view this as an integral equation in Xy € L*(|-| > N), with

Gg(x) = Xjx/>N /|y |>NGL)(x—y)V(y)g(y)dy,

acting in a bounded way on Xy. In fact, for every m, 0 < m < ky and every g € ¥y, 1.€.,

lglly,, == sup |g(x)]e" < oo,
|x|>N

73



we have

YGg(x)| <Cpellglly, e kolx=ylp=mlyl g4
8 811Yy, y
y[>N

SCwSHgHYm/ e—kwlx—yle—m\yldy

oo

< eDylg|ly,e ™,
where we have used the fact that for 0 <a < b, [~ e~aMle=bk gy < Cpe=al. Hence & : Y, — Y,
with ||4||p(y,) < €Dg. Thus, select £(®) : €Dy = 3.

In the particular case m = 0, we can use the von Neumann series to resolve (3.2.7)

8= k;)(—l)k“gk [/MSN Go(- —)V(»)e)dy| . (3.2.8)

Using the representation (3.2.8), the fact that | [, <y Gly(x —y)V()g(y)dy| < Cpe ¥l and by
the mapping properties of ¢, we conclude that g € Yy,,. That is, sup,-y [g(x)| < Ce %ol which
by the boundedness of g can be extended to sup, |g(x)| < Ce *ol|,

Regarding the eigenfunctions, we employ the same strategy, namely if L ¥ = 0O, this means
that for g = ¥/,

§@)=—p [ Golx=3)V)s()ldy (329)

with the same V as above. Due to the fact that |V| ~ |¢’(x)[P~! has exponential decay now, clearly,
(3.2.9) can be bootstrapped to produce decay for g matching the decay of G,, that is e kol

Finally, ¥(x) = — ["g(y)dy = J*.. g(y)dy recovers the same exponential decay for ¥ as for g. [

3.2.3 Pohozaev identities

Lemma 26. Suppose ¢ € H*(R) is a weak solution of

0" + 00" + ¢ _’_ax(’(p/‘p*lq)’) —0. (3.2.10)
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More concretely, for every test function h € H*(R),

(0" 1") + (9" h) — (|¢'|P " ¢',dsh) =

Then, the following identities hold

Jolo'ax= [[1oPas+ 525 [lora

+3 (3.2.11)
w/\¢’|2dx:2/ky¢yzdx— P /\q) 7 dx
Similarly, suppose ¢ € H*(R) is a weak solution of
0"+ 0" + ¢+ (|¢'|") =0, (3.2.12)
then
—1
JloPas= [ loPav+ 52 [0/ glax,
R R p+1)
43 (3.2.13)
w/\¢’|2dx:2/R|¢|2dx— P /\¢ 17 ¢'dx.
Proof. Multiplying (3.2.10) by ¢ and integrating over R we get
/ y¢”|2dx—m/y¢’|2dx+/ y¢|2dx—/\¢’|”“dx:o. (3.2.14)
R R

Now, multiplying (3.2.10) by x¢’ (recall that according to Proposition 7 this function has exponen-

tial decay) and integrating over R we get

2o Par=3 [JoPas—3 [loPas——L5 [fo av—0. 21

Solving (3.2.14) and (3.2.15) for [ 10”|*dx and o [ |¢'|* dx we get (3.2.11). Finally, the proof of

(3.2.13) follows similar path.
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An easy corollary of Lemma 26 is the following lemma.

Lemma 27. Suppose ¢ € H'(R)NH~(R) is a weak solution of
0"+, %0+ w9 +19 ¢ =0.

Then, the following identities hold

"2 . _ —1,412 p—1 / p+1
/R\gbl dx /n'a" o drt 30— [ 107 dx

w/y¢|2dx:2/ 10,9 dx— p+3 /yq)\”“dx.
R

2(p+1)

Similarly, suppose ¢ € H'(R)NH~'(R) is a weak solution of

0" +0.20 + 0o+ d:(|9]) =0,

then

712 o 1.2 p—l
[ lo'Fax= [ o] dx+2(p+1>/|¢|”¢dx,

2 . 1,2 - p+3
a)/|¢| dx_z/R\ax 0| dx 2(p+1)/|¢|p¢dx.

(3.2.16)

(3.2.17)

(3.2.18)

(3.2.19)

Proof. Just apply Lemma 26 to the function g, where ¢ = g’. Note that g € H? solves (3.2.10) or

(3.2.12).

3.3 Variational construction

]

In this section, we provide the variational construction of the waves. It turns out that for some

aspects of the construction, it is more beneficial to look at the following alternative ., ¢ defined

in the beginning. Introduce the following functions, which are the corresponding infima, if they
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exists, of the constrained minimization problems

1 1
my(A) = inf —/u 2+u2dx——/upudx},
) ueHZ,Iluxlzx{Z g T f e

1 1
my(A) = inf —/ Vel 2+ vzdx——/ % p“dx},
" veH2,|vX||2=x{2 Ay

. 1 _ 1
mg(A) = inf {§/R|Ux|2+|ax 1U|2dx—m/R|U|Pde},

UeH'NH-1||U||>=A

1 |
m (L) = inf —/ Vo2 + 8_1V2dx——/ Vp“dx}.
7% VeHlmH1,|v||2_,1{2 R| ATl p+1 R| |

We have the following sequence of lemmas, that establishes some important properties of the

functionals and the m functions.

3.3.1 The variational problems are well-posed and equivalent

Regarding well-posedness, we have the following result.

(3.3.1)

(3.3.2)

(3.3.3)

(3.3.4)

Lemma 28. For 1 < p <5, mj,my > —oo. That is, the problems (3.1.9) and (3.1.11) are well-posed.

Proof. Indeed, it is simple to see that 0 > m; > m;. From the GNS inequality,

1 1
||”x||£p+1 < CH”X”ZpT—l

S
< C||“X||2 ||MXX||2 ;

we have

p+3
2

1 Pt
1) 2 710 = 5 [ s P —C s, s y”

Clearly, if p € (1,5), pT_l < 2, so we can use Young’s inequality and absorb |[u.||

get a bound

I[u] > J[u] > Cy.
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The next result is about the equivalence of my,m », and m;,m g respectively.

Lemma 29. For 1 < p <5 we have that my(A) =m y(A) and mj(X) =m g (). Moreover, if ¢y,

is a minimizer for my(A) (m;(1) respectively), then ¢; = @ is a minimizer for m_y(A)(m z(A)

respectively).

Proof. On one hand, let ¢ be a compactly supported function such that there exists a 6 > 0, so that
¢(E) =0forall |&] < & and ||¢]* = A. Note that for such functions, 9 !¢ is well-defined.

Denote the set of all such ¢ as A, noting that A is dense in H'. For such a ¢
I19] = 1[0, ' 9] > my(2). (3.3.5)
Taking the infimum over all ¢ € A gives us m (A1) > my(A). On the other hand,

myg(A) = inf S[u] < inf Hu] =mp(R).

UEA) ueAk,u:vXGHz
So, my(A) = m 4 (A). Now, suppose @ is a minimizer for (3.3.1), then, clearly, for ¢, := @; we

have I{g;] = .7 [9,]. O

3.3.2 Minimizing sequences produce non-trivial limits

Now that we know that the minimization problems for n; and m ~ are equivalent, suppose {ux};>_,

is a minimizing for ., subject to the constraint Hu||12} = A. That is
lim 7] =, |7 = A (3.3.6)

(similarly for J). Clearly, there exists a subsequence, renamed to {u};>_,, such that

k—ro0

lim/ | Dty |dx =1, lim/ 10w 2dx = I, lim/ | |Pugdx = I, (3.3.7)
R k—oo JR k—oo JR
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or

lim/ | Qg |*dx = Ty, lim/ 10w Pdx = s, lim/ |y [P dx = J3, (3.3.8)
k—e JR k—o JR k—o JR
for #. We have the following key lemma, that shows that such minimizing sequences can not

possibly be trivially converging to zero.
Lemma 30. For any minimizing sequence satisfying (3.3.7)((3.3.8) respectively), we have

i) J3>0for1<p<S5,

ii) h>0forl <p<3.

Proof. First of all, clearly, I3 > 0 and J3 > 0. Let A > 0. We need to show that the strict inequality
holds in both cases. We treat them separately.

Proof of /3 > 0. Suppose for contradiction that J3 = 0. Then we can estimate the infimum explicitly

1
my(A)= inf {-/ | + 0 P}
7 Jul3=2 2 /R

2 1\2
= (3 [ S pag + [ jae)pag) (339)

2
[[ull3=2

>A.

In fact, there is an equality above, as it suffices to take a function, whose Fourier transform is
highly localized around, say, & = 1. The point is that this infimum is actually strictly smaller than
A, which would give us the contradiction sought in this case.

To see this, let x; be a Schwartz function, whose Fourier transform ¥ is an even bump C*
function, supported in the interval ( —ﬁ, ﬁ). Consider then y := 7512, so that ¥ = 1 * %1. It has
essentially the same properties as )1, except it, is in addition, a positive function. That is, ¥ > 0
and supp ¥ C (—%, %) Multiplication by a constant will help us to achieve || xH% = A /2, which

we assume henceforth.

Next, consider the function




By the support properties of y and || ||3 = A /2, it is clear that for small €, ||v;. ||%2 = A. Since ¥

is even, we have that the function
vre(x) = Vey(ex) (™ + ™) = 2v/ex (ex) cos(x)

is real. Next, using the fact that (5 )and ¥ (é ) have disjoint supports and change of variables,

we obtain

L& =17 (e€)?(e€ +2)2
LS mepa = [ ggﬂ) 7P

2/ e 2 >|<5>|2d5 (3:3.10)

=0(¢

Note that the denominators above are never problematic, as they vanish away from the support of

%. On the other hand, using lemma 2 and the non-negativity of y, we get

/|VJ |p+1dx—2p+18 2 /po |cos(£)|p+1dx

(2nn+m/4)
> ortlghy f / 2P (x)dx (3.3.11)

ni_oo 27'En

—+1

> ce'r /xp+1(x)dx+ 0(e™T).
Combining (3.3.10) and (3.3.11), we obtain

—1

/[VJ,S] ( )"f—l C8 2,

which implies that for p < 5, m 7 (A) < A, and this is a contradiction with (3.3.9). Thus, J3 > 0.
Proof of I3 > 0. The considerations in this case are considerably more involved.

Similarly to (3.3.9), we first establish that m » > A in this case. There is a slight twist that
the quantity [ |u|Pudx is not necessarily non-negative anymore. However, since the other two

quantities in the definition of .# are positive definite, we can (by switching u — —u if necessary)
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assume that the infimum is taken over u, with the property [g |u|’udx > 0. This will give a better
(i.e. smaller or equal) m_», which is what needs to happen anyway as m_» is the infimum. Then, it

is clear that

my()< inf {3 /\ux|2+|a Lu2dx).

lull3=
On the other hand, our assumption that /3 = 0, means that the opposite inequality also holds true

as

1
m.y = lim (—/ |8xuk|2+|8x_1uk|2dx——/ |uk|pukdx)
k \2JR
1
> inf —/|ux]2+\8xlu\2dx.
lulp=4 2 /R

This means, in particular that m , > A, as we have argued before. We will show that this is

contradictory. To that end, consider

@(5):%@(5;1”2(5;1)% ( (‘5_ )+x(€+2>>),

£

with y as before and max(’%l, %) < a < 1. This is possible, due to the assumption 1 < p < 3.

Note that o > > +1 > 2, due to the same assumption. Then the function

vie(x) = \/E%(Ex)(eix +e ™y 80‘((32"’C + e—2ix))

=2y (ex)(cos(x) + &% cos(2x))

is real and even. Similarly to (3.3.10), we get

/ 1 eypa = o
R &2

for all € small enough. Indeed, all terms in v; ¢ have disjoint support on the Fourier side, due to the
properties of . However, the dominant terms, due to the choice of «, are those with €% in front of

it, whence the bound O(£2%).

81



Now, we are going to show that
/ [vre(x) [Py e (x)dx > Ce" 7+, (3.3.12)
R

which will finish the proof of the lemma, since prl +a<2o.

To this end, let ¥ > 0 be such that (p+1)(3 —7) =1 (or y:= 2(’;_11) € (0,3)) and split the

integral as follows

p+1

€2 /Rx”“(sx)(cos(x)+8°‘cos(2x))\cos(x)—|—8°‘cos(2x)]pdx

oAl /| et g (E)(0S00) e cos(20)) cos(r) + &% cos(20)Pdx
p+l

+82/ et 2P (ex)(cos(x) 4 % cos(2x))| cos(x) + €% cos(2x)|Pdx
cos(x)|>e'/ =7

For the first term we have

T / %71 (ex)(cos(x) 4 €% cos(2x)) | cos(x) 4+ % cos(2x)|Pdx
|cos(x)|<el/2—r

< SP;I/ 2P (ex) e3P Ny < el PG — g
R

as € — 0+.

. ~1 . .
Next, we show that the second term is bounded below by Ce"z +2 and hence is dominant. In

order to prepare the calculation, note that for x : |cos(x)| > €!/2-7, and £ << 1,

2 p/2
. , , 2 €0s(2x) 5, cos%(2x)
|cos(x) + &% cos(2x)| |cos(x)] (1 +2e¢ cos(x) TET 2 (x)

= |cos(x)[? (1 + peacfssé’;>) +O(e2+21 1),

where in this calculation, we have implicitly used that ¢ > %, Y > 0. Thus, using this expansion,
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we obtain

3 / %P+ (ex)(cos(x) + €% cos(2x))| cos(x) + €% cos(2x) |Pdx
|cos(x)|>€l/2~Y
= [ (en)(eos(w) + e%cos(2x) | cos()” (HPE“?(,SS,((Z?)‘“
X

cos(x)|>gl/2~Y

\
+ 0(8%1+(2a+2y71))

— / 2P (ex) cos(x)| cos(x)|Pdx

|cos(x)|>gl/27
et () ( / et xp+1(8x)cos(2x)|cos(x)]pdx> +o(e"T +ar2r-)y
cos(x)|>€ -

= €T (K+e%(p+1)0)+0("7 T2%27)) 4 0(e"7 +29),

where we have introduced two quantities K and Q. Clearly, since 2y < 1, it follows that the term
O(SPT71+(2O‘+27_1)) is dominant over 0(8[%]““). We claim that K = O(1), whereas Q > Ce~!.
This implies (3.3.12) and the proof of Lemma 30 will be complete.

First, let us deal with K,

K= %P1 (ex) cos(x)| cos(x)|Pdx
|cos(x)|>€gl/2=1

— / 27 (ex) cos(x)| cos(x)[Pdx + O(1).
R
The change of variables y = 7/2 — x yields

/ 27 (£x) cos(x)| cos(x)[Pdx = — / 27 (e(1/2— ) sin(y)| sin(y)|Pdx.
R R
Observe, however, that for F(u) := [3'(z—z2)P/?dz, 0 < u < 1, we have

sin(y)|sin(y)|” = 271 9,[F (sin® (y/2))],
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and hence integrating by parts yields

[ 27 ex)cos(lcos(olrx = 27 e [ 2 (zr4) e(r/2 - ) (sin’(/2)dy
R ROY

= o),

since F' is a continuous function.
Now, we prove the claim about Q. Similarly to K, we can write

- P+ (ex) cos(2x)|cos(x)|Pd
¢ |cos(x)|>gl/2—}'% ( x) ( x)‘ (X)| X

= / 2P (ex) cos(2x) | cos(x)|Pdx + 0(817(%—?’)—1).
R

Noting that p(% —79)— 1> —1, it suffices to show that the first term is bounded from below by
Ce 1.

Splitting each of the intervals [27tn,27m(n+ 1)) into eight pieces as follows

/ 2P (ex) cos(2x)| cos(x)|Pdx
R

= (n:f:oo/227rn+4Xp+l(£x)cos(2x)|Cos(x)’de_i_ i /2

n N oo 7rn+%

27rn+%”

27 (ex) cos(2x)|cos(x)|pdx>

o 2n+m ot 2nn+%
+ / %P (€x) cos(2x) | cos(x) [Pdx+ ) 17+ (£x) cos(2x) | cos (x) | Pdx
oo 2N+ 3 N oo 20+
o 277:n+%” oo 277:n+%”
4+ / %P (ex) cos(2x) | cos(x) |Pdx+ Y X" (ex) cos(2x)| cos (x) | Pdx
e o 2741 n=—oo 20+ 3
oo Znn+2n b 27Tn+37ﬂ:
+ Z / 271 (ex) cos(2x)| cos(x)|Pdx + Z %71 (ex) cos(2x) | cos(x)|Pdx
oo 21+ T oo 20+ 38

and then pairing them as in Figure 3.1 yields
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2mn + /2

2mn 4+
uLg,

2mn 4 37 /2

Figure 3.1

n

oo 2n+%
; /2 xp“(sx) cos(2x)(]cos(x)|P — | sin(x)|?)dx

e 2nn+m
FY [T e cos(20)cos(x)?  [sin(o)l)dx

Nn=—oo 275"‘1’ %

Th+T7

e 27n %”
+n;°°/2 ’ )(p“(8x)cos(2x)(]cos(x)\p—|sin(x)|p)dx

o 2nn+2m
+ Y T () cos(2)(|eos(0)”  [sin(0)]7)dx

N=—o0 27‘Cn+?T"
27tn+ 7r

/ ! (xl’H ( 5 ) po (&x) )cos(Zx)|sm( )[Pdx
2nn

/Znn+7r( p+1< _E )

~ 27m+3f 2

2wn+ %’t

17! (ex)) cos(2x)  sin(x) [Pdx

Y
n—=—oo

+ )
n—=

(xp+l <8(x+ )) —XPH(Sx)) cos(2x)|sin(x)|Pdx

py
-t

— o/ 2N+T
2nn+2m

+n§:°o/27m+7f <%p+1 (S(x—

NI N

)) = 27+ (ex)) cos(20)| sin(x)| dx.
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Note that the first four terms are all positive for all values of n. In addition, taking the first term

[

27n T
; /27'Cn ' po(ex) cos(2x)(|cos(x)|? — | sin(x)|?)

[e55)

27n %
> nz_'oo/Znn " 2P (ex) cos(2x) (| cos(x)|? — | sin(x)|?)dx

(o)

27n+g "
>cp Z /2 xP (ex)dx
n——oo

n

(o)

. 2nne+%e "

>e ) / X7 (v)dy
Ne=—oco” 27NE

>dye™ [ 27 ()dydy+0(1)

by Lemma 2.

On the other hand, for the error terms we have a bound of O(1), since

2nn+ 2
3 / T (et ) 27 (ex) ) cos(20) sin(e) P
n=—oo J27n 2
277:n+4 (x+ 7
YL et oy

2nn+-% 27'L'n+3”
YL ey Gy
n_ o’ 27n €

27tn

<c /R ") (@) la

and, similarly, we estimate the three other error terms

We are now ready to present the main result of this section
3.3.3 Existence of the waves

Proposition 8. Let 1 < p < 3, then the minimization problem (3.3.1) has a solution. Let 1 < p <5
then the minimization problem (3.3.2) has a solution

Remark: By Lemma 29, this implies the existence of solutions to (3.3.3) and (3.3.4), in the cor-

responding range of p. The proof of Proposition 8 is based on the method of concentrated compact-
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ness. In the compensation compactness arguments, the sub-additivity of the function A — m(A)

plays a pivotal role. We begin with this lemma.
Lemma 31. (Strict sub-additivity) Fix A > 0.

i) Suppose 1 < p < 3. Then forall 0 < ow < A we have that the strict sub-additivity condition

holds for mj, namely,

my(A) < my(a) +my(A — ).

ii) Suppose 1 < p < 5. Then for all 0 < oo < A we have that the strict sub-additivity condition

holds for myj, namely,

my(A) < my(a) +my(A — ).

Proof. The proofs of 1) and ii) are identical. Let us prove i). First, we claim that the function @

is strictly decreasing. Indeed,

. 1 1
my(A) = inf {§/R|uxx|2—|—|u|2dx—m/R|ux|puxdx}

el [3=2
p—1
A 1 (A/a) T
=— inf —/u 2—|—u2dx——/u Pyu.dx
A RCY Ay U
A
<am[(a),

where the strict inequality follows from the fact that by lemma 30 there exist a minimizing se-
quence {ug}7>_, such that limy_,e [g |(uk)x|” (ux)xdx > 0. Finally, assuming that o € [A/2,1)

(otherwise we argue with A — @), since w is decreasing, we get

m[()L) < %m;(a)

87



Proof. (Proposition 8)
Define py(x) = |dyu|>. By the concentration compactness lemma at least one of the following

holds:

i) Tightness. There exists {yi};>_, such that for all £ > 0O there exists an R > 0 satisfying

/ pkdxz/pkdx—e.
B(y,Re) R

i1) Vanishing. For every R > 0

lim sup prdx = 0.
k—eoyeR JB(y.R)

iii) Dichotomy. There exists an o € (0,4) such that for every € > 0 there exist R, Ry — oo, y
and kq such that for all k£ > kg
<&,

<€, <E.

/ Prdx — o / prdx— (A — a) / Prdx
lx—yk|<R | x—yi| >Ry R<|x—yi| <Ry

First, let us rule out vanishing. Suppose, it occurs. Let 0 < y < 1 be a smooth bump function

supported on (—2,2) with y = 1 on (—1,1). Applying the GNS inequality we get

/B(y,l)‘(”k)ﬂp(”k)xdxg/R|(“k)x?((x—y)!”“dx

s 1
< )t = )2 11((e) it (x = )12 (3.3.13)
p+3
< C H (uk)x|’L22(B(y72)) )

where in the last line, we have used that ||uy|| ;2 is a bounded sequence. By the assumed vanishing,

choose kg so large that for all k > kg

/ Prdx < €,
B(y2)

for all y € R. We can cover the real line with intervals U5;_;B(y,,2), so that each x € R belongs to
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at most ten intervals and U>_B(yx, 1) still covers the whole line. Using (3.3.13), we obtain

[l s < [ J(al7
R R
<Y [ s
ngb B(yn,1)
[77*1 oo
<Ce'T Y (o)l 2, )
n=0

p—=1
<3Ce"T || (u)xl|22

which is a contradiction, for sufficiently small € > 0. Indeed, recall that supy, ||ug||z2 < e, while
by Lemma 30, infy [p |(ux)x|? (ux)xdx > 0. Hence, vanishing does not take place.
Next, we rule out dichotomy. For contradiction, suppose it occurs. Let 11,1, € C*(R), satis-

fying 0 <ny,n2 < 1and

1, x| <1, 1, |x[>1,
ni(x) = , Ma(x) =
0, |x[>2, 0, [x|<1/2.

Dichotomy implies that there exists a subsequence of {u};> , (re-indexed to be {ux};>_, again)

and sequences {R;};>_; € R, with lim_,., Ry = oo and {yx};>_; € R such that

b

| =

lim/ (1) = @, lim/ (2)x2dx = 2 — @, / |(up)[2dx <
k— JR k—o0 JR Rk/5§|x—yk\<Rk

where

() = (522w = mtom (122,

Let {a;}77_, and {b;};7_, be sequences of real numbers converging to 1 such that

I A AT R S
R R
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for all k. It is easy to see that the following holds

Hug] — Hagug 1] — Ibrug 1| = 2/< (); /ysk) s (x;kyk»(\(uk)xxlzﬂuk!z)dx
+0(Rk)—1—0(;)—|—0(|1—a,%|)+0(\1—b,%\).

It follows that

where f; — 0. Taking the limit as k — o we obtain
my(A) > mp(a)+mp(A —a),

which contradicts the strict sub-additivity condition shown in lemma 3.1.9. Hence dichotomy is
not an option.

Finally, using tightness we show existence of a minimizer. We show it only for the / functional,
but the steps for the J functional are exactly the same, if not easier. Define vi(x) := ui(x — yy).
Since {v;}7, is bounded on H?(R) there exists a weakly convergent subsequence to some v €
H?(R), renamed to {vk}7_, again. From tightness it follows that for all € > 0 there exists an R,
satisfying

/ |(vie)x|?dx < €. (3.3.14)
B¢(0,R¢)

By the Rellich-Kondrachov theorem H!(B(0,R,)) compactly embeds into L?(B(0,R¢)). So, there
exists a subsequence of {v;}7_, such that (v;), — vy strongly on L*>(B(0,R¢)). Taking € = 1/n
and letting n — oo in (3.3.14) we can find a subsequence of {v;};>_,, again renamed to be the same,

so that (v ), — vy strongly on L?(R). With this in hand, we can show that

hm/ |(vi)x [P (Vie)x /|vx| vydx. (3.3.15)
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Indeed,

‘ / |(v)al? (vi) e — / (ve|Pvadic
R R

< [ 10— vl 0)ul? + 1l

< ClR)e = velly (e + el =0,

where we have used the inequality ||x|?x — [y|?y| < C|x —y|(|x|? + [y|P) which holds for all real

numbers x and y, the Cauchy-Schwartz inequality and the fact that H'(R) embeds into L=(R).
Finally, the lower semi-continuity of norms with respect to weak convergence and (3.3.15)

imply that m;(A) = limy_,oI[v¢] > I[v], which means that I[v] = m;(A) and v is the minimizer.

Proposition 8 is thus proved in full. [

The next order of business is to derive the Euler-Lagrange equations.

3.3.4 The Euler-Lagrange equations - fourth order formulations

Proposition 9.

e For 1 < p<3andA > 0 there exists a real number @ such that the minimizer of the con-

strained minimization problem (3.3.1) ¢, satisfies the Euler-Lagrange equation
97"+ 0(A)93 + 95 + 9:(1931") =0, (3.3.16)

where ® = @(A, ;) = %fR“q)ﬂz +oa - 1051793 )dx.

e For1 < p<5andA >0 there exists a function @ such that the minimizer of the constrained

minimization problem (3.3.2) ¢, satisfies the Euler-Lagrange equation

07"+ 0(A)95 + 92 + 9193/ 97) =0, G317

where ® = ®(A,¢;) = 1 [x 071>+ 921> — |9} |7 dx.
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Proof. Consider ug = 92 +0h I \/I, where 4 is a test function. Clearly, ug satisfies the constraint

||o]+on
and expanding I[ug] in § we get

1
] = (i) + 8 ([ 0§ dx-ouh+105 7 — 5 ([ 104+ 104~ 105 7050 [ ojia)

+0(8%).

Since I[ug] > my[A] for all & € R we conclude that

(07" + 02 + ©(A)97 + (19217), 1) =0,

with ® = 1 [g|07[* + (92> — |97 |79, dx, holds for all h, i.e., ¢, is a distributional solution of
the Euler-Lagrange Equation (3.3.16). For the minimizers of (3.3.2), we proceed analogously to

establish (3.3.17). L]

3.3.5 The Euler-Lagrange equations - second order formulation

Proposition 10. e For 1 < p < 3, there exists a function @(A) such that for all A > 0, the

minimizer of the constrained minimization problem (3.3.3) @, satisfies the Euler-Lagrange

equation
0792 +9 92 + ©(2) 9 + 921" =0, (3:3.18)
where
1 _
®=o(l,¢)= I/R[mel%r 10 ' 921> — 9217 9 ]dx. (3.3.19)
In addition, the linearized operator £, := —d? — 93> — @(A) — p|o, [P~20,, satisfies

$+|{¢;L 2 0. In fact, £, has exactly one negative eigenvalue.

e For 1 < p <5, there is W(A), such that for all A > 0, the minimizer of the constrained
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minimization problem (3.3.4) ¢, weakly satisfies the Euler-Lagrange equation
0792+ 0,201+ ©(A) 6 + 921792 =0, (3.3.20)

where @ = 0(A,¢)) = /]TfR |07 12 +19; 951> — 95" dx. The operator £y = -9} — 9> —

@ (L) — p|os|P~! has $+|{¢A}J_ > 0 and it possesses exactly one negative eigenvalue.

Proof. The derivation of the Euler-Lagrange equations is pretty similar to the one presented in
the fourth order context, Proposition 9. For an arbitrary test function # € H">NH? and § € R,

consider us = VA Hgi+§2’“ Since ug satisfies the constraint ||ug ||i2 = A, expand I[ug] in powers of

0. We get

I us] :m,ﬂ(l)+5</R¢ihldx+/Rax1¢19x1hdx—/R|¢A|ph
- 163241001 1030 | mhdx)
+ 5 (10 wpax—p [ oal 2o P
—%2% (/Rmilzﬂax‘lm\z—|¢,L\P¢;de>/R\h|2dx
+62m ((p+1)/RW\Phdx—z(/Rq)ih’dH/Raxlmaxlhdx))
+6° (f“"’#‘)z (2 /R |¢i|2+|8;1¢u2dx—”—§3 / |¢A|P¢mx)

+0(8%).
Since .# [ug] > m #[A] for all § € R, we conclude that
(97 +0:702+ 062 + 9217, 1) =0, (3.3.21)

with @ = %fR 0 1>+ 10719,|% — |9, |79, dx, holds for all 4. That is ¢ is a distributional solution
of the Euler-Lagrange Equation. According to Proposition 6, this solution is, in fact, an element of

H? and (3.3.18) is satisfied in the sense of L? functions.
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The fact that ¢, is a minimizer also implies that the coefficient in front of §2 must be nonneg-

ative. Choosing h orthogonal to ¢, with ||A|| = 1, we conclude that
(=h" =0 %h=plgx P92 — @h, ) > 0,

i.e., the operator £y = —92 — 3> — @(A) — p|¢,|P~2¢;,, satisfies (£, h,h) > 0 for all h orthog-
onal to ¢, with ||A|| = 1, which implies that it has at most one negative eigenvalue. On the other

hand, recalling that [ |, |9, dx > 0, we compute

(Lion,02) =—(p—1) /R 10217 62dx < 0. (33.22)

So, Z; has at least one negative eigenvalue. Hence it has exactly one negative eigenvalue. The

second part of the proposition is proven similarly expanding _# [us] in powers of . [

The next corollary is a consequence of the Pohozaev’s identities and the fact that our waves are

minimizers® .

Corollary 5. Let ¢) be a minimizer for either one of (3.3.1), (3.3.3), (3.3.2), (3.3.4). Then, for

eachA >0, o < 2.

Proof. Let ¢ be a minimizer for (3.3.1), so in particular ||¢; ||i2 = A. Then, we have m(1) < A,

as established in the proof of Lemma 30. Therefore

1 /" 1 / ! !
10) =5 [ 04 +loalax— 5 [ 10 "gjdx < 2= [ 16} Pax

Rearranging the terms yields

1 172 2 12 1 ! ’
— + dx</ dx+—/ P! dx. 3.3.23
Z/R\m |92 R|¢>;L| P R|¢x| 05 ( )

4Tt is possible that the conclusions of Corollary 5 are valid, by just assuming that ¢ satisfies the elliptic profile
equations, without being a constrained minimizer, but we leave this open at the present time.
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Since ¢, also satisfies (3.2.11), we get

1 "2 2_60//2 1/ N,
2/R|¢/'L| ol de =3 | 1037 dx+ 5 | 101795 dx. (3.3.24)

Combining (3.3.23) and (3.3.24), we have that

(5-1) [ |¢i|2dx:—2(”p—_+11) [ 1o oz

Recalling again that [g |9, |7 dx > 0, we conclude that @ < 2. Similarly for the minimizers of

the other three variational problems. 0

3.3.6 Weak non-degeneracy of the waves and the proof of Theorem 7

Our first order of business is to show that ¢, | Ker[.Z,]. Let us work with the second order
version, for which ., = —9? — 9.2 —®— p|¢; |P~!, the other one being similar. Take any element
¥ € Ker[Z,],||'¥]|;2 = 1. Note that by Proposition 10, we have that .Z’; [, 11 > 0. It follows that
¥ — AP, ¢,)9, L ¢, since by construction ||¢; ||> = A. Thus,

0< (L F—2"(F,02)02),F— 2" (F,0,)02) = 2 2, 02)* (L1 92,02) <0,

where in the last inequality we have used (3.3.22). We conclude that (¥, ¢, ) = 0, otherwise we
have a contradiction in the above chain of inequalities.

The proof of Theorem 7 consists of applying Lemma 1 to % = %, and &, := A1 20,. We
have shown that .Z; |, 11 > 0 and (3.3.22) establishes (£ ¢;,¢;) < 0. This verifies all the

assumptions in Lemma 1, which implies (£ ¢, , ¢; ) < 0. Finally, corollary 4 implies the stability.
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