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Introduction

The Schrodinger equation appears in a large number of different physical and
mathematical contexts. It was formulated in 1926 by the Austrian physicist Erwin
Schrodinger: in |76] he defined the concept of wave function, solution to an appropriate
partial differential equation, in order to describe how the state of a physical system
changes with time in Quantum Mechanics.

The nonlinear Schrédinger equation (later on NLS) is a nonlinear variation of
the Schrodinger equation. It is a classical field equation whose principal applications
are to the propagation of light in nonlinear optical fibers and planar waveguides and
to Bose-Einstein condensates confined to highly anisotropic cigar-shaped traps, in
the mean-field regime. Additionally, the equation appears in the studies of small-
amplitude gravity waves on the surface of deep inviscid (zero-viscosity) water; the
Langmuir waves in hot plasmas; the propagation of plane-diffracted wave beams in
the focusing regions of the ionosphere; the propagation of Davydov’s alpha-helix
solitons, which are responsible for energy transport along molecular chains; the
evolution of vortex filaments; and many others. More generally, the NLS appears as
one of universal equations that describe the evolution of slowly varying packets of
quasi-monochromatic waves in weakly nonlinear media that have dispersion.

The Schrédinger equation is one of the principal examples of dispersive equations:
this category is tranversal with respect to the usual classification in hyperbolic,
parabolic and elliptic partial differential equations, and shows in its equations some
peculiar and common behaviours, linked to dispersion properties. Let us consider a
plane wave function

u(t,z) = Aes et (0.0.1)
where A is the amplitude of the solution, £ is the wave number and w is the frequency,
and a general partial differential equation

8y + ih(D)u = 0, (0.0.2)

with h(D) = F~1(h(£)TF), where F is the Fourier transform with respect to the spatial
variable x and D = —iV. We see that a plane wave function u as in (0.0.1) is a
solution of (0.0.2) if and only if the following dispersion relation hold:

w = —h(¢) (0.0.3)

that is u(t,z) = Aei€@+hO/IE* ) e define its phase velocity is cp(€) = we/|€)?
and its group velocity is c¢g(§) :== —Vh(§). The equation (0.0.2) is dispersive if Vew
is not constant. As said before, the linear Schrédinger equation

0w — Au =0 (0.0.4)

il
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is a dispersive equation as in (0.0.2), with k(€) = |¢|*: each plane wave solution
translates with group velocity ¢4(§) := —Vh(£) = —2¢.

For simplicity, we consider here a nonlinear Schrédinger equation with a power
type nonlinearity in R™:

(0.0.5)

iOu — Au+ [ulP ' =0,
u(0, ) = ug.

It is well known (we refer to the book [13] and to Chapters 1 and 2) that for
1 < p < 144/(n—2) the initial value problem (0.0.5) admits a global solution
u € C(R, H'(R")) for every ug € H'(R").

The study of scattering for solutions to the nonlinear Schrodinger equation (0.0.5)
consists in understanding the asymptotic behaviour of the solutions u to (0.0.5) for
time t — +oo. Intuitively, if for big time the solution is “small”, then the |u[’'u
term will be even smaller: it will be possible to neglect this term and solutions to
the linear Schrodinger equation (0.0.4) will be “close” to solutions to the nonlinear
equation (0.0.5) for big time. More precisely, we say that scattering holds if for
every uy € H(R™) there exists a unique ug € H'(R™) such that, if u is the unique
solution to (0.0.5) with wg as initial datum, we have

t_lzinooHu(t, ) — e_’muiHHl(Rn) =0.
In this case we say that u scatters to e **u,. We assign Q, the wave operator for
t—o00: Q4 tuyp € HY(R") = ug € HY(R™); if the wave operator is surjective, we
say that the equation is asymptotically complete. Analogous definitions are given
for t - —oo, defining the wave operator €_ for t - —oo. We remark that we are
defining the scattering in H'(R"), the energy space for the Schrédinger equation,
but analogous definitions can be given in other spaces.

In the case that 1 +4/n < p < 1+ 4/(n — 2), scattering and asymptotic
completeness hold for the equation (0.0.5): in this case, we define the scattering
operator S :=Q; o Q_:u_ € HY(R") = uy € HY(R").

In order to prove scattering, it is necessary to have some control on the behaviour
of the solutions, namely to prove a priori estimates. This can be accomplished thanks
to the dispersive nature of the Schrodinger equation: since any function can be thought
as superposition of plane waves, we see from the previous arguments that a solution
will spread in many waves of different spacial frequency, each propagating with
velocity depending on the wave number. This phenomenon implies decay properties
on the solutions of the linear and nonlinear Schrédinger equations, described by
means of Strichartz estimates and smoothing estimates.

Strichartz estimates for the Schréodinger equation were introduced by R. Strichartz
in [81], as a consequence of Fourier restriction theorems. In the fundamental paper
[14] by J. Ginibre and G. Velo, using the so called TT™* argument, they proved
Strichartz estimates as consequence of decay estimates. In the paper [52], M. Keel
and T. Tao completed the program with the proof of the endpoint estimates.

The natural norms which are considered in this family of estimates are of mixed
type, namely we deal with LVL%-spaces. If u is a solution of (0.0.4), then the
following estimates

He_itAfHLng < C||f||L2
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hold for any couple (p, q) satisfying the Schrodinger admissibility condition

2 n n
- =5 7 p>27 n7p7Q7é2727OO'
Z-5-2 (n,9,) # (2,2,0)

Strichartz estimates represent a crucial instrument to perform fixed point argu-
ments in the study of nonlinear problems. One of the first examples of nonlinear
application of Strichartz estimates was given in [42] for the NLS.

It is frequent for equations with infinite speed of propagation, such as the
Schrodinger equation, that the solution is more regular then the initial data. The
gain of derivatives, which is in fact related to the algebraic structure of the equations,
is a very interesting fact, and is often a crucial improvement for the nonlinear
techniques. The smoothing effect was discovered by T. Kato for the Korteweg-
de Vries equation; for the Schrodinger equation, Kato and Yajima in [19] proved the
well known inequality

1 1
|@ 5 ippea| < Clull e

L?12

a stronger local version of the previous inequality (see the standard references [20],
[78] and [86]) is the following

1 / / NN
sup e’ )| dedt < C|lu(0)|] -1,

where |D\% = 97_1(|§|%3'~), Bp, is the ball of radius R centered in the origin and H2
is the usual homogeneous Sobolev space with the norm

1
£,z = NP1 £ -

One of the techniques used for proving smoothing estimates is the Morawetz
multiplier method: namely one multiplies the equation for the appropriate quantity
and, after some manipulation and integrations by parts, gets the required control on
the solution.

This approach can be used for dealing with nonlinearities in the equation, in
order to obtain smoothing estimates for the NLS. This was done the first time by
C. Morawetz in [63] for the Klein-Gordon equation with a general nonlinearity and
were successively used for proving the asymptotic completeness by Lin and Strauss
in [54] and Ginibre and Velo in [43]. Recently, there have been introduced new
bilinear smoothing estimates, named interaction of quadratic Morawetz inequalities:
specificly Morawetz estimates for two solutions (possibly the same solution taken
twice) are computed at once. We quote in this direction the papers [16], [15], [14],
[17], [83], [71] and finally the survey [41] (see moreover Chapters 1 and 2).

The dispersive nature of the Schrédinger equation prevents solutions to be
spatially concentrated for long time, influencing hence the asymptotic behaviour in
the space variable. In detail, the zero solution is the unique solution of the linear
Schrodinger equation (0.0.4) that in two different times has a gaussian profile, with
variances a > 0 and 8 > 0, i.e.

L2(R™)
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with a8 < 4T'. This property is closely related with the Hardy Uncertainty Principle:
if f(x)=0 (e“x|2/’82) and its Fourier transform f(f) =0 (e_4|§|2/0‘2>, then

aB<d=f=0

_l=?
aff =4 = fis a constant multiple of e 5% .

The connection between the two phenomena is suggested by the formula for solutions
to the free Schrédinger equation, namely w is a solution to (0.0.4) with initial datum

fif
u(z, t) = eimf(a;) = (2m't)*%ei%§ (eil;lltf> (%) ‘

We see than that the Schrédinger propagator is, apart from a multiplication by a
phase, the Fourier Transform. It is possible then, in principle, to get results for the
Schrédinger propagator from analogous results on the Hardy Uncertainty Principle.

L. Escauriaza, C. Kenig, G. Ponce, and L. Vega in the sequel of papers |33, 31,
32, 34, 35], and with M. Cowling in [21] have developed this approach and have
extended these results to the case of a perturbed linear equation

Bou = i(A + V), (0.0.6)

with V = V(t,z) € L®R x R") N LY (R;, H'(R")). Fundamental steps in this
program were a proof by means of Real Analysis tools of the Hardy Uncertainty
Principle, that allowed the presence of (possibly rough) potentials V' in (0.0.6), and
a deep understanding of logarithmic convexity properties of Schrédinger evolutions,
namely the possibility of estimate weighted norms of a solution in a time interval by

means of the weighted norms of the solution in the extreme points of it.

Aim of the thesis and plan of the work

The aim of this PhD work is to examine in depth and generalize the classical
Theory on the Schrédinger equation considering variable coefficients perturbations:
this is done including the presence of electromagnetic and electrostatic potentials
and considering perturbations of the second order term for the nonlinear Scrédinger
equation. Moreover, in the case of lower spatial dimension, but without the presence
of variable coefficients perturbations, we extend the theory of scattering to the system
framework.

Each chapter of this thesis is almost completely self-contained, and consists of a
different and independent paper: we give here a rapid outline of the results we have
proved, referring to the single introductions for greater details.

In Chapter 1, we prove scattering for a system of weakly coupled Schrédinger
equations in dimensions 1,2 and 3: we develop new techniques for tackling the
problem of scattering in the system framework and in the low dimensional case. The
reference for the results in this Chapter is [12].

In Chapter 2, we consider the NLS with variable coefficients in dimension n > 3

i0u — Lu + f(u) =0, Lv = V- (a(z)Vb) — ¢(z)v, VP =V +ib(z),
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on R"™ or more generally on an exterior domain with Dirichlet boundary conditions, for
a gauge invariant, defocusing nonlinearity of power type f(u) ~ |u|?"lu. We assume
that L is a small, long range perturbation of A, plus a potential with a large positive
part. The first main result of the paper is a bilinear smoothing (interaction Morawetz)
estimate for the solution. As an application, under the conditional assumption that
Strichartz estimates are valid for the linear flow ¥, we prove global well posedness
in the energy space for subcritical powers v < 1 + %, and scattering provided
v>1+4 %. When the domain is R"™, by extending the Strichartz estimates due to
Tataru [84], we prove that the conditional assumption is satisfied and deduce well
posedness and scattering in the energy space. The reference for the results in this
Chapter is [10].

In Chapter 3, we prove a sharp version of the Hardy uncertainty principle for
Schrédinger equations with external bounded electromagnetic potentials, based on
logarithmic convexity properties of Schrodinger evolutions. We provide, in addition,
an example of a real electromagnetic potential which produces the existence of
solutions with critical gaussian decay, at two distinct times. The results in this
Chapter are proved in [11].

Notations.

In this thesis we will use often the following notation: given any two positive real
numbers a, b, we write a < b to indicate a < Cb, with C' > 0, we unfold the constant
only when needed.

For any 1 < r < oo we denote by 1 < 7’ < oo its Holder conjugate exponent.
We indicate by L the Lebesgue space L"(R"), and respectively by W, and H!
the inhomogeneous Sobolev spaces W (R") and H'(R") (for more details see
[1]). For any N € N, we also set £7 = L"(R")" and define the Sobolev spaces
Wy = WL (R™)YN and KL = H'(R")N. We will make frequent use of the basic
properties of Lorentz spaces LP?, in particular precised Holder, Young and Sobolev
inequalities, for which we refer to Section 2.9.

For any differential operator 2 we use the symbol %, (resp. Z,) to explicit the
dependence on the x (resp. y) variable. Finally, in Chapter 3 we will denote by f;
the time derivative 0;f of any function f.



Chapter 1

Hl-scattering for systems of
N-defocusing weakly coupled NLS
equations in low space dimensions

In this chapter we prove scattering for a system of weakly coupled Schrodinger
equations: because of the nonlineary considered, a theorem of existence and unique-
ness is available only if the problem is set in R™, with n < 3. We develop hence here
new techniques for tackling the problem of scattering in the system framework and in
the low dimensional case. The reference for the results in the present chapter is [12].

1.1 Introduction

The main object of this chapter is the study of decay and scattering properties
of the solution to the following system of N > 2 defocusing nonlinear Schrédinger
equations in dimension 1 < n < 3:

N

i0puy, + Ay, — Z Byl P g [Py, = 0, w=1,...,N,
pv=1

(1 (0, ')),Jy:l = (uu,O)fyzl € H'(RHN.

(1.1.1)

Here, for all p,v =1,..., N, u, = u,(t,z) : R x R? — C, Buv = 0, Buu # 0 are
coupling parameters, and we require that the nonlinearity parameter p satisfies the
following conditions:

* * +OO 1f n = 1727
1<p<p'(n), p'(n)= . : (1.1.2)
2 if n=3.
2
—<p. 1.1.3
n P (1.1.3)

We recall that the power nonlinearity p*(n) corresponds to the H!-critical exponent
for the single NLS in R", while the lower bound max(1, %) arises from limitations
associated to the well-posedness in the product space H 1(]R")N for the solutions to
(1.1.1), as we see later in the Remarks 1.1.2 and 1.3.4. There is a vast literature

1



Section 1.1. Introduction 2

regarding the global well-posedness theory as well as the bound state theory for the
problem (1.1.1), and moreover the system of Schrodinger equations plays an important
role in many models of mathematical physics: it describes the interactions of M—wave
packets, the nonlinear waveguides, the optical pulse propagation in birefringent fibers,
the propagation of polarized laser beam in Kerr-like photorefractive media and in
the Bose-Einstein condensates theory, just to name a few. We refer to [19], [37],
[72], [59] and [36] in the case N =2 and to [55] and [67] in the general case N > 2
for a complete set of references both on mathematical and on physical setting and
applications.

We study the scattering theory in H'(R™)" for (1.1.1) in analogy with the case
of the single defocusing Schréodinger equation

idpu + Au — [u|*u =0
u(0) = uy € HY(R"),

with v : R x R — C and p > 0.

The basic strategy in this work is to use the interaction Morawetz etimates
for exploiting decay properties of L9-norms of the solutions to (1.1.1) as t — o0,
provided 2 < ¢ < 6 for n = 3 and 2 < ¢ < oo for n = 1,2, as suggested by the
classical theory available for (1.1.4). Namely, in a first step we obtain Morawetz
identities, interaction Morawetz identities and their corresponding inequalities in the
framework of the system (1.1.1), following the spirit of the paper [37] (we follow the
same path in Chapter 2, Sections 2.4 and 2.5). Then, by localizing the nonlinear part
of Morawetz inequalities above on space-time cubes we are in position, as a second
step, to give a contradiction argument which enables us to say that the solutions
(u#)l]le decay (see also Proposition 2.7.3 in Chapter 2). We remark that, in order to
close this contradiction argument we use some terms coming from the nonlinear terms
of the equations, but in fact this is not necessary: one can indeed get a contradiction
with a similar argument using the linear terms, as done in the proof of Proposition
2.7.3 in Chapter 2; we follow this approach in order to simplify the arguments in
dimension n = 1,2, and in order to give a more complete exposition of the topic in
the present Thesis.

Once proved decay properties for solutions to (1.1.1) thanks to a generalization
of the nonlinear theory developed in [13], we obtain existence of the wave operators
and asymptotic completeness in the energy space H'(R™)V for the system (1.1.1).
We emphasize that our results rely on an argument which yields the asymptotics in a
single stroke and which does not distinguish the number N of coupled equations. In
fact, by writing the linear part of the interaction Morawetz in an appropriate form
and dealing only with its nonlinear part, it is possible to overcome the mathematical
difficulties, and moreover to provide a further simple proof of scattering results
appearing in [43], [71] and specially in [65]. In this last paper, the author produces a
set of weighted Morawetz estimate and uses the separation of localized energy method
to achieve that the wave operators and the scattering operators for (1.1.4) when
n = 1,2 are well-defined and bijective in H', but this is very difficult to extend to a
system of coupled nonlinear Schrédinger equations.

(1.1.4)

We state now the main result of this chapter.

Theorem 1.1.1. Let 1 <n <3, p € R such that (1.1.2), (1.1.3) hold, then:
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e (existence of wave operators) For every (uio)ﬁle € HYR™N there ewist
unique initial data (UMO);]YZI € HY(R™N such that the global solution to (1.1.1)

(“u),]y:1 € C(R, HY(R™)N) satisfies

. itA, + _ _
Jlim Huu(t,-) e uw(-)HH1 =0 forallu=1,...,N. (1.1.5)

e (asymptotic completeness) If (u%o)ﬁ;l € HY(R™N | then there exist (“io)ﬁ]:l €
HYR™)N such that (1.1.5) holds.

Remark 1.1.2 (Case 8, = 0, u # v). If, for u # v, some of the 3, is nonvanishing,
we are forced to assume p > 1 in order to treat the coupling nonlinearity considered
in (1.1.1): this excludes the analisys of the system in dimension n > 4, since in this
case an existence theorem is not available (see Prop. 1.3.1). By the way, in the trivial
case 3, = 0 for all ;1 # v, we are no longer obliged to assume p > 1, and hence,
as a byproduct of this theory, we get decay (for 0 < p < 2/(n — 2)) and scattering
(for 2/n < p < 2/(n — 2)) results for the solution to the Cauchy problem (1.1.4) in
all dimensions n > 1. We remark that such results were already established in [87],
however our techniques simplify some arguments present in it. Finally, we underline
that this approach eases the well known results [65, 66] for the scattering of (1.1.4)
in lower dimension n =1, 2.

Morawetz and interaction Morawetz estimates are not available in the system
framework to our knowledge: we recall here some of the known results, other than
the already cited [87], [65] and [66] connected with the problem (1.1.4).

In order to shed light on scattering properties for solutions to (1.1.4) it is necessary
to get fundamental tools such as the Morawetz multiplier technique and the resulting
estimates. These were obtained for the first time in [63] for the Klein-Gordon equation
with a general nonlinearity and were successively used for proving the asymptotic
completeness in [54] for the cubic NLS in R? and in [43] for the Schrédinger equation
in R™ and with a pure power nonlinearity as in (1.1.4) for 2/n < p < 2/(n —2) (that
is, L2-supercritical and H!-subcritical). Recently, a new approach has simplified the
proof of scattering, consisting in getting bilinear Morawetz inequalities, also named
interaction of quadratic Morawetz inequalities, specificly Morawetz estimates for two
solutions (possibly the same solution taken twice) are computed at once. We quote in
this direction the papers [16], [15], where cubic and quintic defocusing NLS in R? are
considered, the [14] in which interaction Morawetz and then asymptotic completeness
are proved for the cubic defocusing NLS in R?, the paper [71] where the interaction
Morawetz estimates which do not involve the bilaplacian of the Morawetz multipliers
are given for the L%-supercritical and H'-subcritical NLS in R™ with n > 1, providing
also application to various nonlinear problems also settled on 3D exterior domains
and finally the survey [11| where the Authors show quadratic Morawetz estimates
and scattering for the NLS and the Hartree equation in the L2-supercritical and
H'-subcritical cases. We quote also [25], [38], [73], [10] (and references therein),
where such a theory is applied considering the presence of electromagnetic potentials
and the paper [64], where the interaction Morawetz technique is extended to the
partially periodic setting in the scattering analysis of the NLS posed on the product
space R" x T, with n > 1.
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In Section 1.2 we establish the interaction Morawetz identities and inequalities
(in Lemmas 1.2.2) and the corresponding Morawetz estimates (in Propositions 1.2.4
and 1.2.5) for the system of NLS 1.1.1 ancillary for proving the Theorem 1.1.1. The
Section 1.3 is divided in two part: in the former we show how the interactive Morawetz
inequalities give a relevant advantage in the exploitation of the decay of solutions
to 1.1.1, this is contained in the Proposition (1.3.3), which has its own interest; in
the latter we look at the existence of scattering states and wave operators by an
extension of scattering techniques to the systems frame. Finally in the Appendix 1.4
a generalized Gagliardo-Nirenberg inequality is obtained (see for instance [37]).

1.2 Morawetz and interaction Morawetz identities

We provide in this section the fundamental tools for the proof of our main theorem.
We start by obtaining Morawetz-type identities, which are similar to the ones in
Chapter 2, which hold for the single NLS: : we will sketch them for the sake of
completeness, since some care is needed in handling more functions at once. We
introduce the following notations: given a function f € H'(R", C), we denote by

my(z) = |f ()|, Jflz) =S [7Vf($)] c C". (1.2.1)
We have the following Lemma.

Lemma 1.2.1 (Morawetz). Let n > 1, and (u, fle € C(R, H'(R™N) be a global
solution to system (1.1.1), let ¢ = qS(x) : R" — R be a sufficiently regular and
decaying function, and denote by

N
= Z ¢(x) my, () dx.
p=1"E"

The following identities hold:

N N

:,; - P()1, () de = 2;/11@ Ju, () - Vo (z) d (1.2.2)
N

=2 [ @i, (@) de (1.2.3)
p=1"R"

- i [_ /R M, (z)A%p(x) dx + 4 /R ) Vo, (z)D*¢(x) - Vi, (z) dx

P+1 Z B#V/ () P uy (2) [T Ag () da

w,v=1

where D?¢ € Myxn(R") is the hessian matriz of ¢, and A%2¢p = A(A¢) the bi-
laplacian operator.

Proof. We prove the identities for a smooth solution (u,),, letting the general case
(u#)ﬁle € C(R, H'(R™)N) to a final standard density argument (see for instance [13,
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Theorem 7.6.4, Step 2|, [11, Appendix 4], or the remarks in the beginning of Section
2.3). The equation (1.2.2) is easy to check. We give some details for obtaining (1.2.3).
By means of an integration by parts and thanks to (1.1.1), we have for every fixed p

20, /Rn Ju, (7)) - Vo(z) dx
— 93 / D)D), () + 2V () - Vit ()] da
Rn

=2 - i0puy(x)[Ap(x)u,(z) +2Ve(x) - Va,(z)] dx (1.2.4)

N
= 2R [ — Auy(x) + Z Buy|uy(x)’P+1|W(m)|f’—1uu(fﬁ)]

R v=1

[Ag(z)uu(x) +2Ve(x) - Vuy(x)| d.

We have
2 [ = M) [AG@)au(2) + 2V () - V()] da
R™ (1.2.5)
— [ A% u(w)|? da + 4 / Vi, (2)D* () Vi, () da.
Rn Rn
Moreover

N
23" Bt /R o P () - [AG () () + 29 () - Vit ()] d
v=1

- 1 Viw"
=2 V§R/ wuy [P AG(2) 4+ 2V () - ——H— |, [P d,
DR [ Pt 6(a) +290(0) - =l
and, summing over v, u=1,..., N,
N 1
2 p+
2 )" BuR /R n|uuul,]p+1Aqb(x) + Vo(z) - W:’lm,,\p“ dx

vp=1

V (" [P

p+1

N
=2 3" Buk / [P A () + Vo(a) - dr  (1.2.6)
Rn

v,u=1

N
=2 Z g 1—L R [ |ugu P AG(2) da
= - v p+1 o uwUy >

where in the last equality we have used integration by parts. Taking in account
(1.2.4), (1.2.5), summing over 4 = 1,..., N, and considering (1.2.6), we get the
thesis. 0

By means of the previous Lemma, we can now prove the following interaction
Morawetz identities.
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Lemma 1.2.2 (Interaction Morawetz). Let (uﬂ)ﬁle € C(R, HY(R™)N) be a global
solution to system (1.1.1), let ¢ = ¢(|z|) : R™ — R be a convex radial function,
reqular and decaying enough, and denote by v = (z,y) := ¢(|z —y|) : R*® = R,

Z /n Rnd’ T, y)My, (T)my,, (y) do dy.

k=1

The following holds:

=2 Z /n/njuu - Vah(z,y) ma, (y) dedy, (1.2.7)

Hyr=1

> 2 Z / Aaﬂ/J (z,y)Vaemy, (t, ) - Vyma, (t,y) dedy + N gy, (1.2.8)
p,r=1

with

Npw) = p_|_1 Z 5#”/ / |up( Py (2) [Py, (y) At (2, y) dady.

wv,k=1
(1.2.9)

Proof. As for the previous lemma, we prove the identities for a smooth solution
(u,)_, letting the general case (uu)i\[:1 € C(R, HY(R™)") to a final standard density
argument. First one has

/n/n T, (@) M, (y) + Mo, ()10, (y)) (2, y) dody,  (1.2.10)

pr=1

then, due to the symmetry of ¥ (z,y) = ¢(|x —y|), we obtain that the equality above
is equivalent to

N

I(t)=2 M, ()M, (Y)Y (2, y) do dy.
#%;1/” . Y)Y (z,y) dz dy

Therefore, (1.2.7) immediately follows by (1.2.2) and the Fubini’s Theorem. Analo-
gously, we can differentiate again and get the identity

/n Rn mu“ mun(y)¢($,y) dx dy
+ Z/ My, (@)1, (y) (2, y) dz dy (1.2.11)

+2 Z/ mu# x )y, (Y)Y (x, y) dz dy.
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We can write () := A 4+ B: by (1.2.3), an application of the Fubini’s Theorem and
using once again the symmetry of 1(z,y) we are allowed to set

A==2 Z / (@), () Mgt (2, ) dady
p+1 Z @w/ / (@) P2, (y) Astp(z, y) dady (1.2.12)

4
+—= Z ﬁ“"/ / () Py () [P, (y) Autp(a, y) daedy,
p 1 wv,k=1p#v

notice that the second and third line of the (1.2.12) above are sum of terms coming
from the nonlinearity in the equation, while the r.h.s. of the first line consists of
sums of terms related to the linear part of the equation. We reshape the linear term
in the previous identity (1.2.12) as follows

N
k=1
N
=2 /n R" M, (8, 2)10, (¢, Y) O, 0y, AP (2, y) dady (1.2.13)
IJH—I
=2 Z / / O, (t, )0y My, (t, y) Atp (2, y) dady,
pyr=1 "7 R JRY

applying integration by parts (with no boundary terms) and using the property
Og), %0 = —0y, 9. In conclusion, we get

A=2 Z / A, y) Vi, (1,2) - Vi, (1) didy + Ny (1:2.14)

H,r=1

Moreover by (1.2.2), (1.2.3) and the Fubini’s Theorem we introduce
B =4 Z L Vua) Dt )V () dady
4 Z / i, () V) D20 (2, 4) Ve ) drdy

here we used, at least at this level, the symmetry of D21 to eliminate the real part
condition in the first two summands of the equality above. Let us focalize on B : it
is the sum of two terms, B,—x, and B,,»,. We deal with each of them separately,
then we start with the summand with u = & that is
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N
Bu—n =Y B", (1.2.15)
p=1
where, for each p =1,..., N the B* term is defined by the chain of equalities
BH# :4/ A muu(x)vyuu(y)Dgw(x,y)Vyﬂ“(y) dxdy (1.2.16)
[, )V @) D20 0 9) Vo o)

—|-8/ / Ju, (T de r,Y) - Ju, (y) dzdy

- Z [ )P, ,022,, 602 1), u0) oy
+4Z / / 13 (3) 20y 0 ()02, o, (| — Y1), T () iy

+8 Z /n /n (@ () Oy (2 )03 e Pz = Y)W (y) Oy, up () dady.

J:k=1

Since 0,9 = —0,,9, for all j = 1,...,n, one can check (after a rearrangement) that
the last identity of the (1.2.15) above is equal to

—4 Z /n/ s PUT — ?/|)|u#(x)|2%(8yjuu(y)8ykﬂu(y)) dxdy (1.2.17)

]kl

i Z / / 2y (17 = Y1) 10 (9RO (2) 0, T () dirdy

]kl

8 Z /n /n (U (2)0z,up (2 )0z, ykqb(‘x_y’)%(ﬂu(y)aykuy(y))d:pdy,

and finally to

[ 3 [ / 2 80— ) () (D100 (5) 00 ) + Dy, ()0 ) iy

J:k=1

+Z / L 20 = Dl (O, ()02, (0) + 01,70, (0)

n Z // 2 07 = 1) (W), 0y () — 0, ()00 ()

7,k=1

(W (y) Oy, up(y) — up(y) Oy, upn(y)) dady|.
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If we set

C;'L‘LL = u#(t, x)ayjull(t7 y) + axju,u(t? x)u#(ta y)v
D;‘” =y (t, )0y, uy(t,y) — Ouup(t, 2)u,(t, y)
then by gathering (1.2.15) and (1.2.17) we earn

I

Buew =23 3 fun Jun 2,0, 0(2 = yl) |CH*CI™ + DY*DIF| dady.  (12.18)
p=17jk=1

Take into account now the summand with u # k that is

Bytn = Z B, (1.2.19)

HK= 1
e

with the B*" term given by

pr—1 [ [, ()90 D3 .9) V1 v) iy

+4 / 0, )Vt (2) D2, )V 5 () iy

_S/n/n]uu D3p(,y) - fu, (y) dady

= Z /n /n ‘uu | ay]uH( ) Yj yk¢(|x _y|)aykﬂfﬁ(y) dl’dy

jkl

]kl

+8 Z /n /n (U () O up( )92 yk¢(|x—y\)%(ﬂ,{(y)ﬁykun(y))dxdy,

(1.2.20)
thus arguing as for the proof of (1.2.18), once one set

BV = (8, 2)0y, un (1, ) + Oy (t, 2wt ),
FW = (b, 2)0, () — Doy (b, @)t ),

we arrive at the equality

Byt =2 Z Z / / ECI(E) Ef“E,@‘“+Fﬁ”F,§‘“] dzdy. (1.2.21)
=1 j,k=1"E"

BEK
Therefore the identities (1.2.18), (1.2.21) and the fact that ¢ is a convex function

give B > 0. This argument implies, in combination with (1.2.11), (1.2.14), the proof
of (1.2.8). O
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By using the identity (1.2.13) which appears in the proof of Lemma 1.2.2 we have
an equivalent way to the (1.2.8) useful when the quantity A2+ (z,y) is nonpositive.
This is contained in the following Corollary, whose easy proof we omit.

Corollary 1.2.3. Let be (uu)i\fz1 € (R, HY(RMN), ¢ = (x,y) and Nip) as in
Lemma 1.2.2, then the following holds

-2 Z / (@ (@)1, (y) A2¢(z, y) dzdy + Ny ). (1.2.22)

pr=1
We remark that a regular function ¢p: R” — R such that Ay > 0 and —A(Avy) > 0
can not exist in R™ if n = 1,2, hence in fact Corollary 1.2.3 will be useful only when
dealing with the 3D case.
As an immediate consequence of Lemma 1.2.2 and Corollary 1.2.3, we prove the
following results.

Proposition 1.2.4. Let n = 3, p € R such that (1.1.2) holds, and let (uu)ﬁ]:l €
C(R, HY(R3*)N) be a global solution to (1.1.1). Then one has

N
Z/ |, (t, ) |[* da dt < oo, (1.2.23)
—_, JRJR3
(t, )| 2P 2w, (t
Zﬁw// / et 2) PP () g < o (1.2.24)
R3 JR3 |z -yl
Proof. Integrating (1.2.22) to time variable one obtains by (1.2.7)
t=T
2 Z [/ / Ju (@) - Vb (z, y)may, (t,y) dedy (1.2.25)
t=S

Hyk=1

-2 Z / My, (t, )M, (t, Y)AZep(z,y) dedydt

k= 1

p+1 Z 5““/ / | Tt ) PP, (t,9) Astb (@, y) dadydt

p+1,u,un 1

nF#

Now choose ¢(z,y) = |x — y|. For the L.h.s of the (1.2.25) we have the immediate
bound

S / / / ot )P ot (8, 2) P, (1, ) A, ) daedydt

t=T

/ / Jud(t,2) - Vb (2 y)m, (£, y) ddy (1.2.26)
R3 R3

t=S

2y

Hyk=1

N
G (ZW )z +Z|luu ) ez

N
< Co Y lupollmy < oo
pn=1
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for some C1,Cy > 0 and any T, S € R, since the H!-norm is preserved. We have

-1
Mg —yl = Ay = —drd,my <O
|z =y
and hence
- / M, (t, )My, (t,y) AZY (2, y) dedydt (1.2.27)
p,r=1

< Z BML/ / s |y (t $)|2p+2mu (t,y)Aztp(, y) dedydt
pk=1

£ [ el e, )t y)dwdydt)

w,v,k=1
usﬁv
t 2p+2 t
CZ </ |w, (t x)4dtdx+ﬁ,m/ / / [uu(t, 2)] [t 9)I* da;dydt),
u=1 IR3 R3 JR3 |z —yl

for some C' > 0, and any 7,S € R. The thesis follows by (1.2.25), (1.2.26), and
(1.2.27), letting T' — 00, S — —o0. O

Proposition 1.2.5. Letn =1,2,p > 0 asin (1.1.2), and let (uu)i\[:1 € C(R, HY(R™)M)
be a global solution to (1.1.1). Then

e forn =1 we have

N
ZBM“// ]uu(t,m)PpH dt dr < oo, (1.2.28)
e R JR

e forn =2 we have

2p+2 t
ZBW// / 1G] i LY A (1.2.29)
R2 JR2 |z —y|

Proof. The cases n = 1,2 can be treated by a direct application of the inequality
(1.2.8). Pick up once again ¢(z,y) = |x — y|, then we have

L if n =2,
R ] o (1.2.30)
204—y ifn=1.

Arguing as in the proof of Proposition 1.2.4, we get in the case n = 1 that

N ) N
// ‘Z@xmw(t,m)‘ dtdfc—FZBW//|uu(t,:n)|2p+4dtdx<oo, (1.2.31)
RJR st R JR

from which we infer the inequality (1.2.28).
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In the case n = 2, first one needs to recall the property (for more details see [41])

Z / / o Jon B @ YV, (t2) - Vyma, (& y) drdydt (1.2.32)

k=1

- [z

Then we get the following

/HZ |uutac| H dt
t 2p+2 Ht
+Zﬁup//R2/R2|uu 75| |U( y)| dtdxdy<oo,

Pt |z — y

m~

2
L (1 x)” dt.
L

that yields the inequality (1.2.29). O

Remark 1.2.6. We observe also that, for n = 2, an application of the Sobolev
embedding theorem implies, in similarity with the case n = 3, also the following
bound

N
4
Z [y (&, ), ) < 00
p=1
In fact this estimate can be used for proving scattering, as in [87, 71|, but here we

will use the nonlinear term (1.2.29).

Remark 1.2.7. One could prove the interaction inequalities of the Proposition 1.2.5
by following the theory developed for a single NLS in the paper [14] and based on a
suitable choice of the function ¥ (z,y), built case by case. To be more precise: it is
introduced for n =1

r—y

W(z,y) :2/ T e Pdt with >0, (1.2.33)

and then integration by parts are performed in combination with the limiting
argument ¢ — 0; for n = 2 it is selected a even function A2+ satisfying the property

2
A2 = = — hy(|z — yl),

for some real number a > 0 and with

— if |z—yl>a
ha(jz —y) = { ==l

0 elesewhere,

then it is used a bilinear Morawetz inequality similar to (1.2.8). We elaborate our
own method which is easier to technicalities used above and well-suited also to treat
the case of system with more than two nonlinear coupled equations.
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1.3 Proof of Theorem 1.1.1

We split the proof of the main Theorem 1.1.1 in two steps. In the first one we
shall show, by transposing the method of [87], some decay properties of the solution
of the system (1.1.1). In the second one we present the proof of the scattering by
combining the argument of the first step with the theory estabilished in [13] and [41],
here applied to the case of the system of equations. In this section we will denote
w(t, x) = (uu(t,a:))ﬁ[:l.

We start this section observing that Theorem 3.3.9 and Remark 3.3.12 in [13],
in connection with the defocusing nature of the system, give a well-known result
concerning global well-posedness for (1.1.1) (see also [37]):

Proposition 1.3.1. Let 1 < n < 3 and p € R such that (1.1.2) holds. Then for
all (uﬂ,o)ﬁle € K. there exists a unique (u“)fyzl € C(R,H}) solution to (1.1.1),
moreover
(@)l 2 = (@)l 2 for all p=1,..., N, (13.1)
E(ui(t),...,un(t)) = E(u1(0),...,un(0)), (1.3.2)
with

‘p-‘r

E(Ul,..., / Z|VU'LL| d:l:*" Z ﬁuy|u#uu

H,v=1

Remark 1.3.2. The conservation laws (1.3.1) and (1.3.2) for the solution to (1.1.1)
yield also that

N N
Z||uu(t)”H1 Z |, (O HHl < 00. (1.3.3)
pn=1 n=1

1.3.1 Decay of solutions to (1.1.1)

In this section we show some decay properties of the solution to (1.1.1), funda-
mental in the proof of scattering. We have the following.

Proposition 1.3.3. Let 1 < n < 3 and p € R such that (1.1.2) holds. Ifw € C(R,3})
is a global solution to (1.1.1), then we have

i feo(t) 22 =0, (1.3.4)
with 2 < q < 6, forn =3 and with 2 < q < 400, forn =1,2. In addition, if n =1
one gets

Jim[w(®)]le =0, (1.3.5)

Proof. We treat only the case t — 00, the case t — —oo being analogous; we split
the proof in two part: we deal first with n = 3, and then n =1, 2.

Case n = 3. Following the approach of [43] it is sufficient to prove (1.3.4) for a
suitable 2 < ¢ < 6, since the thesis for the general case can be then obtained by the
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conservation of mass (1.3.1), the kinetic energy (1.3.3) and interpolation. In order
to do this we shall prove that

lim [Jw(?)] 10 = 0. (1.3.6)

t—+o0 L3

For this aim we argue as in [387] and we assume by the absurd that there exists {tx}
such that

klggo ty =00 and i%f Hw(tk,x)HL;?o =€ > 0. (1.3.7)

Next recall the following localized Gagliardo-Nirenberg inequality given in Section 1.4
(see also [56] and [57]):

2n+4 n
ol 5 < @ (snp elzsian) " el (1.3.9)
Ly ™ T€R3

where @, is the unit cube in R? centered in . By combining (1.3.7), (1.3.8) (where
we choose ¢ = w(ty,z)) with the bound [|w(tx, )5 < 400, we deduce that

Jdz;, € R™  such that ||w(tk,x)|]52(ka) =dp > 0. (1.3.9)
We claim that

>0 suchthat |w(t, @)l g2, ) > 00/2 EE (thtn + D), (1.3.10)

where Q, denotes the cube in R” of radius 2 centered in x. In order to prove (1.3.10)
we fix a cut—off function x(x) € C5°(R"™) such that x(z) =1 for |z| < 1 and x(z) =0
for |x| > 2. Then by using (1.2.2) where we choose ¢(z) = x(z — x,) we get

d

/ X(x—mk)\w(t,x)IQdac <Csupr(t,a:)H§c1.

Hence by (1.3.3) and the fundamental theorem of calculus we deduce

<Colt—s|, (1.3.11)

/n x(x — zp)|w(s, z)|*dx — /R" x(x — zp) |w(t, z)|*dx

for some Cp > 0 independent of k. Hence if we choose t = t; we get the elementary
inequality

/ x(x — zp)|w(s, z)|dz > / x(z — zp)|w(ty, z)*de — Colty, — s|,  (1.3.12)
n R”

which implies (by the compact support property of the function x)

[ lw(s, x)|?dx > / \w(ty, z)|2dx — Colty — s|. (1.3.13)

Qk Qk
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Hence (1.3.10) follows provided that we choose ¢ > 0 such that 62 — Cot > 42 /4.
The estimate (1.3.10) contradicts the Morawetz estimates (1.2.24). In fact, the lower
bounds (1.3.10) means that

Z”“u Wz, ) = €M) >0, (1.3.14)

for any t € (tg,tx + ¢) with ¢ as above, where we selected the intervals ¢ € (tx, ty + )
disjoint, and whence, by Holder inequality, there exists i € {1,..., N} such that

_ 52
_ P 20
lua(®)175 g, ) > O, (1.3.15)

for any p > 2 and with ¢ € (t, t;+1) and ¢ as above. Thus we can write the following

Uy, (t,x 2p+2u t,
mln 6NMZ//RS/R§‘ ||m—g‘/|u( Ol dz dy dt
tk+t
CZZ/ / /  Jug(t, @) PPt y) [P de dy dt

u=1l n Quy X Qay,
tk-‘rt_
> CZ/ 88 dt = oo
n Yk

(1.3.16)

where in the last inequality we used (1.3.10) in combination with (1.3.14), (1.3.15)
and Fubini’s Theorem. This leads to the contradiction with (1.2.24).

Case n = 1,2. We can argue as in the previous case just replacing the inequality
(1.3.8) by the following version

loliy < € (sup el ) el (1317
TE€R™

(or alternatively by the (1.4.1)) displayed in Section 1.4, with the function ¢ defined
as above. Then proceeding as in the previous step we achieve, for n = 2, exactly the
same chain of inequalities as in (1.3.16) which is in contradiction with (1.2.29). For
n = 1 we instead arrive at

N
min w,(t, )| dt da
i O [ [
thtt
CZZ/ / lup(t, )P dt do = oo

p=1 n

(1.3.18)

but this contradicts the interaction estimate (1.2.28). O
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Remark 1.3.4. As stated in the Introduction, we need to have the more stringent
lower bound max(1, 2) with respect to similar one earned in Theorem 0.1 in [37].
Indeed, if we select 0 < p < 1 the coupling terms Zﬁy:l By |y [Py, [Py, with
i # v give rise to a kind of nonlinearity which could forbid the local well-posedness
result for the associated Cauchy problem (1.1.1) such as in Proposition 1.3.1. If one
replaces the nonlinear term in (1.1.1) with another model satisfying the assumptions
given in the Remark 3.3.12 in [13], then by repeating the argument of this section
it should be possible to eliminate the lower bound conditions given in (1.1.2) and
(1.1.3). But as of now we are unaware of such references.

1.3.2 Scattering for the NLS system (1.1.1).

This section is devoted to prove Theorem 1.1.1. The results are quite classic (see
[13], [43], Chapter 2 and references therein), anyway we present them in the more
general form of system framework. We recall from [52] the following.

Definition 1.3.5. An exponent pair (g, r) is Schrodinger-admissible if 2 < ¢, 7 < oo,
(q7 r’ n) # (2’ Cx}? 2)7 and
2 n n
-+ —=—. 1.3.19
q * r 2 ( )
In order to prove Theorem 1.1.1 we need the following lemma.
Lemma 1.3.6. Assume p is as in (1.1.2), (1.1.3). Then, for any w € C(R,H})
global solution to (1.1.1), we have

w e LY(R, WL, (1.3.20)
for every Schrodinger-admissible pair (q,r).

Proof. The proof is a transposition of the Theorem 7.7.3, in [13] and is similar to the
proof of the analogous Proposition 2.7.4 in Chapter 2. Let us consider the integral
operator associated to (1.1.1)

w(t 4 T) = Py 4 /Ot =B g(u(T 4 1), 0(T + 1), p)dr (1.3.21)
where t > T > 0 and
ui(t) U1,0
wt)=| + |, wo=1| 1 [,

UN(t) UN,0

gi(uy, ..., un,p) Soomy B lu [P u [Py

g(w,p) = : = :
gn(u1, ..., uN,p) SN Bl [P g [P

The thesis is obtained by making an use of the classical inhomogeneous Strichartz
estimates (see once again [52]). We point out the details in handling the nonlinear
part in (1.3.21), that is the estimate of the following

N
D MgnCuns o un D)l oy ety (1.3.22)
pn=1
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for an appropriate (q,r) Schrodinger-admissible couple: we select (g, 7) such that
4 1
(q,7) = <(p+),2p+2). (1.3.23)
np
We consider for p fixed the term

g#(ula e ,UN,p) = Z ﬁulj|ul/|p+1|u#«|p_luuv
v=1

since the others can be handled in a similar way. The Holder inequality combined
with Leibniz fractional rule gives

ng(ulv-- uN7p)||Lq (T,t),W. 7“)
N
<Ol D Burllwllyyrlluw [P g [P~ 2p+2H
; We L () (1.3.24)
N
Cu B 6“VH||UMHW1TZHU [P g [P 2”“”Lq (T}))"
R v=1

From the following pointwise Young inequality (see for instance [46])
[ [PFH oty [P Jaag [P [P < O (p) (P + [ [P)

and setting 8 = max, ,—1,.. N B, we see that the last term of the inequality above
is not greater than

Pa HHUHW“ Z Hul,|| 2P+2HLQ (T1)

Znuunw“ ZHUuHLsz ()
/ ﬁ_l
;H%HW;T (Zuuyu pen * 1 T )l (2
N
S| 3l (Z sl zoez) Z s |
p=1 v=1

with all the constants involved in the inequalities above independent from ¢, T". Notice
that (2p + 1)¢’ — ¢ > 0 so the last term of the above chain of inequalities can be
bounded by

B N 4 N 215
Cw,8) || (3 uellyar ) (3 el
k=1 v=1

here we used without any distinction the dummy indices u, v and s because defined
on the same set. Summing in p the (1.3.26) above we get that the quantity in (1.3.22)
is bounded by

opr1-4 N q—1
CSHP(ZHUV HLQM) q(Z”uﬁnm((m)m,r)) : (1.3.27)
k=1

A

(1.3.25)

AN

LY (T,t)

(1.3.26)

LY ((T))
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with C' > 0. The premises above, the equation (1.3.21) and the Proposition 1.3.3, in
connection with an use of the inhomogenehouse Strichartz estimates bring to

q—1
HwHLq((T,thy) < CHU’OH}C}E +n(T) <”wHLq((T¢),W;T)> ) (1.3.28)

where n(T') — 0 as T' — oc.
Thanks to the Lemma 7.7.4 in [13], for T large enough we have
[l o wimy < C
with the constant C independent from ¢. In that way we get that w € L4((T, 00), Wi’r),

and one can use a similar argument in order to have w € L4((—oco, —T), W5"). From
this fact we conclude immediately that w € L?(R, Wy"). O

Proof of Theorem 1.1.1. The proof of Theorem 1.1.1 is now a straightforward adap-
tation of Theorem 7.8.1 and Theorem 7.8.4 in [13]|: we shortly prove it here for the
sake of completeness.

Asymptotic completeness: Let us write w(t) = e *=w(t), we get

t
w(t) = wo + z/ e~ B g(w, p)ds, (1.3.29)
0
moreover one has, for 0 < t < tq,
t
w(t) —w(t) = z/ e~ 58 g(w, p)ds. (1.3.30)
t1

An application of classical Strichartz estimates yields

@) = w(t)llaey S €S (@(2) — w(t1))llaes (1.3.31)
S Hg(w’p)||L4’((t,t1),Wi’T)

where (g,r) is a Schrodinger-admissible pair as in (1.3.23). Following the proof of
Proposition 1.3.6 we achieve

lim |[w(t) —w(t1)|lsc = 0.

t,t1—00
Thus we can say that there exist (ufo,...,uﬁo) € HY(R™N such that exist
(ui(t),...,un(t)) — (ufo,...,u]j\t,o) in HY(R")N as t — 4o0. Notice also that,

by Proposition 1.3.1, we have also the following properties verified

+ +
[(uro,- - uno)llez = [(ur,- - uno)lle2,

N L (1.3.32)
E o ‘Vumoldl‘—E(ul’o,...,quo).
p=1

Ezistence of wave operators: Let us select a Schréodinger-admissible pair as in
(1.3.23) and introduce v(t) = e®=wd (the proof for wy (t) is analogous). Then by
the Strichartz estimates and Corollary 2.3.7 in [13] we get that, for T > 0,

HT) = 00 gty + S0 [0 e (1.3.33)
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is a decreasing function w.r.t. the 7" variable and such that J#(T) — 0 as T — oc.
As a consequence we are allowed to introduce the complete metric space Z C

LI([T, 00), W) defined as

Z = {w(®) : W) a0y w2 + sup [w(t)]er < 27(T)} (1.3.34)

and equipped with the topology induced by ||| Le((1,00),c7)- Let be

+oo
T(w)(t) = —i /t =100 g (0 u(7), p)dr, (1.3.35)

with
J(w) € C([T, 00), HL) N LI((T, 00), WET).

(see [52] or the Corollary 2.3.6 in [13], easily generalizable to a system of equations).
Furthermore, by the inequality (see Lemma 1.3.6)

||9(wap)HLq’((T,OO),w}Ev’”) < C(%(T))QP—H
with w = (u,v) € Z, in combination with the behavior of %7(T) for T large enough
and the Sobolev embedding inequality we achieve the following estimate

1908 ey ot + SUP 108 100 (1001.5) < D). (1.3.36)

for T' large enough. By the estimate (1.3.33) and the (1.3.36) above we conclude
that the operator

K(w) = e wd + I(w) (1.3.37)

is a contraction on Z with respect the norm H.HLq([T’OO)’Wi,T). By applying a fixed
point argument we get that there exists w € Z satisfying the equation (1.3.37). In
addition w € O([T,00),HL). By classical arguments one can show also that w is
a global solution to the equation (1.1.1) and then w(0) = wg € H} is well defined.
Furthermore the properties (1.1.5) is fulfilled. The proof of the remaining part
regarding the uniqueness reads as in Theorem 7.8.4 in [13], so we skip it. O

1.4 A localized Gagliardo-Nirenberg inequality

The principal target of this section is to prove of the localized inequality (1.3.8)
used in the proof of Proposition 1.3.3 (see Section 1.3.1). Albeit it already appeared
in the literature (see for example [87], [56, 57| or [85] in the context of product
space R™ x M, with M* any k-dimensional compact manifold), we recall it in a more
general form. We have

Proposition 1.4.1. Let be n > 1 and o € N, then for all vector-valued functions
¢ = (¢¢)%_, € HY(R™)™ one gets the following

2n+4

4
HMﬁW®W<c<ﬁywm@m>nw;ww (L4.1)
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Proof. Consider an open covering of R™ given by a family of disjoint cubes {Qs}sen.
Let us look at the high dimensional case n > 3. For any component of ¢ =

(¢1,...,0a) one has that ¢y € L%, £=1,...,a, then the Sobolev embedding and
an application of Holder inequality bring to the chain of inequalities

n—2

Z/QSW"J“ <cg</%|¢e\2)i (/Q !wrf—%)"

2(n—2)

<cg ( [ m\?)’% ( A od#2) " (1.4.2)

4
<C(a) (z HqﬁeHm(Qs)) S 6
=1 =1

The estimates above can be rewritten as

4
<C (H¢HL2(QS)Q) " ”¢H§{1(Qs)a, (1.4.3)

2n

+4
161 B

s)

and hence summing over s we arrive at

2n+4

4
T <c(supu¢up@s>a) S 16 e
L™ (Rn)a seN seN
) (1.4.4)

<C (sgg\\qﬁ\lm(@s)a) 161171 o

We remark that the estimate above is translation invariant, hence the constants
are independent from s. Rhe estimate (1.4.1) follows from the above (1.4.4) in
combination with the fact {Qs}sen C {Qz}rern.

The remaining cases, n = 1,2, can be handled in the same way as before with
minor changes. For n = 2 we need to replace the estimate (1.4.2) by the following

(67

S [ et <o (f 1) It
0=1""%s =1 °
« 2 a
< C(w) (Z ||¢e||L2(QS)) > leeliin g,
/=1 /=1

which can be carried out taking u = |¢l\2 in the following Sobolev inequality

(1.4.5)

lull 20,y S lullpr,) + IVUllLig,)

and by an use of Leibniz chain rule. Then one argues as in the proof for the higher
dimensions case. For the last case, that is n = 1, we use instead of (1.4.5) the
following

o « 2
> [ et < c3 ( A ) el

4 «
<C Zwauz(@s)) >l g,
/=1

) (1.4.6)
/=1
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which can be earned by using once again the inhomogeneous Sobolev embedding
Wit c L2° and Leibniz chain rule. The proof is then concluded analogously. O

Remark 1.4.2. Following the paper [87], we can also obtain a variant of the
inequality (1.4.1) in the cases n = 1,2. The Sobolev embedding Wa'' C L2 enables
us to write the easy localized estimate

a o 1

2
> \@P@}j(/@ ) loPlhwrse
=1 s /=1 s

N N (1.4.7)
<C(a) <Z H¢€HL2(Q3)> > lleeling,)
=1 =1
this fact, arguing as in the proof of the Lemma 1.4.1 leads to the estimate
loligenye < € (s Ilua@ure ) 161 oy (148)

that is the inequality (1.3.17).



Chapter 2

Scattering in the energy space for
the NLS with variable coeflicients

We consider the NLS with variable coefficients in dimension n > 3
i0u — Lu+ f(u) =0, Lv = Vb (a(z)Vb) — ¢(z)v, VP =V +ib(z),

on R™ or more generally on an exterior domain with Dirichlet boundary conditions,
for a gauge invariant, defocusing nonlinearity of power type f(u) ~ |u[""tu. We
assume that L is a small, long range perturbation of A, plus a potential with a large
positive part. The first main result of the chapter is a bilinear smoothing (interaction
Morawetz) estimate for the solution.

As an application, under the conditional assumption that Strichartz estimates
are valid for the linear flow e***, we prove global well posedness in the energy space
for subcritical powers v < 1+ an, and scattering provided v > 1 + %. When the
domain is R™, by extending the Strichartz estimates due to Tataru [34], we prove
that the conditional assumption is satisfied and deduce well posedness and scattering
in the energy space. The reference for the present Chapter is [10].

2.1 Introduction

We study the Cauchy problem in the energy space for the semilinear Schrodinger
equation
i0u — Lu + f(u) =0, u(0,z) = up(x) (2.1.1)
on an exterior domain ) = R" \ w with C'! boundary, in dimension n > 3, where w
is compact and possibly empty. Here L is a second order elliptic operator defined on
Q) with Dirichlet boundary conditions, of the form

Lv =V (a(z)V%) — c(z)v, V=V +ib(z), (2.1.2)
where a(z) = [a;k(2)]]—1. b(z) = (b1(2),...,bp(2)) and c(x) satisfy

a,b,c are real valued, aji, =ay; and NI > a(x) > vl for some N >v > 0.
(2.1.3)
The low dimensional cases n < 2 require substantial modifications of our techniques
and will be the object of future work.
Our main results can be summarized as follows. Assume that

22
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(i) the principal part of L is a small, long range perturbation of A;
(ii) b,c have an almost critical decay, with b and c_ := max{0, —c} small;
(iii) the boundary 0f2 is starshaped with respect to the metric induced by a(z);
)

(iv) the nonlinearity f(u) ~ |u|Y"lu is of power type, gauge invariant, defocusing,
with 7 in the subcritical range 1 < v < 1+ -25.

Then we prove:

1. a virial identity for (2.1.1), from which we deduce a smoothing and a bilinear
smoothing (interaction Morawetz) estimate for solutions of (2.1.1).

2. global well posedness and scattering in the energy space for the Cauchy problem
(2.1.1), under the black box assumption that Strichartz estimates are valid for
the linear flow e®l; scattering requires v > 1 + %.

3. in the case ) = R", we extend the Strichartz estimates proved by Tataru
[34] to the case of large electric potentials; hence we can drop the black box
assumption and we obtain well posedness and scattering in the energy space
for (2.1.1).

Note that for exterior domains, Strichartz estimates are known but only locally
in time, see e.g. [60], [3] and the references therein. However, research on this topic
is advancing rapidly, thus in the general case €2 # R" we decided to assume a priori
the validity of Strichartz estimates. In the case {2 = R" sufficiently strong results are
already available and we use them to close the proof of scattering. On a related note
we mention the global smoothing estimates on the exterior of polygonal domains
proved in [3].

The theory of Strichartz estimates on R" is extensive and many results are known.
We mention in particular [90], [89], [89], [75] [23] for the case of electric potentials,
[24] and [29] for magnetic potentials, and, for operators with fully variable coefficients,
[79], [74] and [84] (see also the refences therein). Note that large perturbations in
the second order terms require suitable nontrapping assumptions, which are implicit
here in the assumption that |a(z) — I| is sufficiently small.

Scattering theory is a important subject and the number of references is huge.
For a comprehensive review of the classical theory and an extensive bibliography
we refer to [13] (see also [43]). Smoothing estimates are also a classical subject,
originated in [50] and [63], [62]. The bilinear version of smoothing estimates, also
called interaction Morawetz estimates, was introduced as a tool in scattering theory
in [17], [83] and recently adapted to Schrédinger equations with an electromagnetic
potential in [18]. We mention that here we follow the simpler approach developed in
[87], [12].

We conclude the introduction with a detailed exposition of our results. Here and
in the rest of the chapter we make frequent use of the basic properties of Lorentz
spaces P4, in particular precised Holder, Young and Sobolev inequalities, for which
we refer to Section 2.9.
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In the following we denote by |a(x)| the operator norm of the matrix a(z), and
we use the notations

|a'| = Z\a|:1 [0%a(z)], |a"| = Z|a|:2 [0%a(z)], |a"'| = 2\04:3 10%a(z)],

V= Y0 10006l 1] =5, 10u,cl.

2.1.1 The operator L and its heat kernel e‘*

The results of this section are valid for all dimensions n > 3. Very mild conditions
on the coefficients of L are sufficient for selfadjointness: in Proposition 2.6.1 we prove
by standard arguments that if

be L™, ce L™, Hc,HL%,oo < €, (2.1.4)

with e small enough (and a(z) € L), then the operator L defined on C2°(f2)
extends in the sense of forms to a selfadjoint, nonpositive operator with domain
H}(2) N H?(Q2). Throughout the chapter, this operator will be referred to as the
operator L with Dirichlet boundary conditions; note that in all our results the
assumptions are stronger than (2.1.4).

Under the additional assumption

B+ Vbl €Ly, ceL®l |l ga<e

with e small enough, we prove in Proposition 2.6.2 that the heat kernel of L satisfies
a gaussian upper estimate of the form

_\:lr—yl2

et (z,y)| < C't"2e o, t>0.

In Proposition 2.6.3, assuming further that
la = Tllze +[l6] + [l Lroe + V] 5.0 <€
for € small enough, using the previous bound we deduce the equivalence

1(=L)0| s = [[(=A) 0|, 1<p< % 0<o<1. (2.1.5)

2.1.2 Morawetz and interaction Morawetz estimates

From now on we restrict to the case when the operator L is a suitable long range
perturbation of A on §2; the precise conditions are the following.
Let n > 3 and assume that for some 0 < § < 1

o ()| + [z[la” ()] + |al*|a” (z)] < Cala) ™17, (2.1.6)

where (z) := (1 + |z|*)"/2. Moreover, b and the matrix db(z) = [9;b — 9eb;% 0=y
satisfy

be L™>®,  |db(z)| < MW (2.1.7)
The potential ¢(z) satisfies
c2 c:
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(which implies ¢ € LZ°*°) and is repulsive with respect to the metric a(z), meaning
that

a(x)x - Ve(z) < \xl(gﬁ (2.1.9)
The nonlinearity f: C — C is such that f(0) =0 and, for some 1 <y <1+ ﬁ,
1£(2) = f(w)| < (|2| + |w]) "z —w]|, forall z,w e C. (2.1.10)

We remark that in fact we can consider more general nonlinearities f such that
1f(2) — f(w)] < (14|27t + |w]*~ )|z — w]|: for the sake of simplicity, we will just
assume (2.1.10), since the more general case can be easily obtained adapting our
proofs. We also assume that f is gauge invariant, that is to say

f(R)CR and f(e?2)=¢?f(z) forall@ eR,zcC. (2.1.11)

Moreover, writing
F(z) = [ f(s) ds, (2.1.12)

we assume that f is repulsive, i.e.,
f(2)z2—2F(z) >0 forall z € C. (2.1.13)

Finally, concerning the domain Q, we assume that 9 is C! and a(x)-starshaped,
meaning that at all points € 92 the exterior normal 7 to 0f) satisfies

a(x)z - v(z) <O0. (2.1.14)
In the following statement we use the Morrey-Campanato type norms defined by

2 . 1 2 2 . 1 2
||UHX = 1521;13 B2 fgm{\x|:R} lv]“dS, ||UHY = 18%1;1()) R fQﬁ{|x\<R} lv]“dx.

Moreover we use the notation L% = L?(0,T’) to denote integration in ¢ on the interval
0, T, while L,.L? = LP(0,T; L%(2)) and LPL? = LP(R; L(Q)).

Theorem 2.1.1 (Smoothing). Let n > 4, L the operator in (2.1.2), (2.1.3) with
Dirichlet b.c. on the exterior domain 2, and assume (2.1.6), (2.1.7), (2.1.9) and
(2.1.14). Let u € C(R, H}(Q)) be a solution of Problem (2.1.1). Then, if N/v — 1
and the constants Cq, Cy, C_, C,. are sufficiently small, u satisfies for all T > 0 the
estimate

T u)u—2F (u
lali%, z + I9°ull3, pz + fo S TR dadt < [lu(0)

] y (DI, (2.1.15)

12 [
H H2
with an implicit constant independent of T .

Theorem 2.1.1 actually holds even in the case n = 3, but we need a condition on
a(x) which essentially forces it to be diagonal, and this is of course too restrictive for
our purposes (see (2.4.2) below). Thus in the 3D case we modify our approach and
prove an estimate in terms of nonhomogeneous Morrey-Campanato norms

2 1 2 2 1 2
v||5 = sup _p |V|7dS v||5- := sup - v|*dzx.
[vll% SUD {ry2 Jorgai=ry [0PPdS, lvl5 Sup 7 Jongzi<ry V!
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We also need some slightly stronger assumptions on the coefficients: we require

la(z) —I| < Crlz) ™%,  C;<1, (2.1.16)
moreover we assuine
be L, |db(z)| < ﬁ (2.1.17)

Then we have:

Theorem 2.1.2 (Smoothing, n = 3). Let L the operator in (2.1.2), (2.1.3) with
Dirichlet b.c. on the exterior domain Q, and assume (2.1.6), (2.1.16) (2.1.17), (2.1.8),
(2.1.9), (2.1.11), (2.1.13), and (2.1.14). Letu € C(R, HZ(Q)) be a solution of Problem
(2.1.1). Then, if N/v — 1 and the constants Cq, Cr,Cy, C_, C,. are sufficiently small,
the solution u satisfies for all T > 0 the estimate

(2.1.18)

T u)u— u
lullX, 3 + IV ull, 12+ Jo Jo TG ddt < u(O)| 4 + [[u(T)

1% 1
H?2
with an implicit constant independent of T'.

The previous results are a priori estimates on a global solution u, for which
conservation of energy might not hold; this is why we state estimates (2.1.15),(2.1.18)
on a finite time interval [0,7] and we need the norm of u both at t = 0 and at
t =T at the right hand side. Note that it is possible to give explicit bounds on the
smallness assumption on the coefficients, see Remark 2.4.1.

Remark 2.1.3. The proofs of Theorems 2.1.1 and 2.1.2 have a substantial overlap
with the proof in [8] of resolvent estimates for the Helmholtz equation

Lu+ zu = f, ze C\R.

One can indeed deduce estimates for the linear Schrodinger equation from the
corresponding estimates for Helmholtz, via Kato’s theory of smoothing [51], but with
a loss in the sharpness of the estimates (see Corollary 1.3 in [8] for details; see also
[6] for earlier results in a simpler setting).

Remark 2.1.4. Note that in (2.1.15) and (2.1.18) the space-time norms are reversed
in (z,t), due to the method of proof. In the hypoteses of Theorem 2.1.1, thanks
to (2.1.15) and (2.2.7), (2.2.9), and in the hypoteses of Theorem 2.1.2, thanks to
(2.1.18) and (2.2.9), (2.2.12), we deduce the standard weighted L? estimate

_3/2— —1/2— T w)u—2F (u
)2l g a1 ) =2V ull T o S PR dadt S Q)]+ (DI,
(2.1.19)
By (2.2.16) we can replace V® with V at the left hand side, obtaining
[42) =22 ull e 1z + 1) ™27 Vull Lz 1 S T2y + (D)2, (21.20)

If the assumptions on b, ¢ are slightly stronger so that the heat kernel e’ satisfies
an upper gaussian bound, we can apply the techniques in [7] to obtain a further
estimate of weighted L? tipe. In the next Corollary we assume € = R” to keep the
proof simple but this would not be necessary.
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Corollary 2.1.5. Letn > 3, Q =R", let L be as in Theorem 2.1.1 or as in Theorem
2.1.2, and assume that

P+ Vbl €L}, ceLl e | ga<e
Then for € small enough the flow e’ satisfies the estimate
@)~ e Cuoll e S ol e (2.1.21)

The next results are bilinear smoothing (interaction Morawetz) estimates for
equation (2.1.1), which are the crucial tool in the proof of scattering. Note that the
assumptions are essentially the same as in Theorems 2.1.1, 2.1.2, and the constant
Cy may be large.

Theorem 2.1.6 (Bilinear smoothing, n > 4). Let n > 4 and let Q,L be as in
Theorem 2.1.1. In addition, assume that

|z|?|Ve| < Cy )10, (2.1.22)

Let u € C(R, H}(Q)) be a solution of (2.1.1). Then, if the constants Cq, Cy, C—, C..
and N/v — 1 are small enough, u satisfies the estimate

ult, @) Plut, y)|? > 2
/ [ DRI eyt £ ) [0l + D3] 2123)
Theorem 2.1.7 (Bilinear smoothing, n = 3). Let n = 3 and let Q,L be as in
Theorem 2.1.2. In addition, assume (2.1.22). Let u € C(R, H3(Q)) be a solution of
(2.1.1). Then, if the constants Cy,Ct,Cy, C_,C. and N/v — 1 are small enough, u
satisfies the estimate

2
lullhscoz:a1c0y) < N2 [1u(O)] 3 + (D3] (2.1.24)

2.1.3 Global existence and scattering

The proof of well posedness and scattering for (2.1.1) in the energy space relies in
an essential way on Strichartz estimates for the linear flow e’*~. As mentioned above,
these are known in the case {2 = R™ under various assumptions on the coefficients,
while the results for exterior domains are far from complete. For this reason we
decided to state our main results by assuming the validity of Strichartz estimates
in a black box form, and then specialize them to some situations where Strichartz
estimates are already available. Recalling that an admissible (non endpoint) couple
is a couple of indices (p,q) with 2 < p < oo and 2/p + n/q = n/2, our black box
assumption has the following form:

ASSUMPTION (S). The Schridinger flow e™* satisfies the Strichartz estimates

e uollpmpn < luollz, || fo €4 Fds||pn o < ||F)| (2.1.25)

LP2L%
for all admissible couples (p;,q;), while the derivative of the flow Vel satisfies

IVePugllzmrn < IVuollzz, IV i @@ DEFds|pnpn S IVE] by .
(2.1.26)
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for admissible couples (p;,q;) such that ¢ < n.
Note that it is not trivial to deduce (2.1.26) from (2.1.25): indeed, for this step
one needs the equivalence of norms

1
I(=L)2v[|Le = [Vl La

with ¢ in the appropriate range. Under fairly general assumptions on L, we are able
to prove this equivalence for all 1 < ¢ < n (see (2.1.5)), and this is the reason for
the restriction on ¢ in (S).

Using Assumption (S) we can prove local well posedness in the energy space, and
global well posedness provided the nonlinearity is defocusing, i.e.,

F(r)= [y f(s)ds >0 for seR (2.1.27)
(this is the content of Proposition 2.7.1 and Theorem 2.7.2):

Theorem 2.1.8. Let n > 3, let Q = R" \ w be an exterior domain with compact
and possibly empty C! boundary, let L be the selfadjoint operator with Dirichlet
b.c. defined by (2.1.2), (2.1.3), (2.1.4), and assume (S) holds.

(i) (Local existence in H'). If f € C1(C,C) satisfies f(0) =0 and |f(z) — f(w)| <
(|2] + |w])" "tz — w| for some 1 <y <1+ %, then for all ug € HY(Y) there
exists T = T(||uo|| 1) and a unique solution u € C([-T,T]; H(Q)).

(ii) (Global existence in H'). Assume in addition that b*> + |V -b| € L2 , ¢ € Lzt

loc?

lla = Illzes + 1B + |a | oo + V1] 300 + llel 30 <€

B

for € small enough, and that f(u) is gauge invariant (2.1.11) and defocusing
(2.1.27). Then for all initial data ug € HL(Q) problem (2.7.1) has a unique
global solution u € C' N L>®(R; H}(2)). The solution has constant energy for
allt € R:

Et) =3 [qa(@)VPu - VPudz + L [, c(@)ul?dz + [, F(u)dz = E(0).

Combining the global existence result with the bilinear smoothing estimate in
Theorems 2.1.6 and 2.1.7, we obtain the main results of this chapter. Note that a
power nonlinearity f(u) = [u[""'u with 1+ 2 <~ <1+ -4 satisfies all conditions
of the following Theorems:

Theorem 2.1.9 (Scattering on 2, under (S)). Let n > 3, Q@ = R" \ w an exterior
domain with C* compact and possibly empty boundary satisfying (2.1.14), L the
operator (2.1.2) with Dirichlet b.c. on Q. Assume a,b, c satisfy, for some e,C > 0,
5 € (0,1]

|zla(z)z - Ve < elz) ™70, jzl[e| + ||| < Cla)~' 2,
and in addition

la = Il + 2Pe_ + le-ll g < e lzllbl + 26| < eleli(z),  ifn >4
(2)0]la — Il + (@)2c_ +lle—]l, 50 <& |allb]+ |zl@ 0| <e,  ifn=3.
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Finally || + |z||a”| + |z|*[a”| < €(x)™'7%, and f : C — C is gauge invariant
(2.1.11), repulsive (2.1.13), defocusing (2.1.27) and satisfies f(0) =0, |f(z)— f(w)] <
(|2 + [w|) 7tz — w| for some 14+ 2 <~ < 1+ A5 Then if (S) holds and € is small
enough we have:

(i) (Ezistence of wave operators) For every uy € H}(Q) there exists a unique
ug € HE(Q) such that the global solution u(t) to (2.1.1) satisfies |le”*luy —
u(t)||gr — 0 as t — +o00. An analogous result holds for t — —oc.

(i) (Asymptotic completeness) For every ug € H} () there exists a unique uy €
HE(Q) such that the global solution u(t) to (2.1.1) satisfies ||e”*Fuy—u(t)|| g —
0 as t — 4o00. An analogous result holds for t — —oo.

When 2 = R", Strichartz estimates for ¢*% were proved by Tataru [34] in the
case L is a small, long range perturbations of A. In Theorems 2.8.1 - 2.8.2 we adapt
the result in [84] to our situation, and in particular, combining it with the smoothing
estimate (2.1.15), we extend Strichartz estimates to potentials c¢(x) with a large
positive part. In addition we deduce the necessary estimates also for the derivative
of the flow Ve (Corollary 2.8.3). As a consequence, Assumption (S) is satisfied
and we obtain the final result of the chapter:

Theorem 2.1.10 (Scattering on R™). Let n > 3, assume a,b, ¢ satisfy c € L}, . and

la = 1|+ () (|’ + [B]) + (2)*(|a"] + [V']) + (2)*|a"| < e(z)~*,
jz|(z)a(@)r - Ve < @)™, el g0 <€ |zllel+[a]?|d| < Oa) ™.
lz]Pc_ <€, ifn >4, (x)%c_<e, ifn=3,
for some C > 0, § € (0,1] and some € small enough, and let L be the selfadjoint
operator defined by (2.1.2)-(2.1.3) on R"™. Finally, assume f : C — C is gauge
invariant (2.1.11), repulsive (2.1.13), defocusing (2.1.27) and satisfies f(0) = 0,

£ (2) = f(w)] S (2] + [w]) ™|z — w| for some 1+ 5 <y <1+ 345,
Then the conclusions (i), (ii) of Theorem 2.1.9 are valid.

2.2 Notations and elementary identities

Using the convention of implicit summation over repeated indices, we define the
operators

Aby ==V’ - (a(z) V) = 3;-’(ajk(:c)8zv), Av =V - (a(x)Vv) = 0;(ajr(x)0kv)
(2.2.1)
so that L = A? — ¢. The quadratic form associated with A is given by

a(w, 2) == aji(r)wiz;.

We shall use the notations
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Since a(x) is positive definite, we have
0<a=az -7 < |az| < a.
Indices after a semicolon refer to partial derivatives:
Ajlip 2= ﬁgajk, Ajlitm = 8gamajk, Ajltmp = 8g8m8pajk.

Notice the formulas
O(Te) = |2~ e — Tral,

O (TeZm) = || OheTm + OkmTe — 2T%T0Tm),

PN 1 PPN
8jak($gxm) :72[5kg5jm + 5km5j£ + ijxka:g:cm

|z|
26147 T — 20km BT — 2034 E T — 20;0F kT — 20;mEkE]

which imply
kT O (TTm) = 2|2 [|aZ]* — @7,
and
ajkagm(‘)j(?k(ﬁfﬁm) = ﬁ[agmagm — 4(|afE]2 — 62) — aJd]

Using the previous identities, we see that for any radial function ¢ (z) = ¥(|z|) we

can write B
a J—

AY(z) = Oy agmimtl) = a0 + =20 + apmy@mt)! (2.2.2)

]
where ¢’ denotes the derivative of 1(r) with respect to the radial variable.

We now give the definitions of the Morrey-Campanato type norms X,Y, X, Y
and recall some relations between them and usual weighted L? norms.

For an open subset 2 C R™, n > 2, we use the notations

Q_p=0n{z: |z| =R}, Qr=0n{z: |z|< R}, Qr=0n{zx:|z| > R},
QR1<|$\<R2 =Qn {x3 Ry < |~TC‘ < RQ}.

The homogeneous and inhomogeneous norms X and X of a function v : Q — C are

defined as
2 . 1 2 2 . 1 2
ol 2= sup 7 o [oPaS. [olfy = sup e o, lods

where dS is the surface measure on Q_p and (R) = v/1 + R?. We shall also need
proper Morrey-Campanato spaces, both in the homogeneous version Y and in the
non homogenous version Y; their norms are defined as

HUH?/ = Is;i% % fﬂgR ’v‘QdI, HUH%/ = ;1;1()) ﬁ ngR ”Ude. (2.2.3)
The following equivalence is easy to prove:
I} < suppst & Jo, 1017 < V2I0IR- (2.2.4)

The following Lemmas collect a few estimates to be used in the rest of the chapter,
which follow immediately from the definitions (proofs are straightforward, and full
details can be found in [8]).
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Lemma 2.2.1. For any v € C*(R"),

" olly < llvllg, @) " Molly < lvllx, (2.2.5)

—1 —1
]S%lili()] fQ>R ﬁ:ﬁ|v|2d:£ < ﬁ”v”i, JS%IE fQ>R ﬁw|v|2d$ < %HUHE( (2.2.6)

Lemma 2.2.2. For any 0 < § <1 and v € C*°(R"),

2
Jo s < 267 ol%, (2.2.7)
2
f%l |x\5 < Ja., \x‘r?)lw <267 Hll%, (2.2.8)
Jo e < 867 ull3 < 87 Joll2. (2.2.9)

Lemma 2.2.3. Forany R>0,0<J <1 and v,w € C®(R"),

Joy 85 + S, il < 95 ol g lwly- (2.2.10)

In the following Lemma we prove some magnetic Hardy type inequalities, which
require n > 3, expressed in terms of the nonhomogeneous X,Y norms (compare
(2.2.11) with Theorem A.1 in [38]):

Lemma 2.2.4. Let n > 3 and assume b(x) = (b1(z),...,bn(x)) is continuous up to
the boundary of Q with values in R™. For any 0 <6 < 1,y € Q and v € CX(R), we
have:

Iz =yl 'l 20 < 7251Vl L2(0), (2.2.11)

e~ oI5 < 6Vl + 3]|vll%, (2.2.12)

Jor, bl g fo g < 95710 + ol%), (2.2.13)
|v]|x < 4dsupps R~ ng |v]2dS + 13]\va||y (2.2.14)

Proof. We give the complete proof of (2.2.11); the remaining inequalities are proved
in [8]. Integrating on € the identity

V- { o2} =R [20(@) VP (@) k| + (0 - 2) 20

and noticing that boundary term vanishes, we get

n [ MO gy < f, GG (fQ|fx>|> (7@ dm)%

—y|? lz—yl*

By a density argument, it is clear that the previous estimates are valid not only
for smooth functions but also for functions in D(L) = HE(Q) N H?(1).
We conclude this section with some additional properties of the magnetic norms.
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Lemma 2.2.5. Let n > 3. If b € L™°(Q), the following equivalence holds:
IV 20y 2 IVl 12(0)- (2.2.15)
Moreover, for s > 0 we have
1(z) =Vl 20y + @) = ol L2y = IK2) Vol 2y + (@) ™ 0l 20 (2:2.16)
Proof. By Holder inequality and Sobolev embedding in Lorentz spaces, we can write

IVl 2 < IVollpz +Ibvllre < IVollze + Bl pre o]l 2,5 S A+l [ V0] 2.
Conversely, writing V = V® — ib, we have
IVollz2 < IVl 22 + 1ol 2 S VP02 + [lbllzmos[Vl], 20, »-
Recall now the pointwise diamagnetic inequality
V||| < |V (2.2.17)
which is true for b € Ll20 .- Thus, again by Sobolev-Lorentz embedding,

ol 20, < IVIollze < 9% 2

and we obtain (2.2.15). Next we can write
2) =Vl 2 + () =" Hollpe = [V (@) " 0) g2 + @)~ ol e
and
(2) 7Vl g2 + [[{2) ™Mol g2 = [IV° (&) 7 0)l| 22 + [1{2) = oll e
which, together with (2.2.15), imply (2.2.16). O

Lemma 2.2.6. Let n > 3 and consider the operator L = A®— ¢ with Dirichlet b.c. on
Q, under assumptions (2.1.3), (2.1.6), (2.1.7), (2.1.9) and (2.1.14). If the constant
C_ is sufficiently small, the operator L is selfadjoint and nonpositive. If in addition
b e L™>(Q) then for all 0 < s < 1 we have the equivalence

I(=L) 30l 20y = [[0ll o (2.2.18)

Proof. Selfadjointness and positivity are standard, and actually hold under less
restrictive assumptions on the coefficients (see Proposition 2.6.3 below for a more
general result). Next, (2.2.18) is trivial for s = 0, while for s = 1 we have

1
I(—L)2v[|2, = (—Lv,v) 12(q) = a(VP0, VP0) + [, clv[*dx
which implies, using (2.2.15),

1
I(=L)zv[l72 = [VPlF + Jo clvfPde = [ Vo7, + [, clvfda.

By Hardy’s inequality we obtain the claim for s = 1, provided C_ is sufficiently
small, and by complex interpolation we conclude the proof (recalling the complex
interpolation formula [D(H°), D(H")]p = D(H??) with g9 = (1 —60)oo + 0o1 which
is valid for any selfadjoint operator H). O



Section 2.3. Virial identity 33

2.3 Virial identity

In [8] a virial identity for the Helmholtz equation with variable coefficients was
obtained by adapting the Morawetz multiplier method. We show here how to
modify the technique in order to prove the analogous virial identity for the nonlinear
Schrodinger equation (2.1.1). To make sense of the formal manipulations, one needs
some additional smoothness (e.g., u € H?(f2) is enough), which can be obtained by
an approximation procedure similar to the proof of the conservation of energy in
Theorem 2.7.2 below; we omit the details. The identity is the following:

Proposition 2.3.1 (Virial Identity). Assume a,b,c, f(z) are as in Theorem 2.1.1,
let u be a solution of (2.1.1) and ¥ : R™ — R an arbitrary weight. Then the following
identity holds:
0[S (a(V, VPu)u)] = — $A2P[ul® + R(om O8u Ofu)
— a(Vip, Ve)|ul?
+ 2%(ajk82u(8jbg — 8gbj)agmamﬂ} ﬂ) (2.3.1)
+ AY[f(u)u — 2F (u)]
+ 0;{—RQ; + 2F (u)a;,0k) + ustia;r0py]},

where
Q= 2005 (am0k) — ajrOkp0jam, (2.3.2)
Q; = adbu- [A°, JJu - %ajk(akw)w — a0k [eluf® + a(Vhu, V') . (23.3)
Proof. We multiply both sides of (2.1.1) by the multiplier
(AP, ¢)a = (AY)T + 2a(VY, Vu)

and take real parts. We recall the following identity (which however can be checked
directly with some lengthy but elementary computations) from Proposition 2.1 of [8]:

R[(—Abu + cu)[AY, yla] = — LA2p|u)? + R(apm Oyu Obu)
— a(Vy, Ve)|uf?
+ 23 (a0 u(0;be — Oyb;)apm Ot )
- R0;Q;,
where «y,, are defined by (2.3.2) and @; by (2.3.3). For the terms containing f(u)
we can write
R () A%, g]) = AB[f ()i — 2P(u)] + V - {2F (u)aVep}. (2:3.5)

Indeed, by the assumptions on f, there exists a function g: [0, +00) — R such that
F(2) = g(|2]*)z. As a consequence,

(2.3.4)

VF(u)=V fgu‘ f(s)ds = Vfolu| g(s?)sds =
= 191 gtt) dt = Rig(u?uTm) = RS () V) =

= R(f(u)VPu),
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since R(f(u)ibu) = 0. We conclude that
RIS (w)[Apu + 20(Veh, Vou)]] = A f (u)a + 2V aR(f (u) VPu) =
=AY f(u)a + 2Vy'aVF(u) =
=AY f(u)u +2[aVy] - VF(u) =
—AY[f ()i — 2F ()] + V - {2F(w)aVes},
and (2.3.5) is proved. Finally, for the terms containing iu; we have the identity
R(10u[A°, ]a) = 0 [—Sa(Ve, Vou)u] + V - {S(uiaVip)}. (2.3.6)
This can be proved directly as follows:
R[ius[Apa + 2a(Vep, Vou)]] = =SV - (V) + 2ViptaVuu, — 2iVylabiuy) =
Vutaku — utVu aVi) + 2VytaVuuy — 2iVytabuu, + V - {uiaVep}] =
aku + V' aVpuy] + 23[iVYa(ba)uy] + V - {S[uiaVe]y =
8t(Vu aVipu)] + [0y (Vtabuu)] + V - {SuiaVy)} =
at(w aVpu)] + S[id(Vyptabuu)] + V - {S[uia V] } =
a(V, Vou)u] + V - {Susia Vi) }.

|
|
§\

2222

-

CQ

Gathering (2.3.4), (2.3.5) and (2.3.6) we obtain (2.3.1). O

2.4 Proof of Theorems 2.1.1, 2.1.2: the smoothing esti-
mate

Since the arguments for Theorems 2.1.1 and 2.1.2 largely overlap, we shall proceed
with both proofs in parallel. The proof consists in integrating the virial identity
(2.3.1) on Q and estimating carefully all the terms. Note that some of the following
computations are similar to those of Section 4 in [8].

Remark 2.4.1. At several steps, we shall need to assume that the constants N/v—1,
Ca, C1, C., Cp, C_ are small enough. We can give explicit conditions on the smallness
required in Theorem 2.1.1 and in Theorem 2.1.2. In both the Theorems the smallness
of C_ is only required in order to make L a selfadjoint, nonpositive operator. In
view of the magnetic Hardy inequality (2.2.11), it is sufficient to assume

C_ <22 (2.4.1)

In Theorem 2.1.1 it is sufficient that

2 —
Mg Tty for 3<n < 25, N il forn>26  (24.2)

and that the following quantities are positive:

Ko,2 _ 5N?Cyt12nCa(N+Ca)+Ce
2 s

n—1.2 5N2Cy,+24NC, N n
W”‘f>0’ ( V)_fyca>0
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where

Koim 2 = 08 40> 0

35

We remark that n — N/v > 0 thanks to (2.4.2). On the other hand, the condition
Ky > 0 is equivalent to the second equation in (2.4.2) and is implied by the first

equation in (2.4.2) in the case n < 26.

In Theorem 2.1.2 it is sufficient that the following quantities are positive:

% — 857 HC: + 9CT + 41C, (N + C,)] — 96 IN2Cy, > 0,

O=C0% _136=1[C, + 38C,(N + Cu)] — 967 IN2Cy, > 0
(n—2) - wC, > 0.

14

The proof is divided into several steps.

2.4.1 Choice of the weight

Define
Pi(r) = [y ¥i(s)ds

, B "2—;17“, r<1
1(7’)— 1 1
I e

2 2nrn— D

where

Then 1 is the radial function, depending on a scaling parameter R > 0,

¥l = wnllel) i= Rer (i)

(2.4.3)

Here and in the following, with a slight abuse, we shall use the same letter ¥ to
denote a function 1 (r) defined for r € R and the radial function ¥ (z) = ¥(|z|)
defined on R™. We compute the first radial derivatives 1) (1) = (il - V)ah(z) for

|z

|z| > 0:

—1 |z
RS S R
2 7 a1 lz| > R

which can be equivalently written as

¥(2) = 4% el — (w)"

and implies in particular

0<y <3
Then we have
1
W' (z) ==L Rl _n—l )R 2l < R
n - n—

2n  (RV|z|) 2n }|2:c|"7' |$‘ > R,
" —1 R~

P(z) = _nT [z[FFT la>r
n?-1 Rn1

v — -1 1
() =t g Lalsk — "5 R20la=k

(2.4.4)

(2.4.5)

(2.4.6)

(2.4.7)

(2.4.8)
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oW _J0 ol < R ”
Tl T e (- ) k>R (2:49)

2J| E

Moreover the function (see (2.2.2))
Ay =" + %w’ + AT (2.4.10)

is continuous and piecewise Lipschitz.

2.4.2 Estimate of the terms in |u|?

In this section we consider the terms

1
I 2= —§A2¢|u\2 —a(V, Ve)|ul?, (2.4.11)

Jul

We compute the quantity A%i: after some long but elementary computations (see
[8]) we have

A*y(x) = S(x) + R(x) (2.4.12)
where
S(z) =a*y!" + [2aa — 63° + 4|aZ| ]Tx\
. , (2.4.13)
+ [2agmaem + @ — 6aa + 1562 — 12|az|?] (ﬁﬁw _ |;#‘3)
and

R(x) =Gaemy@mt" + (@ — @)azen (B - 1) +
+ [05(ajkam kZTeTm) + 0j(ajkaem) Ok (ZoT
+ 20500k TITm T <17ZJ " 7/’,|> + 2a(Va, V%)+
+ A(armyZmy").

The remainder R(z) can be estimated as follows: recalling that, by definition of 1,
we have "
T —1
W< smEy WS mmEy WS gtamn
and using assumption (2.1.6), we find that

12nC, (N + Cy)
jz[(2) (R V |z])

IR(z)| < (2.4.14)

Proof of Theorem 2.1.1
We prove that, assuming (2.1.9), (2.1.6), (2.1.3), (2.4.2), we have

Ja fo 2dtd95 >t 1%2 fQ:R aHuHLszS
A n—1
- [TLT%N - ny] (n - 1) fQ>R |I;‘n+2 ||UHL2T dx (2.4.15)

— (12nCa(N + Ca) + Co)5 HJull 5 -
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We focus on the main term S(z). With our choice of the weight 1) we have in the
region |z| < R

S(x) = —2510% 25 0)4)=r (2.4.16)
while in the region |z| > R
n _71~Rpn—1 n—1
S(z) =(n —1) [23a —a] a@w —2(n — 1)[|az|? — ]g‘wg (2.417)
— [2agmaem +a@* — 6aa + 15a% — 12|az|?)(1 — (%)”*1) 2|i|3-

Note that agm,ae, is the square of the Hilbert-Schmidt norm of the matrix a(x). We
deduce from assumption (2.1.3)

nN >a > nv, N > |az| Za > v, o Qo = NV2,

so that

S(z) < —%V@RQ(SM —R for |z| < R. (2.4.18)

On the other hand, we have

2la(z) |} g+a>—6a(z)a(x)+15a2(x) —12]a(x)z]* > (2n+n?+15)v2 —6(n+2)N? > 0

(2.4.19)
by (2.4.2) (note that the second condition in (2.4.2) implies the first one when
n > 26), thus we get

S(z) < (n—1) [HEN —nv]a A@ZH for |z| > R. (2.4.20)
Now we can estimate from below the integral
— Jo Jy A%0lu dtde = — [ A2 |u(a)|[7s de =T+ 11

where
= — Jo S(@)||u(2) |73 dx, = — Jo R@) (@) dz.
By (2.4.14) and (2.2.7) we have immediately for any R > 0

IT > —24n6"'C,(N + C,)||ul|? (2.4.21)

XL2

Note that we must first integrate in time over [0, 7], then in space over Q—p and
finally divide by R? and take the sup in R > 0; this gives a reverse norm X LL? in
the previous estimate. Concerning the S(z) term I, we have by (2.4.18), (2.4.20)

— -~ 2 A n—1 )
I> gy Jo_allullzzdS — ["8BN —mw](n—1) fo_ @l |lulljs de (2.4.22)

for all R > 0.
It remains to consider the second term in (2.4.11); we have

—a(Vy, vC)|u|2 = —a(7, VC)¢/|U|2 Z - |$‘2<Cx 1+611Z) |u|2 (2.4.23)
thanks to assumption (2.1.9). Since 0 < ¢/’ < 1/2, by estimate (2.2.7) we obtain

— o fo a(V, Ve)|ul? dtdr > —Cu6~|ul/ (2.4.24)

XL2

Collecting (2.4.22), (2.4.21), and (2.4.24) we get (2.4.15).
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Proof of Theorem 2.1.2
We prove that, assuming (2.1.3), (2.1.6), (2.1.16), (2.1.9), we have for all R > 1

Jo Jo Top dtdz > (1—01)R2/ lull72 S
— 85 HC. +9Ct +410a(N+Ca)WUH§(L2T (2.4.25)

— 13671 [Ce 4 36Ca (N + Co)l[VPull} 2.

Writing a(z) = I4+q(z) i.e. qom = apm— ey, We have, with the notations § = ¢ @eZp,
and g = qu,

AomApm = 5Zm6€m + 25€mq&n + QemQem = 3+ 26 + QemQem

and also
a=1+7q, a=3+7q, laZ|? = 1+ 2q + |qz]*.

Note that |¢| = |a(z) — I| < C1{x)™® < 1 by assumption (2.1.16), which implies
7l <3CHx)™°, @ <Cr@)%, |8 < Crla)
so that

2 pm e + @ — 6aa + 15a° — 12|aZ|® =47 — 124 + 2qemqem + G — 647 + 15¢° — 12|qz]?
>4q — 124 — 637 — 12|q2|* > —46C;(x)~°

We have also 1 — Cr <@ <14 Ct so that (n = 3)
—23a2 < —(1-Cp)?, (HE2a—a)a<6C(1+Cr) <120,
Thus under the assumptions of Theorem 2.1.2 we obtain the estimates
S(z) < —(1—- CI)QﬁdmzR for || < R (2.4.26)

and
S(2) < 2AC B + b | for [o] > R (2.4.27)

Now we can estimate from below the integral
= Jo Jo AP0l dtde = — [ A0 lju(@)|7 dv =1+ 11

where
=~ Jo S@)|u(@)|fzde, 1=~ [ R(@)|lu(z)|L; dz.
Concerning the S(z) term I, using (2.2.6) and (2.2.8) in (2.4.26), (2.4.27), we
have for all R > 1

I>(1—Cp)2 RQ/ lull2s dS - 72015~ ful s - (2.4.28)
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We estimate the now the I/-term: for all R > 1, thanks to (2.4.14), we have

T
11> — 36Ca(N + ca)/ / 2 @) (R Y [2))ult, 2) 2 dedt
0 Q

(2.4.29)
—36C,(N +Cy) [ [fggl +f9>1} 2|2 () 10 |u(t, )| dadt
We observe that, thanks to (2.2.8), we have
llu(@)ll 2, o
fo fQ>1 \xl 1+5 dxdt = fQ>1 P >1+5 <267 ullxpz - (2.4.30)
Moreover, thanks to (2.2.11) and (2.2.4), we estimate
U T 2
I Jou, o 'M dudt < [ [o_ o2 [ul® dedt < 4 [ [, [VPul? dudt .43
:4HvbuHL2(Q<1)L%
Gathering (2.4.30) and (2.4.31), we have
T ul® - 2 2
I Jo b dadt < 207 |ullf s + 41V ul 2, 1s - (24.32)
We get immediately from (2.4.29) and (2.4.32) that
3245710, (N + Cy) [||u||§(L2T + V%l 0z |- (2.4.33)

We consider the second term in (2.4.11); thanks to (2.1.9) and (2.4.32) we have

u|2
—————dzdt
1+0

T
Ce
—fOTan(v¢,vc)|qudmdt>—/ / 2'
0o Jo 2 |z|(z)
- Cc5_l||u||§(L2T - 200||Vbu|!%2(9<1)L2T. (2.4.34)
Recalling (2.4.33), (2.4.28) and (2.4.34) we finally get

fQ fO I‘u|2 dtdx > (1 — CI fQ _r ’uHL2 ds
— (720](5 +4§ 1CC)HU||XL2T - 2Cc”vbuHiz(Q<1)L%

= 324671 Co(N + Co) [lul% g + IVl 12 |
whence, noticing that [[w| 12,y < V2||w|ly, we have (2.4.25) for all R > 1.
2.4.3 Estimate of the terms in |V’u|?
For such terms, using assumption (2.1.6), we shall prove for all R > 0 the estimate

fQ alm%(albuﬁglu) de > %1/2 fQQRHVb u(x )”Lz dr — 24NC,6~ 1||Vbu|]2 13

(2.4.35)
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where g, are the quantities defined in (2.3.2). The computations here are very
similar to those in Section 4 of [8]. We split the quantities ay, as

() = sem () + rem ()

where the remainder 7y, gathers all terms containing some derivative of the ajy.
Since the weight 1 is radial, we have

ng(x) = 2ajmagk§j53\k (1,[)” — %) + 2ajmajg%|
while
Tem(T) = [2ajmak; — ajraem;j )Ty’

We estimate directly

[rem (2)R(Oudb,u)| < 3la(z)|a’ (2)||VPu(z)?
and by assumption (2.1.6) we obtain

|7 () R(OPuP 1) | < BN Cyla) 70| V0w,
Integrating in ¢ € [0, 7] first and then in x € 2, we get

Jo S5 1rem (2)R(O%udb,u)| dtdz < BNCy [ (a) ™10 [ |VPu|? dt do
= 3NCy [ola) ™70 VPu(@) |72, de.

Thus, using (2.2.9), we obtain the estimate

T T _
Jo Jo [remR(Opudlbu)| dide < 24N Cyo 1\|Vbu||f,wL%. (2.4.36)

Concerning the terms sg,, in the region |z| > R we have

n—1 n—1

som (%) = [4jmaje — ajman T gy + i ajmaa;Tr — ajmaje i
so that, in the sense of positivity of matrices,
Sem(x) = |ajmaje — ajmagkij/x\k]% >0 forl|z|>R
(indeed, one has AjmGje = AjmQpTjT as matrices); on the other hand, in the region

|z| < R we have
Sem(2) = ajmajst  for |z| < R.

Thus, by the assumption a(x) > vI, one has for all x
Som (2)R(O0udb,u) > %y21|x|<R(a:)|Vbu]2. (2.4.37)

Integrating (2.4.37) with respect to ¢ € [0,7] and z € €, and recalling (2.4.36), we
conclude the proof of (2.4.35).
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2.4.4 Estimate of the magnetic terms
We now consider the terms
Iy = 23[ajx00u(diby — Bgb;)apmOmt) W) = 23 [ (db - aF) (avbu)mp’]
where the identity holds for any radial ), while db is the matrix
db = [0jby — Ogb;l7 —; -
Proof of Theorem 2.1.1
We shall prove the estimate
Jo Jo 1] da < 56~ N2Cy(||VPul |2, Yk % ) (2.4.38)

Indeed, since 0 < ¢’ < 1/2 and |a(z)| < N, by (2.1.7) we have

1y(a)] < 2N2db(a)] - [Voulluly’ < N2 At

We integrate in ¢ € [0, 7], then in x € Q, and we use the Holder inequality in time

[V0ull 2 HuHL2
dtdx < L

b
Jo Jo 1Ty (a) dtde < N2 [ i 5 N Jo Tt 4

T 2+6+|$‘2—§

and by estimate (2.2.10) we obtain (2.4.38).

Proof of Theorem 2.1.2
In this case we prove the estimate

Jo JI 1) dtde < 95~ N2Cy(||VPul)2, T lull% 12)- (2.4.39)

The proof is completely analogous to the previous one, using (2.1.17) and (2.2.13)

2.4.5 Estimate of the terms containing f(u)

We prove here that there exists a vy > 0 such that

AG[f ()@ — 2F (u)] > -2

v z|

[f(w)a — 2F (u)). (2.4.40)

Thanks to (2.1.13), it is sufficient to check the pointwise inequality

o
A > .
V(@) > 5 7]

Indeed, for |z| < R

while for |z| > R

" a—a,/ a n—l R a—a (1
W Y = (3~
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Moreover, by (2.1.6),
nEntl! > — S| >~y

Summing up we get

Ay > s (@—Ca) lz| <R
T\ @ —-a) ~Ca]  Jz[ > R,
~_ 0
"RV x|

for any g > 0 such that

”2—;1(6—0@) lz] < R
W<9N1n1,~_ ~
5 [—(a —a) — Ca] |z| > R,

n

(2.4.41)

which is possible provided Cj, is so small that Co < 21 (a(z) — @(z)) (see Remark
2.4.1).

2.4.6 Estimate of the boundary terms

We now prove that
/Q 9;{~RQ; + 2F (w)azdh + Sluptiandp]} da > 0. (2.4.42)
Indeed, proceeding exactly as in [8], we see that assumption (2.1.14) implies
Jo 0;RQ; dz < 0.

Moreover, at any fixed ¢t € [0,7T] we have

/Q V- (2F(w)aV + S[uaaVe]} = .
To see this, we integrate V - {2F (u)aVy + SuiaVi]} over the set QN {|z| < R}
and let R — +o00: the integral over |z| = R tends to 0 since aVy € L*°(f2) and
thanks to (2.1.10)

Fw)| < | Jo f(s) ds| S [uP € LH(Q), (2.4.43)

(recall that u € Hg(Q)), while the integral over O vanishes by the Diriclet boundary
condition since F'(0) = 0.

2.4.7 Estimate of the derivative term

We finally estimate the term at the left hand side of (2.3.1). We need the following
Lemma:
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Lemma 2.4.2. Let v € HE(Q) and ¢: R™ — R be such that Vi and |z|A¢ are
bounded. Then there exist C' = C(||a|| jo0s || V|| 1o || A|| foo) > O such that

/ a(Vip, Vou)v dz
Q

<Cllol? 4,

Proof. Define for f,g € C°(Q)

T(f.9) = Jo Vi(2) - a(2)VPf(x)g(x) dz = [gla(x)Vi(z)] - VO f(2)g(x) da.

We have trivially

IT(f,9)| < Jolla(@)Vip(x)] - VO f(2)g(x)| dz < CIVOfll 20 91l 12

with C' = ||aV¥||;«. On the other hand, integration by parts gives

T(F, )| =| fin ) V@)V F ()9 () dr| =

=| ferla(@) V@] Vg(@) @) da + [ ¥ - [ala) Ve@)lg @) T (@) o+
~ Jun V - {la(@) Vi (@)]g(2) [ (@)} da|.

Discarding the divergence term and using the boundedness of |z|Ay we have, for
some C = C([la]l poos [Vl oo, 2] A% ) > 0,

T(f.9)| <C [HfHLQ(Q)HvbgHLQ(Q) + Hf”L?(Q)|||x’_1gHL2(Q)]
which implies, using the magnetic Hardy inequality (2.2.11),

IT(f,9)| < CHfHL2(Q)HvbgHL2(Q)

for a different C' = C(||a|| oo, |V 100, [||2|AY| ;) > 0. The claim then follows by
the equivalence || V| ;2 ~ || Vv|| ;2 proved in Lemma 2.2.5, by complex interpolation
and by density. O

Applying Lemma 2.4.2 we get

%/ a(Vip, Vou)u dz <
Q

/a(Vw,Vbu)uda: < Cllul? . (2.4.44)
Q Hz

for some C depending on llalloos IV 100, ||| A% ;0. Note that even if ¢» depends

on R > 0, the constant C' does not, since by (2.4.5), (2.1.6),

eVl < gllallpee,  IllzAgl e < C(Ca, llall po)-
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2.4.8 Conclusion of the proof
From (2.3.1), using (2.4.40), we have
A[S(a(V, VPu)u)] = — LA20[uf? — Ra(Vi, Ve)|ul? + R(apm Ou Obu)
+ 2S(ajr 00 w(Dsbr — Oybj)apmOmt) W)
+0lf(w)a —2F(W)](RV |z[)~
+ 0;{—RQ; + 2F (u) a0k + S[ustia;r0p]}.

Integrating with respect to ¢ € [0, 7] and then = € © we obtain

o S 0S[a(Vep, VPu)u] dtdz > (2.4.45)
— Jo S 3 A%0 + Ra(V, Ve)] ulf? dida (2.4.46)
+ Jo Jo B |aundhudful dida (2.4.47)
+2 [ Ji Sajudbu(d;br — Aibj)aym i) didz (2.4.48)
+90 Jo Jy L2 dtda (2.4.49)
+ fo fo 0;{—RQ; + 2F (u)a; 0k + Slwtia;,0xy)} dtde  (2.4.50)

We now use the estimates from the previous sections.
For the term (2.4.45), we use (2.4.44):

Jo S 0eS[a(Vep, Vou)u) dtda
< Jo Sa(V, VPu(0)u(0) dz + [, Sa(Vip, Vou(T))u(T) dz <
2 2

<C (JuO)I? , + ()2, ).

where C depends on lall ., [IVl, 2149 1, but not on & > 0.
For (2.4.50) we swap the integrals, then using (2.4.42) we see that this term can

be discarded.
Proof of Theorem 2.1.1

We estimate (2.4.47) using (2.4.35) and recalling that |||y < [|-||y-, while (2.4.48)
is estimated using (2.4.38). Summing up, we have obtained

C(luOI? y +luT)?,) >

— ~ /\ n—1
3 (550 ol 05 = PN =] 0= 1) oy 3l )

— (12TLCa(N + Ca) + C ) 1HUH)( L2

+ 2 Jo_ o IVPu(@)| 7z de — 24N Cad ™| VPull3, 2
=500y (IVPul, 1, + s )

T u—2F(u
+90 Jo Jo L2 dtda. (2.4.51)
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We now take the sup over R > 0 at the right hand side. Denote with 3(R) all the
terms which depend on R:
,\ n—1
(R) =5 (25 v fo, llull 1248 [252N = nv] (0 = 1) foo_ Gl |l 2, de)
_ T 2F
+ 23 fo_ IVPu(@)l[7s do+ 70 fo fo Lo dtda

We shall use the simple remark that if three nonnegative quantities f, g, h depend on
R, then

sup[f(R) + g(R) + h(R)] > % <sup f(R) + sup g(R) + sup h(R)) ) (2.4.52)
R>0 R>0 R>0 R>0

We now distinguish two cases.
First case: “E2N > nu. Then by (2.2.6) we get

S(R) > Z(R) — 5 ["5°N — nv] [[@"/?ul)% 12

where

Z(R) = "Fvgs [ allulf2 dS+25H02 [ (IVPu(@)|72 datao fy fo L% dida.

Thanks to (2.2.6), (2.4.52), and recalling that @ > v, we obtain

T f(u(x))u(z)—2F(u
suppo Z(R) > " lul} s + IVl s + % S fo [LDEO-2E) Gty

and consequently, again by a@ > v,

suppso B(R) > 52 ull} p, + IV, + 0 fo fy LA D=2E0) grqy,
(2.4.53)

provided we define
Ko:=25b -3 4 (2.4.54)

which is a strictly positive quantity provided we assume N/v is small enough (like in
(2.4.2)).
Second case: RT%N < nv. Then we have

n— ~ n— T f(u)u
S(R) > "Fvgs fo_, dllulfs dS+27v [ VP (@) dety fo Jo Mo dtde.

(2.4.55)

Thanks to (2.4. )2) recalling that @ > v, and observing that in this case Ko < %L,

6
we obtain again (2.4.53).
By (2.4.51), (2.4.53) we conclude that

T f(u(x))u(x)—2F(u
Mullull%, z +Mol|VPully, 1o +Ms [, o P22 drde < C([u(O)|12,, + (DI, )
(2.4.56)
for some C' > 0, where 7 is defined in (2.4.41) and

. Kg.2 5N2Cy4+12nCo(N+Cy)+C.
My = £oy2 BN HICa(NHCa) 4 Ce

2
]\4’2 = n—ly2 _ 5N C’b-gQZIJVCYa7 M3 = %

3n
If the constants C,, Cy and C. are sufficiently small, these quantities are positive,
and the estimate (2.4.56) is effective.
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Proof of Theorem 2.1.2

We estimate (2.4.47) using (2.4.35) and (2.4.48) thanks to (2.4.39). Summing
up, we have obtained

C(Ju(O)]2,y + (T >||H2) >

(=Cpp [l (2.457)
— 86710, + 9C; +410a(N+ Calllull% e (2.4.58)
— 1367 YC, + 36C,(N + C, )}|yvbu\|§,L2 (2.4.59)

+ 2 V2fQ | Vou(x )HL2 dx — 24N C,6 4| V?
— 967 'N?C b(Hvbtu L2, + HUHXZL%)

“HY L2
T U U
+90 Jo Jo Lt dtda. (2.4.60)

We now take the sup over R > 1 at the right hand side. We denote with X(R) all
the terms which depend on R:

S(R) =(1— ) oy ul3a dS + 25002 [y [IVPu(a)|2; do

f u—2F )

dtd

”/ / Rv| | !
Thanks to (2.2.14), we have, for 0 < 6 < 1,

1 1
(1= sup 25 / Jull33 45 > (1= 0)(1 = C)* sup / Jull3 ds
Yooy <4HUH§<L2T - 4rv”uH%L2T) -
(2.4.61)

Note also that we can take v =1 —Cy and N = 14 C7 by assumption (2.1.16), while
n = 3. We obtain

1 2

- 2
\Ad 2, de > (1 — Cp)?|Vhul? 2.4.62
sup " | IVl do > 500 = OVl g (2.4.62)
Finally
—2F(u T 0 —2F
Y Sup// fu)u )dtdx2'yg// Mdtdw. (2.4.63)
R>1 RV || aJo (x)

We take 6 := 2/13 (it is enough to choose 0 such that 2/3 > (136)/4). Thanks to
(2.4.52), (2.4.61), (2.4.62), (2.4.63), we get

—C —Cr)?
sup(R) > s, o LG =
R>1

’Yo//f F(u) o

||VbUH§/L2T
(2.4.64)
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By (2.4.60), (2.4.64) we conclude that

))u(z) = 2F(u)

T
Millul% ;2 + M| VPu|? +M// f(ule dtda
el + RNV s +0s o) (@) (2.4.65)
S C(IIU(O)IIZ% + IIU(T)IIE%)
for some C > 0, where
1— 2
M| = (751) — 807 HC. 4+ 9CT 4+ 41C, (N + C,)] — 96 N2y,
1— 2
M) = (601) — 1367 YC, + 38C, (N + C,)] — 961 N?Cy,
M3 = %7

and 7 is defined in (2.4.41). If the constants C,, Cy,C. and C7 are sufficiently small,
these quantities are positive and the estimate (2.4.65) is effective.

2.4.9 Proof of Corollary 2.1.5

Since u = eluq satisfies equation (2.1.1) with the choice f = 0, we see that u

satisfies the smoothing estimate (2.1.20). By complex interpolation, we deduce from
(2.1.20) the estimate

—1— 1
2) ™' (=A)2ull g2 2 < Nluoll 3 + (D]l

for all T'> 0. Proceeding exactly as in the proof of Corollary 1.4 in [7], from the
gaussian bound for e’ in Proposition 2.6.2 we deduce the weighted estimate

lw(@)(~L)iv] 2 < w(z)(—A) 7|

for any A weight w, and in particular for w(z) = (z)~° for any s > 0. Thus we have

_1— 1 _1— 1
K2) ™= (= L) tull gz 12 S I12) ™7 (= A) Tl 2 S Nluoll g + (D) 3

and commuting (—L)i with €Y, and recalling the equivalence (2.6.2), we obtain

2) ™ ullz 22 < lluoll g + lu(T) 22 = [luoll 2

by the conservation of the L? norm.

2.5 Proof of Theorems 2.1.6, 2.1.7: the bilinear smooth-
ing estimate

Since the arguments for Theorems 2.1.6 and 2.1.7 largely overlap, we shall again
proceed with both proofs in parallel.
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Let u be a solution of (2.1.1), and write identity (2.3.1) with a weight of the form
Y =(x —y), for z,y € Q. In the following formulas, to make notations lighter, we
shall write simply u(x), u(y) instead of u(t, x), u(t,y). We have

M(z,y) = —3A2¢(x — y)|u(@) ] + Rawm (z) B u(z) 85 u(x))
— Ra(2) (Vb (x — y), Vae(@))|u(z)
+ 23 (ajk ()08 u(@) (90, b(x)¢ — O, b(x) ) agm )0z, ¥ (x — y) u(@))

+ Aoz — y)[f (u(z))u(z) — 2F (u(z))]
+ O {—RQj () + 2F (u()) aji(2)0n, ¢ (x — y) + Sue(z)a(x)ajp () 0u, Y (x — y)]}-

where M (x,y) is defined by
M(z,y) = 0{S(as (Vorp(z — y), Vi u(@))u(z))}.

Note that in order to distinguish between the two groups of variables  and y, here
and in the following we used the notations

a(w)(z,w) = ajp(@)zwr, B = Ouytibi(x), AL = O (aj(2) Vv, y))

J

and similarly A, Vf;("”); we shall however stick to simpler notations whenever possible.
The starting point for the proof is the identity

0{Sla(@)(Vatp(z —y), VVu(@)yu(@)]u(y)*} =
= M(z,y)lu(y)|* + Sla(z)(Ve(z — ), VPu())u(@)]0{July)*}.

Since w is a solution of (2.1.1) and ¢, f(u)u are real valued, we have

(2.5.1)

Ay |u* =2R[uyr] = 2R[u(—iA%u + icu + if (u))] =
=2R[—i A uti + iclul?® + i f (u)a] = 23[A u]
and using the identity
Ayt = —a(VPu, VPu) + V - {aVPui},
by the reality of a(V®u, Vou) we have
Alu(y)|* = 23[A" W u(y)uly)] = 2V, - {Saly) v, uly)a(y)]}.
Thus the last term in (2.5.1) can be manipulated as follows:

Sla(@)(Vy(z —y), VVu(z))u(2)]d:(lu(y) "] =

|
(&)
Q
=
\E?/ —
<
(wal
=
S
=
S
)
[\
<
8
|
N
&

[(a(y)Viu(y))u(y)]
Yu(@)]Sa(y) VW u(y)ay)]}-

Moreover, we rewrite the quantities ay,, in the form

+
<
<
~—
[N}
&
)
&
<
=
8
|
P
<
£
-

apm = 2(a(z) Dip(x — y)a(z))gm + Tom
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where the first term is the ¢m entry of the matrix a - D% - @ and
Tlm = 6k1l)y(2ajmalk;j — ajkalm;j). (2.5.2)

We choose different weights for the proofs of Theorem 2.1.6 and Theorem 2.1.7:
in the proof of Theorem 2.1.7 we set

Y(x—y) = (- Yo, (2.5.3)
for o > 0, where we use the following notation:
(@ =)o = (07 + [z =y,
while in the proof of Theorem 2.1.6 we take o = 0 in (2.5.3), that is to say, we choose
Pz —y) = |z —yl,

Note that in the following, with a small abuse, we shall use the same notation for the
radial weight function ¢ (x) and for 1(r) = ¥(|z|). We gather here some identities
satisfied by 1(r) = (r), for o > 0:

d)/// — _302 r

GE wp T e P
1 //_E/ _ _ 1 ///_ﬂ:_ag r 1 40
(%) m o (G er) s 009

Moreover, for ¢ > 0, we introduce the notation

wl — ,(pl/ —

— 7 Tm — Ym

(x—9y),, = P

We have (see (2.4.10))

0

Am<$ - y>0 :afm;é(xxx - y)m+

2 _ — O —— O
o 0 0 a(x) = (& —y)gam(®)(® —y),
+ —am(z)(x —y), (x —y),, +
<x*y>a m( )( )é( )m <5L'*y>a
which implies, since the last two terms are non negative,
—c c,

Aolz =)o > ame@)& — y), > ~1d@)] >~

and, using assumption (2.1.13),

Az(e—y)olf (ulx) yu(e)=2F (u())]fu(y)|* > - <x(>i“+5 [ (u(x))u(z)=2F (u(@))][u(y) .

Now we integrate (2.5.1) on Q? = Q, x Q,. The divergence terms in V, can be
neglected exactly as in the proof of Theorems 2.1.1 and 2.1.2, while the divergence



Section 2.5. Proof of Theorems 2.1.6, 2.1.7: the bilinear smoothing estimate 50

terms in V, vanish on 0, and at infinity. Taking into account the previous
computations we obtain the inequality

2 [ R[(a(z) VPu(x)) D*y (2 — y)(alx) Vou(@))]|u(y) |Pdedy+
+2 fm S(a(z) Viu(z)) u(@) D2 (z — y)S[(aly) Vou(y))u(y)dedy+
—5 Joz A0(x — y)lu(@)*|uly)*dzedy <
< O Jop Sla(@) (Ve (a —y), Vou(@)yu(e)]u(y)*dedy + for Rz, y)luly)[*dzdy,

(2.5.5)
where
R(z,y) = — sz(ﬂc)a u(z)Opu(z)
o)V ). Vel 056
- 2d[aak(3«“) w(2)(Djbe(x) — Bibj(2))apm (2)dmib(x — y) u(x)]

— Cafa) ™'~ 6[f(u(:v))u(:v) — 2F (u(@))]uly)[*.

We remark that R(x,y) depends on y only through 4. In the following sections we
integrate (2.5.5) in time on an interval [0, 7] and we estimate each term individually.

2.5.1 Positivity of quadratic terms in the derivative

The first two terms in (2.5.5) can be dropped from the inequality since their sum
is nonnegative. To check this fact, we rewrite them as the sum

Jop(a(@)VPu(x)) D*(z — y)(a(a) V'u(@))u(y)| *dzdy
+ fQZ y)VPu(y))' D2 (x — y)(a(y) Vou(y))|u(z)|*dzdy
+2 [op Sl(a(x) Vbu(@)) u(@)] D (x — y)S[(aly) VPuly))uly)|dzdy
and then positivity follows from the the following algebraic lemma with the choice
T(z,y) = Div(z —y):

Lemma 2.5.1. Let T(x,y) be a real, symmetric, nonnegative matriz depending on
x,y € R™. Then the following quantity is nonnegative a.e.:

(a(2)VPu()) T (z,y) (a(z)V'u())u(y)|* + (aly) VPu(y) T (2, y)(aly) Vu(y))u(z)|*
+23((a(2) VPu(z)) u(@)] T (2, y)S((aly) V'u(y) July)] = 0.

Proof. Let ¥(z,y) be the quantity in the statement. Assume first 7' = diag(A1, ..., An)
is diagonal at a point (x,y), with A; > 0. We have then

S(a,y) = Xj A la(@) Vou@);Pluly)* + |(aly )V" (y ))'!{‘)IU(%)I2
+23((a(z) VPu())ju(2)]3](a(y) V" u(y)l}

> Y51 A l(a(@) Vou(@); 1 lu(y)* + [(aly ) ( )il ( )

|

— 2|(a(z) VPu(@));|lu()||(aly) Vou(y));lfu(y)]} >
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If T(x,y) is non diagonal, we can find an orthonormal matrix S = S(z,y) with real
entries such that 7= S*AS, with A > 0 real and diagonal. This implies

(2, y) =(Sa(z)Vou(2))" A(Sa(z) VPu()) u(y)[*
+ (Sa(y) VPu(y)) ASaly) Vou(y)) u(z)[*
+23((Sa(x) VPu(2)) u(@)]AS[(Sa(y) V'u(y) Ju(y)],

and the claim follows from the previous step. O

2.5.2 The 0, term

We now consider the first term at the right hand side of (2.5.5), which is differ-
entiated in time. We need a Lemma:

Lemma 2.5.2. Let ¢¥(x —y) = (x — y)o, for 0 = 0. Then the following estimate
holds:

a(@)(V(z —y), Vou())u(@) e(y) dedy | < ll@llpallul?, y

for an implicit constant independent on o.

QQ

Proof. For f,g € C(R), set
T(f,9) = Jop al)(Vi(z —y), V' f(2))g(x) p(y) dzdy.
We have immediately

T(f, 9| < llall e @l IV £l 2 gl 2 (2.5.7)

On the other hand, integrating by parts we get

IT(,9)| < | fop al@) (Ve = 9), V(@) f (@) (y)dardy|

| o O n (2)02, 0 — 1) F@)g ) o) dcy| (25.8)
+ | Jo o (0)Oi e, 0@ = ) F@)g(@)i(y) dyda]
By assumption (2.1.6), we have

| Joz O o (2) 0,0 (x — y) f () g(x)@(y) dedy| <
< Calloll il fl 2 <fv>‘1_59‘ Sl 21Vl 2.

(2.5.9)

where in the last step we used (2.2.11). By direct computation

| Jo2 @om ()0, 0(x — y) f(2)g(2)p(y)dyda|

< Jaon (@) — a(@) (@ —y) ,(x—1))

T 2
< Nallll o[£ 2 supy ( fn 122 de)
<

lll 11121199 2,

Az =yt | f(@)g(@)e(y)|dady

1
2

(2.5.10)
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again using (2.2.11) in the last inequality. By (2.5.9) and (2.5.10), we deduce from
(2.5.8)
T(£ ) < Il I 120V gll 2

Recalling now the equivalence (2.2.15), by complex interpolation beetwen this esti-
mate and (2.5.7) we obtain

| Jrn a(2)(Vo(x — 1), VO£ (2))g(x) @(y) dxdy| < el il £l 119l 4

and taking f = g = u we conclude the proof. O

2. . :
If we choose ¢ = |u|” in the previous Lemma, we obtain

at

[ STt - ), Tate) (o sy

< Ju(0)22 [Ju(@), 5 + (@) 4]

(2.5.11)

since the L2-norm of the solution is constant in time.

2.5.3 The R(z,y) term

We now focus on the last term in (2.5.5). Our goal is to prove

R(x,y>u<y>\2dxdydt\ < N2 [l + (@2 ,] . (2512)

QQ

The quantity R(z,y), defined by (2.5.6), gives rise to four terms.

For the term containing 74, (see (2.5.2)) we notice that for all ¢ > 0 we have

|V)| < 1, hence both in the proof of Theorem 2.1.6 and Theorem 2.1.7 we have
[rem ()] < 2N|d/(2)] < 2NCafz) 1 7°

using (2.1.6). This implies
T fo o (@) u(@)Bu(@uy) Pdadydt] S [u(O)e fen (@)1 VPu(a)|2ada

by the conservation of the L? norm. In the proof of Theorem 2.1.6, by estimate
(2.2.9) and (2.1.15) we obtain

o Joz rom (@)%, u(@)Opu(@) [u(y) Pdedydt| 5 [|u(0)]|7: [IIU(O)H Ly T (™ )IIHQ],

and in the proof of Theorem 2.1.7 we get the same result thanks to (2.2.9) and
(2.1.18).

We estimate differently the term containing ¢ in the two proofs. In the proof of
Theorem 2.1.6, recalling assumption (2.1.22), we have

[y Joz a(@)(Ve(x — y), Ve(@)|u(@) Plu(y) [P dedyd|

— 2 2
S ()2 Jollu(@)I|7 |2l (@) = da < [Ju(0) |72 llul% 12
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using the inequality (2.2.7), and, thanks to (2.1.15),

Ly Joz a(@)(Vo(a—y), Vo)u() ] uly) Pdedy di] < |[u(0)]7: [HU(O)

In the proof of Theorem 2.1.7, recalling assumption (2.1.22) and thanks to (2.4.32),
we have

2 2
12,5 + (D)2,

o Jor @)Vl = y), Ve(@) [u(@)]? |uly) *dedydt]
SOl g2 o Joo lal=2(@) 7 fu()|? da e
< )l g + 197l 15
SOl gz [Ju)I7 + (@I ]

We turn to the estimate of the term containing b(z). In the proof of Theorem
2.1.6, b satisfies (2.1.7), and we proceed exactly as in Section 2.4.4 above, and then
use (2.1.15). In the proof of Theorem 2.1.7, b satisfies (2.1.17) and we proceed exactly
as in Section 2.4.4 above, and then use (2.1.18). In both cases we get

Jo Jos 1@ () Pdady dt S [u(@)[7 [[u(O)]Z5 + [u(D),,]
For the term containing f(u) we write
Ca Jy | Joa (@)™ 1f (ul@))ule) — 2F (u(@))]uly) Pdedydt
< ()2 [y + (DI ]

by (2.1.15) in the proof of Theorem 2.1.6 and (2.1.18) in the proof of Theorem 2.1.7,
and this concludes the proof of (2.5.12).

(2.5.13)

2
I

2.5.4 The main term

Integrating in time the inequality (2.5.5) on [0, 7] and collecting estimates (2.5.11),
(2.5.12) and the results of Section 2.5.1, we have proved that

T
- [ At = plute) Pl dudydt < L) (a3 + 1T

(2.5.14)
We now compute explicitly the quantity A2i: we have

A2ip(x —y) = S(z,y) + E(z,y)

where, using the notations

—_ T

a=a(z,y) =alz)(zr—y) (z—-y), T=—,

S(z,y) and E(x,y) are given by

S(x,y) =@ (@ — ) + [2a(a)a — 62 + dlae) (@ — g) ] L |

+ 200 () agm (x) + @%(2) — 6a(2)d + 153% — 12|a(z)(z — y)[2]x
% (w”(z—y) _ w’(m—y)>

[z—y]? [z—y[?

(2.5.15)
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and

E(2,y) =sm(2)(@ — 1)t (@ = y) + (@(@) = Dajeg (@) (@ — y), (G52 - 2o +

+ [0 (i (@) aom (@) (@ — 1)o@ — y)m) + 05 (ajp(@)am (2))0 (@ — y) (@ — 9),,)]%
< (v —y) ~ 5P
+ (Aga(x)) ey

lz—yl
o+ 2054(2) it (2)(@ — ), (& — 1), (@ = y),; (V" (0 =) — L2
+20(2) (Va(x), VEEL) + Ag(amie(2)(@ — 9) (2 — y)).

With long but elementary computations, for n > 3 and ¢ > 0 we have that

|E(z,y)| < 5nCyu(N+C,) { 1 1 1 }

E LR P —— + ()12 (z — y)o + () 1+ |22

whence

| Blalute) o) dzdy S Cult + 11+ 111
QZ

with an implicit constant depending on N and n, where

_ [ u@)Plu)? _ Ju(@)*[u(y)[?
I—/m<d:ndy, II—/QQ< dxdy

)|z — y|? )10z ]|z — y]

and

2 2
11 _/ [w@) @I g
02

()19
We now extend u(t, z) as zero outside (2, i.e. we define the function U(¢,x) as
Ul(t,z) = u(t,z) for x € Q, U(t,z) =0 for z & Q.
Before proceeding further, we need the following Lemma:

Lemma 2.5.3. Letn > 3, 0 € (0,1]. There exist n = n(n,0) > 0 such that for all
fes

sn_y f
D"z T = <nlllDI= fl o
H O 2 e
sy f
H|D’ 2 lﬁ 77|||D| fHL2 (R7)-
12 (-)2 L2(R™)

Proof. We prove the first inequality. By duality, it is equivalent to prove that
f

o |

SIDI= |2y (2.5.16)
L2(R™)
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If n =3, (2.5.16) is a simple consequence of Hardy inequality (2.2.11), in the case
y=20,b=0. If n > 4, by the Kato-Ponce inequality (see e.g. [15]) and Sobolev
embedding, we have

f

H’D‘ @

L2(R")
SIDI= fH 2n, H(CC>*1*‘SHLn

S H!D\T“fﬂm

RO P P C R

where the implicit constants clearly depend only on n and §. The proof of the second
inequality is analogous. O

Now, to estimate I we write

1= fun S fon W0 dydo = [, WEEIDP U @) da
= o DI (@)U (@) 2) D2 U ()2 d
3-n_4 |U
D% 1<’>1'+5 11DIZ2 0P
L2

and applying Lemma 2.5.3 we obtain
3—n
I<Cm,o)l|IDI= [UP|7.
Next we split the integral 17
U(x))*|U(y)|?
e [ PO
2 ()1 H0z]|z — y| A JB

in the regions A = {(z,y) : 2|z| > |y|} and B = {(z,y) : 2|z| < |y|}. On A we have

U(x 2Uy 2 Ux 2Uy 2
[LEPVOE oy, [ W@IVOE
a (@) olellz -y A (2) 23 |z|2 (y) 35 |y|2 |2 — y]

U@ 1 Uy >|2
<
/ﬂw<> t5la|z [T =yl y)atsy)2

:/ UEE | VWP,
DaEtiet T (@)t

2

|U\2
|| ()3t

where in the last step we used Lemma 2.5.3. On the region B we have |z| < |z — y|,

hence ) ) )
J RGO oy gL LT
B (@) )z||z —y| B (x)1H]z]

< CmO)ID] =" (UL 2 ),

L2(R")
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Summing up, we have proved the estimate

= Jor A2 (@ — y)lu(@)*|u(y)[*dzdy

om0 (2.5.18)
- [, 8(.9) dady — 1T = C(n, N.8)Cul|DI 2 [UF e

with an implicit constant depending on N, n only.

Proof of Theorem 2.1.6
In this case, the expression for S simplifies:
S(a.) = —la—y] ™ [2apm (@)an(2) + 7(x) — Ga(2)a(z) + 1582 — 12|a(2)(@ — )]
Now recalling (2.4.19), we see that if N/v — 1 is small enough we have
—5(2,y) = eolw —y|7?

for some strictly positive constant ey. This implies

—S(x,y)|u(x)|?|uly)Pdx € M v
Joz =S (@, y)lu(@)|"|uly) | dedy > 0/92 iz — yf° drdy (2.5.19)

3-n
= eoll|DI 2 |UIP 122 @n)-
and, from (2.5.18), we get
— Jor A20(x—y)lu(@)Plu(y) Pdzdy 2 ~I1T+(eo—C(n, N,6)Co)|| D] =" U 12 gy

with an implicit constant depending on N, n only. If C, is sufficiently small (with
respect to N, n,v and J), we obtain

2~ +||D] " U 32y
and integrating in time on [0, 7] and recalling (2.5.14), we arrive at the estimate
2 2
DI 0PI s < S 02+ [u(O) 22 [[u(0)I2,; + (DI,
Note that by (2.2.7) we can write
T _ _1_ 3
Jo T1dE < u(O)IZelllel =) "> 72 ullT, p S Ilu(O)IZ2 lull o
and recalling (2.1.15) this gives
T 2 2 2 2 2
Sy T < s lull} 5 < )32 (a3 + ()2
In conclusion we have
DI (0P 135 12 S 1u(@) 72 [[u(©)I23 + (T2, ] -
Note that
DI U3 = fou IDIZ5 U |DIZ U Pda = [y, |UJ? - |DP"U 2da
and this can be written, apart from a constant,

z u(x)|?|u(y)|?
o U0 g WO

which concludes the proof of the Theorem.
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Proof of Theorem 2.1.7

We recall the following identities for a:

a=1I+q,
a=3+4q,

Al = 5lm + qim,
Al Qim = 3+ 24 + QmQm,

a=1+q lalz—y)|*=1+27+ gz —y)~

Starting from (2.5.15) and using formulas (2.5.4

A4) and the previous identities, we
obtain
4 4 2
o o 30
—S(z,y) 215——= +30¢——= + (2¢ — 6¢ + 24q) ——=
V) 2 g g D
— 1
+ (49— 124 - 647 - 33" — 120z — ") ———5-
(x—y)3

Since we have by assumption

jal <3CH(z)~°, [adl <Cr{x)™’, la(z —y)| < Cr{x)~".

this implies

—S(z,y) > 1504(x — y);7 — 46C1<a:)*5<x — y);S.

(2.5.20)
From (2.5.18) and (2.5.20) we have

= Jor A3 (@ = p)|u(@)*u(y)*dedy
oL _46C w(z))?|uy)? da
2 [ (155 T = s ) ) Pluto) P dody

T y)o
— ITT — C(n, N,8)Callul| 74

with an implicit constant depending on N, n only. We let ¢ — 0 and integrate in ¢
on [0, T]: recalling (2.5.14), we get

T
(15-46C1—C(n, N,)Co)llullfs 1 S 1lu(O) 22 [Ilu(O)I% 5 + (DI, | + i 117 .
(2.5.21)
Note that by (2.4.32), (2.2.4), and (2.1.18) we have
T — —
Jo 1At < Jlu(0)Z2 e~ )~ 2u)Z, o
< ()220 [l gz + 1970l 1 | (2.5.22)
S w72 |1y + (IR, |

If Cr and C, are small enough, we get immediately the claim from (2.5.21) and
(2.5.22).
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2.6 Gaussian bounds and applications

Let L be the operator (2.1.2), (2.1.3) defined on an open set @ C R™. For the
results in this section it is not necessary to assume any condition on {2 which may be
an arbitrary open set; we shall anyway assume 92 € C! for the sake of simplicity.
First of all, we chack that L can be realized as a selfadjoint operator, with Dirichlet
b.c., under very weak assumptions on the coefficients:

Proposition 2.6.1. Letn > 3 and Q C R™ an open set with C' boundary. Consider
the operator L defined on C°(Q) by (2.1.2), (2.1.3), under the assumptions

a€L®  beL™, ceL2™® e | pe <€ (2.6.1)

Then, if € sufficiently small, —L extends to a selfadjoint nonnegative operator in the
sense of forms, and D(—L) = H}(Q) N H2(Q) is a form core. Moreover we have

1 1
(—Lv,v)gz = |(=L)2vll72 = [Vollfe,  I(=L)1v]lp2 = Jv] 3 (2.6.2)

Proof. We sketch the proof which is mostly standard, apart from the use of Lorentz
spaces. The form

q(v) = (=Lv,v) 2 = [ a(VP, Vbv)dz + [, c|v|*dz
is bounded on H{(Q): indeed, by Holder and Sobolev inequalities in Lorentz spaces,

Joldl-ToPdz S llell g cllloPll zapa S Nl gll0) 2o, S lellp g Vol72

while by (2.2.15) we have ||[V?0||;2 ~ ||[Vv||z2. Thus if € is sufficiently small we
have ¢(v) ~ ||Vv||z2; in particular ¢(v) is a symmetric, closed, nonnegative form on
H}(£2), and defines a selfadjoint operator with D(—L) = H%(Q) N H}(Q) which is
also a core for g. The last property in (2.6.2) follows by complex interpolation, since
D((—L)?®) for 0 < s < 1 is an interpolation family. O

Under slightly stronger assumptions, we can see that the heat flow e’ satisfies
an upper gaussian bound; this will be a crucial tool in the following. Compare with
[26] and |25] for similar results in the case a = I, @ = R™. Note that for a,b,c € L™
with ¢ > 0 the bound is proved in Corollary 6.14 of [70]. The following result is
sufficient for our purposes, although the assumptions on the coefficients could be
further relaxed.

Proposition 2.6.2. Let n > 3. Assume the operator L is defined as in (2.1.2),
(2.1.3) on the open set Q C R™ with C' boundary, and that a,b, c satisfy

aeLl® belLi.NL™ V-bel?., celL3? L <e  (2.6.3)

le-1l,3.
Then, if € is sufficiently small, the heat kernel e'* satisfies, for some C,C" > 0,

n |Z*y‘2

letE(z,y)| < C't"2e” o, t>0, z,y € Q. (2.6.4)
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Proof. We can apply Proposition 2.6.1 since the assumptions are stronger. When
b = c =0, the gaussian bound follows directly from Corollary 6.14 in [69]; note that
in this case the kernel of et” is > 0.

Next, in order to handle the case b # 0, ¢ = 0, we adapt the proof of Lemma 10
in [53]. Let ¢ € C°(Q) and write ¢5 = \/|¢|> + 62 for § > 0. It is easy to prove the
pointwise inequality (recall notations (2.2.1))

Ags > R(LA)
which implies, for all A > 0,
(= A+ N)gs < R(E(— A" + X)) + Ags — 2.
Proceeding as in 53], we obtain
(AP + 07T < (=A+ NS
and iterating we have for all £ > 0
(A" + )7 < (A+ NS (26.5)
since (—A + \)~! is positivity preserving (see Remark 1 in [53]). Then we deduce
6] < gl

via et4’ = limy_oo (I — tA®/n)™", and applying the last formula to a delta sequence
¢ = ¢; made of nonnegative functions, we conclude that the gaussian bound (2.6.4)
is valid for et4’.

It remains to consider the case ¢ # 0. To this end we apply the theory of [58].
Let U(t, s) be the propagator defined as U(t, s)f = e(t_s)Abf, for t > s > 0. By the
gaussian bound just proved we have that U(t, s) extends to a uniformly bounded
operator L' — L' and L™ — L, moreover |U(t,s)||1p~ < |t —s|72; finally,
the adjoint propagator U.(t,s) := (U(s,t))* for s > t > 0 coincides with U(s,t)
since A’ is selfadjoint, so that U, is strongly continuous on L' (notice that this last
assumption is not actually necessary, as mentioned in the chapter). Then by applying
Theorem 3.10 from [58] we conclude that the gaussian bound, with possibly different
constants, is satisfied also by the perturbed propagator U, = et(Ab*C), provided the
potential ¢ is a Miyadera perturbation of both U and U, such that c_ is Miyadera
small with constants (co,v), 7 < 1. The verification of this last condition, in the
special case considered here, reduces to the following inequality, for all s > 0

b
Ti= [ le@)e®= fllzadt <l (2.6.6)
(we are using formula (2.5) in [58] with the choices a = 0o, J = R and p = 1) and
tA?

the same inequality with v < 1 for ¢c_. The gaussian bound already proved for e
implies

_lz—y|?

I's fQ fQ z)|[f(y ’f TreT o dtdydz < | f] 1 SUPyeq fQ = y‘nl zdx

and by the Young inequality in Lorentz spaces we get

IS el gl flle

which concludes the proof (compare with the proof of Lemma 5.1 in [88]). O




Section 2.6. Gaussian bounds and applications 60

Proposition 2.6.3. Let n > 3. Assume the operator L is defined as in (2.1.2),
(2.1.3) on the open set Q C R™ with C' boundary, and that a,b, c satisfy

B +|V-b € Liye, c€ L2, [la=T|[goo+][bl+]a |l Lnoe +1I6]  g.oc +lle- 51 <.
*(2.6.7)
If € sufficiently small then for all 0 < o < 1 we have

o o n
(=L)v||zr =~ [[(=A)%v|| L, l<p< % (2.6.8)

Proof. The assumptions of the two previous Propositions are satisfied, thus —L is
selfadjoint, nonnegative, and the gaussian bound (2.6.4) is valid.
Consider first the case ¢ = 1. Write the operator L in the form

Lo =3 aj0i0kv + 32 Bi0jv + Yov — c4v
where
B = >2;(95aj, + 2iajbk),  vo0 = > 10;(ajkbk) — a(b,b) +c—.
Then by Hélder and Sobolev inequalities in Lorentz spaces we have for 1 <p < 5

ILollze < [lallzee [|D* 0] Lo+l Lmoe [ D] 22+ Ivo—cll 3 » S A0 e

To prove the converse inequality, we first represent the operator (—A + c+)_1 in the

form
(—A+cy)t =c(n) 0+°° el A=)t

and we apply the gaussian bound to obtain

—yl

2
(A +cy) 1|<f"rOO — t72dt < |z —y|>

As a consequence, using the Hardy-Sobolev inequality we get

I(=A+c) Mol mp S lvlee ie foll np S I(=A+c)vllr
for all
I1<p<gyg
In particular this gives (since [lci ||, 2.0 < et 2.1)
1Av][Lr < (A =cr)vllee + el pgoellvl s S IA =cp)vle,  1<p<3

Adding and subtracting the remaining terms in L in the last term, we obtain
(A = e )vllze < [[Lvllze + || 2o(aje — k) 00kl e + || 22 BrOkvllLe + lIvovllze
and a last application of Holder and Sobolev inequalities gives
Javliz S 1A =)ol S I Lolls + el Av]l oo,

If € is sufficiently small we can subtract the last term from the left hand side, and
the proof of the case 0 = 1 is concluded. The case o = 0 is trivial, and the remaining
cases will be handled by Stein-Weiss complex interpolation.
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Indeed, consider the family of operators T, = (—L)*(—A)~* for 0 < Rz < 1; our
first goal is to prove that T, : LP — LP is bounded provided 1 < p < n/(2Rz), which
implies the inequality < in (2.6.8). Note that the following arguments work with
trivial modifications also for —1 < #z < 0 and give then the converse inequality 2.

T, is obviously an analytic family of operators, and T% for real y is bounded on
all LP with 1 < p < oo, with a norm growing at most polynomially as |y| — oco. This
property is well known for (—A)#, while for L% it follows from the theory developed
in [28] (see also [7] for the case Q@ = R"), which requires the sole assumption that
L satisfies a gaussian bound like (2.6.4). A standard application of the Stein-Weiss
theorem then gives the claim. O

To conclude this section we construct a family of regularizing operators which
will be needed later in the proof of H' well posedness; what follows is an adaptation
of Section 1.5 in [13]. Assume that Q and L satisfy the assumptions of the previous
Proposition. We define for 0 < € < 1 the operators

Joi=I—eL) ' = 'R(—h) (2.6.9)

where R(z) = (—L—2z)~! is the resolvent operator of —L. Then for every f € H~1(Q)
the function u = J.f € HZ(Q) is well defined as the unique weak solution of the
elliptic equation

—Lu+ e tu=etf.

Thus J, : H71(Q) — H}(Q) is a bounded operator, L : H} () — H~1(Q) is bounded,
we have the equivalence ||(I — L)vl|g-1(q) =~ ”UHH(%(Q) and the estimates

ol < O olusy  IMevlmz@ < O ol (26.10)
by standard elliptic theory, with a C' independent of €. Further we have

I evllmy) < Cllvllmg@),  1Jevllz@) < Clvlizeg),  [[Jevlla-—@) < Cllola-19
0 0

(2.6.11)
and by complex interpolation
_1 _1
[Jevll mp ) < Ce 2]l L2 (a) [Jevl[r2(0) < Ce 2ol g-1()-
Then, using the identity Je — I = J(I — I + €eL) = eJ. L, we deduce
1(Je = Dvll-1) < CellLvlla-1(0) < Cellv]l g1 (- (2.6.12)

Note that if v € H~1(2) only, we can still approximate it with ¢ € C°(2) to get
1(Je = Dvllr-1(0) < Cllv = ¢llg-1(0) + C¢l|d] g1 (o
and this implies
Yo e HHQ) Jov — v in H Q) as e = 0. (2.6.13)
We also obtain

1 1 1
1(Je = Dollz2e) < Cll(Je = Dol o) (e = Dollf-1 ) < e [[vllyy () (2:6.14)
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and an argument similar to the previous one gives
Yo € L2(Q) Jv —wv in L*(Q) as € — 0. (2.6.15)
Finally, by the equivalence ||(J. — I)UHH(%(Q) ~ ||(Je = I)(I — L)v|[g-1(q) we get
Vo € HY () Jov — v in H}(Q) as € — 0. (2.6.16)
Concerning the convergence in LP(§2) we have:

Proposition 2.6.4. Let p € [1,00) and let Q and L satisfy the assumptions of
Proposition 2.6.3. Then J. extends to a bounded operator on LP(S) and the following
estimate holds for 0 < e <1

| Jevl| 2y < Cllvll e (2.6.17)
with a constant depending on p but not of . Moreover, for 1 < p < oo we have
Vv e LP(Q) Jev — v in LP(2) as e — 0. (2.6.18)

Proof. Let ¢ : (0,00) — [0,00) be a smooth nondecreasing function with ¢(s), s¢'(s)
bounded. Starting from the identity

¢'(|v])

R(—Lo - ¢(|j0])o) + V - {R(W(|0])aVP0)} =¢(|v])a(Vv, V) + 0

IR(T - aVP0)|?

+ep(luvl?,

and proceeding exactly as in the proof of Proposition 1.5.1 in [13], we obtain (2.6.17).
In order to prove (2.6.18), we can assume v € C2°(f2) (as above). Then by the
interpolation inequality in LP we can write for all 0 < 6 < 1

|(Je = Dyoll 2 < N1(Je = Dol (Je = Dol 2 < Cllollg - 1(e = Dol

where we used (2.6.17), and by (2.6.15) we conclude that J.v — v in LP(Q) for all
p= ﬁ € (1,2). A similar argument gives the result for p € (2,00), and the case
p = 2 we already know. 0

2.7 Global existence and Scattering: proof of Theorem
2.1.9

Throughout this section Q C R” is an open set with C' boundary, n > 3, while
L is the unbounded operator on L?(€2) with Dirichlet boundary conditions under the
assumptions of Proposition 2.6.1. As explained in the Introduction, we shall work
under the black box Assumption (S) which ensures that the necessary Strichartz
estimates are available. Notice that we are restricting the range of admissible indices
at the left hand side for the derivative of the flow Ve'~.

Our goal is to extend the usual local and global H' theory to the NLS with
variable coefficients

iug — Lu + f(u) =0, u(0,x) = up(z). (2.7.1)
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We shall sketch only the essential results which will be needed in the proof of
scattering, and not aim at the greatest possible generality. In the following we use
the notations

ALY = I[P(0,T;LYR)),  CrH) = C([0,T], Hy(Q)).

Proposition 2.7.1 (Local existence in H(Q2)). Let n > 3 and assume (S) holds,
while f € CY(C,C) satisfies

FI S 1f(2) = fw)] S L+l + w7 e —w| for some 1<y <1+ 25

(2.7.2)
Then for all ug € H(Y) there exists T = T(|luo|| 1) and a unique solution u €
C((0,T); HL(9).

Proof. The proof is standard; we sketch the main steps in order to check that the
restriction ¢; < m imposed in (S) is harmless. We apply a fixed point argument to the
map ® : v — u defined as the solution of iu; — Lu+ f(v) = 0, u(0, ) = up, working in
a suitable bounded subset of the space X1 = C([0,T]; H}(Q)) N LP(0, T; W14(Q)) for
an appropriate choice of (p, q), endowed with the distance d(u, v) = |lu—v|¢yr2nL2 L4}
note that bounded subsets of X7 are complete with this distance.

In order to choose the indices we pick a real number k such that

n < 2kn <n+2, y(n —4)+2 < 2kn <vy(n—2)+2. (2.7.3)

Note that for all n > 3 and all 1 < v < 2 the two intervals in (2.7.3) have a
nonempty intersection. Moreover, the couples (p;, ¢;) defined by

_ 4 _ _ 4 _ 1
PL= 5o U= e P2 g R = 1
are admissible and we can use the estimates in (S), provided ¢; < n which will
be checked at the end. We choose then (p,q) = (p1,¢1) in the definition of Xrp.
Applying Strichartz estimates on a time interval [0, 7] with T to be chosen, we have
for u = ®(v)

IVull s par + [IVullge 2 S lluoll o + 1V f(0)

/
(e
L2 L%

By Holder and Sobolev inequalities, using the assumptions on f, we have

—1
190 g S |17, 19

L Shvel,,
L L

n—1 ;pQ L1 ’
Now we note that the condition v < Z—f% is equivalent to ypl, < p1, thus Holder

inequality on [0, 7] gives

.
IVullpg o + IVullizre S llwoll g + 772 " V0 o,

with a strictly positive power of T. An analogous computation gives

1 _
Jullzg o+ Nl zgere S Huollzz + 7% 7 (V001 0 + 10171 |
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and summing up we have proved
Ie()llxr < lwollm +T7N0l%,, o= -5 >0
Similar computations give
d(®(v1), (v2))  T7(1+ [[orllxp + llvallxs ) lon = vall o1 pan

and by a standard contraction argument on a suitable ball of X7 we obtain the
existence of a fixed point i.e. a solution of (2.7.1) provided T is smaller than a
quantity 7'(||uo|| 1) which depends only on the H! norm of the initial data.

It remains to check the claim ¢; < n. Since 2kn > n and v < "+2 we have

_ 29n 29n 2n(n4-2)
N = 22 < n927—2 < n2—2n18

and the last fraction is < 3 for all integers n > 5, while it is equal to 70/33 < 4 for
n =4 and to 30/11 < 3 when n = 3.

To prove uniqueness, if u, v are two solutions in CrH?! for some T > 0, we can
write

lu = wllg e SUFC) = £y priay S 1w = vllpg gl + IUH\LPOLW

where
4v+1 1 1 1 1
P=55=1 po  p 2 b 2 p

(note that we are not using Strichartz estimates of Vu), hence by Sobolev embedding
lu =l gz ver S Ulullpro g + 0l po ) Hluw = vl g e
It is easy to check that b < p, thus we get
STl e s + [0l o) e = 0l 2
for some € > 0 and this implies ©u — v = 0 if T' is small enough. O
Define the energy of a solution u € C([0, T]; H3 (2)) as
=1 [oa(VPu, Viu)dz + 1 [, c(z)|u*dz + [, F(u)dx (2.7.4)

Theorem 2.7.2 (Global existence in H'). Let n > 3 and assume the coefficients of
L satisfy

B +[V-b € Ly, c€ L2, fa—Il|pee +[||b]+]a|[| e + V]| 5 oo el 50 < e

“(2.7.5)
Assume f(u) satisfies the conditions (2 7.2) of the previous result, and in addition it
is gauge invariant (2.1.11) with F(r fo ds = 0 for s € R. Moreover, assume

condition (S) holds.

Then, if € is sufficiently small, for all initial data ug € HE(Q) problem (2.7.1)
has a unique global solution u € C'N L™ (R; H}(Y)). In addition the solution has
constant energy E(t) = E(0) for all t € R.
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Proof. Since the lifespan of the local solution only depends on the H' norm of the
data, in order to prove the claim it is sufficient to prove that the energy E(t) of
the solution is conserved. Indeed, E(t) controls the H' norm of u, and then global
existence follows from a standard continuation argument.

Let e(u) be the energy density

e(u)(t, ) = 2a(x)VPu - Vou + Le(@)|uf? + F(u)

so that E(t) = [,e(u)dz. By gauge invariance and the definition of F' we have

O F(u) = 0, [" f(s)ds = R ( f(|u|)‘—jj|ﬂt) — R(f(u)@). If the function u satisfies

u(t) € H%(Q), we can write
dre(u) + V - {Ruza(z)VPu} = Rug(ivg — Lu + f(u)) =0 (2.7.6)

and integrating on €2, since upg = 0 by the Dirichlet boundary conditions, we
obtain that E(u)(t) = E(u)(0) is constant in time.

Since we know only u(t) € Hg (), in order to use (2.7.6) we need a regularization
procedure; we use the operators J, constructed at the end of Section 2.6. Thus we
define u. = Jou and note that u. belongs to CrH?(2) and satisfies

i0pue — Lue + Jof (u) = 0.
Using (2.7.6) we obtain, after an integration on [t1,%s] X , with 0 <3 <ty < T,

Joe(uo)lzde =R [ [ 0t - (f (ue) — Jo f (u))dzdt.

Substituting d;u. from the equation and using the Cauchy-Schwartz inequality and
the assumption aj, € L™ we get

o e(olzdz| < [2[0e(t) +pe(t) + xe(t)]dt (2.7.7)

where
be = Jo [VPucl - [VP(fue) = Jef(w)ldz,  ve(t) = [ [Jef (W)]-|f(ue) = Jef (w)|da.
Xe(t) = Jq lelluel - [ f(ue) — Jef(u)|d

Since ue — u in H} and hence by Sobolev embedding in L7, we see that F(uc) —
E(u). Thus to conclude the proof it is sufficient to show that the right hand side
of (2.7.7) tends to 0 as € — 0, possibly through a subsequence; to this end we shall
apply dominated convergence on the interval [0, 7.

Consider first the case n > 4, so that v+ 1 < n. We prepare a few additional
inequalities:

1 1 1
Vel 1 = [[(=L)2 Jeul| a1 = [[Je(=L)2ullrer S [[(=L) 2 ull prer = [Vl gy

by the LP boundedness of J. and (2.6.8) for ¢ = 1/2. By Hélder and Sobolev
inequalities in Lorentz spaces, using b € L™, we have also

bucllzotr S uell ot S VUl S IVullarr, 535 =

1
v+1 nt

Q=
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and summing the two
IV ucll o1 S 11Vl g1

Thus we have
e(t) S IVull o [V (£ (ue) = Jef@)I] 201 S IVull ol }55 =: o(t).
Note that ¢ € L*(0,T) since
Jo 9t <1Vl ol <

and Vu € L’:’FL”Y+1 for some p > 2 by Strichartz estimates, while v € CpH} <
L%OL7+1 by Sobolev embedding. For 1), we have easily

Ye(t) S llull 3, =2 9(2),

and by the interpolation and Sobolev inequalities

2y— 2v— -1
75 < [l el ween S Il IVl w0, o =2
Ln—(+D)
so that
T 2y—
Jo #dt Slullzie - lIVullge fon
and again we obtain 1 € L'(0,T) since 0 < 0 < 2 for 1 < v < Z—fg As to xe,

recalling that \c]% € L™, we can write
1 1
leueef (e < Mllel2ucllrlllel2 Jef (W 2 S IVull iy VI ()] 20 S 6(8)

proceeding as in the estimate of bu,; the term cue f(u,) is similar. Thus the sequences
e, Ve, X are dominated. Moreover, it is easy to check, using exactly the previous
estimates and properties (2.6.11), (2.6.16), (2.6.17) and (2.6.18), that for a.e. ¢ € [0, T
one has ¢¢(t),1e(t), xe(t) — 0 as e — 0.

In the case n = 3, the quantity v+ 1 is in the range 2 < v+ 1 < 6 and can be
larger than n. The previous computations work fine for 1 < v < 2; when 2 < v <5
it is not difficult to modify the choice of indices so to use only the allowed Strichartz
norms. For the estimate of ¢(t) we can write for 1 < e < %

6e(t) S IVull? 5. HUHWSM b SVl 5 IVl = ()

—2e L v—2¢

by Holder and Sobolev inequalitites, and hence

T
Jo oWdt <|Vull? o IVull"Sh oy - 0
L T LI

Notice that the first factor is an (allowed) Strichartz norm, while the second factor
can be estimated by Hélder inequality in time with the Strichartz norm

Vuyl
I, s

(which is allowed and meaningful for 1 < e < 3) since the condition »33);14)5 > 29;2?

is equivalent to v < 5. The reamining estimates can be modified in a similar way;
we omit the details. O
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The next Proposition is the crucial step in the proof of scattering. We follow the
simpler approach to scattering developed in [87] and [12]. We prefer this to the more
technical method of [83], which could also be used here.

Proposition 2.7.3. Let n > 3, and consider Problem (2.7.1) under the assumptions
of Theorem 2.1.6 if n = 4 or of Theorem 2.1.7 if n = 3. Then any solution
u € C'NL®R; HL(Q)) satisfies

t_l}gloo |lu(t, )lzr =0 forall 2<r< p—

(2.7.8)

Proof. We consider only the case ¢ — +o00; the proof in the case t — —o0 is identical.
It is enough to prove (2.7.8) for r =2 + %, ie.,

lim HU(t,)

t——+00

4+ =0. (2.7.9)

HL2+H
Since the H'! norm of u is bounded for ¢ € R, by Sobolev inequality we have
ot N 2y + [lult )2z S llult g + lJult, )l < C (2.7.10)

with C' independent of ¢, and interpolating with (2.7.9) we obtain the full claim
(2.7.8).

Assume by contradiction that there exist an ¢y > 0 and a sequence of times
ti, T 400 such that for all k

[ultr: ) 20 = €o- (2.7.11)
Denote with Qr(z) the intersection with  of the cube of side R and center x (with

sides parallel to the axes). By interpolation in LP spaces and Sobolev embedding, we
have for all v € H}(Q2) and x € Q

245 2 o 2 o
10204 gy S T2 1 ) P22 S 10T @i~ 10220 0
which implies, for all x € €,
243 2 0
10204 g,y = 1 @i - S9R V52 g
Choosing a sequence of centers x € € such that the cubes Q1(z) cover Q and are

almost disjoint, and summing over all cubes, we obtain the inequality (see also
Proposition 1.4.1 in Chapter 1)

2+2 2 4
n < . n
1912574 oy S Iy 590 10l (2.7.12)

Combining (2.7.12) with the energy bound (2.7.10) and recalling (2.7.11), we obtain
that there exists a sequence of points xp € € such that

lu(t, .)HLQ(Ql(mk)) > e >0.



Section 2.7. Global existence and Scattering: proof of Theorem 2.1.9 68

We claim that we can find £ > 0 such that
||u(t, )||L2(Q2(xk)) >e€1/2 forallt e (tg, tr + E) (2.7.13)

Indeed, consider a cut-off function y € C2°(R™) such that x(z) = 1 on the cube of
side 1 with center z, and x(z) = 0 outside the cube of side 2 with center x;. We
integrate the elementary identity

4 @t )] = 2x(@)V - {Sla(@) Vou(t, 2)a(t, 2)]}

on €2 and we obtain, for all ¢t € R,

|4 Jo x@)u(t, ) da| < | Jo, V(@) - Sla(@)Vu(t, 2)at, )] ]

S lult, ')HLQ(Q)Hvbu(ta’)HL2(Q) (2.7.14)
< Ju(0, )l 22 iuﬁ}g [Vu(t, )2y = C < +oo,
€

where we used (2.2.15). This implies
2 9 _
fQ2($k)’u(t’x)’ dz > le(l‘k)’u(tk7x)’ dx — C|t — tg|,

whence (2.7.13) follows provided that we choose t > 0 such that €2 — Ct > €3 /4.
Note, by passing to a subsequence, we can assume the intervals (¢, ¢, + t) to be
disjoint.

If n > 4, we get

w(t,@)|?|u(t,y)|? tp+t
Iz Jaxa %dmd@;dt 22ty sz(mk)XQz(:rk) lu(t, 2)|?|u(t, y)|*dzdydt = cc.

but this is in contradiction with (2.1.23), since u € L (R, HZ(9)), and this concludes
the proof in this case. On the other hand, if n = 3, from (2.7.13) we get that

4 47
1l Lt i 8y < Qo)) = CELts
which is in contradiction with (2.1.24). O

By fairly standard arguments, property (2.7.8) implies that the Strichartz norms
of a global H! solutions are bounded, and scattering follows. The only limitation
here is the requirement ¢; < n in Assumption (S), which is effective only in dimension
n = 3,4. We sketch the arguments for the sake of completeness:

Proposition 2.7.4. Let u € C N L¥(R; H} () be a solution to Problem (2.7.1)
under the assumptions of Theorem 2.1.6 if n = 4 and under the assumptions of
Theorem 2.1.7 if n = 3. Moreover, assume that (S) holds and that v > 1+ %. Then
for every admissible pair (p,q) we have u € LPL1, and for every admissible pair (p, q)
with ¢ < n we have Vu € LPLY.

Proof. We consider in detail the case n > 4, where v+ 1 < n. For the case n = 3 in
the range 2 < v < 6, the following arguments can be easily modified as in the last
part of the proof in Theorem 2.7.2. Note that we know that the Strichartz norms
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are finite on bounded time intervals, and we only need to prove an uniform bound as
the time interval invades R.

We use the notation L., L9 := LP(T,t; LY(2)) for t > T. By Strichartz estimates

on the time interval [T t] for the admissible couple (p,y + 1) where p = éLﬂ we

nyy
have
Jullzg, zoer S (Dl + 1]y oy

S (@)l 2 + Ml paall

since | f(u)| < |u[Y and (v + 1)’y = v + 1. The condition v > 1+ 2 is equivalent to
v > ]%, thus we can continue the estimate as follows:

=5 e
S lu(T)| 2 + ||U|!L%<fm+1|||lu\|fw+1HL%
D
p/
Lg’ftmﬂ'

,Y,E
<Nz + Null o po ull

By Proposition 2.7.3 we know that o(T") = [|ufzse_r~+1 — 0 as T'— oo. Thus the

function ¢(t) := [|ul|z» r++1 satisfies an inequality of the form ¢(t) < C'+ 0(T)¢(t)§.
Taking T large enougil, an easy continuity argument shows that ¢(t) is bounded
for all ¢ > T. This proves that v € LPLYT!. Now we notice that in the previous
computations we have also proved that f(u) € LF' LY and using again Strichartz
estimates we conclude that w € L"L? for all admissible (r, q).

The estimate of Vu is similar:

IVullgp e STVl L2 + 1V f(w)

HL;'tL(w—l)’

-1
SIVaD)ze + el eIVl el

since | f/(u)| < |u[*~!, and as before, using Holder inequality,

_ P
7

v -1
S IVu(@)llz2 + HUHL%?ZOLWJHHUH;,,W-HHVUHLV+1HL%’J
- =5 Bl
S IVl + il allel el Valzg, o
By the bound already proved, this implies
IVullze e STVU(T)|z2 + o(T)[[Vull gz, 1001

and taking T large enough we obtain the claim. O

We can now conclude the proof of Theorem 2.1.9. Part (i) is Theorem 2.7.2.
Scattering is an immediate consequence of the a priori bounds of the Strichartz
norms proved in Proposition 2.7.4. We briefly sketch the main steps of the proof
which are completely standard, in the case ¢ — +o00; the case t —+ —o0 is identical.

To construct the wave operator (claim (ii) of the Theorem), given uy € H(€2),
we consider the integral equation

u(t) == e Muy +i / " emit=s) f(u(s))ds (2.7.15)
t
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and we look for a solution defined on [T, o), for T" sufficiently large. Using Strichartz
estimates with the same choice of indices as in the proof of local existence, and
noticing that the Strichartz norms of e *Fu . are arbitrarily small for T" large, by
a fixed point approach we construct a solution u € C' N L®([T, +o0), H} () to
(2.7.15). This is also a solution to the Schrédinger equation in (2.7.1), and thanks to
the global existence result, u can be extended to a solution u € C'N L (R, H}(Q))
defined for all t € R. We can then choose up = u(0). Uniqueness follows by a similar
argument: if two solutions uq, ug of (2.7.1), with possibly different data, have the
same asymptotic behaviour i.e. ||ui(t) — ua(t)||g1 — 0 as t — 400, then they both
solve (2.7.15), and the previous fixed point argument implies u; (t) = ua(¢) for ¢ large.
Then u; = us by global uniqueness.

To prove asymptotic completeness (claim (iii) of the Theorem), we fix a ug €
H}(2) and let u(t) be the corresponding global solution to Problem (2.7.1). Then
we define v(t) = e’ u(t) and note that

v(t) = up + i/o el f(u(s))ds.

Note that [|e?¢||z2 = ||| 12 by the unitarity of e”*!; moreover, since (—L¢, $) 2 ~
Hqﬁ”%ll, we have HeitLqSHip ~ (—Let ¢, et ¢) 12 ~ ||¢]| 71, and in conclusion we get

le" Gl = NGl Vo € Hg(€)

with constants uniform in ¢. Thus for 0 < 7 < t we can write

lo(t) = ()l = [le™ ((t) = v(P)| o = ‘ / e I f(u) ds

T

L¥H!

and by Strichartz estimates, Holder inequality and interpolation, we get

[o(8) = o)l S 1@,y
where p = %Li; this choice is always possible in dimension n > 4; in dimension n = 3
for the range 2 < v < 6 one needs to modify the choice as in the proof of Theorem
2.7.2. By Proposition 2.7.4 we know that the Strichartz norms of u are bounded,
and by the same argument used in that proof we see that f(u) € LPWL0+D' Ag a
consequence, the right hand side of the previous inequality can be made arbitrarily
small provided ¢, 7 are large enough. We deduce that v(t) converges in Hg(Q) as
t — 400 to a limit u,, and finally

lu(®) — e Fuplm = Jo(t) — wsllg — 0

as claimed.

2.8 Strichartz estimates

Throughout this section, 2 = R™ and L is the selfadjoint operator on L?(R™)
defined in Proposition 2.6.1. We look for sufficient conditions on the coefficients
a,b, c in order to have Strichartz estimates on R" for the flow e

le" ol Lo o S [luoll 2, (2.8.1)
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t oi(p—
I fy e Fds|porn S IF b, q (2.8.2)

and for the derivative of the flow Vei&
Ve ug| o o S | Vuoll 2, (2.8.3)
”V fg ei(t_s)LFdSHLmLm ,S HVFHLpéLq/Q (2.8.4)

for admissible couples of indices (pj, ;). Recall that admissible couples (p, q) satisfy
p € [2,00], q € [2,-2%] with % + % = 5 and the endpoint is the couple (2, ny,

' n—2 n—2
We shall derive the estimates of the first kind by combining Tataru’s results in

[84] with our smoothing estimates. On the other hand, in order to deduce (2.8.3),
(2.8.4) we shall use the equivalence of Sobolev norms proved in Proposition 2.6.3.
The following result is a direct application of [84]:

Theorem 2.8.1. Let n > 3. Assume the coefficients a,b,c of L satisfy
ja = 11+ (@)(|a'| + [b]) + (2)*(Ja"] + || + |e]) < ()~ (2.8.5)

for some €,6 > 0. If € is sufficiently small, the flow e’ satisfies the Strichartz
estimates (2.8.1), (2.8.2) for all admissible couples (pj,q;), 7 = 1,2, including the
endpoint.

Proof. We rewrite L as the sum of Au =V - (aVu) plus lower order terms
Lu = Au + 2ia(Vu,b) + i0j(a;ibk)u — a(b, b)u — c(x)u.
Define the norm

1vllz = vl zooai<ty + D N0l poo (21 <jaf<an-
i>1

By Theorem 4 and Remarks 6 and 7 in [34], if a, b, ¢ satisfy

@)% |a" (@)l 2 + (@) la’ (@)l 2 + [lla(z) = 1|z < e, (2.8.6)
()20 (ajbi)l| 2 + | {x)ajibillz < e, (2.8.7)
1) (105 (ajibi)| + la(b,0)| + [e(@)]]l 2 < e (2.8.8)

for € small enough, then the linear flow e’ satisfies the full set of Strichartz
estimates (2.8.1), (2.8.2). It is immediate to check that condition (2.8.5) implies
(2.8.6)—(2.8.8). O

Combining the previous Theorem with our smoothing estimate (Corollary 2.1.5)
we cover the case of repulsive electric potentials with a large positive part:
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Theorem 2.8.2. Let n > 3. Assume the coefficients a,b of L satisfy
ja— I+ (@) (|a'| + B]) + (2)*(|a"| + V']) + (2)*|a"] < e(a)~° (2.8.9)
while the potential c(x) satisfies
—e(z) "2 < e(w) < C%{x) 72, () e Lm (2.8.10)
and the repulsivity condition
a(z)z - Ve(z) < ez Ha) 7170 (2.8.11)

for some €,6,Cy. > 0. If € is sufficiently small, the flow e’ satisfies the homoge-
neous Strichartz estimates (2.8.1) for all admissible couples, and the inhomogeneous
estimates (2.8.2) for all couples with the exception of the endpoint-endpoint case.

Proof. By Theorem 2.8.1, Strichartz estimates are valid for the flow e*%0 with ¢ = 0.
The complete flow u = e'*lug satisfies the equation iu; + Lou = cu, hence it can be
written

u = etlug = etloyg — i fg e (t=9)Lo(cy)ds

so that, by the previous result,

lullzrre S lluollz> + lleul , 2n,

for all admissible couples (p, q). By Holder inequality we have

[leull

0 —1-06
poptn S 1@ el all @) Pl o

and the homogeneous estimate will be proved if we can prove the estimate
1)~ ull 22 S lluoll 2 (2.8.12)

Indeed, the assumptions of Corollary 2.1.5 are satisfied by L; in particular, the
gaussian upper bound for the heat flow " is valid for general L coefficients (see
Theorem 5.4 in [70] or [69]). Thus (2.8.12) follows from inequality (2.1.21) and we
obtain the full set of homogeneous Strichartz estimates for the flow e**~.

To prove inhomogeneous estimates it is sufficient to apply a standard T7T*
argument combined with the Christ-Kiselev lemma, and this gives (2.8.2) with the
exception of the endpoint-endpoint case. O

We conclude the section by proving the estimates for the flow Ve*%, which are
now a straightforward consequence of the previous results. Note that the application
of Proposition 2.6.3 imposes an additional condition ¢q; < n, which is restrictive only
in dimensions n = 3 and 4.

Corollary 2.8.3. Let n > 3. Estimates (2.8.3), (2.8.4) hold for the flow Ve, for
all admissible couples (pj,q;), j = 1,2, provided g1 < n and the coefficients a, b, ¢ of L
satisfy either assumption (2.8.5), or assumptions (2.8.9), (2.8.10), (2.8.11), provided
€ 18 small enough.
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Proof. In both cases we see that the assumptions of Proposition 2.6.3 are satisfied.
In particular, in the second case the smallness of the L2'' norm of ¢_ follows from
the fact that the L™ norm of (2)'*9¢ is arbitrarily small outside a sufficiently large
ball, and inside the ball we have |c_| < e by condition (2.8.10).

Now in the first case the assumptions of Theorem 2.8.1 are satisfied and we can
write

Ve Eugl| o par ]| (~L)2 g || por pan = ([ (—L) 2ol por s

SI=L)

N

uo|| 2 = || Vuol| 2

by a repeated application of (2.6.8) for o = % The proof of the remaining claims is
identical. O

2.9 Definitions and basic results on Lorentz spaces

For the convenience of the reader, we recall here the definitions and the main
properties of the Lorentz spaces LP9, in view of the applications needed in the proof
of our results.

For any measurable function f: R™ — C and any s > 0 we define the upper-level
set F{ and the non- increasing rearrangement f* of f:

Ef = {z[|f(z)| > s},
() :==inf{s > 0: |[E{| <t}, te€(0,400).

Moreover, we consider the average of f*, defined by

_1/0tf*(r)dr

The Lorentz spaces are hence defined as follows:

Definition 2.9.1. For any 1 < p < oo and 1 < ¢ < oo we define the quasinorm
| £l p.q as follows:

1/q
Ul = L @28 @) a7 1<a<on g
SUPt>0t1/pf (t), qg=0o0

When p # 1, if we replace f* with f** in the above definitions we obtain an equivalent
quasinorm that is in fact a norm (see [4], [9]). The Lorentz space LP4 is defined by

L2 = {f (| fll ppa < 00}

Moreover we define
LY=L, [ .= L[>,

The spaces L> for 1 < ¢ < oo are usually left undefined (although L°%! is defined
in |9] as the closure of L* compactly supported functions in the L* norm).
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With the above definitions, one obtains immediately the elementary properties

PP =T1F 1< p<oo;
Lp,q1gp,q27 1<p<0071§Q1<QZ<OOa
with continuous embedding. For 1 < p < oo, the spaces Lk, := LP>° are usually

called weak Lebesgue spaces or Marcinkiewicz spaces.
It is remarkable that the Lorentz spaces can be obtained by an equivalent
construction using real interpolation:

1 1-6 0
R +

Po p1

LP9 = (LP0 LPY)g .,

provided
po<pi, po<g<oo, 0<O<I.

The Hoélder, Young and Sobolev inequalities can be established in the framework
of the Lorentz spaces, where they turn out to be stronger than in the Lorentz spaces:
we collect them here in the followin Theorems, referring to [68] for the proofs.

Theorem 2.9.2 (Holder inequality). Let f € LPv% g € LP2%2. The following
estimates hold:

b ifp17P2ap € (].,OO), q1,492,4 S [1700]; then

1£9ll e < CNFllpovar 19l posazs P =pr 405t a7 <art + a0t

L 7;fpl?p2 € (1500); q1,92 € [1?00}; then

1F gl S CUf a9l pnne,  1=prt +p2t 1<ar +a3
We remark that the above statement does not cover the inequality

1f 9l s < A f1poc 91l oo
that clearly holds whenever LP¢ is defined.

Theorem 2.9.3 (Young inequality). Let f € LPv9 g € LP292. The following
estimates hold:

L ifpprup S (1700); q1,492,4 S [1700]7 then

1f*gllpa < ClFllzova |9l proaes Pt =pit+p05Y ¢ <art+ a3’

L4 Z.fppr S (1700)7 q1,42 S [1700}7 then
1F* gl SONfllpman lglpreee, 1=p7" +p3 1< + 057
As before, we remark that the above statement does not cover the inequality

1 * gl zoa < WFprllgllzra,

that can be shown to hold whenever LP? is defined by real interpolation.



Section 2.9. Definitions and basic results on Lorentz spaces 75

Theorem 2.9.4 (Gagliardo-Nirenberg-Sobolev inequality). Let 0 < s <mn,
l<g<r<ooand f € H%1. Then the following holds:

‘ n n
10 < CINDI Sl 0s withs =% = =2,
We conclude this survey showing some example of functions in Lorentz spaces.
We state an aternative and useful characterization of the Lorentz space norm, given
in the following Lemma from [32] (see also [52, Lemma 5.1]).

Lemma 2.9.5. Let f: R® — C be a measurable function and let 1 < p,q < oo.
Then f € LP9 if and only if there exist a sequence of sets (Ej)jez and a sequence of
numbers a = (aj)jez such that |E;| = O(27), a € 19 and the following estimate holds,
for some constant C > 0:

f@)] < CY a2 Pxp, (x).
JEZ
With 8 > 0, denote
wg () == || (|log|z|| + 1)°.
If 5 = 0, then it is easy to see from the definition that w/gs e L% for any

s > 0. In the case § > 0, for any s > 0 and ¢ € [1,00], we have wgs e L/sa,
provided g > 1/sq. We will use Lemma 2.9.5: for any j € Z consider the ball
B’ = Byj/m = {x: |z| < 29/} and the rings E; := B/*'\ BJ; it is clear that
|E;| = C,27, where C,, depends only on the dimension n. Then, for all z € R™ we
have the estimate

1 ,
~S(z)| = () <CS jeZ(lillog 241)Ps27is/ny 1 ().

We get immediately the claim, remarking that a; = (|j|log2 + 1)=%¢ is in 19 if and
only if 8 > 1/sq.



Chapter 3

Sharp Hardy uncertainty principle
and gaussian decay properties of
covariant Schrodinger evolutions

In this chapter we prove a sharp version of the Hardy uncertainty principle for
Schrédinger equations with external bounded electromagnetic potentials, based on
logarithmic convexity properties of Schrodinger evolutions. We provide, in addition,
an example of a real electromagnetic potential which produces the existence of
solutions with critical gaussian decay, at two distinct times. The results in the
present chapter are proved in [11]: since this chapter is somehow apart from the
previous ones, we prefer to keep the notations used in the paper and in the literature
on this topic even if they are slightly different from the ones used until now.

3.1 Introduction

This chapter is concerned with the sharpest possible gaussian decay, at two
distinct times, of solutions to Schréodinger equations of the type

0w =i(Aa+ V)u, (3.1.1)
where u = u(z,t) : R" x [0,1] — C, and
V=V(x,t): R" x[0,1] = C,
Ag:=V?%, Va:=V—id, A=A(z):R" = R"
The results in this chapter follow a program which has been developed in the magnetic
free case A = 0, in the recent years, by Escauriaza, Kenig, Ponce, and Vega in the
sequel of papers [33, 31, 32, 34, 35], and with Cowling in [21]. One of the main

motivations is the connection with the Hardy uncertainty principle, which can be
stated as follows;

if f(x)=0 (e*|x‘2/62> and its Fourier transform f(€) = O <6*4|§‘2/°‘2), then
af<4=f=0

||

afS =4 = f is a constant multiple of e 5% .

76
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The solving formula for solutions to the free Schréodinger equation with initial datum
f in L?, namely

(@, 1) = e f(z) = (2mit) "B T (e" f> (&),

gives a hint of the following PDE’s-version of the Hardy uncertainty principle:
if u(z,0) =0 (e_|$‘2/52> and u(z, T) := eT?u(x,0) = O (e"w‘z/o‘2), then

af < 4T = u =0
. . - (L-‘ri) | |2
aff =4T = u(x,0) is a constant multiple of e \5* 1T i
The corresponding L?-versions of the previous results were proved in [77] and affirm
the following:

e'x‘2/52f eL? e4|5|2/°‘2f €el? af<4=f=0

e|m|2/52u(q:,0) eL? e‘xl2/a2eiTAu(x, 0) € L?, af < 4T = u=0.

We mention [5, 39, 80] as interesting surveys about this topic. In the sequel of
papers |21, 33, 31, 32, 34, 35], the authors investigated the validity of the previous
statements for zero-order perturbations of the Schrodinger equation of the form

Ou=1i(A+V(t,x))u. (3.1.2)

An interesting contribution of the above papers is that a purely real analytical
proof of the uncertainty principle is provided, based on the logarithmic convexity
properties of weighted L2-norms of solutions to (3.1.2). Namely, norms of the type
H(t) := ]\e“(t)‘x+b(t)|2u(t)||L2(Rn), where a(t) is a suitable bounded function, and b(t)
is a curve in R™, are logarithmically convex in time. The interest of these results
relies on various motivations. First, since just real analytical techniques are involved,
rough potentials V' € L* can be considered, which are usually difficult to handle by
Fourier techniques. In addition, in [34] it is shown that a gaussian decay at times
0 and T of solutions to (3.1.2) is not only preserved, but also improved, in some
sense, for intermediate times, up to suitably move the center of the gaussian. A
consequence of Theorem 1 in [34] is the following: if V' (¢,z) € L™ is the sum of a
real-valued potential V; and a sufficiently regular complex-valued potential V5, and
||e|x|2/f32u(0)|\L2 + He‘x|2/°‘2u(T)||L2 < +o00, with aff < 4T, then u = 0. Moreover,
the result is sharp in the class of complex potentials: indeed, Theorem 2 in [34]
provides an example of a (complex) potential V' for which there exists a non-trivial
solution u # 0 with the above gaussian decay properties, with o5 = 47

The fact that the potential in [34] is complex-valued might have an appealing
connection with the examples by Meshkov and Cruz-Sampedro in [61, 22| about
unique continuation at infinity for stationary Schrédinger equations. In particular, an
interesting question is still open, concerning with the possibility or not of providing
analogous real-valued examples.

Our first result states the following: if one introduces a magnetic potential in
the hamiltonian, then real-valued examples in the spirit of Theorem 2 in [34] can be
found.
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Theorem 3.1.1. Let n =3, k > 3/2, and define A = A(x,y, z,t) : R3T! — R3 and
V =V(x,y,z1t): R3*! - R as follows:

2kt z
A = : —x? —y? 1.
(x,y,z,t) 1+t2 (Z‘2 +y2)(1+7"2) (l’Z,yZ, x Yy )7 (3 3)
k 2 4(1 + k)r? 9
)= —— -] —-1]A t .14
Vit = s (o 0= ) - MR, G

where 1% := 2% + % + 22, Then the function

(1—it) 2

u=u(r,t) = (1+it)* 3 (1 + %) ke a0+2)" (3.1.5)

1s a solution to
10w + Aqu=Vu

r2 2
esu(—1)

satisfying + |lesu(l) < 00.

L2 L2

Remark 3.1.2. The choice of the time interval [—1, 1] instead of [0,7"] does not led
the generality of the result, since by scaling one can always reduce matters to this
case (see also Remark 3.1.5 below). Notice that both A and V' are real-valued, and
this is (at our knowledge) a novelty. Observe moreover that A is time-dependent, and
singular all over the z-axis x = y = 0, with Coulomb-type singularity (22 + yz)_%.
We finally remark that we are not able to generalize the above example to any
dimension n # 3, and it is unclear to us if this is an intrinsic obstruction or not. The
main idea relies in the expansion

Ap=A—2iA-V —idivA—|A]%

Applying this operator to the function u in (3.1.5), one notice that the first order
term 2¢A - Vu vanishes, since u is radial and we choose the Cronstrom gauge A-x = 0;
on the other hand a purely imaginary, non null zero-order term idiv A naturally
appears, being A real valued. We refer to section 3.2 below for the details of the
proof, which is a quite simple computation.

Theorem 3.1.1 motivates us to think to electromagnetic Schrodinger evolutions
as a natural setting for the study of Hardy uncertainty principles. We also need
to keep in mind the well known fact that the magnetic ground states (and hence
the corresponding standing waves) have gaussian decay (see [30] and the references
therein).

In the recent years, some results in the spirit of the Hardy principle appeared,
concerning with generic first-order perturbations of Schrédinger operators. Among
the others, Dong and Staubach in [27] proved that an uncertainty property holds,
under suitable assumptions on the lower order terms; nevertheless, a quantitative
knowledge of the critical constant in the gaussian weights seems to be difficult to
be found, due to the generality of the model. The paper [27] generalize a previous
result by Tonescu and Kenig in [47], in which unique continuation from the exterior
of a ball is proved, in the same setting.

We stress that an electromagnetic field is not any first-order perturbation of a
Schriodinger operator, since it has a peculiar intrinsic algebra which has to be taken
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into account. The feeling is that quantitative results could be obtained for such
operators, under geometric assumptions on the magnetic field. As an example, we
mention |2], where a non-sharp version of the Hardy uncertainty principle (with
aff < 2T') in presence of (possibly large) magnetic fields has been recently proved,
inspired to the techniques in [32]. The last result of this chapter improves the ones
in [2], covering the sharp range a8 < 4T. In order to settle the theorem, we need to
introduce a few notations.

In the sequel, we denote by A = (A!(z),...,A"(z)): R® — R" a real vector
field (magnetic potential). The magnetic field, denoted by B € M, x,(R) is the
antisymmetric gradient of A, namely

B = B(z) = DA(z) — DA'(z),  Bj(z) = A¥(z) — Al (2).

In dimension n = 3, B is identified with the vector field curl A, by the elementary
properties of antisymmetric matrices. Finally, in the following we will denote by f;
the time derivative 0, f of any function f. We can now state the last result of this
chapter.

Theorem 3.1.3. Let n > 3, and let u € C([0,1]; L?(R™)) be a solution to
Ou=1(Aa+ Vi(z)+ Va(z,t)u (3.1.6)

in R™ x [0,1], with A = (AY(z),...,A"(z)) € C5(R%RY), Vi = Vi(z) : R® — R,

Vo = Va(z,t) : R™™ — C. Moreover, denote by B = B(z) = DA — DA', Bjj, =
A? — Aj and assume that there exists a unit vector £ € S"=! such that

¢'B(z) = 0. (3.1.7)
Finally, assume that
|2' B3« < 00 (3.1.8)
[Vil[poe < 00
12 o
sup ||e @ B2 Vy(- 1) SWPeefo, 1 ISV2( 0l oo ~ (3.1.10)
t€[0,1] Lo
L2 L2
e u(-,0)]| +|leau(-1)|| < oo, (3.1.11)
L2 L2

for some o, § > 0.
The following holds:

o if aff < 4 thenu=0.
o if af >4 then

ia(t)

sup [ ®H e H/il TV (O Sy
t€[0,1] LQ(R” L2(R" x[0,1])
[ [
< N | |le #* u(0) + |lea? u(1) ,
L2(R™) L2(R™)

(3.1.12)
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with
afR

‘O = St B =0+ 2R (et — B - )7

where R is the smallest root of the equation

1 R
203  4(1 + R?)’

and N > 0 is a constant depending on a, B and [|V'|| oo (gax[0,1])- ||:EtB||Loo(Rn).

Remark 3.1.4. Notice that, apart from the local regularity assumption A € Gllt;i (R™),
which is the minimal request in order to justify an approximation argument in Lemma
3.3.3 below, all the hypotheses of the theorem are in terms of B and V, respecting

the gauge invariance of the result.

Remark 3.1.5. The choice of the time interval [0, 1] does not led the generality of
the results. Indeed, v € C ([0, T], L?(R™)) is solution to (3.1.1) in R™ x [0, 7] if and
only if u: [0,1] = C, u(z,t) = Tiv(v/Tx, Tt) is solution to

Opu = i(Aapu + Vp(z, t)u), in [0,1] x R",

where

Ap(z,t) = VTA(NTz, Tt), Vp(z) =TV (VTz,Tt).

Moreover, observe that

le? lzI? l=|? lz2
le 72 v(0)] = lle#” w(O)], [l = v(T)|| = [le«u(1)]],
T2 . 2 ‘1‘2
sup [le@r AT p(t)|| = sup @I T u({))].
t€[0,T] te[0,1]

with 8/ = T7383, o/ = T 3a.

Remark 3.1.6. The magnetic field in Theorem 3.1.3 does not depend on time,
differently from the example in Theorem 3.1.1. Nevertheless, it could be probably
possible to generalize the result to the case of time dependent magnetic fields, by
assuming the existence of the purely magnetic flow and the L?-preservation, but this
will not be an object of study in the present work.

Remark 3.1.7. Assumption (3.1.7) is fundamental in our strategy of proof, and
it does not allow to include the 2D-case in the statement of Theorem 3.1.3, due to
elementary properties of antisymmetric matrices. We mention [2] for some explicit
examples of magnetic fields satisfying (3.1.7). It is an interesting open question if
there exist examples of magnetic fields which do not satisfy (3.1.7), for which the
Hardy uncertainty holds with different quantitative constants or different exponential
decays. Observe that the example in (3.1.3) satisfies (3.1.7), with & = (0,0,1).
Indeed, an explicit computation shows that
2kt 2z

B = 1A = . N ‘
cur 1 +t2 (fUZ +y2>(1 4 r2)2 ( Y, :L',O)
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The strategy of the proof of Theorem 3.1.3 is the following;:

1. first we reduce to the Cronstrom gauge = - A = 0 (see Section 3.4.1), which
turns out to be a helpful choice;

2. by conformal (or Appell) transformation (see Lemma 3.4.3), we reduce to the
case @ = 3, and we perform a time scaling to reduce to the time interval [—1, 1]
(see Section 3.4.2);

3. we prove Theorem 3.1.3 in the case p:= a = 8 (see Section 3.4.3);

4. we translate the result in terms of the original solution, by inverting the
transformations at step 2, obtaining the final result (see the end of the proof).

The key ingredient is Lemma 3.3.3 below, which comes into play in the proof of
step 3. This is based on an iteration scheme, introduced in [34]: by successive
approximations, we can start an iterative improvement of the decay assumption
(3.1.11), by suitably moving the center of the gaussian weight. In the limit, this
argument leads to an optimal choice of the function a = a(t): [-1, 1] — R for which
the estimate

2
e e, O oo 1,17y 22 Ry < Ol B, T IV [ e 2 Bl ) (3.1.13)

holds. The presence of a magnetic fields makes things quite more complicate, once
the iteration starts, as wee see in the sequel. The rest of the chapter is devoted to
the proofs of our main theorems.

3.2 Proof of Theorem 3.1.1

The proof of Theorem 3.1.1 is a straightforward computation. First, we expand
the magnetic Laplace operator and rewrite

(10 + Ap)u = (10 + A)u — 2iA - Vyu — i(divy A)u — | A?w.

Now we compute

, 1 2k 4k(k + 1)r?
A)u= k- ————
(80 + &)u 1+m2<y+u 172 )
1 2ikt 2k 4k(k + 1)r?
= — 6k — —— /7
1+r2( 1 Tye 1+ )

where u is given by (3.1.5). Observe that, since u is radial and A -z = 0 by the
definition (3.1.3), we have A - V,u = 0. Finally, another direct computation gives
. 2ikt 1
ZlezA = —m . m

In conclusion,

, k 2 4(k + 1)r?
(10 + Ap)u= [1—1—7‘2 <1+t2+6_ <1—|—7"3 >—|A2}u:Vu,

by the definition (3.1.4), which completes the proof.
The rest of the chapter is devoted to the proof of Theorem 3.1.3.
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3.3 Some preliminary lemmata

Let us fix some notations and recall some results from [34] and [2]. We denote
(fg):= | fade, H()=IfI:= (£ 1),

for f,g € L*(R™).

Lemma 3.3.1 ([34], Lemma 2). Let 8 be a symmetric operator, A a skew-symmetric
one, both allowed to depend on the time variable, and f a smooth enough function.
Moreover let v: [¢,d] — (0,400) and 9: [¢c,d] — R be smooth functions. If

(Y8ef (1) + (8, ALf () + 781 (1), f(t)) = () H(1), L€ e,d] (3:3.1)
then, for all e > 0,
H(t) +e< eQT(t)+Mg(t)+2Ng(t)(H(C) +E)0(t)(H(d) _1_6)1—0(75)’ te [C, d]

where T and M, verify

{amatT):—w, t € c,d {at@atMg):_VW t€led
=T

T(c) =T(d) =0, M.(c) = M.(d) =0,
4 (8 —8 — AV f(s), f(s s
o[RS A EIED 4 o -I%
c

Moreover

O (y O H — Y RO f — 8f — AL, ) +[|8nf — Sf — Af?

, (3.3.2)
2 2(v8ef + 78, Alf + 98, f).
For ¢ = p(x,t) : R"*1 — R, we can write
PO, —iAa)e P@D =9, — 8 — A
where
8§=—i(Arp+2V,e0-Va)+ o (3.3.3)

A= (B +12eP)

(see [2]). Observe that 8 and A are respectively a symmetric and a skew-symmetric
operator. Our first goal is to apply Lemma 3.3.1 with a suitable choice of 8, A. In
order to do this, we need to obtain the lower bound (3.3.1) when 8§ and A are given
by (3.3.3) and (3.3.4), respectively: this is done in the following lemma, analogous
to [34], Lemma 3.

Lemma 3.3.2. Let

pla,t) = a(t)|z + b(t)[*,

a=at):R—-R, b=b(t)=bt)E:R—-R?, eSS (3.3.5)
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and 8, A be defined as in (3.3.3) and (3.3.4). Assume that

E izgg g (3.3.6)
for all x € R™ and assume (3.1.7). Assume moreover
3a afa ¥ 2 .
F(a,y):<a+32a _2a_2<a+7> >7>0m e, d]. (3.3.7)

Then, for a smooth enough function f,

v2a?[b|?

(y8t+7[8, Al+48) f, f) = — << Fla.n)

+ 2’yaHa;tB]%oo> 1, f> ,  forallt € [e,d].
(3.3.8)

Proof. The proof is analogous to the one of Lemma 3 in [34], with some additional
magnetic terms to be considered. Explicit computations (see Lemma 2.9 in [2]) give:

/n 8ffdx :/n {—z’(2na|f|2 +4a(m+b)'VAff)] da
+/Rn [a\$+b!2|f!2+2a15~(x—i—b)\fﬂ dz

Affd:c:/ [(z‘AAf+4ia2|x+b|2f)ﬂ da
]Rn

/RR[S,A]ffdx:/R {8a|vAf|2+32a3‘x+b’2|f|2} i

[4S[f 2a(z + b) BV 4 f]] dx

n

_|_

\\

4%fax+b) vAf+faB-vAf]] da

n

/nstffdx:/n [2%[(2a(az+b) +2a£))-vAf]ﬂ dx

+ [a!w+b| —4da(x+Db) - t} |fI? da

n

_l’_

T~

(48D (2 +b) + 2ab - (2 + b) + 2a[BJ] | .
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Summing up we get
[ 88, A1 +38) 17 da
- /n(m 1 3245y +4d)|x + bl I du
- /n[(ml&) + 2yab + 25ab) - (z + b) + 2va|b|*]| f|* dx

—l—/ 8va|Vaf|? + 2R(—=iVaf) - (4yabf) dz
Rn

+ / 2R(=iVaf) - (2Fa + 47@)(x + b)) de
- /n 4S(yf2a(z + b)' BV 4 f) dx

—/ day (z +b) - A¢|f| d.

The last term in the previous equation vanishes, because of (3.3.6). Completing the
squares in the previous equation we get

[ 08418, A1 +48)fF do

2

_ . b @ 3
: 9 ) 2’5‘2 (3.3.9)
ay 2 na 2
+/ F(a,y)|lr+b+ f da:—/ flI7dx
) F(a,w‘ I = ey Jun!

— 8’)/0,/ S(f(z +b)'BVAf) dx.

Thanks to hypotesis (3.1.7) and the fact that B is anti-symmetric we have

f(z+b)BVAf = fo'BVAf = fxfB<vAf+i;’f+7; (26; + Zy) (:c+b)f>,

for almost all x € R",t € [0, 1].
By use of the elementary inequality ab < da? + b%/46, with § = 1/4, we can
finally estimate

8vaS | f(z+b)'BVAfde
Rn

= 8vaR - fa'B <—z'v,4f + gf + (;a + Zy) (z + b)f) dx

< 2valla' Bl /R 2 de

+87a/

2

SVaf T (a +7> (z+b)f| dr,

2a 4y
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which proves the result. O

We now choose
Y=a 0,

hence

1. 3a*
F(a) = Fl(a,v) = " <a+32a3—;;>.

The next result is the key ingredient in the proof of our main Theorem 3.1.3. Its
magnetic-free version B = 0 has been proved in [34].

Lemma 3.3.3 (improved decay). Let u € C([—1,1], L*(R™)) be a solution to
Ow = i(Agu+V(z,t)u) inR" x[-1,1],

with V' a bounded complez-valued potential and A € (31 2 (R™). Assume that, for some
w >0,

sup ||le" ™ u(t)|| < +oo, (3.3.10)
te[-1,1]
and, for a: [—1,1] = (0,+00), smooth, even and such that a <0, a(1) = pu, a > p,
and F(a) > 0 in [—1,1], we have
sup ||e(“(t)_5)|$‘2u(t)H < 400 foralle > 0. (3.3.11)
te[—1,1]

Then, for b =Db(t) =b(t)¢: [-1,1] — R™, smooth, such that b(—1) =b(1) =0,

v HLOO

eI OF )] < ORI Imt B gup erbPus)) 1 <i<,

s€[—1,1]

where T is defined by

o, (to,1) = (‘bl) + 2||9ctBHLoo) in [~1,1]
T(~1) = T(1) = 0.

Moreover, there is Cy > 0 such that

a2
HMVA@HS“‘ | u)”L?(R"X[*Ll])

2
+ Call V1 = 26O yu| 2 1.1y (3.3.13)
V112 oo
< Vit =3 qup ||6“|m‘2u(t)H‘

te[—1,1]
Proof. Extend u to R"! as u = 0 when [t| > 1 and, for ¢ > 0, set
a:(t) :==a(t) —e, ge(z,t) = eaf(t)mQu(sc,t), fe(z,t) = e“f(t)lirb(t)‘Qu(x,t).
The function f. is in L>([—1,1], L?(R™)) and satisfies

Opfe —8cfe — Acfe = iV(l‘, t)fs
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in the sense of distribution, i.e.
FT0C =SS A dyds =i | ViLdyds
R™ R™

for all ( € C§°(R™ x (—1,1)), where 8. and A, are defined as 8§ and A are in (3.3.3),
(3.3.4) with a in place of a. We denote here 82, AZ" and 8¥°, AY"® the operators
acting on the variables x, ¢ and y, s respectively.

Since all the previous results make sense for regular functions, the strategy is to
mollify the function f., obtain results for the new regular function, and uniformly
control the errors. Let then § € C°°(R"*!) be a standard mollifier supported in the
unit ball of R**! and, for 0 < § < % set ges = ge ¥ 0s, fo5 = f- * 05, and

T —n— T — t—s
05’t(y>5):5 10< 6y7 5 )

The functions f; 5 and g. 5 are in C*°([—1, 1], §(R")).
By continuity, there exists €, > 0 such that

n [—1,1],

when 0 < € < g4, and for such an ¢ > 0 it is possible to find §. > 0, with J,
approaching zero as € tends to zero, such that

(at) = 5) 12 <plal’, (a(®) = 5) le+bO)F < plaf,

when x € R, 1 -0, < |t| < 1. In the following we assume 0 < € < g4 and 0 < § < 0.
We can apply Lemma 3.3.1 to f. 5, with H, s(t) = || fes (D)%, [e;d] = [-1 4 02,1 — 6],
v=azl, 8§ =8. and A = A.: it turns out that

2
Hos@) < | sup e u(t)| +2) e2T=0FMes(®)F2Ne5(1) (3.3.14)
te[—1,1]
when |t| <1 — ., and where T;, M, s and N5 are defined by
_ b2 _ _
8t ~ FaD) te[—1+0:1— 5] 7 (3.3.15)
1 + (5 T(1-9¢ )
_ 1 |9efe,6—8cfe,6—Acfe, ||
{ Hacdibles) = as S 5i5 A e N CE R T
( 1 +5 e) =M 5(1—6.) =
1-3 @—&—&
N€75 :/ ||( )f€,6(s)|| dS, (3317)
—144 Hes(s) +¢

In view to let § — 0 in (3.3.14), (3.3.15), (3.3.16), (3.3.17), we compute

(atfa,(S - Sg’tfsﬁ - -A?tfa,é)(fa t)
=/ fely, 8)(—=0505" (y, 5)) dyds +/R (=82 — AT f(y, 8)05" (y, s) dyds

f=(y, 8) (=05 — 8L° + AL*)05 (y, 5) dyds
Rn

Sy, 8)(=82* — ADt 4+ 817 — AL")6;" (y, 5) dyds.
R
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Expliciting the term in the previous relation, we get
(atfe,é - Sg’tfe,é - Ag’tfe,é)(l'a t)
= [ fely.s)(—0s — 82° + AL)0T (y, 5) dyds
]Rn

+ | el )[(e(s) + 4iaZ(5))ly + () = (6e(2) + dia2 (1)) 2 + )10 (0, 5) dyds
+ | ey 9)20:(5)B(s) - (5 +b(s)) — 20 (B(0) - (2 + b(1))]05 (v, 8) dyds

+4i | fo(y,9)las(s)(y+b(s)) - Vay + ac(®)(z +b(t) - Vaoldy' (y, ) dyds

+ [ 2infuly. 9)lacs) + o065 0. 5) dyds

—i | ey, 8)[Aas — Da )03 (y,8)dyds = I+ IT+ 11+ 1V +V + VI.
Rn
(3.3.18)

Since Vmeg’t(y, s) = —VyG?t(y, s), we have
1V =di | foly.9)lac(s)(y + b(s)) — ac(t)( + b)) - Vb5 (y, )] dyds

+4 - fe(y, 8)[—a=(s)(y + b(s)) - A(y) + a=(t)(z + b(t)) - A(2)]05" (y, s) dyds.

(3.3.19)
Moreover, recalling that
Aaf =Vif =Af—i(V-A)f —2iA-Vf—|APf,
and A,07"(y,5) = A05" (y, 5), we obtain
VI= | £y, 9)]~(Va: A) + 7, - Ay) +2(A() - Aly)) - V,
R™ (3.3.20)

HillA@)P — AW 67" (. 5) dyds
By (3.3.18), (3.3.19), (3.3.20) we can hence write
(Ocfes =88 fo s —AD f. 5)(z,t) = i(V f2) % O05(w,t) + Az 5 (2, 1) + Be (2, 1), (3.3.21)

where
Aa,é(xv t)
= | Few,9)l(@c(s) + 4iaZ()ly + B(o)* - (@c(t) + 4iaZ(t)la + b(t) 165" (v, 5) dyds
+ [ e, 9)Rac(9)B(s) - (y +b(s)) — 2a-(0B(?) - (w + BO); (v ) dyds

+4 - fo(y, 8)lac(t)(x + b(t)) - A(x) = ac(s)(y +b(s)) - A)]05" (4, s) dyds

+1 /R" fa(.% S)HA(LU)’Q — ’A(y)’Q]Q?t(% 8) dyds,
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and

Bgﬁ(s(x, t)

=4 - F=(y, 8)[4i(az(s)(y + b(s)) = ac(t) (@ +b(1))) + 2(A(x) — A(y)] - V85" (y, 5)] dyds

o fe(y,9)[2in(ac(s) + ac(t)) — (Va - A(x) + Vy - A(y))]@f;’t(y, s) dyds.

Since a., b are smooth, and A € Gl 6(R”) there is a Ny 4. > 0 such that

[ Acsll 2(mn < [—146,1-07) < ONab,A S[ulque (al)= 5l 1)), (3.3.22)

1Besll L2mrx[—146,1-8]) < Na,b,A,e S[ulfl]lle *%)‘xﬁu(t)”. (3.3.23)
Moreover

S0 V2 05O < IV oy 2w [Pl 3324

The function g, s verifies analogous relations, obtained setting b = 0 in the previous
equations.
Since the f; s and g. s are now regular, (3.3.2) holds. Therefore,

O <a O H, ed — — §R(atge 5 — 895,6 - AaQe,&Qe,é))
+ CT Hatge,é - 8695,5 - -Aage,JH (3.3.25)
e

1 G
=2 ( ‘Sst.ge& + — [S€7A ]955 Ssga 85 9e 6)
Qe a a2

€ €

Moreover, from (339) in Lemma 3.3.2, with v = 1/a, and b = 0, we get

1 a
/ ( S€t+ [Seu‘A ] S > Ge, 6g€5dx
n \ Qe a?

; 2
. a
:/ ° ‘_NAQE"S " <4ae> ¥9e.s dﬂ“r/ F(a)|z|*|ge s> dz (3.3.26)

- 8/ 3(ge.s ' BV Age 5) dx.

Since F'(ar) > 0, there exists a constant C' > 0 depending on a, such that we have

/ 8‘_1VA956+<4 >$gea
n Qe
>,

Moreover there exists an arbitrarily small 17 > 0 such that

—8/ 3(ge.s ' BV age 5) dx —*H tB”LOO/ |9 6|7 dz — / IV a9 5] da.
(3.3.28)

2
dw+/ F(a:)|xl?|ge,5]” du
Rn

) (3.3.27)

=, [ 2+ [l ge
Va(en ™ ges)| dz+Ca | [Vages +|af|ges] do
Rn
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By (3.3.25), (3.3.26), (3.3.27), (3.3.28), we get

J.

1 1
< 875 <a 8tHs,6 - (7 3%(atgs,(’i - 8695,6 - -Asgs,zS:gs,é)) (3'3'29)
5 5

iae

EAT 2+ [l ge s
VA e 8ae 9e,6 dr +C |VA96,5| + |.CL“ |g€,5| dx
R’ﬂ

tBH%OOH—5767

1
+— Hatgfﬁ - 5695,6 —A
Qg

for some constants C', D > 0 depending on a. Multiplying the last inequality by
(1 —6.)? — 2, and integrating by part in time, we get

IV (1= 0¢)? = 2V agesll L2mrx-146.1-6.)) < Na,Bees

and analogously

V(1 —0d:)? - t2vAf€,5HL2(R"><[—1+65,1—6E}) S Nap.Be)

thanks to (3.3.21), (3.3.22), and (3.3.23). Letting 0 tend to zero, we find that

V(@ =82 = 2V afell p2ox-145.1-5.)) < Nab,be,

which makes possibile to integrate in time by parts the first term in B, s, obtaining

B 5(w,t) / Vyfe(y.s) - [4ia=(s)(y + b(s)) = a=(t)(z + b(1)))]05" (4, s) dyds

= | Vule(u:9) - [2(A(@) - AW)I6; (v, 5) dyds

+ . f=(y, s)[2in(as(t) — as(s)) + (Vy - A(y) — V- A(x))]@?’t(y, s) dyds.

l,e
loc

This, together with the fact that A € € " (R™), allows to get finally

||Bs,6HL?(Rn,[—1+5E,1_5E]) <O0Ngb Age (3.3.30)

when 0 < § < 6, which improves (3.3.23).

Thanks to the above convergence results, we have that f. is in C*°((—1,1), L?(R" ))
and that H. s converges uniformly on compact sets of (—1,1) to H.(¢ ) [FAGIE
Letting ¢ and ¢ tend to zero, we get finally

[ea®lTHPOP )12 < sup ||t u(t)||2TO+MO+4IV Lo
te[—1,1]

when [¢| < 1, with

{at (2o,M) = -L|V]3
M(—1) = M(1) = 0.

Notice that M is even, and

HVHLOO// Sdes in [0,1],
T
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and, since a is monotone in [0, 1], we get the (3.3.12). Using again (3.3.27), analo-
gously we have

idg T 2
IV =022 = 2V a(e ™ g 5) | pomow - 106..1-62))
+ CallV/ (1 = 02)? — 2V 4G sl 12(Rr  [-146.,1-5.])
+ CullV/(1 = 62)2 — 229, 5

IvI2
< CAV =35 sup || u(s)|| + 6Ng e,
56[7171}

L2(R7 x [—1402,1—6:])

for C = C(|V| o, lz'B||.). Letting 6 and € go to zero, we get (3.3.13) and we
conclude the proof. O

3.4 Proof of Theorem 3.1.3

For convenience, we will denote by

Mp :=2||z'B||3 = < 400, (3.4.1)

v

My = 2|Vl +

< 400. (3.4.2)

The proof is divided into several steps.

3.4.1 Cronstrom gauge

The first step consists in reducing to the Cronostrom gauge
x-A(zr) =0 forall z € R",
by means of the following result.

Lemma 3.4.1. Let A = A(z) = (A'(z),...,A"(z)) : R* - R", forn > 2 and
denote by B = DA — DA' € My, xn(R), Bji = Aé? — A, and ¥(z) := 2'B(z) € R".
Assume that the two vector quantities

1 1
/ A(sx)ds € R", / U(sx)ds € R" (3.4.3)
0 0
are finite, for almost every x € R™; moreover, define the (scalar) function
1
o(r) :=x- / A(sx)ds € R. (3.4.4)
0
Then, the following two identities hold:
1
A(z) .= A(z) — Vp(z) = —/ U(sx)ds (3.4.5)
0

_ 1
' DA(z) = —V(z) —l—/o U(sx)ds. (3.4.6)
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Remark 3.4.2. Notice that
z- Alz) =0, z-2'DA(z) = 0. (3.4.7)

From now on, we will hence assume, without loss of generality, that (3.4.7) are satisfied
by A. Observe moreover that assumption (3.1.7) in Theorem 3.1.3 is preserved by
the above gauge transformation, and we have in addition that A -& = 0. We also
remark that
1112 2
1Al o0 + [l2*Bll7 < Mp.

Finally notice that the first condition in (3.4.3) is guaranteed by the assumption
Ae Glléi(R”) in Theorem 3.1.3.

We mention [48] for the proof of the previous Lemma; see alternatively Lemma
2.2 in [2].

3.4.2 Appell Transformation

Following the strategy in [32, 34, 2], the second step is to reduce assumption
(3.1.11) to the case a = 3, by pseudoconformal transformation (Appell transforma-

tion).
Lemma 3.4.3 ([2], Lemma 2.7). Let A = A(y,s) = (Al(y,s),..., A"(y, ))
R S R" V =V(y,s), F=F(y,s) :R* = C, u=u(y,s) : R" x [0 1] — C be
solution to
Osu =1 (Aau+V(y,s)u+ F(y,s)), (3.4.8)
and define, for any o, 5 > 0, the function
ot = (o) () et
0 Na(l—t) 4+ Bt a(l—t)+ Bt a(l —t) + Bt '
(3.4.9)
Then u is a solution to
Byl = i <Aga+ mu—l-f/(m,t)ﬁ—l—ﬁ(:p,t)), (3.4.10)
where
N »v/ap 15
Al ) =T —p a4 (a(l “O 4Bt al—t) + Bt) (34.11)
~ . Q/B x\/@ tﬁ
Via,t) = (a1 —1t)+ ﬁt)QV (a(l —t)+ pt’ a(l—t)+ ﬂt) (3:4.12)
Fan = (- YAP N oveB B\ s
Feo=(ortoem)  Flaasnrmangrm)
(3.4.13)

Remark 3.4.4. The term containing A - z vanishes (see Remark 3.4.2 above).
Moreover, assumptions (3.4.1) and (3.4.2) still hold for B and V. We finally remark
that A is time-dependent. Nevertheless, notice that

v Aw) =0, &-Ayx) =0, (3.4.14)
for all z € R™, ¢ € [0, 1].
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By direct computations, we have

L2 L2 L2 L2
eafu(0)]| =|esu(0)| , |eFu(l)| =|eTu(l)| ,
L2 L? L? L2
L2 S
sup |leeFa(t)|| = sup |[e@+B0-t)y(t)
te[0,1] L2 t€0,1] L2

For convenience, we change the time interval in [—1, 1]: let v(z,t) = 2

The function v is a solution to
O =i(Agv+Vv), inR"x[-1,1],
with
Az, t) = \}iA (\%, 12+t) , V(z,t) = %V (\2, 12+t) i

The assumptions of Theorem 3.1.3 still hold (up to a change of the constants) and
moreover

12 L2 12
e2abp(—1)|| = |leFu(0)|| =|er*u(0)] |,
L2 L2 L2
112 L2 112
e2a8p(1) = |le=Fu(l) = |leaZu(l) ,
L2 L2 L2
12 L2 1
sup ||le2eBv(t) = sup |e*Ful(t) = sup ||e(at+B1-1)% y(t) .
te[—1,1] 12 te[0,1] 2 tef0,1] L2
We set )

= — 3.4.15
= 508 ( )

The basic ingredient of our proof is the following logarithmic convexity estimate:

|12

= sup |[e(t+80-0)7y(t) (3.4.16)

sup He”“"'%(t)‘

te[—1,1] L2(R™)  tefo,1) L2(R7)
B(—t) at
112 at+BI-1) || |2 at+B(I—t)
< C sup |le? u(-,0 eaZu(-1
te(0,1] L2 L2
L2 L2
<O |leul-,0)|| +|eaZu(-1) < 400,
L2 L2

with
[12

e @trsI=0% Vy(-, 1) esuPtE[O,l]||§V2("t)||L°°> ]

c-c (a,@ Bl oo VA e suP

tel0,1]

Lo

For the proof of (3.4.16) see Theorem 1.5 in [2]. From now on, we denote v, A and
V by u, A and V.

We follow the same strategy as in 34|, which is based on an iteration scheme.
The argument here is a bit more delicate, due to the presence of additional terms
involving the magnetic field.
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3.4.3 Conclusion of the Proof

We now apply an iteration scheme which is completely analogous to the one
performed in [34]. The idea is to get the best possible choice for a(t) such that an
estimate like

Jee®lel” w(@, )l e (o1, 22 ey < Ol BT [V pocs |2 Bl poc)- (3.4.17)

holds. In order to do this, we will construct a as the limit of an appropriate sequence
a;(t), having in mind the improvement result of Lemma 3.3.3. At each step of the
procedure, assumptions (3.3.10) and (3.3.11) have to be checked. Also the curve
b(t) = b(t)¢, with € € S*! as in (3.1.7) is naturally involved in the following
argument.

Iteration scheme

Let us first construct the iteration scheme. Assume that k even and smooth
functions a;: [~1,1] = (0,4+0c) and Cy; >0, j = 1,...,k have been generated, such
that

p=a; <ay<---<ap in(-1,1),

a; <0 in [0,1] ( ;) >0 in [— 11] a;(£1) = p,

supyeq-1.[€OFFu )] < Mo B 0O BMY qupye e Pu-, )],
|z

+a | a X
IVT=2V (™" )l a1 + Cos VT = 2OV gl 1,1
< CeMV supyepy gyl )],

\

(3.4.18)
where C = C(||V|| o, |#'B||,.) >0, for all j =1,...,k.
The construction is identical to the one in [34]; we repeat it here for the sake of
completeness. In order to simplify notations, set ¢ := ak . Let bg: [-1,1] = R be
the solution to

{Bk:—Ff;;w - 20165 - ) 3419)

Observe that by, is even and

// Far®) grgs i [-1,1]; (3.4.20)

moreover b, < 0 in (0,1]. Apply now (3.3.12) in Lemma 3.3.3 with a = aj, and
b = byn, for n € RE = {pé | p € R}: we get

Heak(t”'+b’“(t)m2u(wt)||L2(Rn) < MOV gup ||€“|'|2U('78)HL2(Rn), (3.4.21)
s€[—1,1]

with

(10 < (527 +0) - (4 4 0) o0
Tj,(£1) = 0.
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T}, is even and, remembering that ai(s) < ag(7) if 7 < s,

s 2
Tk(t)—/tl/o (a’“(j; Flax(m))In! —l—ak(s)MB) drds

ax( ag(T)
1 prs F 1
< |77|2/ / mk<T))al7’als+MB/ sag(s) ds
¢ Jo a(7) t
1
—bu(Oll* + M [ sau(s)ds,
t
for t € (—1,1). Therefore the right hand side of (3.4.21) can be estimated as follows:

2ay, (1) |z-+bk (8)n]> 2 4o < DO Ms [} sai(s) ds My ul (-
e lu(t)|"dx < e e e sup |le"u(-, s)|l.
n s€[—1,1]

Consequently we obtain

/ 2o ()l =2ln b (£) (1—ai (£)o (1)) +4ai (D0x (D)o 3y £ 2 g
. 3.4.22
geMBftlsak(S)dSeMV sup Heu\-|2u(-,3)||~ ( |
56[—1,1]

Notice that, since ay is continuous in [—1, 1], we can estimate
1
eMBft sag(s) ds < O < +oo.

By (3.4.22), the check to be performed is concerned with the sign of 1—ay(0)b(0).

If 1 —ax(0)br(0) < 0 then by (3.4.22) u = 0 and the scheme stops: indeed (3.4.22)
forces u(z,0) = 0 for almost all z € R", and v = 0 in R} x [—1, 1]; thanks to the
uniqueness of the solution to (3.1.1).

If 1 — ag(0)b(0) > 0, then 1 — a(t)br(t) > 0 for all ¢t € [—1, 1], because of the
monotonicity of ax and bg. In this case, we define the (k + 1)—th functions ax41 and

cip+1 as follows:
ag _1
Op+1 = 1= apby’ Cht1 = g - (3.4.23)

We prove that the new defined ay; verifies the requests (3.4.18). Indeed it is easily
seen that agiq is even, agy1(£) = p, ap < agsq in (—1,1), agrq < 0in [0,1]. The
proof that F'(ag+1) > 0 in [—1, 1] deserves some comment: recall that

Fars1) = 2614 (166,21 — Eeq1),

moreover, from (3.4.23),

N|=

o1 = (¢ — bi)2,
Cpatl = O 16—@ kb — c2b, — 16¢.%b
k41 = Cpiq 4+ckckk Ci. Ok ¢, ok |-

From (3.4.18) and (3.4.20), we get é,b, < 0 and 16bgc, 2 + b2 > 0 in [—1,1], hence
16¢;.%, — ép1 > 0.
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Multiplying (3.4.22) by exp(—2eby(t)|n|*), € > 0 and integrating the correspond-
ing inequality on the line R, with respect to n, we get

sup [l O u(, ) < G+ e T sup [l Fu(,s)],  (3.4.24)
te[—1,1] se[—1,1]
with
PNEE T
k+1 1+e— apby

Thanks to (3.4.24), we have

sup [le@ 1O Fy(. )| < 400, forall & >0, (3.4.25)
te[—1,1]
indeed 2
agby €
. - = - 2 —C ’
ak+1 Ok+1 (1 — akbk)(l +€— akbk) ke

and (3.4.25) follows from the arbitrariness of € in the definition of af_ . Thanks to
(3.4.25) and Lemma 3.3.3, we can conclude that (3.4.18) holds up to j =k + 1.

Application of the iteration scheme

Let us describe the first step of the iteration. We choose a1(t) = p, for all
€ [—1,1]: obviously (3.4.18) hold. We set b; to be the solution to (3.4.19), that is

bi(t) = 16u(1 — %), te[-1,1].

We need the following preliminary result, already proved in [2], which will be useful
in the sequel.

Lemma 3.4.5 (|2], Theorem 1.1). In the hypoteses of Theorem 5.1.3, if aff < 2 then
u = 0.

Proof. By direct computation, we see that the condition af < 2, namely u > % by
(3.4.15), is equivalent to 1 — a1(0)b1(0) < 0. Then u = 0 by the above arguments
based on (3.4.22), and the proof is complete. O

By means of the previous Lemma, we only need to consider the range af > 2,
le. u< %.

We apply the above described iteration procedure. If there exists k € N such
that 1 — ag(0)bg(0) < 0, then u = 0 and the procedure stops. If for all £ > 1 we have
1 — ax(0)bg(0) > 0, the above described iteration produces an increasing sequence
(ak)k>1 of functions verifying (3.4.18). Set

a(t) := liénak(t), te[-1,1].

We now need to distinguish two cases.

Case 1: limy ax(0) < 4o00. In this case, from (3.4.18) we have
sup [|e?®Mu(-, 1)|| < eMefo sa(&) ds My g ety (. 1)), (3.4.26)
te[—1,1] te[—1,1]
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a2 ) zl?
”1 /1 — tZVA(e(CH_%)lII U)HLQ(R"LX[*LH) —+ Cll” \V/ 1— tze(a(t) E)I ‘ VAUHLQ(RTLX[,L”)

<O sup [t u(s)],
s€[—1,1]
for some C = C(||V ||, |z'B]|,) > 0.
Moreover, a can be determined as the solution to a suitable ordinary differential
equation (see [34] for details). One has
R
O —
CL( ) 4(1 +R2t2)7
where R > 0 is such that R
P 0+ Ry
This forces p < 5. Estimate (3.1.12) hence immediately follows after inverting the
changes in Section 3.4.2 (see below).
Case 2: limgak(0) = +oo. In this case, if fol sa(s)ds < 400, then (3.4.18)
forces u = 0. If otherwise fol sa(s)ds = +oo, we need a more detailed analysis. For
all k > 1, let s; be the maximum point of sag(s) in [0, 1]: from (3.4.18) we have

2
. 62”V||Loo_|_HV4H sup ||e‘u|'|2u(',t)H > / €2ak(0)|x\2_MB Sk sax(s) dS‘U(IE,O)‘Q dx
tE[-Ll] n

2/ e?ak(0)|x|27MBskak(Sk)|u(x’0)’2 dx 2/ €2ak(0)(|m|2_MB57k)"LL(.T,O)‘Q dx.

n

If there exists a subsequence (sg, );, such that s;, — 0, then the previous inequality
implies that «(0) = 0 in R", i.e. uw = 0. If no subsequences of s; accumulate in 0,
take 5 > 0 a limit point of (sg)g: the previous inequality implies that u(0) = 0 in
the complementary of the ball centered in the origin of radius ((Mp5)/2)"/2. As
a consequence, by (3.1.11), one can take 5 > 0 arbitrarily small: then, by Lemma
3.4.5, we conclude that v = 0 in this case.

In conclusion, we summarize the above argument as follows: if pu > é, then
necessarily we are either in the case 2 or in the case in which the scheme stops in a
finite number of steps. In both cases, we proved that u = 0; if u < %, one can prove
the logarithmic convexity estimates in (3.1.12), by the arguments described in the
case 1 above and the inversion of the changes of variables of Section 3.4.2. In detail,

we performed this change of variables:

B 208z B(1+1))
(@,8) = (y,8) = <a(1 —t)+B(1+1) a(l —t>+5(1+t>> ’
whose inverse is

V2aby as—B(1—s
(y,8) — (z,t) = , ( ) .

as+ (1 —s) as+ B(1 —s)
We call now u the solution of (3.1.1) and v the function obtained after the change of
variables (as we did in Section 3.4.2): the relation between the two functions is the
following,.

v(x,t) =

< 2ap )g e#ﬁﬁﬁ))u < 20fz AU +1) >
a(l—t)+p(1+1) a(l—t)+p(1+t) a(l—t)+B8(1+1t) /)"
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It is clear now that if a8 < 4 then v = 0.
If af > 4, that is p < 1/8, than (3.4.26) reads now

- M
sup (@O u(c, 1) oy < (1+ B2 SF MY sup e o (-, 1),

t€[0,1] te[—1,1]
with
aft) = afR
- 2at+ (1= 1))? + 2R (at — B(1 - 1))*
Analogously we get
14 2
VT =2V (e 5 w) | 2y 1y
+ C¢| M6(“(t)_€)lm|2vAUHL2(Rnx[—1,1]

<M osup e o).
te[—1,1]

The proof of Theorem 3.1.3 is then completed.
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