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Résumé ix

Etude de la résolvante pour ’opérateur de Schrodinger perturbé

Résumé

Dans cette these, nous étudions les propriétés spectrales de 'opérateur de Schrédinger sur des domaines
non bornés munis de métriques riemanniennes. On s’intéresse plus particulierement au comportement
asymptotique de sa résolvante au bord de I’ensemble résolvant, dans différents régimes en fréquence.

La premiere partie de notre analyse a pour but d’étendre au cadre riemannien des résultats connus
dans le cas euclidien. Nous commencons par traiter le régime basse fréquence, dans le cas de variétés
asymptotiquement coniques. On prouve l’existence des limites de la résolvante et de ses puissances pour
un opérateur de Schrodinger avec potentiel. Ce résultat permet notamment de retrouver la décroissance
de I’énergie locale de la partie basse fréquence des solutions aux équations de Schrodinger, des ondes
et de Klein-Gordon. Du point de vue technique, on utilise la théorie de Mourre pour prouver le prin-
cipe d’absorption limite, ce qui nécessite un calcul pseudo-différentiel adapté de maniére a traiter des
opérateurs dépendants du parametre spectral. Puis, on traite le régime haute fréquence, dans un cadre
plus général que précédemment. D’une part on considere une classe de variétés incluant non seulement le
cas asymptotiquement conique mais aussi asymptotiquement hyperbolique. D’autre part, on traite des
perturbations a ’ordre un de l'opérateur de Schrédinger avec potentiel. Sous ces hypotheéses, on obtient
une estimation optimale de la résolvante sur la partie non compacte de la variété : celle-ci est bornée
par l'inverse de la racine carrée du parametre spectral. De plus, ces estimations sont obtenues dans des
normes de type Besov, ce qui permet de considérer des topologies plus fortes que celles proposées dans la
littérature. Pour finir, on traite la région compacte avec des résultats issus des inégalités de Carleman.
Dans le dernier chapitre, on se place dans I’espace euclidien de dimension trois et quatre et on considere
Popérateur de Schrodinger avec un potentiel dont on suppose uniquement qu’il appartient a un espace de
Lorentz. Plus précisément, on étudie la nature de la fréquence zéro ainsi que les propriétés de décroissance
des états associés. On prouve que tout état résonnant appartenant a ’espace de Sobolev homogene d’ordre
un est aussi dans un espace de Lebesgue faible. De plus, sous des hypotheses classiques d’orthogonalité
entre 1’état résonnant et le potentiel, on obtient I’intégrabilité L2, L1'> et enfin L' de I’état résonnant.

Mots clés : opérateur de Schrodinger, théorie du scattering, perturbation par métrique, Laplacien
magnétique, variété asymptotiquement conique, variété asymptotiquement hyperbolique, principe
d’absorption limite, état résonnant en zéro

Institut de Mathématiques de Toulouse (UMR 5219)
— Université Paul Sabatier — 118, Route de Narbonne — F-31062 Toulouse CEDEX 9



X Résumé

Study of the resolvent of the perturbed Schrédinger operator

Abstract

In this thesis we study spectral properties of the Schrodinger operator on non compact domains equipped
with Riemannian metrics. More precisely, we are interested in the asymptotic behavior of the resolvent on
the boundary of the resolvent set, in different frequency regimes.

The first part of our analysis it is aimed at extending to the Riemannian framework results which are
known in the Euclidean case. We start by treating the low frequency regime in the case of asymptotically
conical manifolds. We prove the existence of the limiting resolvents and of its powers for a Schrédinger
operator with potential. Notably, this result allows to recover the local energy decay of the low frequency
part of solutions to the Schrédinger, wave and Klein-Gordon equations. From the point of view of
technique, we employ Mourre theory to prove the limiting absorption principle, which requires an adapted
pseudodifferential calculus in order to treat operators depending on the spectral parameter. Next, we
treat the high frequency regime, in a more general framework with respect to the previous one. On
the one hand we consider a class of manifolds including not only the asymptotically conical case, but
also the asymptotically hyperbolic one. On the other hand, we treat order one perturbations of the
Schrodinger operator with potential. Under these assumptions, we obtain an optimal estimate for the
resolvent on the non compact part of the manifold: it is bounded by the inverse square root of the spectral
parameter. Moreover, these estimates are obtained using Besov type norms, making it possible to consider
stronger topologies than what is often used in the literature. To conclude, we treat the compact region
via Carleman estimates.

In the last chapter, we consider the Schrédinger operator in the FEuclidean space in dimensions three
and four and with a potential lying in a Lorentz space. More precisely, we study the nature of the
frequency zero as well as the decaying properties of the associated states. We prove that any resonant
state belonging to the homogeneous Sobolev space of order one is also in a weak Lebesgue space. Under
classical assumptions of orthogonality between the resonant state and the potential, we obtain L2, L1>
and finally L' integrability of the resonant state.

Keywords: Schrodinger operator, scattering theory, metric perturbation, magnetic Laplacian,
asymptotically conical manifold, asymptotically hyperbolic manifold, limiting absorption principle,
zero resonant state
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2 CHAPTER 1. Introduction

1.1 The Schrodinger operator

The rise of quantum mechanics in the first half of the 20th century was due to the observation
of new phenomena at the microscopic atomic level. In this framework the state of a particle can
not be described by its position z(t) at time ¢, as it was the case in classical mechanics. Indeed,
experiments on subatomical particles like electrons showed that we can not predict its exact
position, but rather that their behavior is similar to the one of propagating waves.

To formalize all this, contrary to the classical setting, in quantum mechanics we describe the
state of a particle via a probability distribution, which is a unit vector ¢(¢) in the Hilbert space
H (the space of states). We often choose L? as the space of states. The state 1) describes the
likelihood of finding the particle in a certain position at a certain time ¢. How this probability
distribution evolves in time is determined by Schrodinger’s equation

{iaﬂﬁ = Pi(1)

$(0) = o (1.1.1)

where P is the Schrédinger operator and is a linear operator which models the kinetic and
potential energy. Often, this operator has the form P = Py + V with Py the kinetic energy and
V' the potential representing the interaction between particles, so a system with V' = 0 is called
a free system and P, the free operator.

In physical terms, P is an observable of the system, that is a quantity which is measurable in
physical experiments. As we pointed out we can only expect to know the probability distribution
of a particle, analogously when we measure the observable P of a particle in state ¥ we can only
determine its expectation value

The results of these measurements must be real values and since they satisfy the relation

(Y, Py = = p, ),

we see that P must have real eigenvalues. Indeed, P is a selfadjoint operator and hence its
spectrum is a subset of R.

Remark 1.1.1. Symmetry alone would provide real eigenvalues for P, however selfadjointness is
needed to have existence and uniqueness of a solution for (1.1.1). Indeed, it is only for selfadjoint
operators that we can define the associated unitary group e *F, which in particular maps g to
a solution of the system (1.1.1).

The central interest in quantum dynamics is the study of the time evolution of solutions to
(1.1.1), which as we just said are of the form e~#F1)y. It turns out that spectral properties of P
give us useful information for the study of the dynamics of not only e~*Fy, but also evolution
operators associated to other partial differential equations.

Different parts of the spectrum have different interests. A first subdivision of the spectrum is
in discrete and essential

0(P) = 04(P)Uocq(P)¢ =: 04(P) U 0ess(P),

with o4(P) the set of isolated eigenvalues of finite multiplicity. In this thesis we will be interested
in the essential spectrum, o.s5(P), and in some particular subsets of it that we will define in
Section 1.2.2.

Remark 1.1.2. We say that p is an eigenvalue if the operator P — p is not injective and therefore
not invertible. Since we are in the selfadjoint case, for p € o(P) not an eigenvalue the only other
possible situation is that P — u is not surjective, but Ran(P — u) is nevertheless dense.
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1.2 Limiting absorption principle

As we said P is a selfadjoint operator on H, its resolvent set then contains C \ R and the
resolvent at A2 F ic is well defined for \,e € R and € # 0. The objects we will be interested in
are the limits

(P —\*+40)~! :;ii%(P—/\Qiis)*l. (1.2.1)

The existence of the limits is not trivial as they are clearly not well defined in the L? operator
topology (we recall the bound on the operator norm of the resolvent (P — z)~! is in [Imz|™1).
Proving that these limits exist as bounded operators in the appropriate L? weighted spaces is
usually referred to as limiting absorption principle and was first established in the Euclidean
case in [Agm75] and [Kur73] for the Schrodinger operator with short range potentials.

The name derives from the fact that these limits were first considered in the study of the
propagation and absorption of electromagnetic waves, where the imaginary part of the spectral
parameter was linked to absorption.

The fact that the limits (1.2.1) exist directly tells us that if f belongs to the appropriate
weighted space then (P — A? 4-490)~! f will be solution to the Helmholtz equation (P — \?)u = f
and will have a certain decaying behavior (radiation condition).

This principle has also several applications in the study of the spectral properties of P or
of the dynamics of certain systems. We give here some examples in relation to the interests of
this work. A large review of references and consequences of limiting absorption principle can be
found in [RT15].

1.2.1 Dynamics and limiting resolvents

The limiting resolvents in (1.2.1) are present in the well known Stone’s formula. This formula
gives an alternative way of writing the functional calculus, which in the first place can be defined
via the spectral theorem.

For a selfadjoint operator P, we define the spectral measure associated to u,v € H as the
measure d(u, Ey(P)v) such that

(u, Pv) = /R X d(u, Ex(P)v),

this relation can be extended from the identity to any bounded Borel function f. In short we
will write

1Py = [ 1) dEA(P) (12.2)

Stone’s formula states that the density of this measure with respect to the Lebesgue measure is
given by the imaginary part of the limiting resolvent, that is

dE\(P 1 1

dEAP) _ “Im(P—X4i0)" = ——(P-X+i0) ' = (P-X—i0)"})

dA 7r 27

Remark 1.2.1. In particular the limits of the resolvents approaching the real axis from above and
from below do not agree (the previous formula would otherwise not make sense). This can be
seen explicitly for example in the R™ case with P = —A by writing the resolvent via its integral
kernel and computing the integrals as ¢ — 0 by taking contour deformations that avoid the
singularity on the real axis.

As we have seen we can write any bounded Borel function of P via the operators (1.2.1).
In particular one can consider the Schrodinger propagator which dictates the behavior of the
quantum states as for the previous section. Other quantities that are physically relevant are the
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wave and Klein-Gordon propagators

sin(¢P'/?) Git(PY/241)

cos(tP/?), Pl

which describe solutions of the wave and Klein-Gordon equations. Thanks to (1.2.2) we can
represent them as integrals of oscillating functions against limiting values of the resolvent.
Having local information on the behavior of (1.2.1), we can use this to study the integrals
defining the evolution operators and hence derive results on the local behavior of solutions to the
wave and Klein-Gordon equations for large times. This is the approach we use in Chapter 2.

Remark 1.2.2. Here local refers to the fact that the results we obtain on (1.2.1) hold in weighted
spaces. This forces us to study the propagators conjugated by some decaying weights, which
localize (in a more or less weak way) the solutions away from infinity.

Another problem to which limiting resolvents are linked is the study of wave operators,
defined via Schrédinger propagators. In this case, e *F is put in relation to the propagator of
another Schrodinger operator Py, usually easier to study and referred to as the free Hamiltonian,
with the aim to recover information on e~®* thanks to e . Looking at the problem from
the point view of (1.2.1), one can shift the attention from large time limits of wave operators
to resolvent properties. In a way, one can think of the study of the resolvent as a stationary
approach to scattering theory.

1.2.2 Spectrum and limiting resolvents

The limiting absorption principle also helps us to obtain information on the essential spectrum,
such as the absence of singular continuous spectrum and of embedded eigenvalues. In particular
we are able to prove bounds on the norms of (1.2.1), hence the limiting absorption principle can
be seen as a quantification of the absence of such eigenvalues. Being able to rule out this type of
eigenvalues is useful as it is one of the first steps in scattering theory.

In general, consider the decomposition of the space of states H determined by the nature of
the spectral measure, that is

H =Hpp(P) ® Hae(P) & Hoe(P).
with

Hpp(P) ={v € H | d(v, Ex(P)v) is a pure point measure},
Hse(P) ={v € H | d(v,Ex(P)v) is singular w.r.t. the Lebesgue measure},
Hae(P) = {v € H | d(v, Ex(P)v) is absolutely continuous w.r.t. the Lebesgue measure}.

Corresponding to these subspaces one can define subsets of the spectrum of a selfadjoint operator
P as

Tac(P) = 0(Plu,.),  0se(P) = 0(Pla..);

while the pure point spectrum is rather defined as
opp(P) ={ A | X is an eigenvalue }.

From the definition of o,,(P) and (1.2.2) we can infer a pretty straightforward fact on the
behavior of a solution to (1.1.1) with initial data in o,,(P). Indeed, when dEy(P) is a measure
concentrated at a point we see that the solution e "y will be an oscillating function of ¢, hence
not exhibiting time decay.

Remark 1.2.3. These three subsets of o(P) do not give an exact partition of the spectrum, since
we did not define the pure point spectrum as o (P|3,,). However we can recover the full spectrum
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just considering o(P) = opp(P) U 04c(P) U oge(P).

Remark 1.2.4. We recall that the discrete spectrum o4(P) contains only part of the eigenvalues
(the isolated and finite multiplicity ones), hence in general we only have

04(P) C opp(P)

and opp(P) N oess(P) may be non empty.

When the limiting absorption principle holds, by definition the spectral measure has a well
defined density with respect to the Lebesgue measure. So, if (1.2.1) exist for all A then Hs.(P) =0
and hence there is no singular continuous spectrum; if the limits exist only for A € J then we
can nevertheless conclude that og.(1;(P)P) = 0.

Another aspect of scattering theory is the subject of eigenvalues embedded in the essential
spectrum. The limiting absorption principle implies that there are none of such eigenvalues, which
are somehow problematic in scattering theory. As we mentioned earlier the idea in scattering
theory is to compare the so-called interacting system generated by P = Py + V with a free one
generated by Fy. However, eigenvalues in the essential spectrum generate states which do not
scatter, that is they do not resemble the dynamics of a free state for large times and are unstable.
For example, in [SW98| we can see that the free Hamiltonian has embedded eigenvalues in R
that, when adding a perturbation by potential to obtain P, move out of the real line to become
complex. This means that near a certain energy level the free Hamiltonian and the interaction
one have states which behave in a completely different way, which is undesirable in the scope of
wanting to perform perturbation theory.

Ezample 1.2.5 (Absence of embedded eigenvalues). Consider the case P = —A +V on R" and
Py = —A, with V bounded multiplicative potential, decaying at infinity like |z|~'=%,v > 0. It is
known that under these conditions

Gess(P) = [0,00),  aa(P)N[0,00) = 0.

So the only eigenvalues that might be embedded must be either accumulation points or of infinite
multiplicity. We can rule out the latter case right away. Indeed, a potential like the one mentioned
here falls into the class of so called short range potentials considered in [Agm75]. In this case
positive eigenvalues must have finite multiplicity (Theorem 3.1 [Agm75]).

Moreover, in a limiting absorption interval we can also rule out the presence of accumulation
points. This is a byproduct of the strategy we describe in the next Section 1.2.3. In fact, we obtain
that, wherever the proof of the limiting absorption principle holds there are no accumulation
points of oy, (P) (see Remark 1.2.7). In this case we can conclude that if the limiting absorption
principle holds on all of the positive real line

opp(P)N[0,00) =0 0pp(P) = aa(P), o(P) = opp(P) U aac(P).

This means that there are no embedded eigenvalues in the essential spectrum R™, that happens
to coincide with the continuous spectrum, and all eigenvalues are negative, isolated and of finite
multiplicity.

1.2.3 Mourre theory

A popular approach in the proof of the existence of limits (1.2.1) is Mourre theory and this
will be the tool used in Chapter 2. To be more precise, in the mentioned chapter we will apply a
more abstract version of Mourre theory due to [Gé08§].

The method, introduced in [Mou81], involves finding A selfadjoint which satisfies two condi-
tions:
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1. the map
R >t (P —2)"te ™y e D(P) (1.2.3)

is C! for any u € L?(H), z € C\ R, in this case we say that P is C1(A),

2. we have a positive commutator estimate, that is the inequality
17(P)[P,iA|L(P) = cl(P)+ 1;(P)K1;(P) ¢>0 (1.2.4)

with K compact and I an interval in the spectrum of P containing Re z. It tells us that
the commutator is positive up to a compact remainder K, provided it is spectrally localized
on [.

Other technical assumptions on the domains of P and A are also required. When P and A
satisfy this set of assumptions we say that A is conjugate to P.

Remark 1.2.6. Here commutators are meant to be interpreted in the sense of quadratic forms. In
other words they are defined in a weak sense, via the equality

(u, [P,iAJv)yy = i(Pu, Av)y — i(Au, Pv)y

for all u,v € D(P)N D(A).

With the conditions 1. and 2. satisfied, we obtain that (1.2.1) exist when conjugated with
appropriate operator weights, that is the operator

(AP —2) A (1.2.5)

is bounded in L?, uniformly with respect to Imz, for all z € C with Rez € I and Imz # 0 and
s> 1/2 (Theorem 1 [Gé08]). Here (A)~% = (A% 4 1)7%/2

Remark 1.2.7. Let J C o(P), if for any point in J there exists a neighborhood I in which
inequality (1.2.4) holds this implies that the eigenvalues are not dense in J. Indeed, if any A € J
is an accumulation point of a sequence of eigenvalues then in any neighborhood of A there exists
a A* and function f such that Pf = A*f. For such f the Virial theorem (Proposition I1.4 in
[Mou81]) implies (f, [P, A]f) = 0 and this would violate (1.2.4). We can deduce that in an
interval where a positive commutator estimate holds there are neither isolated eigenvalues nor
accumulation points of oy (P).

In the case of the operator P = —A + V mentioned in Example 1.2.5, we have discussed how
Oess(—A 4+ V) = 0ess(—A) = [0, 00) implies that there are no isolated eigenvalues in the positive
half line. The validity of (1.2.4) adds the information that there are no eigenvalues which are
accumulation points.

Example 1.2.8. To apply the theory on the classical setting of the Laplacian on R™ we can choose
a suitable A in order for [-A,iA] to be easy to compute. In particular what we consider is the
generator of dilations

r-V+V-zx
A= 2i
which satisfies the relation
[—A,iA] = 2(—A). (1.2.6)

We can see how this technique is well suited for the intermediate and low frequency regimes,
that is when we want to prove existence of (1.2.1) for fixed A or for arbitrarily small \.

For the intermediate frequency regime one can consider without loss of generality the energy
1, hence proving the existence of (P — 1+ i0)~1. To do so we need (1.2.4) to hold on a fixed
interval I containing 1. In the free Euclidean case mentioned in Example 1.2.8 this is pretty
straightforward since the inequality reduces to

L (—A)i[-A, AL (=A) = 1;(—~A)2(—A)L1(~A) > elj(—A) (1.2.7)
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if I is a neighborhood of one. Adding a perturbation by potential one needs
1/ (—AN[-A + V, ALy (~A) = 11(~A)(2(—A) +i[V, A L1 (—A) (1.28)

to be bounded from below on an interval I around 1, where the first term is obviously bounded
from below as we have just seen. The potential term is of order zero and more precisely it is
given by

V,Al = —(z-V)V.

Ezample 1.2.9 (Repulsive potential). To obtain a bound from below one could directly assume
that (z - V)V < 0, in this case we say that V is a repulsive potential. So, for a potential of this
type we have a positive commutator estimate and, as seen in Remark 1.2.7, one can prove that
there are no embedded eigenvalues in any compact region of the positive half line.

Ezample 1.2.10 (Long range potential). We can also consider V', decaying potential, that belongs
to a symbol class. For example if V' € S™% this translates to

V(@) <O(2)™),  [VV(2)| < O(x)™'7),

where we use the notation

(2) = (1+ |22) /2.

Then
1 (=A)i[V, AJL;(=A) = =il (=A)(z)"(z - V)V ({z) "11(-A))

is a compact operator since it is the composition of the compact operator (x) " 1;(—A) with a
bounded one. This, together with the fact that 1;(—A)[—A,iA]1;(—A) = c¢l;(—A) provides us
inequality (1.2.4).

Remark 1.2.11. In the case of an elliptic operator with non constant coefficients (1.2.6) does
not hold anymore. This will be the situation in the manifold setting, when we will introduce a
perturbation of the metric. However, the starting point for the construction of the conjugate
operator will still be the generator of dilations. Property (1.2.6) can not be exactly recovered in
such setting, this implies that on top of the potential perturbative term due to [V, A], we have
additional terms due to the fact that (1.2.6) holds up to some remainder. This will of course
make the proof of (1.2.4) less straightforward, while regularity of the map (1.2.3) can still be
proved with a standard argument.

In the low frequency case we consider the resolvent at energy Afor A arbitrarily small, then
just by taking the basic example in (1.2.7) we can not lower bound the commutator by a positive
constant since I must contain A < 1 and therefore it must be arbitrarily close to zero. However,
we can reduce ourselves to a fixed frequency problem. Instead of a variable frequency \ we can
always factorize to bring the problem back to energy one, that is we consider instead

AP — 1 440)7h

Now the operator in consideration is A™'P, so we actually just shifted on the operator the
dependence on the parameter approaching zero. However, we can use the tools of symbolic
calculus to obtain properties which are uniform in A. This is what we will need to do in Chapter
2.

We conclude that for the fixed and the low frequencies Mourre theory can be developed
in a somehow similar way. In the high frequency case this is not true, unless one adds some
assumptions on the geodesic flow, so in general this technique does not apply to both settings.
Indeed, the different frequency regimes are influenced by different aspects of the problem, as we
will describe in Section 1.3, where we will see that properties of the geodesic flow play a central
role in the high frequency theory.
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1.2.4 Multiple commutators and time decay

In [JMP84] the previous technique is pushed forward to obtain smoothness with respect to A
of the limiting resolvents. It can be proved that differentiating (P — A 4 i0)~! with respect to A
is equivalent to adding powers to the resolvent.

So to prove resolvent smoothness means to obtain the existence of the operators (P — A £i0) ™
in the appropriate weighted spaces. In [JMP84] it is explained how to do so by basically iterating
the method in [Mou81].

To have information on the derivatives of (P — A + i0)~! allows us to prove time decay
properties on the propagators we mentioned in Section 1.2.1. Indeed, heuristically speaking
formula (1.2.2) for f(\) = ¢ allows us to write the Schrédinger propagator in the form

, 1 .
e P = —/e_“)‘lm(P — A +i0)"tdA (1.2.9)
T
that is e~ and Im(P — A% +i0)~! are linked via a Fourier transform in the spectral variable
with dual variable ¢. Since the Fourier transform exchanges differentiation with multiplication,
taking the previous integral this time against 94 ((P — A2 4 i0)~!) will result in t!e =%, That is

) 1 )
te™™ = = / e " (P — X +i0)"'dA
™

and to obtain boundedness results on t'e~*" means proving time decay with a polynomial rate
for the Schrodinger propagator. To study the operator t'e~*F we need first of all existence of the
powers (P — A2 +40)~! and this, we said, can be proved thanks to [JMP84]. The main additional

assumptions we need with respect to the ones in Section 1.2.3 are:
e higher regularity for the map (1.2.3) (that is P € C*(A) for k > 1),

e the iterated commutators, defined in the sense of quadratic forms, are bounded from below
and closable.

By iterated commutators we mean the operators
ililP, Al Al afili[P, A)L AJL A

defined as quadratic forms in the sense of Remark 1.2.6.

Example 1.2.12. In the case of R™ we can see pretty easily what these iterated commutators look
like. In the free case iterating does not change the result since from equation (1.2.6)

so as for the first commutator, all commutators are bounded from below. In the potential case
ili[~A+V, A, A] = i[2(=A) —i(x - V)V, A] = 4(=A) — (z - V)?V

tells us that we need to add assumptions on the higher order derivatives of V. Taking V in a
symbol class as in Example 1.2.10 gives us information also on the derivatives. We can then
proceed in an analogous way since we still have the property (z - V)2V = O((z)™")).

With these additional properties one can obtain existence of the powers of the resolvents
together with the fact that powers coincide with derivatives with respect to A. The higher the
power the more iterated commutators one needs to control. We recall that the limiting resolvents
exist only in weighted spaces and powers of the resolvent require a stronger decay. This translates
to the fact that a faster time decay on e~ ®¥ requires stronger weights in the spatial domain.

Given expression (1.2.4) the existence of the powers (P — A4140)~! simply implies the existence
of the propagator, however to obtain boundedness we need a better quantification of the operator
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norm of (P — A +40)~, intuitively a bound which is L? in ) in order to control the L? norm of
te™™*P Results of this type are what we obtain in Theorem 1.5.5.

1.3 Frequency regimes

In this thesis we will focus on specific instances of Hamiltonians P = Py 4+ V and on different
regions of the spectrum. More precisely, in Chapters 2 and 3 Py will be the Laplace-Beltrami
operator on some classes of non compact manifolds with ends of infinite volume, which we define
in Section 1.4.1. We will allow Py to have a potential perturbation V' and in Chapter 3 also a
perturbation of order one. In the last chapter, instead, we will consider the Euclidean Laplacian
Py = —A with a potential perturbation. In each case we will be interested in different regions
of the spectrum. For now, we summarize the objects of study in Table 1.1. We will state our
assumptions and results at the end of this introduction, while in this section we discuss separately
the study of the limiting absorption principle in the high and low part of the spectrum. For the
intermediate region, that is (P — A% £40)~! with A in a bounded interval of R*, the limiting
absorption principle is well known as it was proven in an abstract setting in [JMP84].

‘ Hamiltonian ‘ Region of the spectrum

Chap. 1 | P = Py +V, Py=Laplace-Beltrami (L. B.) | low frequencies

Chap. 2 ‘ P, =FPym+V, Pym=L. B.+ order 1 perturbation ‘ high frequencies
Chap. 3 | —A+V on R? R* | zero

Table 1.1 — Content of chapters

1.3.1 Low frequencies (A < 1)

In the low frequency regime we are interested in the limiting resolvents (P — X £i0)~! for
AL L

In the Euclidean unperturbed case results for small A can be deduced by the behavior of
the resolvent at fixed frequency one via a rescaling argument. Indeed on R™ the resolvent
(A — X\ +i0)~! is unitarily equivalent to the renormalized resolvent (A/\ — 1 4 i0)~! via the
unitary operator of dilations. The two resolvents then enjoy the same estimates in L? spaces.

In the perturbed case the situation is different. For a perturbation by potential the behavior of
the resolvent is influenced by the presence of zero eigenfunctions or resonances, this phenomenon
can be observed in the resolvent expansions described for example in [JK79]. For a metric
perturbation the results depend on the asymptotic behavior of the metric. In [Mor20] it is proved,
in dimension three, that the higher the decay rate of the metric the faster the time decay of
solutions. However, it is not clear whether this strong decay of the metric is necessary or not.

Remark 1.3.1. In [JK79] one can see directly the influence of a zero resonance or eigenfunction
which are responsible for singular terms in the asymptotic expansion of the resolvent. More
generally, in the low frequency limit, the constants bounding the operator norms of (P — A =£i0)~!
blow up like negative powers of A. This blow up is necessary even when there are no zero
resonances or eigenvalues, as it is shown in the example in Proposition 1.21 [RT15].

Low frequency estimates are interesting for example in the study of the asymptotic behavior
in time of operators like e~ as we discussed in Section 1.2.1. By local energy decay we mean
decay in time of the weighted L? norms of, for example, the operator e *F. In particular, it is
the asymptotics of the resolvent for small A that determines the time decay rate. The decay in
time in the high frequency regime is arbitrarily fast, up to a loss of regularity on the initial data
or up to non trapping conditions.
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When studying perturbation by potentials in scattering theory we usually consider decaying
potentials. This approach is a suitable one in dimension three and higher, as it is the case in this
thesis. In this setting the smallness of V' allows us to treat it in a perturbative way. In smaller
dimensions however, even small potentials can generate infinitely many negative bound states
(cf. Theorem XIII.11 in [RS78]). The assumptions which are usually taken on the decay of the
potential differ in different frequency regimes and are basically determined by the renormalization
of the resolvent.

Remark 1.3.2 (Decay of the potential I). As we have done in previous occasions we can rewrite
the limiting resolvent (Py + V — A +1i0)~! as

AP+ AV — 1 440)7

where A\~! >> 1. In the Euclidean case Py = —A consider the change variable # = \/2z, the
new operator is
x

~1
(FA+ XV ()\1/2

)—1+w)ﬂ

so if we assume V' to have some inverse power behavior at infinity, like V(x) =~ |z|™%, we have
a small perturbation of the Laplacian if and only if « = 2+ v,v > 0. This is why a decay
rate stronger than the inverse square is what is usually considered in low frequency results and
what we will assume in Chapter 2. We also remark that a potential with this behavior can be
decomposed as V = Vi Vs with V; = signVV/V, Vo = /V where both Vi, Vs decay like |m]‘1_”/2.
This is an interesting feature since functions decaying faster than |z|~™' are —A smooth and
such decomposition is used in the proofs of Strichartz estimates by [RS04] that we describe in
Section 1.3.4. Smooth perturbations in general enjoy many nice properties like existence and
completeness of wave operators.

1.3.1.1 Some references

A fundamental paper in the domain of low frequency resolvent estimates is [JK79]. The
authors obtain resolvent series expansions and apply it to prove local energy decay, for which
they give rates of decay under spectral assumptions on the zero energy. If there are no zero
resonances or eigenvalues the rate of decay is O(t=3/2) or O(t~'/?) in the presence of a zero
resonance. The approach by power series expansion was generalized to several different settings.
Among others: in higher dimension by Jensen himself in [Jen80] and [Jen84] and for general
elliptic operators on R™ by [Mur82]. With this technique the assumptions on the decay of the
potential V' are more demanding than what we described in Remark 1.3.2 the more one goes
further in the expansion. This is natural since to obtain a power series they use the analytic
expansion that we can write for the free resolvent. Indeed, (—A — 22)~! on R3 has kernel

pizle—y]

Ar|z —y|’

where €#1*=Yl can be expanded in power series. However, the series for ¢?21#~¥l has coefficients
growing polynomially in « hence one needs V' to compensate for this growth. A seminal paper in
the area of time decay estimates is also [Rau78], where the author considers exponential decay
on the potential and obtains a decay rate of O(t_l/ 2) for the Schrédinger propagator.
Perturbations on the geometry where initially treated in the study of obstacle problems, as it
was first done in [Mor61] for the wave equation on R3. For an application to time decay, the study
of limiting resolvents was generalized to a large class of domains. For compact perturbations of
the flat metric in [Bur98] and for long range perturbations of euclidean metrics in [BHO8], [Boull]
and [BB21]. In the case of scattering manifolds the problem was studied in [GHS13a] with a
rather geometric approach and applied to time decay for the wave and Schrédinger propagators.
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Scattering metrics were also studied in [VWO09], [GHO8] and [GHO09], while in [Wan06] or [RT15]
the authors consider the more general case of asymptotically conical metric, where in [Wan06] the
approach is via a series expansion of the resolvent. Sharp resolvent estimates on asymptotically
conical manifolds can also be found in [BR14b].

1.3.2 High frequencies (A > 1)

For high frequencies we need to consider the resolvents (P — A2 £i0)~! when ) is arbitrarily
large. In this case the behavior is influenced by the geodesic flow, in particular by trapped
trajectories.

Let p(z,£) the principal symbol of P and « the classical trajectory given by the Hamilton
flow of p, that is

{-’{'ﬁ(t) = Vep(z(1),£(1)),  «(0) = o
§(t) = =Vap(x(t),£(t), £(0) = o

One says that an interval of frequencies J C (0, +00) is non trapping if for any subinterval I any
trajectory & with initial energy in I escapes any ball of radius R provided one waits long enough
(depending on I and R).

Remark 1.3.3. In the free Euclidean setting the symbol is |£|?, independent of z, which yields
bicharacteristic curves of the form (x(t),&(t)) = (2&t + x9,&p). This implies that all classical
trajectories escape at infinity both in the past and in the future. Once we change the geometry
of our domain by considering a metric perturbation new phenomena can occur and therefore
generate some trapped trajectories. For instance one can think of a domain where we smoothly
glue a sphere to a plane and the trajectories which enter the sphere will not escape at infinity.

Intuitively, the mass of a solution to the Schrédinger or wave equation tends to move along
geodesics. So if there is a trajectory which gets captured in a bounded region we can not see the
energy decay phenomenon previously described in Section 1.3.1. In [Wan87] and [Wan88] the
author showed how in the perturbed Euclidean case non trapping is not only necessary, but also
sufficient to obtain time decay for the propagator e (=A+V)  The following example is developed

in detail in [Wan88].

Ezxample 1.3.4. Consider the Euclidean case and the semiclassical operator —A"2A+V . Operating
the rescaling ¥ = A\'/2x the operator becomes A"'A 4 V(A!/2.) which is unitarily equivalent to
—A72A 4+ V and therefore the two propagators must have equivalent decay properties. If we
want some decay in time for the localized propagator y(—A"2A + V)eitA(_A72A+V) in a weighted
L? space the same must hold for the propagator of the rescaled operator in a space with rescaled
weights. Let (z(t),£(t)) the Hamiltonian flow of |£|? + V with initial condition (29, &p). One can
show that, if the rescaled propagator has a decay rate of O((t)~") for some v > 0 then

|2 ()| (z0) "*x(|0|* + V(20)) S O((t)™).
Hence one must have
|z(t)] = 0o as |t| = oo whenever  x(|&|* + V(zo)) # 0

which is verified when y is a cutoff on a non trapping interval.

As we have seen in several examples up to now, resolvent estimates are tightly linked to the
behavior of the operator e #F for large times, since trapped trajectories prevent time decay
they also have an influence on the resolvent behavior. In the high frequency limit, resolvent
bounds are affected, at worse, by an exponential loss in the sense that the constants bounding
the operator norm of (P — A? +40)~! blow up exponentially in ), this is due to the presence
of trapped geodesics, as one can see in the example of Proposition 1.14 [RT15]. Compared to
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what we described in Remark 1.3.1 then, the situation is worse in the limit A — oo than in the
asymptotic regime A — 0.

The fact that in the general case we only have an exponential bound has consequences on
energy decay results, however it guarantees a rate of decay which is at least logarithmic ([Bur98],
[Bur02a]). In Chapter 3 we will be interested in the limiting resolvent in the high frequency
regime, however in our approach we will not make explicit assumptions on the geodesic flow and
therefore we will see this exponential loss.

Remark 1.3.5 (Decay of the potential IT). In Remark 1.3.2 we discussed the fact that we consider
decaying potentials and that the assumptions needed differ based on the region of the spectrum
we are interested in. We have already seen how, if we factorize the spectral parameter, we end
up with a normalized resolvent at energy one, that is

(h2Py + h?V — 1 +ig) 7!

where h = A~!. For high frequencies h << 1, so our new operator h?Py + h?V is a small
perturbation of the free semiclassical operator whenever V has some decay, hence we can simply
consider V(z) = O((x)™") for some v > 0, as opposed to the low frequency case were we assume
a decay at infinity like |z|~27%.

1.3.2.1 Some references

We have discussed how the presence of trapping is responsible for the worsening of the
constants in the limiting absorption principle. On the contrary, in the non trapping case the
constants have the same blowup of the low frequency case. A bound of O(A~!) was proved in
the Euclidean setting in [RT87] with potentials whose decay depend on the dimension and in
[GMB&9], [Wan87] in the case of long range potentials. In this last paper the result is then applied
to prove local energy decay and the rate of decay is arbitrarily fast. As discussed in Section 1.3.1
it is the low frequency limit which gives constraints on the rate of decay.

To find domains that exhibit trapping we need to consider non Euclidean geometries, in this
case the bounds in the limiting absorption principle are exponential at worse and the best case is
obtained when assuming non trapping. For the non trapping condition we mention [Bur02b]
for compact metric perturbations of the Laplacian, [VZ00] for the semiclassical resolvent in a
scattering metric, or [Rob92] for non compact perturbations. In the latter the author proves
equivalence between non trapping and inverse power bounds in the limiting absorption principle.
Exponential bounds can be found in [Bur98] for compact perturbations of the Laplacian and
later in [Bur02a] which also includes a perturbation by potential. In these works the author
proves that the resolvent (P — A? 4+ i0)~! can be extended in the lower half plane and that
there are no poles in a strip of exponential width. Similar results were obtained for short range
perturbations of the flat metric in [Vod00]. For a generic selfadjoint operator satisfying the black
box scattering assumptions, the semiclassical resolvent was studied in [BP00]. The authors show
that if in the trapped region the resolvent has an exponential bound then one can extend this
estimate to the whole domain. For other types of geometry we mention the works [Vod02] and
[CV02]. In [Vod02] the metric has a separation of variables at infinity, which is something we
will assume also in this thesis, while this is not true for [CV02] and in both cases these results
include manifolds with cusps.

In [RT15] in the case of asymptotically conical manifolds the authors prove in Theorem 1.7 a
unified limiting absorption principle on the whole positive half line. We remark that they require
their potential to decay like |z|~'~" which is more than what we stated in Remark 1.3.5. This
is due to the fact that they want to consider not only the region A > 1, but also the case of
bounded A. Hence the condition V = O(|z|~17%) at infinity is needed to exclude the case of the
Wigner-Von Neumann potential, which decays like |z|~! and has an eigenvalue at one that would
destroy the limiting absorption principle.
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1.3.3 Bottom of the spectrum and 0 resonance

In the previous section we have seen how it is necessary to make a distinction between high
and low frequencies since in the two cases different problems arise. On top of this, in the low
frequency picture an important role is the one of zero. For P with a sufficiently nice potential
perturbations, the essential spectrum is the positive half line [0, c0), hence zero represents the
bottom of the essential spectrum. The study of the nature of the frequency zero will be the
object of Chapter 4.

Assume we have an eigenvalue A\ embedded in the essential spectrum, then there exists
a normalized function fy € D(P) such that Pfy = Afy. This implies that a solution to the
Schrédinger equation with initial data fy is given by f = e P fy = e fy with A > 0. Then f
is a stationary solution and enjoys the following property: for any € > 0 there is sufficiently large
R such that

inf |f(t,z)Pde > 1 —¢,
t Jiz|<R
that is almost all the mass of the solution is in a bounded region for any given time. Similarly to
the case of trapped geodesics, this is the opposite than what we need if we want to prove some
results of local energy decay and for this reason the limiting absorption principle, which rules
out the existence of embedded eigenvalues (see Example 1.2.5), is an important tool in the proof
of energy decay estimates.

Another object that is an obstacle to energy decay are resonances. A selfadjoint operator on
a compact domain has a discrete spectrum, on unbounded domains we can think of resonances
as a generalization of eigenvalues. As time decay is tightly linked to resolvent properties we can
expect eigenvalues and resonances to be relevant quantities when studying resolvents. At the
beginning of Section 1.3 we have seen that the limiting absorption principle for intermediate
frequencies is well known and hence, for well-behaved potentials, we do not have embedded
eigenvalues in any bounded sub interval of (0,00). The case of zero is more delicate and actually
there are fairly easy examples for which we have a zero eigenvalue.

Ezample 1.3.6 (Eigenvalue at zero). Consider on R3 the potential V = —cl B(0,1)- We look for an
L? solution of (—A+ V)u = 0, in radial coordinates we take u with separate variables of the form

u(r,w) = r~ (1) Yim(w)

where Y}, is a spherical harmonic (i.e. —AY},, = [(l + 1)Y};,,). The eigenvalue equation then
becomes
—" + 7214 1)v + Vo = 0.

In the region {r > 1} where V vanishes the function r~ is a solution. Then one can construct a

solution which is regular in the region {r < 1} and that agrees with ! in the region {r > 1}
and is therefore square integrable, making u a zero eigenfunction.

More generally, an eigenvalue at 0 can occur for potentials decaying arbitrarily fast at infinity,
as the one in the example, also in higher dimensions (see Example 8.4 in [Jen80]).

The obstruction generated by zero eigenvalues or resonances can be seen clearly in [JK79]
and all the works which take a series expansion approach, where a zero resonance or eigenvalue
generates singular terms in the expansion. In these works, estimates on the limiting resolvents
are used to prove decay in time of the Schrodinger evolution operator on R™. There, the existence
of a resonance at energy zero is primarily seen from the point of view of preventing local energy
decay so the authors use the definition of zero resonance which is better suited to this point of
view. The condition

limsup ||(—A +V — A2 + iO)leL%}_,quﬂ < 00
A—0

with L2 a weighted L? space is equivalent to the absence of a zero resonance or eigenvalue and



14 CHAPTER 1. Introduction

hence weighted L? spaces are used to define resonances, which is a quite common approach. As
we have mentioned, resonances can be thought of as generalizations of eigenvalues, so if a zero
eigenfunction is an L? function satisfying the equation

Pu=0 (1.3.1)

a zero resonant state is a solution of (1.3.1) which is not in L2, but rather in a weighted space. In
the case of L? weighted spaces on R" with n > 3, zero is said to be a resonance for the operator
Py+V = —A+ V if there exists f such that

(CA+V)F=0, f¢I? but @ fcllo> % (1.3.2)
This definition is used for example in the already mentioned [JK79] and [Rau78] and in many
other works in the area of energy decay estimates (for example in [RS04], [Gol06a], [Gol06b],
[Aaf21], [SW22]). It is however limiting in the fact that weighted spaces are not scaling invariant.
Moreover in most applications where this definition is considered, the potential is required to have
some pointwise behavior, which is also not a scaling invariant condition. An interesting question
is then to see if one can replace this pointwise decay with integrability assumptions. The results
in Chapter 4 go in this direction, where we make integrability assumptions on the potential to
recover integrability properties on the zero resonant state and eigenstate. Details about such
results can be found in Section 1.5.3. In particular we can see in the following example that a
zero eigenstate or resonance is not necessarily integrable.

Ezample 1.3.7 ([Sch07]). Let n > 3 and consider the Aubin-Talenti function

n—2
4

¢(a) = (n(n —2))"T (x)*".
Since it satisfies the relation —A¢ = qb%g it is solution of the equation
(—A+V)p=0 V=—¢¥0n2)

The potential V' behaves at infinity like ||~ and is therefore in L"™/2. Moreover ¢ € H', since
|V¢| = O(1)|x|{(z)~", and it is never in L'. The function ¢ behaves at infinity like |z|2~" which
is not square integrable only for n = 3,4 hence it is a zero resonance for n = 3,4 only. Actually,
in this example there can not be zero resonances in higher dimensions, we explain why in the
following Remark 1.3.8. We have just showed that in dimensions three and four there is a 0
resonant state which is not in L!.

We also observe that

_ _ 2
(CA+ )9 =0 V=-—"T2 g2
n—2
where 0j¢ = O(1)z;(x) ™™ € L? hence 9;¢ is a 0 eigenfunction which is not in L.

While for a 0 eigenvalue we have given a pretty easy example, resonances are considered to
be a less frequent occurrence. Moreover, at least in the Euclidean case that we will consider
in Chapter 4, in the presence of sufficiently nice potentials it is a phenomenon limited to low
dimensions as we explain in the following remark. On the contrary, in the non Euclidean case
there can be zero resonances in every dimension, as one can see for example in [Wan03].

Remark 1.3.8 (R®, n > 5). Consider a potential V(z) € L™?(R™) with n > 5, we can then
decompose V into the sum V = V; + V5 with

Vi € Cgo(Rn)7 ||‘/§||Ln/2 < 1

Assume f is a non L? solution of (—A + V)f = 0, we take f belonging to the homogeneous
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Sobolev space H'. Using the decomposition of V, we can rewrite the equation as
(I+ (=)o) f = —(=A)"'W .

We recall the Lorentz spaces LP? defined by the quantities

o 1/q
1fllzra = p*/ (/O tq_l(df(t))Q/Pdt>

for ¢ < oo or
| £l o.oo := suptd(t)'/P
t=0

otherwise. Thanks to Hardy-Littlewood-Sobolev and Hoélder inequalities
Vo L2 Litn?, (—A) L2 o L2

and since
1(=A)""Vall a2 S [IVallpne < 1

the operator (I + (—A)~!V3) is invertible from L? to L? via a Neumann series. This implies that
f is given by
f==+(=2)"Vo) T (=A) T f

and

12 S H=2)"Vafllee = (Vi fll -
Now since n > 5 we have the Sobolev embeddings

HY s Lit2? f? ey Lo
and the dual embedding
Lwin? o H2

We obtain that f is square integrable from

1Allz SIVifllg-2 S IVAFI, 2ep e S IVAllpers o £ 20, 2

SIVAl prss ol fll g < 00

with V; € L™3(R™) since it is in C§°(R™). We conclude that for a potential in L™2(R"), n > 5
there are no zero resonances. For this reason in Chapter 4 we only consider dimensions three
and four.

Remark 1.3.9. We remark that if we take the potential in a slightly larger class than L™/2 we
can find solutions of the equation (—A + V) f = 0 that are not L?, nor in any weighted L? space.
Indeed, the equation

n(n —4)

“A—
( 4|z |?

)f=0

is solved by
f@) = |« 72,

where f is not in L2, it would be in any weighted space L2 = L?(R", (x)~°dz) for any o > 0 but
only near infinity, and instead is in the weak Lebesgue space L*°°. While f is a non L? solution
of the 0 eigenvalue equation, this example is not in contrast with the previous remark for two
simple reasons: the potential is not in L2, but rather in the larger class L2 and in the
previous remark we were looking for H' solutions, while f is not in H' (since |V f| = |z|~"/>~1).
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1.3.4 Connected problems

Although we will not treat these aspects, we mention some other subjects related to resolvent
estimates.

Strichartz inequalities Strichartz inequalities, are bounds of the form

He—itP

ullzp zs < lullpe (1.3.3)
for admissible couples (p, q) verifying % + % = 4 p € (2,00]. Let us compare this to the local
energy decay estimates of the form

()~ e P @)~ |l 122 < O(F2).

Strichartz estimates can be seen as a time-averaged version of local energy decay estimates,
where the presence of weights, like (x)”, in the local energy results is reinterpreted as LY
integrability in the Strichartz case. We recall that the Schrédinger propagator is linked to the
limiting resolvents via a Fourier transform where ¢ is the dual variable to A (cfr. (1.2.9)). Hence,
intuitively, the need in Strichartz estimates of properties which are global in time induces a
localization in spectral parameter A. In this way, inequalities like (1.3.3) are connected to low
frequency results.

In [RS04] the authors introduced a way to pass from limiting resolvents to Strichartz estimates
in the perturbed Euclidean case, P = —A+V. This is done writing the solution to the Schrédinger
equation via Duhamel formula,

o—iH(=A+V) _ itA _ i/t =) Ay —is(=A+V) g
0

Then €2 can be bounded via Strichartz estimates for the free operator —A. Moreover inhomo-

geneous Strichartz estimates imply that if F' is the source term in the free Schrédinger equation
then .

i(t—s)A o

I ARG dsllipu S IF g5

under suitable conditions on p, ¢, p and §. Using this inequality with source term Ve #(-A+V)

reduces the problem to the evaluation of the operator Ve~ (=2+V) from L2 to L} Lg. As usual
and thanks to the spectral theorem, e *(=2+V) ag a function of the Hamiltonian —A + V can
be studied via the mapping properties of Im(—A +V — A2 +40)~!. In [BM a] for example, the
authors prove global Strichartz estimates with this method in the non Euclidean case and use
the resolvent estimates proved in [BR14b].

Smoothing effects The Schrédinger propagator can have a smoothing effect on the initial
data, by this we mean that a solution e~#"v with initial condition u in L? is H/2 for almost
every t. For example in the Euclidean case, we have a global smoothing effect when the map

L2R") 3 u s (2) V2 ve Py € L2(R,, HY/2(R™))

is continuous. Again, one needs to take an L? average in time, in this case of the L2 — H1/2
norm of the propagator. As for Strichartz estimates, global in time results for the propagator
are linked to low frequency results for the limiting resolvent. Local smoothing was proved for
example in [BaK92], or in [CS88] for more general operators with symbols behaving like [£|™ at
infinity. In the case of local smoothing cutoff resolvent estimates are sufficient as it is shown in
[Chr08].
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Loss due to trapping In Section 1.3.2 we have seen that trapping can cause resolvent estimates
to have an exponential loss, at worst. Improvements on these results can be obtained by allowing
only a little amount of trapping (see for example [NZ09], [Dat09], [Chr09]).

The geodesic flow also has an impact on the smoothing effect we described in the previous
section. In [Doi00], [Doi96] the author shows that the set of non smoothing point contains all
closed orbit and smoothing fails if and only if there exists a trapped complete geodesic. An ¢
loss of smoothing is also showed in [Bur02b] for trapping obstacles, where the author also proves
a necessity result similar to Doi in the case of exterior obstacle Cauchy problems. This loss of
smoothing effect was quantified for example in [CW13] and [CM14] based on the type of trapping.
On the contrary, for Strichartz estimates the case seems to be that it is the dimension of the
trapped set, and not the type of trapping, which determines the loss ([Chr13]).

Complex resonances In Section 1.3.3 we talked about how a zero resonance has an impact on
resolvent properties and hence on energy decay. Complex resonances also generate a particular
dynamical behavior. In the case of an embedded eigenvalue A we have seen that A determines the
rate of oscillation of the solution which corresponds to taking the eigenstate as initial data. In
unbounded domains there is the added feature of decay, and since we have said that resonances
somehow correspond to eigenvalues in the unbounded framework, we can see this decay when
taking a solution with resonant initial data. Indeed, let 1y an initial datum satisfying

Pio = (A — iT/2)do.
Then the corresponding solution of the Schrodinger equation is

P(t,x) = e A 2y (2),

while the real part X still represents the rate of oscillation of the wave function, I' gives the decay
in time.

From a physical point of view this means that resonances are interpreted as metastable states,
in the sense that they behave like a bound state for a finite amount of time (when the bound
state structure e jg(z) is prevalent) and eventually breaks out changing its behavior to the
one of a scattering state (when e /24y (x) prevails).

In Section 1.3.3 we have defined resonances as solutions of eigenvalue equations which do not
belong to L?. Another point of view can also be used. Indeed in [DZ19] for example, resonances
are defined as the poles of the meromorphic continuation of (P — 22)~! (or equivalently of the
Green function) to the lower half plane. This is the definition used for example in [Bur98]
where the author obtains boundedness for the resolvent thanks to a stripe where its extension is
pole-free.

1.4 Manifold setting

The study of partial differential equations on manifolds is a field which attracts a considerable
amount of interest with the hopes of generalizing the features which are known on R™ to more
and more general domains. This interest has its origin in physics, where one can think, for
example, to some classical phenomenon like the propagation of a wave outside of an obstacle.
Another important example of non Euclidean background is the curved space-time in general
relativity, where the metric tensor is given by a solution of the Einstein field equations and
different solutions represent the metric induced by different configurations of mass, momentum
and stress.

Except in Chapter 4, in this thesis we will consider problems set on a curved background.
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More precisely we will consider a non compact Riemannian manifold (M, Gj) of the form
M=KU(M\K), K compact

where M \ K is the infinite end. The assumptions we will make will be on the asymptotic
behavior of the metric G; on the infinite end.

Some basic examples that our assumptions will include are R™ outside of an obstacle, or more
generally domains that outside of a compact set are close, in a sense that we specify later, to R™
or an Euclidean cone. In particular this includes compact perturbations of the euclidean metric
or a perturbed hyperbolic or conical metric.

1.4.1 Definitions

Let (M,Gpr) an n dimensional Riemannian manifold and K C M a compact subset. We will
prescribe, up to diffeomorphism, the metric on the manifold end M \ K which will be given by
the metric on a product manifold.

Definition 1.4.1. Let (S,g) an n — 1-dimensional closed Riemannian manifold and R > 0, we
define a metric half cone as the product manifold

(R, 4+00) x S, dr? +r73).

We will refer to S as the angular manifold.
If M has an infinite end M \ K which is isometric to a metric half cone then we say that M
is exactly conical at infinity.

Ezample 1.4.2 (R™ outside of a compact set). The most common example of a cone is given by
taking
(5,9) = (""", 0)

where o os the usual metric on S*~!. We obtain (R, +o00) x S"~1 with the metric
dr? +r’c (1.4.1)

which is the usual representation of the Euclidean metric in radial coordinates. In this case the
half cone would be a description of R™ \ B(0, R) with the usual flat metric.

Instead of an exact cone as the one defined above, we can also consider a perturbed cone by
replacing the exact metric § with a perturbed one g(r), also depending on the radial variable.
We then need to specify in which sense we assume ¢(r) to be a perturbation of g.

For fixed r, g(r) is a metric on S and we have the smooth family of metrics

g : (Ro,00) = T(T3(9))
= g(r)

where T'(T9(S)) are the sections of the tensor bundle T9(S) = T*(S) ® T*(S) and g(r,w) is a
bilinear form on the tangent space T,,(S). In the sections I'(79(S)) we can define a topology
given by the seminorms

Ning(£) = Y 110%fijllpoe(s)

|a)<m

where f; ; are the coefficients representing f € I'(7T9(S)) around a point w € S on a basis of
T9(S) and J is a compact subset of the coordinate patch corresponding to the point w.

Definition 1.4.3. We say that a function f(r) taking values in the space of sections I'(T9(S))
is in STV if
Ny (8Lf) < (ry771 for any m,l € N, J compact set
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where
(r) = (1)

Definition 1.4.4. Let (S,g(r)) an n — 1-dimensional closed Riemannian manifold and R > 0,
let g another Riemannian metric on S. We define a perturbed half cone as the product manifold

((R,400) x S, dr?® + ng(r)).

where g(r) —g € S™V with v > 0.
If M has an infinite end M \ K which is isometric to a perturbed half cone we say that M is
asymptotically conical.

This definition is what we will consider in Chapter 2.

Ezample 1.4.5 (Asymptotically flat metric). As in Example 1.4.2 we take as the angular manifold
the sphere, but this time with a perturbed metric o(r). Then the perturbed cone

(R, 400) x S, dr? +r?5(r))

will represent R™ \ B(0, R) with a perturbed metric. With the assumption that (r) gets close
to o as r — oo the perturbed metric will approach the flat Euclidean metric near infinity.

Remark 1.4.6. The asymptotically conical end we just defined includes also the so-called scattering
metrics, terminology introduced by Melrose [Mel95] and used in several works (for example
[MZ96], [GHS13a], [GHS13b], [VW09], [HWO08]). These type of metrics are defined as a class of
Riemannian metrics on the interior of a compact manifold X of the form
B de?> h

gs = ﬁ + ?
with h a smooth metric on the boundary dX and x a boundary defining function (that is z — 0
on 0X). Consider Example 1.4.2, where r = |x| and v = ﬁ With the change of variable r = z~!
the metric (1.4.1) becomes a scattering metric. More in general, g5 is a particular case of the
metric in Definition 1.4.4 when g(r) is the Tayolr expansion of h(z) = h(r~!) around = = 0.

By changing the volume factor when taking the product metric we can construct other types
of ends, on top of the conical ones we just showed.

Definition 1.4.7. Let S an n — 1-dimensional closed manifold, g and g(r) two Riemannian
metrics on S and R > 0. We define an hyperbolic end as the product manifold

(R, +00) x S, dr? + e*'g)
and a perturbed hyperbolic end as
(R, +00) x S, dr? +e* g(r))

where g(r) —g € S™" with v > 0.
If M has an infinite end M \ K isometric to a perturbed hyperbolic end we will say that M
is asymptotically hyperbolic.

Remark 1.4.8. In the same way of Remark 1.4.6, asymptotically hyperbolic manifolds include
the model of manifolds defined as the interior of a compact manifold via a boundary defining
function.

For example in Chapter 5 in [DZ19] the authors define an asymptotically hyperbolic manifold
(X, g) as the interior of a compact manifold X = X U9X with a boundary defining function z,
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that is £ — 0 on dX. In the canonical product structure, the metric is of the form

dx? + h(z)

. (1.4.2)

X

with h a metric on the boundary 9.X, this is a special case of a perturbed hyperbolic end. Indeed,
from (1.4.2) we can recover a metric of the form dr? + e?"g(r) after the change of variable
r = —Inz and when g(r) is the Taylor expansion of h(x) = h(e™") around x = 0. We can see
this for example for the hyperbolic cylinder, given by

(R x S, dr? 4 (coshr)?0),

with o the usual metric on the sphere. The canonical structure is obtained by passing from
the boundary defining function (coshr)~! to e~". This means we are performing exactly the
change of variable z = e™" we just mentioned and hence the canonical structure of an hyperbolic
cylinder is a perturbed hyperbolic end in the sense of Definition 1.4.7, namely

(R, +00) x SY, dr? + o).

Remark 1.4.9. Both a (perturbed) conical end and an hyperbolic one have infinite volume. We
will not consider the case of infinite ends with finite volume, such as cusps.

In Chapter 3 we will actually consider a more general type of end which in some sense ranges
from the conical type to the hyperbolic one, that is a product manifold of the form

(R, +00) x S, dr? +1(r)"2g(r)) (1.4.3)

with I(r) : (R, 4+00) — R} and such that

(1.4.4)

)
=
Y

|
3\
Y,
e

for a constant ¢ > 0. The conical case corresponds to I(r) = r~! and the hyperbolic one to

l(r)y=e"".

1.4.2 The Laplace-Beltrami operator

On (M, G ) we will consider the Laplace-Beltrami operator with some lower order perturba-
tions.

Example 1.4.10. On R" the Laplacian as a selfadjoint operator can be defined via the Friedrich
extension induced by the quadratic form

1 1 1 1
qo(u,v) = <€Vu, ;v’U)LQ(Rn) = /(;Vu, ngRnd:ﬂ

defined on the domain

D(qo) := {closure of Cg°(R") with respect to \/qo(u,u) + HUH%Q(W) }.

On D(qp) the quantity \/qo(u, u) + Hu||%2(Rn) defines a norm (the H! norm in this case). With

an integration by parts we see that gy is nonnegative, moreover it is closed. Then by Theorem
VIIL5 in [RS81] it is the quadratic form of a unique selfadjoint operator. We take as domain for
the operator —A the set of u such that go(u,-) is continuous in the L? topology, that is

D(-A) = {u € D(qo) : lgo(u, v)| < C(u)[[v]|Z2 gy }-
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Then for any u in such set gg(u,-) can be extended to a continuous map on L%(R") and the
Friedrich extension of —A applied to u is the unique element —Awu € L?(R™) (given by the Riesz
lemma) verifying

qo(u,v) = (=Au, v) 2 (rn)-

One defines the operator on a manifold in an analogous way replacing the scalar products of
R™ and L?(R") with the suitable ones induced by the metric G}y;.

In general, we will assume that the metric on M \ K is given, up to diffeomorphism, by the
one of (1.4.3). So when restricted to this region the Laplace-Beltrami operator will agree with
the one induced by the metric dr? + I(r)~2g(r).

We now give some explicit expressions in local coordinates for the objects which are involved
in the definition of the quadratic form. The scalar product on S is defined via this bilinear form

as
n—1

g(r,w)(u,v) = Z wigij(r,0)v;

ij=1

with (g; ;(r, 0));,; a symmetric positive definite matrix, while the inverse of this matrix, (¢*7(r, 9)); ;,
defines the gradient

861 n—1
Vg(’/‘) = (gz,] (Ta 9))i,j = (Z g%k(r’ 9)89k)1
80n71 k=1

To define the generic product metric on (1.4.3) we take the usual flat metric on the first factor
(R,+00) and the metric g(r) on the second factor. In local coordinates, the scalar product and
gradient are respectively

n—1

1
G(r,w)(u,v) = ugvo + ITYRY Z u;gi,;(r, 0)vy,
12(r) ij=1
Op, 5
Ve = (0, (g (r0),|  ['= nel g :
c¢ = (0, (I*(r)g"’ (r,0)) J ) : ) ((ZQ(T‘) k:}g,k(r’ 9)86k)i>
en—l

In analogy to Example 1.4.10, we then define the Laplace-Beltrami operator on ((R, +00) X
S, dr? +1(r)~2g(r)) via the quadratic form

1 1 1 1
q(u,v) = (=Vgu,-Vgu)2 = /G(r,w)(fVGu, ~Vav) dvolg,,.
1 4 Gm 1 4

Although the Laplacian is an ubiquitous object of study in mathematics, other differential
operator also have their interest. In this thesis in particular we will also be interested in a more
general differential operator where we allow perturbations of order one.

Example 1.4.11. In Example 1.4.10 we have showed how to define the Laplacian via a quadratic

form. Let
A= (Ag,...,Ap—1) € C*[R"R")

be a smooth vector field. If we consider instead

gm(t,0) = (D — AYu, (D — AY), D=1v

1

on C§°(R™), by integration by parts one can directly check that g, is symmetric and positive.
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Taking as a domain for g, the closure of C§°(R™) with respect to the norm

(@ (u,u) + ||U||%2(Rn))l/2
then gy, is also a closed form and a core for ¢y, is exactly C5°(R™). Again, by Theorem VIII.15
in [RS81], ¢, is the quadratic form of a unique selfadjoint operator P,, that we will call the
magnetic Laplacian, in this case on R". Since it is defined via g¢,,, the operator is given by
(D — A)?, where the addition of the vector field A generates perturbations of order one.
The vector field A is linked to the magnetic field B by the operation of exterior derivative.
For example, in dimension three the relation is

B=rotA=V x A,

we say that B is the magnetic field generated by A.

In the manifold setting we define the magnetic Laplacian taking the obvious generalizations.
Given A a vector field on (R,+00) x S, that is A(r,w) € R x T,,(S) locally around a point
(r,w) € (R,400) x S, the operator will be defined via the quadratic form

gm(t,0) = (Dis — Ay, (Des — Ayo)pa , D= %vg. (1.4.5)

GMm

The magnetic field is then obtained by taking the exterior derivative of A.

1.5 Results

In this section we present the results proved in this thesis.

1.5.1 Low frequencies on asymptotically conical manifolds

Chapter 2 is dedicated to the study of limiting resolvents of the Laplace-Beltrami operator
with a potential perturbation on manifolds with asymptotically conical end (Definition 1.4.4)
and in the low frequency regime. We apply these results to obtain time decay estimates for the
Schrédinger, wave and Klein-Gordon propagators in weighted L? spaces. The content of this
chapter is the object of [Gra23| and generalizes some of the results in [BB21] to a larger class of
metric perturbations.

1.5.1.1 Time decay

The objects we are interested in are the evolution operators of the Schrodinger, wave and
Klein-Gordon equations. These operators map the initial condition to the solution of the equation.
If we consider the Schrédinger case, given the selfadjointness of P the operator e =" is unitary,
so if we look at it as an operator from L? to L? its norm is constant in ¢. However, if we
consider compactly supported initial data and focus our attention on a compact set we can obtain
smallness of the L? norm after a sufficiently long time interval. Let K a compact set and 1 f
the compactly supported initial data, if & is the evolution operator what we just described can
be modeled by the asymptotic behavior

&l fllre <c@®)|fllz with ¢(t) =0 as t — oo.

Remark 1.5.1. The term dispersive estimates usually denotes L' — L estimates for the cutoff
evolution operator, first studied in [JSS91]. In this thesis we will only consider the weighted
L? — L? setting.

Before giving our result we recall the behavior of the evolution operators on the Euclidean
setting.
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o If § = e~ is the Schrodinger evolution operator

ILxe P fll o2 < OE?).

o If & = (cos(tV/P), %) is the wave evolution operator

n in(tv'P n
1k cos(tVP) Lk fl 22 < O(E™), ||11Ksm(\/}—3)ﬂKfHL2—>L2 <O(t'™™).

o If & = (cos(tvP +1), sin(ty PH)) is the Klein-Gordon evolution operator

v/ o
sin(tv/P + 1 n
||]lK(COS(t\/P+ 1)]1Kf||L2—>L2 + H]lKE/ﬁl)]le”]ﬁ_)Lz < O(t /2).

Remark 1.5.2. More generally, instead of cutoffs 1x we can consider smooth functions whose
influence vanishes at infinity, in this way we give less weight to the behavior of the evolution
operator at spatial infinity. As we anticipated the results on the evolution are an application
of the ones on the resolvents and we have already remarked how the limiting resolvents can
not exist as bounded operators simply on L?. The presence of these weights in the time decay
estimates corresponds to the need for weighted spaces in the proof of the limiting absorption
principle.

In the asymptotically conical setting we are able to replicate the same decay rate known on

R™, up to the wave equation in odd dimension. Before stating the result we recall some details
on the objects involved.

e M is a manifold with an infinite end that we assume of product form (R, +o0) x S, so
outside of a compact set we have separation of variables into radial and angular domain.

e The infinite end (R, +00) x S is of asymptotically conical type: we introduce a metric
perturbation on the angular component S and the metric is dr? + r2g(r) with g(r) pertur-
bation of a generic fixed (r independent) metric. The reader can refer to Definition 1.4.4
for a precise statement.

e V is a potential that on the unbounded region (R, +00) x S decays in the radial direction
with a prescribed rate.

e We recall the notation (x) = (1 + |z|?)"/2.

Theorem 1.5.3 (Theorem 2.1.1). Let (M, Gpr) an asymptotically conical manifold of dimension
n > 3 and Py the Laplace-Beltrami operator on M. Let f € C°(R) and V a non negative
multiplicative potential that on M \ K agrees with O({r)=27") with v > 0. Then
i) Schrédinger flow: '
1(r) = F(Po + V) otV (r) =2 12 S (1) 72

fora>[§] +2.
i) Vave flow:
sin(tv/Po+ V)

1{r) = f(Po + V)WW—QHLQ < ()t

and

(r) = f(Po + V)™V HV ()= 2 < ()7

fora>n-+1.
ii) Klein-Gordon flow:

() = f(Po + V)V ) = 2 S ()72

~
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fora>[§] +2.

This theorem generalizes Theorem 1.4 [BB21]: here we consider a metric whose asymptotic
behavior is dr? 4+ r2g(r) with g(r) perturbation of a generic fixed metric, as opposed to [BB21]
where the authors consider perturbations of the flat euclidean metric only.

Remark 1.5.4. The function f plays the role of a spectral cutoff, localizing in the low part of the
spectrum since in this chapter we are only interested in low frequencies. We remark that it is
this region of the spectrum which gives the constraints in terms of time decay rates.

This result is obtained writing the flow of the equations via the spectral measure as we have
seen in Section 1.2.1, for example

eit(Po+V) — /eit)\dE/\(PO +V)

for the Schrédinger flow. In Section 1.2.4 we explained how the time decay is linked to having
information on the derivatives of the spectral measure, or equivalently on the powers of the
resolvent. The actual translation, via Fourier transform, of the results from a limiting resolvent
frame to a time decay one can be done exactly as in [BB21].

We fix a small parameter Ag > 0 which delimits the portion of the spectrum under investigation.
What is needed to run the arguments in [BB21] is the following result on regularity of the spectral
measure.

Theorem 1.5.5 (Theorems 2.1.4, 2.1.5). Letn >3 Ny > 0,1 € N, « > [ and Py, V as in
Theorem 1.5.3. There exists a constant C such that for every A € (0, A\o] it holds
[(r) ™ (P +V = A i0) 7 (r) 7| oy 2 < CARIR{On/20) (1.5.1)

ifl# 2 and
1(r) ™ (P +V — A£i0)7% (1)~ 12— 12 < C|log \| (1.5.2)

if n is even and | =
Moreover, let Ey the spectral measure of Py + V. The function

|3

s <r>—a%<r>—a

is of class C'=1((0, Ao]) and if a > % then

(r) B ()

0|3

< )\z—i-1

L2—L?

forallj=1,...1—1.

The second part of the statement regarding the derivatives of the spectral measure is a
direct consequence of the first part, since Mourre theory ensures that the powers of the resolvent
actually coincide with the derivatives of E.

Remark 1.5.6. These resolvent results hold for a potential with a rate of decay which is better
than what can be found in some previous works, such as [Wan06] or [VW09]. In the first case,
the approach taken is different and the author provides as asymptotic expansion of the resolvent.
While in this case the knowledge on the resolvent is more refined, it nevertheless requires a faster
decay in the potential. The bounds (1.5.1) and (1.5.2) are also sharper than what was proved in
[BR14b], this is necessary in order to obtain sharp time decay.

To prove the inequality on the resolvent powers we will only need to concentrate on the
resolvent spectrally localized around 0 (Theorem 2.2.7, Proposition 2.2.8), since for intermediate
frequencies A € [A1, Ag| the resolvent is simply uniformly bounded in A via the spectral theorem.
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1.5.1.2 Limiting absorption principle and quantification of resolvents

The main point of Chapter 2 is to prove Theorem 1.5.5. We recall the notation
P=F+V.

The setting is similar to the one in [BB21], where we have two spatial regions with different
properties: a compact part with no information on the metric and an unbounded region on which
we can use a perturbative approach.

Remark 1.5.7 (Curved geometry at infinity). In our case the infinite end of the manifold is
a perturbation of a curved geometry so we need to interpret Py as a perturbation of another
Laplace-Beltrami operator. On the contrary in [BB21] the authors consider an infinite end which
is a perturbation of a flat domain so the operator of reference is simply the Euclidean Laplacian.

Remark 1.5.8 (Normalized operator). As explained in Section 1.2.3 in the low frequency regime
it is convenient to consider the resolvent of the normalized operator P/\ at energy one, rather
than the resolvent of P at energy A. It is what we will do here. To this renormalization in the
energy it will correspond a rescaling in the radial variable by A'/2. This is in the same spirit
of when, to the Euclidean Laplacian A~!(—A), we associate the spatial rescaling & = A2 s0
that the operator in the new variable ¥ is independent of A. In our case we rescale only in the
radial direction, which is the only one possible since rescaling on the compact angular manifold
S would not make sense.

We apply Mourre theory described in Section 1.2.3 to prove the existence of the limiting
resolvents.

Conjugate operator A* From what we already explained we need a conjugate operator
A for P/ (as the operator itself is A dependent, so will be the conjugate operator). This is
constructed keeping in mind the generator of dilations we used when we described the theory in
the Euclidean case. Here we write the operator in radial coordinates

rDy + Dpr 1 0

Ty o
to exploit the separation of variables we have in [R,00) x S. We will define a conjugate operator
acting only at spatial infinity, precisely we will define it as the generator of a unitary group
which will act as the identity on the compact part of the manifold. Let x € C§°(R) equal to 1 in
B(0, R), then for A small the function (1 — x)(A?r) localizes in a region near infinity. We use
this function to localize the generator of dilations in the region {r > 1}, obtaining

1 .
A = (1= ) (A2 (2 - ir8r> + Lo,
i
We will see that this operator is the generator of a strongly continuous unitary group of

transformations and hence selfadjoint, but with respect to the fixed metric. We recall the
situation is

| (5.9) | (S,9(r))
(R,4+00) x S ‘ dr? + r%g, fixed ‘ dr? + r%g(r), perturbed

We can then obtain an operator which is selfadjoint with respect to the perturbed metric by
considering a conjugated unitary group acting on the infinite end and whose generator will be

ﬁ _ Z'Tar + 1TW> + %""arX()\l/2T).

A =100 (5 2" To(r.0)
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Finally A* will be an operator on the whole manifold, which is 0 in a compact region and agrees
with A2 on the infinite end.
Once we have a candidate conjugate operator to do Mourre theory with, the main steps are

e regularity of the map (1.2.3), P € C¥(A),
e a positive commutator estimate,

e convert the operator weights (A*) of (1.2.5) into physical weights (r).

Smoothness with respect to A* To obtain that the map (1.2.3) is C' amounts to proving
that the operators

[P/XiAN(P/A+0)7Y, [P/, iAN, iAN(P/X + )71 (1.5.3)

are bounded. Similarly, to obtain higher regularity we need to consider iterated commutators of
higher order.

To prove properties of this type we use symbolic calculus. In particular, we can construct a
parametrix for (P/\ +i)~! whose symbols have seminorms which are uniformly bounded in
A. We manage to do so by considering pseudodifferential operators with symbols whose radial
variable is rescaled by A/2 to take into account the renormalization described in Remark 1.5.8.
More precisely, we consider the usual quantization of a symbol on R™ given by

Opla)f(r-6) = (271r)n / / =P+ O=mg (0 p ) f (', 0')dr' 8 dpdn,

so p is the momentum variable corresponding to r and 7 to 6. Then let A = 5 — ir0, the

generator of dilations in radial coordinates and 7 = ln()\%). We will use rescaled pseudodifferential
operators defined as 4 '
Opx(a) := €™ 0p(a)e™™ = Op(ay),

where in a) we have exactly a rescaling of the spatial variable by A3 (and consequently a rescaling
of the momentum variable p by /\_%).

We then apply symbolic calculus (or more precisely an adapted calculus for pseudodifferential
operators on manifolds and of rescaled type) to evaluate the compositions in (1.5.3)

We can actually obtain P/\ € C*(A*) for any k since the iterated commutators have always
the same symbolic structure. We have seen in Example 1.2.12 how in the Euclidean case the
iterated commutators stay exactly the same. In the metric perturbation case this is not true,
but in pseudodifferential terms the operators do not change.

Positive commutator estimate In Section 2.3 (Proposition 2.3.9) we prove that there exists
I open bounded interval containing 1 such that

1;(P/A)i[P/A, ANL(P/X) > 17(P/A). (1.5.4)
for all A € (0, \g]. This, together with smoothness of P with respect to .4*, implies

sup sup |[(AMN TP/ — 1 +ie) " HAN |22 < 00 (1.5.5)
AE(0,\0] €>0

for s > 1 — %, that is the limiting absorption principle.

To prove inequality (1.5.4) we exploit a property which is somehow linked to the uncertainty
principle. The property is the following: for all o > 0 and € > 0 there exist A\g > 0 and
f € C§°(R) equal to 1 in a neighborhood of 1 such that

I(Azr) @ F(P/A)| < e (1.5.6)
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for all A € (0, \g]. The uncertainty principle imposes a lower bound when one wants to localize
both in the space and frequency domains. Inequality (1.5.6) morally tells us that, even when we
do so (i.e. we localize in frequency through f and in space through the decaying weight <)\%r>*°‘)
we still have smallness provided the spectral localization is strong enough.

With this property in mind, to bound from below the commutator [P,i.4*] (plus a spectral
localization) we split it in the regions {r > 1} and {r ~ 1}. Inequality (1.5.6) is used to deal
with the bounded region {r ~ 1}. In the region at infinity we said that we treat the problem as a
perturbative one hence we compare P with the Laplace-Beltrami operator corresponding
to the fixed metric dr? + r2j.

Remark 1.5.9. Thanks to the construction of the conjugate operator the fixed Laplace-Beltrami
operator is stable under commutators with A%, in other words it enjoys a property analogous to
[—A,iA] = 2(—A), that we have seen in the Euclidean case (Section 1.2.3).

Passing to physical weights To obtain bounds in the weighted L? spaces of Theorem 1.5.5
we need to replace the operators (A*)~* with the decaying weights (r)~®. We manage to do so
using multiple tools, such as symbolic calculus, the parametrix for P/ and estimates on powers
of the resolvent like (P/A + 1)~" that we derive via heat kernel estimates. We study the
behavior of the heat semigroup e *F thanks to the fact that we can obtain a version of the Nash
inequality on the manifold M, which we prove in Appendix 2.B.

Uncertainty principle Proving that H()\%r)*af(P/)\)H is small is one of the main step in
Chapter 2. As we have already done previously, we divide the contributions of the regions {r > 1}
and {r ~ 1}, where at radial infinity again we compare P with —A, the Laplace-Beltrami
operator of ([R,00) x S,dr? + r2g).

To evaluate the functions f(P/A) and f(—Ag/\) we use Helffer Sjostrand formula, so
that we reduce ourselves to studying the difference between the resolvents (P/A — z)~! and
(—Ag/X — z)~1. By the second resolvent identity, comparing the resolvents of P = —Aqg + Q
and —Ay can be done having information on the difference Q. Locally speaking, the behavior of
the difference @ = P — (—Ay) is induced by the behavior of the metric perturbation g(r) with
respect to g.

Remark 1.5.10 (Perturbation by potential V'). In Chapter 2 we will give all the details of the
proofs for the case V = 0. The addition of the non negative decaying potential does not add any
major difficulty. This is because most computations are carried out using symbolic calculus and
the addition of V' does not perturb the symbolic structure of the operator (we require that V'
has decay in the radial direction of order (r)~=27%). Moreover the Nash inequality we mentioned
before is stable for non negative potentials.

1.5.2 High frequencies for order one perturbations of the Schrodinger operator
on infinite volume ends

In Chapter 3 we consider
P,

the Laplace-Beltrami operator with an order one perturbation, on top of a potential one, and in
the high frequency regime. With respect to Chapter 2 we also consider a more general class of
manifolds with ends of infinite volume, but not necessarily perturbations of cones. The content of
this chapter generalizes some aspects of [CV02], where the authors consider the Laplace-Beltrami
operator on manifolds with ends of infinite volume and cusps and prove resolvent estimates in
the high frequency regime. Despite not allowing cusps, our main contributions are the fact that
we include differential perturbations and we consider appropriate functional spaces which
allow us to use sharper weights. Moreover, to treat the contribution of the infinite volume
end we use a different approach for which the proof holds also for intermediate frequencies. This
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feature can be a first step into obtaining a proof which hold in the whole spectrum except away
from the low frequencies.

Let A a vector field on the infinite end (R,400) x S. We recall that we can define the
magnetic Laplacian starting from the quadratic form (1.4.5), that is

am(u,v) = ((Dg — A)u, (Dg — A)v) 2 (1.5.7)

Gy

where we add a perturbation A with respect to the usual quadratic form that defines the
Laplace-Beltrami operator. We consider an infinite end of the form

(R, +00) x S, dr? +1(r)2g(r)) (1.5.8)

with a volume factor [ satisfying

Writing the metric in the more general form dr? + I(r)~2g(r) allows us to treat a generic infinite
volume end including, at the same the asymptotically conical and asymptotically hyperbolic
cases. The structure is as before: a bounded region where we do not have information on the
metric and an infinite end of perturbative form.

For the region {r > 1} we exploit the explicit expression of the operator that we have thanks
to the explicit information on the metric. The quadratic form (1.5.7) produces an operator
which is selfadjoint with respect to the metric perturbed at infinity, namely a metric of the type
dr? 4+ 1(r)~2g(r) with the angular metric g(r) depending on r. After a suitable conjugation and
translation by A the operator in local coordinates that we consider near infinity is

R*(D, — Ag)* + M(r) + h*(Vy, — A) (1.5.9)

where:

e h = \"!: we will renormalize the resolvent (P,, — A% + ie’) to bring it back to energy one
by factorizing A, hence we introduce the parameter h;

e M(r) includes the part of operator acting in the angular variables as well as the order one
perturbation due to the addition of the vector field A;

e 1V}, includes an effective potential and the perturbation by decaying potential;

e A is a non negative constant, it is equal to 0 in the asymptotically conical case and to

% in the asymptotically hyperbolic one;

e the operator is now formally selfadjoint with respect to the fixed metric dr? + I(r)~2g.

Remark 1.5.11. We denoted by M (r) the angular part of the perturbed Laplace-Beltrami operator,
so M(r)'/? in some sense plays the role of an angular gradient.

We now state the main result of Chapter 3, the objects involved are

e P, the Laplace-Beltrami operator on M with the magnetic perturbation, near infinity it
agrees with (1.5.9);

o || m), H ! norm on the manifold M induced by the metric G/, that outside of a compact
subset we recall is of the form (1.5.8);

o || lBap:ll- HB;Rv weighted norms on the manifold end (R, +00) x S

e for a function f supported on the manifold end (R, +00) x S, HfHHl,B;R is a shorthand
for the B% , norms of f, (D, — Ag)f and M(r)'/2f;

e X, for a > R is a non compact manifold X, := (a,00) x S.



1.5. Results 29

Theorem 1.5.12 (Theorem 3.1.1). Let u € H?>(M), A > 1, and Ry, Ry € R independent of A
and verifying R < Ry < Ra, then for any & > 0

ll3 o, + Nl e, SONT2EN (B = A2 + i Yul 32 gy

+ ON22N)||(Pr, — N2 + is/)u||QB>R

for some constant C > 0 independent of X\ and €’.

In the left hand side of the inequality we have the norm of u on a compact region (M \ Xg,)
and on a complementary unbounded region, so we are bounding the norm of u on the whole
manifold, but we use this distinction to prove the result. Indeed, we consider separately the two
regions M \ Xg, and Xg,, the latter one is where the B. g, BY p norms are defined.

In particular we use the following intermediate result

Lemma 1.5.13 (Propositions 3.2.1, 3.3.1 and (3.3.1)). Let u € H?*(M), A\ > X\ > 0 and
Ry, Ry € R independent of X\ and verifying R < Ry < Ra. Let also K,U bounded regions in Xpg,
and vy € (0,1). Then for any €' > 0 the following inequalities hold

lulln g , < ON(Prn = A + i )ull, , + OW)ullFp ) (1.5.10)

and
ull i a1\ xm,) < OEM ) [(Prn = A 4 i)l 20 x5 + O ) [l 111 07)- (1.5.11)

First of all we remark that this lemma holds for all frequencies A > A\g and we do not need to
assume A large. The inequalities we just stated give us a right hand side that, up to remainder
terms, is as the one needed in Theorem 1.5.12. In the process of combining the two contributions
(1.5.10) and (1.5.11) we use the assumption A > 1 to manage the remainders ||u| g1 x) and
O ) [full 1 (1r)-

We also remark that in (1.5.10) the contribution of the region at infinity provides us a bound
in O(A\~!) and indeed we can obtain the following result.

Corollary 1.5.14 (Corollary 3.1.2). Let u € H>(M), A > 1 and Ry, Ry as in Theorem 1.5.12
and R3 > Ry. Let x a smooth cutoff such that x =0 on M \ Xg,, x =1 on Xg,. Then for all
e >0

IxullBs , < ON)[(Pn — A? + i )xull. -

In particular
= 2 (P = N i) T o = O(AT)

with p > 0.

With this corollary we recover, for the magnetic Laplacian, the known bound for the cutoff
resolvent of the unperturbed Laplace-Beltrami operator, proved for example in [CV02] in the
presence of cusps.

Our result has also the interest of providing a uniform bound for the high part of the spectrum
without requiring any additional knowledge on the geodesic flow.
Remark 1.5.15. In general, the weights used to prove the limiting absorption principle are (-)~*
with s > 1/2. This is due to the fact that studying the behavior of the resolvents is like looking
for a solution of the equation (P - A2 +i0)u = f. In the Euclidean case this is equivalent to
solving (|¢ |2 )\2)u = f. If f vanishes on the sphere {|¢| = A} we can directly define @ as
4= (|¢]2 = A2)~1f. Then thanks to Theorem IX.41 [RS75] one can bound u in a weighted space
L2y, = L*({x)"1/27"dx) if f € L3

The norms | - ||p., and || - ||B

1/24v"
Br, We consider here are defined by partitioning the radial

domain in dyadic intervals and by taking on each interval the weight #~/2. In this sense the



30 CHAPTER 1. Introduction

weights we can consider here are sharper. These norms were first introduced in [Agm75] to study
the Schrodinger operator on R™. With the strategy used in Chapter 3 we combine the Carleman
point of view for the compact region, with sharper weighted spaces to take care of the part of
domain at infinity.

We now give some ideas on how we obtain inequalities (1.5.10) and (1.5.11) and on the origin
of the remainder terms therein.

1.5.2.1 Bound at spatial infinity

As we said we can obtain (1.5.10) not only for the part at infinity of the spectrum, but also
the intermediate one. To do so we need to consider u, (D, — Ag)u and M (r)'/?u and we want to
bound these quantities by f, the source term in the equation (P, — A2 + ie')u = f solved by w.
We use the equation itself to obtain expressions for the desired quantities. To be more precise we
must use the equation (P, — A2 +i¢’)(¢u) = f where ¢ localizes on the infinite end since it is in
this region only that P,, agrees with (1.5.9).

Let us give the example of how we obtain the norm of the angular gradient, since it also
shows how we use the property —I’/l > r~! of the metric. We use the following relation

(B, C]

Im(Bu,Cu) = (u, 9

u)

which holds for two symmetric operators B,C' and u in a dense subset of D(B) N D(C).
Let’s consider the case C = P,, — A2 +ie’ and ¢ a cutoff near radial infinity

(B, P,,]

5; (pu)) + €' (B(pu), pu), (1.5.12)

Im(B(¢u), (Pm — A +ie’) (¢u)) =(¢u,

then in the left hand side, up to applying Cauchy-Schwarz inequality, we already have the desired
source term f. It turns out that to obtain M (r)'/2(¢u) in the right hand side a suitable choice
is B= D, — Ag. With this B we then need to consider

1
i

Dy, M(r)] = —M'(r)

that we can bound from below by the square root of M(r). Indeed, thanks to the property
—1'(r)/l(r) = £ we can lower bound the following scalar product in the right hand side of (1.5.12)
by

(¢u, =M'(r)(¢u)) > O()| M (1) *($u) . = OW)[IM ()" ?ullf: .
We prove this in Lemmas 3.2.4 and 3.2.5. From (1.5.12) we can then derive an upper bound on
M () 2ul s ..

Remark 1.5.16 (Remainder term I). Inequality (1.5.10) is the final result of Section 3.2, where
we have the term in the right hand side, Hu”%ll (K) which is not present in the statement of

Theorem 1.5.12. This is due to the fact that to obtain (1.5.10) an intermediate step is

lullF ps , S OND (P = N +i)ulf_, + OW)lr ™ ull3p g -

If we consider the norm of r#u in the region {r > 1} the factor r—# can be used as an arbitrarily
small prefactor to absorb the term in the left hand side, the remaining quantity that is the norm
on {r ~ 1} that we can not absorb on the left, is exactly ||u||§{1(K).

For the norms of u and (D, — Ap)u we repeat similar computations, using either the real
part or the imaginary part of the scalar product of equation solved by ¢u.
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1.5.2.2 Bound in the compact region

To obtain a bound on ||ul| HL(M\Xxp,) We apply the following result due to Lebeau and
Robbiano, first appeared in [LR95] in the Euclidean case. Thanks to Theorem 9.1 in [LRLR22]
we can prove

Proposition 1.5.17 (Proposition 3.3.2). Let (My, go) an n dimensional Riemannian manifold,
T the Laplace-Beltrami operator and R a differential operator of order one. Let

Uy € Vo € Mo VieVoe My VonoMy =10,

a € (0,1/2) and z € C with Rez > zy > 0, [Imz| # 0. Then there exists ¢(z9) > 0 and vy € (0,1)
such that
lull vy < e(z0)e 0 (T + R = 22)ull L2 + Il L2wi))-

for all u € H*(Vp).

In our case
T+R=P,, 2>=X\—i.

To apply the inequality to bound the norm of u on M \ Xg, we choose a smooth cutoff yo and
consider xou. If xo vanishes on Uy we do not have the contribution of the control term |[ul| 12 (1)
on the right. We also choose xo = 1 on V{j, a region containing M \ Xg,, in order to have exactly
||U||H1(M\X31) on the left. An application of the proposition gives us

ull i1 (ar\ x5, ) < OEM)(Po = A + ") (xou) | 2 (an\ x, )

Remark 1.5.18 (Remainder term II). As we can see from the previous inequality, the remainder
term we see in (1.5.11) is due to the commutator [Py, xo]. So O(e’\/VO)||uHH1(U) is supported in
a bounded region of the form Xpg, \ Xg,+1. To eliminate this contribution, we remark that for a
generic operator T’

I fIl < lleXT ]|

is equivalent to
171l < X Te £]].

Hence, to find a bound for e’y we consider the conjugate operator (P — A2 i) )e
for an appropriate weight that we can derive from [CV02]. This will also allow us to bound
the remainder ||u|]%p( K given in Remark 1.5.16. In [CV02] the authors use a weight function ¢
depending on the spectral parameter, using in turn an idea coming from [Bur02a]. In particular
the relevant features of ¢ will be that ¢’ = O(A~'r~1) for sufficiently large  and that ¢ < 0 on
a compact region.

1.5.3 Properties of zero resonances on R", n = 3,4

In Chapter 4 we consider the Laplacian with a potential perturbation on R” for n = 3,4. We
study the bottom of the essential spectrum, that for the Laplacian is the positive half line [0, co).

The essential spectrum is stable under suitable potential perturbations. This will be the case
for the potentials considered here, where we assume V' to belong to a Lorentz space

Ve L”/Q’I(Rn) C L”/2(R"). (1.5.13)

In particular we are interested in the nature of the point 0 in the spectrum, whether it is a
resonance or an eigenvalue, and in the properties of the corresponding eigenfunction or resonant
state. As we have seen in Section 1.3.3, this influences the rate of decay of the Schrodinger
propagator.
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To study the zero state we will use some conditions that already appear in [JK79], where the
authors study a smaller class of potentials with pointwise decay. In our case, condition (1.5.13)
on V is more general than the most common assumptions of pointwise decay, that we can find
for example in the previously mentioned [JK79], [GS04], [ES04], and it is also less strict than
requiring L3/27¢(R%) N L3/2+¢(R3) as in [Gol06a], [Col06b]. We also underline that condition
(1.5.13) includes potentials decaying at infinity like |27, v > 0 which is a slightly faster decay
than the critical potential |#|~2. Indeed, the inverse square potential is a critical one for the
validity of uniform resolvent estimates which are explicitly linked to the nature of 0 by the work
[JKT79].

We limit ourselves to dimensions three and four since they are the only cases for which there
is at most one linearly independent resonant state (see Remark 1.3.8 for dimensions five and
higher and [JNO1] for dimension two). In dimension three some of the results were proved in
[Becl6] in a slightly less general framework. In addition to the more relaxed assumptions we use,
we are also able to extend our results to dimension four.

Remark 1.5.19 (Scaling invariance). In the study of the resolvent (—A +V — A2 +40)~! at energy
A, it is somehow useful, for example as in Section 1.2.3, to reduce the problem to energy one by
considering (—A72A + A72V — 1 +40)~L. In this case, after the rescaling ¥ = Az the potential
perturbation is V = A"2V(A~1.). Assumption (1.5.13) has also the interest of being invariant
under this rescaling. Indeed, given the dilation identity

1 (@ )llzea = a™™7|| ]| Lo

we have ||VHLn/2,1 = )\_2”V(A_1’)”Ln/2,1 = ||VHLn/2,1.

The results proved in Chapter 4 are the following.

Theorem 1.5.20 (Theorem 4.1.2). Let n = 3,4, V € L>Y(R") and ¢» € H (R™) a solution of
the equation (—A + V)i = 0. The following properties hold:

i) |2["24 has a finite limit as |x| — oo, hence forn =3
¥ € L**(R?)

and forn =4
Y € L2°(RY).

i) ¢ is a zero eigenfunction, that is ¢ € L*(R™), if and only if [V = 0, in particular
P = O(m%) near infinity.

iii) If [V = [y Vo =0 forallk = 1,...,n, then is a zero eigenfunction andp € LY (R"),

in particular ¢ = O(ﬁ) near infinity.

) If [V = [yeV = [ypyiVp =0 for all k,1 =1,...,n, then ¢ is a zero eigenfunction
and ¢ € LY(R™), in particular i) = O(M%H) near infinity.

2n
Remark 1.5.21. We underline that it is actually sufficient to consider ¢ € L»-2"°°(R"), as this is
the only property that we will need in the proofs and is a weaker assumption since by Sobolev
embeddings we have the inequality
np

lull L= S IVullLr p™ = —

. 2n 2n .
which implies H*(R") C L»—2(R") C L»—2"°°(R"). We state the theorem for functions in H'!
since in Remark 1.3.8 we proved there are no zero resonances in higher dimension taking as a
starting space H'. Moreover it also represents a natural class of non L? functions.
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First we remark that thanks to this theorem a zero resonant state belongs to a weak Lebesgue
space, rather than a weighted L? space as we described in Section 1.3.3, and this provides us with
a scaling invariant condition on the resonant state. Moreover, Theorem 1.5.20 gives us
information on the rate of decay of the solution to the Helmholtz equation from which we derive
further integrability. Additional assumptions are necessary to reach the L' space, since we
have examples of zero eigenfunctions, like the Aubin-Talenti functions in Example 1.3.7, which
are not in L'

Remark 1.5.22. The conditions on the integral of 1) against V' had already appeared in previous
works such as [Becl6], [JK79], [Jen84]. For example [ V4 = 0 had already been used to prove
that a resonant state is an eigenfunction. With respect to the works of Jensen and Kato here we
apply such condition for a much more general class of potentials, without requiring anything on
the pointwise behavior of V'; while compared to [Bec16] we do not need to assume integrability on
V to recover ¢ € L?. The quantities [V appear in the description of the coefficients in the
resolvent expansion in [JK79], in particular in the term due to the presence of a zero eigenfunction.
In [Becl6], where there are no pointwise decay assumptions, this quantity, together with the
integral [ yry, V1, is used to derive the asymptotic behavior of 1. Nevertheless, in Theorem
1.5.20 we obtain results on the zero eigenfunction with condition (1.5.13) only, as opposed to
Lemmas 2.3 and 2.5 in [Becl16].

Remark 1.5.23. In our proof we take advantage of the fact that simple functions are dense in the
Lorentz spaces LP4(R™) when ¢ < co. In particular this allows us to decompose V' in the sum

V=W+K

with K a simple function and W arbitrarily small in L™21(R"). For this we need to consider
L™21(R™) and can not allow L™/%°(R"), which includes the critical potential |z|~2. However,
assumption (1.5.13) still covers the case of potentials decaying like |z|=27", v > 0.

The proof of Theorem 1.5.20 has two steps. First we construct a Green function for the
Laplacian perturbed by the small part of the potential. We use this to prove item i) where we
actually have more precise information than what is stated in the previous theorem, since we
obtain an explicit expression of the limit of |z|"~2¢. Then starting from the fact that |z|" 2%
is bounded near infinity we use a fixed point argument to prove that 1 has the faster decay
described in items i) — iv).

1.5.3.1 Green function

The function ¢ we want to study is solution of the equation (—A + V)¢ = 0, which, using
the decomposition V =W + K, can be restated as

(-A+ W) =-Kv (1.5.14)

where the operator
(~A+W) = (=A)I +(=A)"'W)

is a small perturbation of the identity in the space of bounded operators from H'(R") to H~(R™).
We can see this thanks to the Sobolev inclusion and its dual

HY(R™) < Loz (R"),  (La2(R"))* — H~L(R")

since W, which has small norm, maps L%(R”) to L%(R”) = (L%(R”))* We can then
invert (I + (—A)~1W).

On top of it being invertible, we can also find an expression for the inverse following a strategy
from [Pin88]. Since we can invert (—A)(I + (—A)~!W) via a Neumann series, we define its
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integral kernel by the series of the kernels of ((—A)~'W)7(—A)~!, namely

1
GO(xJ y) = cn|

1
T — y|n_27 Gj(x,y) = Cp, / WW(z)Gj_l(z,y)dz

with ¢, = n(n —2)|B(0,1)| a constant depending on the dimension.
We are then able to prove the following

Proposition 1.5.24 (Theorem 4.2.2). Let W € LY (R™) with |W||pnj21 < 1, then

G(:Ba y) = Z(_l)jGj(xa y)

j=0

is the Green function of —A 4+ W and is such that |G(z,y)| S

1
[a—y[n—2"

We remark that the proposition tells us that we have a pointwise bound on the integral kernel
of (—A + W)~! by the integral kernel of the free operator (—A)~L.

The proof of this result relies on the fact that W € L™/>1(R") is in the dual of Lﬁ’oo(R”),
which contains |z — -[27".

1.5.3.2 Properties of zero state

We then pass to the proof of the properties of the zero state 1. Here the main idea is to
prove that 1 has the suitable rate of decay outside of a compact set containing the support of K.

For example, for item 4) we prove directly that |z|" 2 is bounded outside of a compact set
using the equation (—A + W)y = —K1 and the Green function G which allows us to write

U@) == [ Glay) K)oy

Studying the behavior of |z|"~2G(z, y) at infinity we prove

Proposition 1.5.25 (Proposition 4.3.1). The function |x|"~%y is bounded outside of a compact
set. Moreover it has a finite limit when |x| tends to infinity, namely

o' 20(@) = ~en [ V)wlydy ] - oo.

This lemma implies in particular ¢ € Lw-2™ (R™), which is item 7) in Theorem 1.5.20. We
underline that the value of the limit is finite since we first prove that |z|" 24 is bounded outside
of a compact set and this alone implies ¢ € L#-2"> (R?) = (L™ (R™))* .

Remark 1.5.26. From the expression of the limit of |z|* 2t we can directly see that if [V # 0
then ¢ can not be in L?. So v orthogonal to V is a necessary condition to have an eigenfunction.
It is also sufficient as we show in item i) of Theorem 1.5.20.

To prove the following items in Theorem 1.5.20 we consider the spaces
Bo = [x|~“L>*(B(0, R)°)

with B(0, R) a large enough compact set (in particular supp K C B(0, R)). We already know
from item ¢) that i) € B,,_2 and for item i), for example, we need to prove ¢ € B,,_1. We do so
using the assumption [ Vi = 0 and the equation (—A)y) = =V solved by 9 to write ¢ as the
solution of a fixed point equation

b= f+ Sv. (1.5.15)

Thanks to the fact that the expression of S contains the small potential W we can prove
that S is a contraction both on B,,_3 and B,_;. From what we proved in item i), ¢ is the
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unique solution of the fixed point problem (1.5.15) in the space B,,_2, but since B,,_1 C B2
the solution of (1.5.15) in B,_1 must coincide with v, therefore implying ¢ € B,,_1.

For items 4ii) and iv) we repeat an analogous argument using the vanishing integrals in the
assumptions to define operators which are contractions on the couple of spaces B,,_1, B, and
By, Bn41 respectively.
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The content of this chapter is the object of the publication [Gra23].

2.1 Introduction

In this chapter we consider the Laplace-Beltrami operator on a quite general class of non
compact manifolds with ends, which includes, among others, all compact perturbation of the
euclidean metric. The geometric setting is the one of asymptotically conical manifolds that over
the years has attracted the interest of a substantial community with the aim of recovering some
of the properties that hold in the flat case, such as resolvent or local energy decay estimates.

Let P = Py+V with Py the Laplace-Beltrami operator on an asymptotically conical manifold
and V > 0 a decaying multiplicative potential. Broadly speaking we are interested in estimates

37
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on the operators
(P—X=+i0)"! = lir%(P—/\iis)_l. (2.1.1)
e—

and the related evolutions e(¥ ), eit‘/ﬁ, et PH; %~

In particular, in this work we give some decay properties in weighted L? spaces for the
resolvent and the spectral measure of the Laplace-Beltrami operator, which are then applied
to recover local energy decay. Our results are closely related to the ones presented in [BB21]
where the geometry is the one of R™, up to an obstacle, with an asymptotically Euclidean metric.
Indeed, we shall prove here that even in the case of a manifold with an asymptotically conic end
the same results as Theorem 1.2 and 1.3 in [BB21] hold. As one can see in Section 5 in [BB21],
these properties can then be used to prove decay on the evolution operators.

Let M an n dimensional manifold with n > 3. We assume M to be of the form M = KU(M\K)
with K compact and M \ K an infinite end which is asymptotically conical. For formal statements
see Definitions 2.1.7 and 2.1.3. For the moment we just say that r is the radial coordinate on the
manifold end, (r) is a positive smooth decaying function which is O(r) for r > 1 and || - || the
norm of operators on L?(M).

The main result of the chapter is the following.

Theorem 2.1.1. Let (M,Gyr) an asymptotically conical manifold of dimension n > 3 and Py
the Laplace-Beltrami operator on M. Let f € C§°(R), e > 0 and V' a non negative multiplicative
potential that on M \ K agrees with a function in S~27¢ in the sense of Definition 2.1.7. Let
P=PFy+V, then

i) Schrédinger flow:
1(r) = F(P)e" P (r) = S ()%
fora > [3] +2.
it) Wave flow:
sin(tv/P)

H(T>_“f(P)T<T>_QII S

and
1(r) = (PP ()= < (1) "

fora>n-+1.

ii) Klein-Gordon flow:
I(r) = F(P)e™ T ) o < ()72

fora > [§] +2.

Remark 2.1.2. In this work we only focus on the flow of the equations in the low frequency regime.
Although this might seem a restriction, we point out that it is the low part of the spectrum
which dictates the decay rate of the solutions. Indeed, for high frequency up to non trapping
assumptions on the geodesic flow one can obtain arbitrary fast decay in time. See for example
[Wan06] and [Vod04].

Remark 2.1.3. We will show in detail all the proofs in the case V = 0, since the addition of V'
requires only minor adaptations for which the reader can refer to Section 2.5.

Proving local energy decay for these equations, especially the wave and Klein-Gordon ones
on manifolds, is a fundamental question in scattering theory which dates back to the work by
Morawetz [Mor61], in which the author considers the flat wave equation outside of an obstacle.
The topic is still the subject of recent works, such as the previously mentioned [BB21] or [Mor20],
[MW21], in the latter the focus is on the influence of the decay rate of the metric on the decay
rate of the solution. Indeed, the full picture of how the energy of the wave equation should decay
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for long range perturbations is not yet clear and it is therefore desirable to find approaches which
are robust enough to allow for this type of perturbations.

We describe how our work compares to known results in this setting, while for an overview of
results in the case of an asymptotically euclidean geometry the reader can refer to the introduction
of [BB21].

In [GHS13a] the authors consider a manifold with a scattering metric defined via a family of
smooth metrics h. After the change of variable » = 1/x and Taylor expansion of h the scattering
metric results in a particular case of Definition 2.1.3. More precisely, g(r) would be given by the
Taylor expansion of h(1/r) around 0, 9M corresponds to S and h(0) to g. There the authors take
a geometric approach to obtain an expression for (2.1.1) as a sum of pseudodifferential operators
and Legendre distributions. From this, they derive an explicit expansion for the Schwartz kernel
of the spectral measure as A — 0, which is applied to obtain long time expansions for the
Schrodinger and wave operators. The decay rate depends on the spectrum of the operator at
infinity. In particular, using the notation of Section 2.1.1 of the present article, on the smallest
eigenvalue of the Laplace-Beltrami operator on (.5,g) and the decay of the potential at infinity.
In [GHS13a] the potential is allowed to be negative, however with a control on the negative part
(see condition (1.2) therein) and with a decay rate of —2. In this work the authors make the
assumption of no zero resonance nor eigenvalue. While [GHS13a] gives sharper estimates (and
results in relation to Price’s law) the geometric framework is more restrictive than ours.

A similar approach is used in [Wan06]. Here the result provides an asymptotic expansion for
the resolvent, however allowing for the presence of zero eigenfunctions or resonant states, which
unlike the Euclidean case are still present in higher dimension. The author first considers the
operator on a manifold with an exactly conical end and then uses this result to treat the case of
a perturbation by metric and by potential. The result also allows a decaying term of order —2,
which can not be dealt with using perturbative arguments. We remark that to treat the model
operator on the exact cone it is used a diagonalisation on the angular manifold similar to the
one we present in Appendix 2.A. In [Wan06] the author starts with a potential with decay as in
the present work (condition (1.5) in [Wan06]), but a stronger decay and stronger weights are
required to write the expansion of the Schrodinger evolution (cfr. Theorems 6.3 and 6.4). The
improvement of our work is the fact that we can allow a long range decay.

In [VW09], instead, in the case of a scattering manifold the authors take a similar approach to
the one of the present chapter using positive commutator estimates to prove dispersive properties
for the flow of the wave equation. Although the positive commutator estimate is proved for
potentials in the same class as the present work, decay of the flow is only recovered for potentials
with a stronger decay.

The method used to prove Theorem 2.1.1 is the same as [BB21] and it relies on results on
the regularity of the spectral measure and on quantification of estimates on the operators (2.1.1)
(and its powers). We now state the two theorems from which Theorem 2.1.1 follows. We will
prove these in Section 2.2, while the derivation of Theorem 2.1.1, being analogous to what is
presented in Section 5 of [BB21], is omitted here.

First, recall the definition of spectral measure. Let Eq the indicator function of a set 2 C R,
then for every u,v € L?(M) the map Q — (u, Eq(P)v) is a well defined Borel measure. To say
that we integrate A\ with respect to this measure we write d(u, Ex(P)v). We call this measure
the spectral measure of P associated to u and v. It satisfies the property

(£ (P)0) = [ N d(u, Br(P)o)

for any bounded Borel function f, or in short

1) = [ 1) .
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The following theorem gives us regularity results on E). These can be used to prove Theorem
2.1.1, after writing the flow of the equation as an oscillatory integral against the spectral measure.

Theorem 2.1.4. Letn >3, >0, a >k and P = Py+V with Py,V as in Theorem 2.1.1. Let
E) the spectral measure of P. The function

A (@ﬂ%m—a

is of class C*=1((0, Ao]). Moreover if o > % then

forallj=1,...,k—1.

The strategy to prove Theorem 2.1.4 is to use Stone’s formula to write the spectral measure
in terms of the limiting values of the resolvent and then use the following uniform resolvent
estimates.

Theorem 2.1.5. Letn 23 M\ >0, €N, a>1 and P = Py +V with Py,V as in Theorem
2.1.1. There exists a constant C such that for every X € (0, Ao| it holds

(R =P — A £i0) L) 7| < oAmin{0n/2-1}

if l # 5 and
1(r) (P = A £i0) 7% (r) || < Clog A|

if n is even and | = 5.
Remark 2.1.6. Some low frequency estimates on the resolvent in weighted L? spaces can be found
in [BR14b]. The bounds we recover in Theorem 2.1.5 hold for all powers of the resolvent and
are sharp with respect to the behaviour in A, unlike the ones presented in [BR14b] which only

provide boundedness with respect to A.

The method in the proof of Theorem 2.1.5 follows similar steps as the one presented in [BB21]
up to the proof of low frequency exact Mourre estimates (Proposition 2.3.9). We refer to Section
2.3 for more details, only mentioning here that key point is to get rid of the compact remainder
in a parameter dependent Mourre estimate.

Indeed, the arguments used in [BB21] rest on the underlying Euclidean geometry and can not
be applied to this more general context. In our case the fact that the operator has non constant
coefficients will not allow us to commute derivatives with resolvents. Even though on the exact
cone we will be able to recover some useful features of the flat case, like the fact that §7F(—A)~!
is a bounded operator, we will need a more careful spectral analysis to be able to apply similar
properties. For example, in the exact conic case we will reduce the problem to dimension one
thanks to separation of variables and we will see how we can control our resolvent by studying
the one dimensional resolvent corresponding to the spherical Laplacian.

This is also the reason for our assumption on the dimension, that we take grater or equal
than three (as opposed to [BB21] where all dimensions greater or equal than two are covered).
This will allow us to use Hardy inequalities on L? that will be necessary, for example in Appendix
2.D.

The rest of the chapter is organised as follows: we conclude this introduction with precise
formulations of the properties we require on the infinite end M \ K and with definitions of the
rescaled pseudodifferential operators we will use in the computations; in Section 2.2 we give the
proofs of Theorems 2.1.4 and 2.1.5 under some conditions that we then prove in Sections 2.3
and 2.4; finally Section 2.5 describes how the arguments adapt to the case of addition of the
potential V.
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2.1.1 Definitions

Let n > 3, in the following we will consider (S,g) an n — 1 dimensional closed Riemannian
manifold with local coordinates (61,...,6,-1), we will use these objects to define the angular
part of conical manifolds.

We also need to define some notion of decay with respect to the radial variable.

Definition 2.1.7. Let f(r) a smooth function of r with values in the space of (h,k) tensor
fields (i.e. sections of the (h,k) tensor bundle ("TS) ® (R¥T*S)). Let 0 local coordinates in

a patch around a point w € S and f;ll’JZh(r, 0) the coefficients of f with respect to a basis of

(R"T,8) @ (RFTS). Then f(r) is in the class STV if

0L0g fit i (r,0)] < ()

J1---Jk

locally uniformly in 0, for alll € N and o € N*~ 1,

We will equip S either with the fixed metric § or with a metric g(r) depending on the radial
coordinate and which is a perturbation (in a S~ sense) of g, meaning that we assume

g(r)—geS™. (2.1.2)

The geometrical setting for all our analysis will be the following.

Definition 2.1.8 (Asymptotically conical manifold). Let (M,Gyr) a manifold of dimension
n with K C M compact. M 1is said to be asymptotically conical if there exist R > 0 and a
diffeomorphism

Q:M\K — (R,+00) x S
m = (r(m),w(m))

such that r : M — [R,400) is a proper function and the metric Gy is given by
G = Q*(dr? +2g(r)).

Remark 2.1.9. Although with different notation, this is the same geometric framework as the one
used in [IN10].

If K : U, C S — V, C R" ! are the coordinate charts on S we will denote by Il,;, IT_! the
pullback and pushforward on [R, +00) X S; moreover if (¢x), is a partition of unity on S and ¢
a smooth cutoff on [R, +00) we will make use of the functions

(1, w) i= p(r)ps(w) € C5°([R, +00) x Uy)

which verify )", 1, =1 for large enough 7.

Notation. A function on M \ K can be identified with a function on (R, +00) x S thanks to
Q. As we will basically always consider the corresponding quantities on (R, +00) x S we will
drop the composition by €2, which rigorously is the one that allows to pass from a point on the
manifold to a point on (R, +00) x S. This means that we will simply use the notation (r,w) for a
point of M \ K and still denote by ., I, or IT;! the corresponding functions defined on M \ K.

In the subsequent table we group the different notations we introduce for the manifolds with
their respective metrics, Hilbert spaces and the associated Laplace-Beltrami operators.

manifold metric Hilbert space  L-B operator
M Gy = Q(dr? +r%g(r)) L*(M) Py
[R,+00) x S G=dr?+r%g L% —Ay

G
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We also define

G = dr® +r?g(r) (2.1.3)
the perturbed metric on [R, +00) x S and || - ||L§; the L? norm with respect to this metric. We
recall that || - || denotes the norm of the operators on L?(M).

We remark that having quantified in (2.1.2) how much the metric g(r) deviates from g we can
compare the two operators —Ag and Py and also obtain that the norms of L% and L2(M) are
comparable, meaning that their quotient is bounded by constants from above and from below.

Throughout the whole chapter we will have to consider convenient rescaled operators as
follows. Since we are interested in resolvents such as (P — A +40)~! we consider the operator P/\
which it is convenient to study using rescaled pseudodifferential operators, that we now define.

Definition 2.1.10. A function a(r,0, p,n) is in 5“”‘([&2") if and only if for every j,k € N o, 8 €
N1 there exists a constant C such that

9%k b 0 < C/(r\ym—i—I8] @ S 4
| r~0 Yp na(rv 7pa77)‘ = <7’> <p>+ (21 )

(r)

with

() 1 if r is in a compact set,
r) =
r ifr>1.

The seminorms of the space are given by the smallest constants verifying the inequality.
Remark 2.1.11. Although we are using the same notation as the radial coordinate on the manifold,
here r is simply meant to denote the first variable of R".

We consider the usual quantization of a symbol defined as

1
(2m)"

Op(a) f(r,0) = / / =004 0. 5 ) F(r, )i A8 dpdny

and we introduce the dilation operator with respect to r and its generator A, namely
et u(r,0) = e%nu(etr, 9), A:= % — ir0y.
For a symbol a defined on R?" a rescaled pseudodifferential operator is defined as
Opy(a) := eiTAOp(a)e_”A. (2.1.5)
Taking 7 = ln()\%) implies a rescaling of the spatial variable by /\%7 in other words

Opy(a) = Op(ay)

with ax(F, 6, 5,1) and 7 := A2r, p = A" 2p.
Analogously we define rescaled pseudodifferential operators on manifolds as

Opas(@)u(A2r,w) = T1L.0px(a)II; b (A 27, w) (2.1.6)

for a symbol a supported in [R,+o00) x V, x R". We remark that Op)\7,{(a)¢,4()\%r,w) maps
C§°(M) in the set of functions supported in [R, +00) X U,.

For example, near infinity Py agrees with the Laplace-Beltrami operator on (R + oo) x S and
therefore in local coordinates it is given by

2 —
PO/)\:—a—r—n 10, 1 8T|g(7070)‘@

—_— - — - 2.1.
A rox a2 9m lg(r,0)] X (2.1.7)
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In terms of pseudodifferential operators this can be written as

P
0w =Y Opalaon +a1)veu (2.1.8)
K

for some w, wy, depending on the metric g(r) and such that w € S and wy € S~2.

Remark 2.1.12. Considering rescaled pseudodifferential operators is convenient since it allows us
to obtain a decay which is uniform with respect to A, meaning that the symbols in Op(-) will
belong to A-independent subsets of S™#(R?") for some m and p. Indeed for ¥ > 1 we obtain

CLQ,\(?{Q,/\I), 77) € 50727 al,)\(%707pu7n) € Sil’l?
where the bounds on the seminorms are uniform in .

Notation. When using symbolic calculus we will often be interested in the decay properties of
the symbols, rather than in their explicit expression. For this reason we will use the shorthand

Opxn(S™")

to denote a rescaled pseudodifferential operator with symbol in S,

2.2 Main results

As mentioned in the introduction, we focus on the case V' = 0 and details about the proof for
P = Py + V can be found in Section 2.5.

In this section we see how to prove the results in Theorems 2.1.4 and 2.1.5, under some
conditions whose proof is postponed to Section 2.3. There we shall prove that there exists an
operator A* selfadjoint on (L?(M), Gyr) which satisfies Proposition 2.3.9, that is

17(Po/N)i[Po/A, ANL(Py/A) = 17(Py/ )

for small enough positive A and I an open neighborhood of 1.

For the construction and precise definition of A* we refer to Section 2.3. For the moment we
only point out that A* is the generator of a unitary group and that in symbolic form it is given
by

AN =37 0py(S*). (2.2.1)
K

Applying Mourre theory in the following section we will be able to prove
(A +0) 73 (Py /A — 1 £i0) 1A +0)~% € L(L*(M)) (2.2.2)

for any natural s > [ — % with operator norm uniformly bounded in A for A € (0, A\g]. Moreover
we also obtain that the map

7= (AN )T (Py/A — 7 £i0) Y (AN +0)7¢ (2.2.3)

is of class C'~! in the interior of an interval where the positive commutator estimate holds.



44 CHAPTER 2. Time decay on asymptotically conical manifolds

The first step into proving Theorem 2.1.5 will be to look at the resolvent with a spectral
localisation, such as

(r) = f(Po/A)(Po — A £i0) ™ (r) =]

with f € C§°(R). To obtain this using (2.2.2) we will need to bound (r)=%f(Py/A\)(A* + )*
and we will use Helffer-Sjostrand formula to evaluate f(Py/A). The following property of the
resolvent will then be useful.

Theorem 2.2.1. Let w,YZ,QZ € SY, supported in (R, +o0) x Uy, such that
W=y, =4

and z € C\ [0,00). Then for any N € N there exist families of symbols by . € S—b=2-1 gnd
TNz € S—N=N such that

N-1
b(A2r,w)(Py/A — 2) =3 (A7r,w )Opa k(b )(A2r,w) + RY,
1=0

with
RY, = p(\2r,w)Opr g (ry a2 )b (A2 7, w) (Po/A — 2) !

Moreover, all of the symbols have seminorms uniformly bounded in A.

The proof is simply by standard techniques for the construction of a parametrix. We use the
previous result in the following lemma.

Lemma 2.2.2. Let a € C°(R), Ao > 0 and s,N € N. There exist a family of sym-
bols (95 \)re(0.00] € SN 4 family of uniformly bounded operators (Bx)ae(0,00] and (Vn)n €

C®([R, +00) x S) supported in (R, +00) x Uy with ¥, = 1 such that

(A + ) a(Po/A) = 3 Opas(@2)0s(A2r,w) + By(Po/A+ 1)~

for A € (0, A\o].

Proof. By Helffer-Sjostrand formula we write a(FPy/A) in terms of its resolvent. Indeed, this
formula yields

a(Py/\) = (/8& Y(Po/X — 2) 7 L(dz) (2.2.4)

where @ is an almost analytic extension of a, that is an extension of a to the plane R? with the
following properties: @ € C§°(R?) and d,a = (9, + i9y)a vanishes to infinite order on {y = 0}.
Moreover, we will use the following property

1 [GROINE
2W/aa L{dz) = *—a () (2.2.5)
In (2.2.4) we apply Theorem 2.2.1 and replace the resolvent with the parametrix. Thanks to
the expression of the symbols in the parametrix and using (2.2.5) we obtain symbols in a(Py/\)
that have negative decay in space and compact support in the angular part. Namely, we can
write for any M € N

Yu(AZ7, w)a(Po/N) = Opx w(S* ™M) (ANar,w) + By o(Po/A + 1) (2.2.6)

where R) . includes the integral of the remainder part given by the parametrix. Next we need to
compose (2.2.6) on the left with powers (A*)7 of order j < s. By choosing the appropriate M
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(M = s+ N), we can conclude observing that (A*)/ will have symbols in 577 (see (2.2.1)) and
that Ry . is

Rie = = [ 0:8210mulr ) (Po/A = 2 (Po/A + DV L(d2),

where rff , € S~K.~K hag seminorms growing polynomially in 1 /[Imz|¥ for any K € N,
O

Remark 2.2.3. In the previous proof we used the fact that symbols in 500 correspond to bounded
operators of L2(M). For a proof in the case of the rescaled pesudodifferential operators we are
using here see Proposition 3.4 in [BM a] and in particular inequality (3.13).

We now derive some useful properties in order to handle powers of the resolvent, as the one
in the statement of Lemma 2.2.2.

Lemma 2.2.4. Let p € [1,2] and an integer N > 14 % (% - %) There exists C > 0 such that

(5-2)

[N

1
P

V3

I(Po/X+ )™Ml oan—r2ary < CA

for all X > 0.
The result is derived thanks to the behaviour of the flow of the heat equation e~/
le™Pollmanzzon < O 3672, peqi (2:27)

which in turn is due to the fact that a Nash type inequality holds. Namely, for all v € C§°(M)

1+2 2 1
”“Hm(}w) < CnHuHZl(M)HPo UHL?(M) (2.2.8)

for some C,, > 0.

The inequality is proved in detail in Appendix 2.B, here we briefly record that it is done by
first considering the full cone Rt x S with fixed metric G so that locally we can apply the Nash
inequality on R™. The result still holds on M since on the compact part K we can use a finite
covering to reduce ourselves to R™, while on the manifold end we use the inequality obtained for
the cone.

To derive (2.2.7) we can interpolate He*tPOHLz(M)_}Lz(M) < 1, given by the Hille-Yosida
theorem, and e || 11 apy 2y S ™% obtained from (2.2.8) and the fact that e 7 preserves
the sign and the L' norm.

Proof of Lemma 2.2.4. We can follow the same proof described in Lemma 3.2 of [BB21]. Writing
the resolvent via the heat kernel

(PO//\+ 1)—N _ ]\1”/ e—t(Po//\-H)tN—ldt
'Jo

n/l 1
we apply (2.2.7) and the fact that, given the assumption on N, e V172 73) i integrable on

RT.
O

Thanks to Lemma 2.2.4 we also easily obtain polynomial decay for powers of the resolvent.
This lemma will also be used extensively in Section 2.4.

Lemma 2.2.5. Let n > 3, for all s € [0,2] N[0, N) and § > s then there exists C > 0 such that
I(Po/X+ 1)~ ()~ < OX°

for all X > 0.
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Proof. The statement follows from Lemma 2.2.4 and Hélder inequality to bound (r)~7 as an
operator from L?(M) to LP(M). O

Now, using the expression given in Lemma 2.2.2 we can easily derive the following proposition.
Proposition 2.2.6. Let a € Cg°(R), a =1, Ao > 0 and s € (0,3] N (0,5). Then
1A+ i)la(Po/A) (1) S A°
for X € (0, X\o].
Proof. From Lemma 2.2.2 and the fact that operators with symbols in SO0 are bounded, paired

with Lemma 2.2.5 to control || By(Py/A+1)"N(r)~¢||. We underline that a power A2 is generated

from the terms OpA,m(Qs?,,\)?Zn()\%T,w)<r>_a when moving the factor (r)™® into the rescaled

pseudodifferential operator. ]

Combining (2.2.2) with Proposition 2.2.6 we can straightforwardly obtain bounds on the
spectrally localised resolvent.

Theorem 2.2.7. Let f € Cg°(R), Ao >0 andl e N. Ifa>1 and s € [0,%]N(0,5) then
1) = F(Po/A) (Po — X £40) " (r) 72| S A2
for A € (0, Ao].

With the aid of this theorem we obtain a bound on the resolvent which is still localised, but
in a weaker way. The proof, being analogous to Proposition 4.4 in [BB21], is omitted here.

Proposition 2.2.8. Let \g > 0, there exists F' € C§°(R) equal to 1 near [0, Xo] such that for
a>1landl e N\ {3}

[(r) = F(Po)(Py — A #140) 7! (r) || < Amint0n/2=0}
for all X € (0, o). Ifl =5
[{(r) = F(Po)(Po — A £0) "2 (r)~|| < |log A
for all X € (0, Xo].

Thanks to these preliminary steps we are now ready to prove the estimate without any
localisation on the resolvent.

Proof of Theorem 2.1.5 (Case V' = 0). Pick F as in the previous proposition, the result then
follows from Proposition 2.2.8 since (1 — F/(Pp))(Py — A +40)~" is uniformly bounded in A by the
spectral theorem.

O

As for the result on the spectral measure, we recall that thanks to Stone’s formula

dFE ()\) 1 . . N—1 c \—1

= ﬁg%((ﬂ)—)\—za) —(Py— A +ie) ),
we can equivalently consider outgoing and incoming resolvents so to use the result we just
established in Theorem 2.2.7.
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Proof of Theorem 2.1.4 (Case V =0). Let f € C§°(R) bounded and supported around 1
then we have

(1= F(Po/N) ((Py = A—ie) ™7 = (By — A+ i) ™) 0

in the strong topology as ¢ goes to 0. It then suffices to consider the terms
()= F(Po/ ) ((Py = A= i0) ™ = (Po = A +i0) ™) (1),

thanks to the regularity of the map (2.2.3) and Lemma 2.2.2 we deduce that

() (PO /N (By = A= i0) )™ = (1) (By = A= i0) ()

In general, for higher derivatives we have

1
2mij!

(1)~ F(Po/A) ((Py = A= i0) ™1 = (R = A+10) ™17 ) ()~ (229)

For j =0,...,k —1 Theorem 2.2.7 applies thanks to the assumption that o > k. O

2.3 Limiting absorption principle

The section will be devoted to the proof of the existence of the limits (Py/\ — 1 £i0)~! in
weighted L? spaces thanks to a limiting absorption principle (specifically Theorem 1 in [Gé08]).
Consequently, the section mainly concerns the construction of a conjugate operator A* (Remark
2.3.1) and the proof of a positive commutator estimate (Proposition 2.3.9). This will be possible
thanks to the condition stated in Assumption 2.1. Proving that this condition holds will be the
aim of Section 2.4.

We look for A*, a conjugate operator for Py/\, that is a selfadjoint operator which verifies
some positive commutator estimate and such that Py/\ € C?(A*), meaning that for all u € L?(M)
the map

RSt e (Py/A+ i) e Ay € D(Py) (2.3.1)

is of class C2.
To get selfadjointness we will construct A* as the generator of a unitary group. Let x € C§°(R)

equal to 1 in a large enough neighborhood of 0. Consider the generator of dilations %,

after localisation in the region {|r| > )\_%R} we obtain

(1= x)(Azr)rD, ‘g D= X)) _ (1 by (1 - ir3r> + %raTx(A%r)-

A =
1 21

We define the group of transformations

Ue(r,0) = | det(Jac 6} (r, 0))| 2 0(6) (1, 0)),

where ¢} is the flow of the complete vector field ((1 — X)()\%r)r, 0,...,0). Thanks to Theorem
VIII.10 in [RS81] we can conclude that A7 is essentially selfadjoint on C§°([R, +00) x S) with
respect to the measure induced by the metric G and that its closure is the infinitesimal generator
of U}

Moreover conjugating U{\ by the function

l9(0)]

T
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1 _1
we obtain a group y3 U{\ys 2

whose generator will be

which is unitary with respect to the metric G defined in (2.1.3) and

A3 = =00 (5 —ird,+ ) 4 Lol
(1 =) A+ %r@rx()\%r). (2.3.2)

Remark 2.3.1 (Definition of A"). To define a unitary group which acts on the Hilbert space
where P, is defined, that is L2(M), we set
ANy = eitAéxM\Ku + XKUu
whose generator is the operator A%, which is selfadjoint on L?(M) and non zero only on the

manifold end where it coincides with .A3.

For the continuity of Py/\ with respect to A*, that is continuity of (2.3.1), it is enough to
prove that the operators

[Po/X iAN(Py/A+ i)"Y, [[Po/A, i AN, iAN(Py /X + i)t (2.3.3)

are bounded, where the commutators are appropriately defined in the sense of quadratic forms.
Indeed, in general given an Hilbert space H with T, A selfadjoint and T bounded for the map

R >t~ e Te "y = B(t\ue H

to be C*(R) it is enough that k-th derivative jt—ZB (to) is a bounded operator of L(H) for some
fixed tg. This in turn is implied if

T, ady(T) = [T,iA], ad’y(T) := [ad’; " (T),iA]

are bounded operators, in the sense of quadratic forms for j=1,...,k — 1.

In our specific case we need to control only the commutator and the first iterated commutator
with T = (Py/A +i)~! and A = A, With some algebraic manipulations we see that it is
equivalent to the boundedness of the operators in (2.3.3). To prove this we will exploit symbolic
calculus and Theorem 2.2.1.

Before going on with the computations we will state a useful property. Briefly, commutators
between rescaled pseudodifferential operators essentially behave like commutators between
differential operators, when we write them in symbolic form. We now give a formal description
of the result, while the proof, being quite technical, is postponed to Appendix 2.C.

Definition 2.3.2 (Negligible operator of order N). Let N € N and set

1 P, N ~
Qn = A3V <A0 + 1) = 3" Opan(3N2Y),

we say that an operator is negligible of order N if it is of the form Q;VIBQX# for some bounded
operator B depending on A.

Remark 2.3.3. The operator B depends on A since it will be the result of the composition of a
rescaled pseudodifferential operator of negative order with Q. However, the symbols in Qpn
have seminorms uniformly bounded with respect to A and therefore so will B.

Proposition 2.3.4. Let m,m’, u, i/ real numbers and the operators A, B on [R,+00) x S defined
as

A=) "Oprp(a™)be, B:=Y_ Opxe(b)ix
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with symbols a € Smib gnd b e S™ spatially supported in [R,+o0) x V.. Then for the
commutator it holds N
[A,B] =) Opy n(S™H™ 1INy 4+ Ry

with Ry an operator which is negligible of order N for any N € N.

Remark 2.3.5. Let C' = Op) ,(c") with ¢* € Sms from Proposition 2.3.4 we can always find N
large enough such that Ry C and CRpy are still bounded. Indeed, the interest of Definition 2.3.2
for N arbitrary is that Qf\,l provides infinite decay both in the spatial and phase variables. In
practice we will consider compositions of commutators with resolvents (as in (2.3.3) or Section
2.4) and the remainder term will always stay bounded as we just remarked.

Remark 2.3.6. Let B bounded and M > 0. In the computations we will write negligible operators
in the forms

BY  Opyo(S™M7M), N Opyo(STMMB

when we will need decay only on the right or the left respectively.

Remark 2.3.7. Although we interpreted commutators as derivatives of the map eitA(Po /A +
i)~le~"4 to perform computations we will rather use their symbolic form, (see (2.3.4) below).
Indeed, on C$°(M) (which is dense in D(Pp)) we can prove that the derivative of e®4(Py/\ +
i)~ le~"4 is the commutator [(Py/A+14)~!,i.A*], which we can rewrite in terms of the commutator
between Py/A and iA*. Now on smooth functions the action of Py/A and A* is the one of
differential operators, this allows us to write the symbolic form used in (2.3.4).

Writing A* in its symbolic form as

A =3 Opy p(SM1 + 2550 + CR(R\ {0}))

and using Proposition 2.3.4 as well as Remark 2.3.6 we first find that

[Po/ X, iAN =D~ 0py(5%%), " Opxa(S*1)] = D (Opax(S™2) + BOpy o (S™M7M))  (2.3.4)
" I

K

for some bounded operator I and some positive M.

Combining with the information provided by the parametrix we obtain that [Py/\, AN (Py/A+
i)~! is indeed a sum of bounded operators (recall Remark 2.2.3).

An analogous result holds for the iterated commutator since we can still write it in the form

[Po/X,iAN,iAN =" (Opx(SP?) + BOpy . (S~M7M)) (2.3.5)
and reason in the same way as before.

Remark 2.3.8. Actually, we remark here that we can iterate the argument as many times as
needed. Indeed, continuing from (2.3.5), any iterated commutator is of the form

ad%(Po/)\) = Z(Opx7,{(§0’2) + BOpy o (§M7M)Y).,

K

We can therefore apply Theorem 2.2.1 as before to conclude that adﬁp (Po/N)(Po/A+ i)t is
bounded, which implies that Py/\ € C*¥(A) for any k.

Next, we will prove a positive commutator estimate for Py/\ for which we need the following
property that will be checked in Section 2.4.
Assumption 2.1. For all o > 0 and € > 0 there exist Ao > 0 and f € C§°(R) equal to 1 in a
neighborhood of 1 such that
1 \—a
[{(AZr) = f(Po/A)| < e
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for all X € (0, Ag].
With this we can prove the desired inequality.

Proposition 2.3.9. Let Ay > 0 small enough, if Assumption 2.1 holds there exists I open
bounded interval containing 1 such that

17(Py/N)i[Py/X, AN1(Py/X) = 11(Py/N).
for all X € (0, Ao].

Before giving the proof of the positive commutator estimate, we point out that thanks to
this inequality coupled with the fact that Py/\ € C?(A*) we can apply Theorem 1 in [Gé08]. As
a result we have

sup sup |[(AN 75 (Po/X — 1+ ie) 1AM 7| < 00 (2.3.6)
AE(0,)o] £>0

for s > %, or equivalently
(AN + )5 (Po/A — 1 i) (AN +4) % € L(LA(M))

with operator norms uniformly bounded in A and we take s € N. Finally, thanks to the higher
regularity of Py/\ stated in Remark 2.3.8 similar bounds can be proved for powers of the resolvent,
therefore obtaining

(AN + )73 (Po/A — 1 £40) Y (AN +4) 7% € L(L(M)) (2.3.7)
for any natural s > [ — % with norms uniformly bounded in A. Indeed, our conjugate operator
AX is, in particular, uniformly conjugate to Py/\ according to Definition 5.1 in [BR14a] and
uniformly co-smooth with respect to A* (see Definition 5.3 in [BR14a]). Following the ideas of
[Jen85], it is proved in [BR14a] that with this smoothness properties we have estimates for powers
of the resolvent analogous to the ones in (2.3.6). This then implies (2.3.7). Finally, Theorem 5.8
in [BR14a] gives us the regularity of the map mentioned in (2.2.3).

To prove Proposition 2.3.9 we will split the commutator in the part at infinity, where Py
is of the form (2.1.8) and A = A (see (2.3.2)), and treat the rest as a compactly supported
perturbation (we recall that on the compact part of the manifold A* is simply zero). Namely, we
can write

i[Po/\, AN = (1 — ¥)(A2r)i[Po/X, A] + X(A27)i[Py/ A, A (2.3.8)

where X is a smooth cutoff equal to one on the support of x. In local coordinates the Laplace-
Beltrami operator —A on the fixed half cone ([R,+00) x S, G) is

n—1 1

2
- O =

Ag, (2.3.9)

for more details on the definition of the operator see Appendix 2.A. Recalling the local coordinates
expression in (2.1.7) we notice that on the manifold end we can write P in function of —Ag. In
doing so, thanks to the fact that g(r) is a perturbation of g we can quantify the decay of the
remaining part.

Proposition 2.3.10. Let \g > 0 and X € (0, \g], then

(1 - AT Ro/A =(1 — )(A3r)(~Ag/A)
+ 32 (A20PAR(S™2) + Opas(S7HY)) e(Aer,w)
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with symbols belonging to bounded subsets of S=v2 gnd §—11 respectively.

Notably this will be useful since we are taking the commutator with A given by

A=A+ 3 A0y (S 0) e (A2r,w). (2.3.10)

Indeed, writing Py/\ in terms of —Ap/A and A in terms of A = 5 — ird, allows us to take
advantage of the identity [—Ap,4A4] = 2(—Ap). This last property can be checked by direct
computations given the expression in (2.3.9).

We will also write A in the form

A =3 0py (S5 )bs(A27,w) (2.3.11)
K
which will be useful to treat the commutators of A with the perturbative terms.

Proof of Proposition 2.3.9. Given (2.3.9) we have —Ag/A =3, Op,\7,i(§0’2)¢,$()\%r,w). By
Proposition 2.3.10, (2.3.10) and (2.3.11) we can compute

[Po/A Al =" [=A0/A A+ A3 0py o (S0 (A2 7, w)]
+ 3 [T OpAR(572) + Opaw (S (AZ7,w), Opa o (SM ) (A7 7, w)]
=2(—A0/A) + S (AZ0pr o (572) + Opr (St (A7, w)

+ 37" BOpy £ (S~ M) (A3, w)

(we apply here the calculus rules given by Proposition 2.3.4 and the observation in Remark 2.3.6).
On the support of wH(A%r, w)

AZOpak(S72) = (A2r) Y Opa k((A2r)Y§72) = (A2r) Y Opy £ (5%2),
and similarly
Opai(S7H1) = (A21) T 0Pk ((1)S11) = (A1) 0pa(5°),

so the quantity in (2.3.8) is given by

i[Po/ N, AY =(1 — Y) (A7) (2130 IA+ S (A2F) 0Py (5°2) + <A%r>—1opA,k(§071)>
+ (1= D (A1) 3 BOpy (S M)
+XAZr)[Py/A, i AN
Moreover, up to a compactly supported perturbation we can commute (1— ) with any differential
operator and in particular the pseudodifferential operators in the sum above are differential (they

are the result of a commutator between differential operators). We have obtained

i[Py/X, AN — 2Py /X = — 2(A21) Py /A
+ (AT OpAk(SO)(1 = ) (AP
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+ 3 () LOpA (SO (1 - D) (A2r)
+ (1= X)(A2r) Y BOpy (S~ MMy
+p(A2r)
for ) € C(R \ {0}) with ¥(\2r) which includes the term Y(A27)[Py/\,iAY]. Take f satisfying
Assumption 2.1 and compose i[Py/\, A*] — 2P,/ on the right and on the left with f(Py/\).
Noticing that by Theorem 2.2.1 and the spectral theorem
Oprk(S%2)(1 = D)A2r)(Po/A+49) 7Y Opas(SOH) (1 — ) (A2r) (Po/A+1) 1,

and
(Po/A+ i) f(Po/N),  Po/APo/X+1)f(FPo/N)

are all bounded, we have the estimate

1 (Po/2) (ilPo/ A, A = 2P/ A) F(Po /M| SILF(Po/NXATT) (Po/A+ )7 (2.3.12)
P/ AN 4 (L (Po/ A (M) Y

(2.3.13)

+ 3 (Po/NBOpy (ST (2.3.14)

S (Po/NYAr) (Po/A+0) Y. (2:3.15)

Thanks Assumption 2.1 we can make all the terms in the right hand side arbitrarily small.
Indeed, the assumption applies directly to the terms in (2.3.13), for (2.3.14) the decay in r is
provided by OpAﬁ(g_M’_M), while for (2.3.12) and (2.3.15) we observe that we have compact
support in r thanks to ¥ and . In particular it holds

N =

| £(Po/A) (ilPo/ A AY] = 2Po/A) F(Po/ N <

for all A € (0, \g]. Now we simply have

1
2

> 2 P(R/N) —

F(Po/N)i[Po/ N, AN F(Po/X) = 2f (Po/X)Po/Af(Po/N) 5

with the last inequality obtained thanks to 2f2(z)x > %fz(x) (this is always true for f with
small enough support as in Assumption 2.1). At last, we choose I C ¢(Fy) an open bounded
interval containing 1 and small enough such that f is constantly 1 on I. Then f(z)1;(z) = 1;(x)
and applying 17(FPy/A) on the right and left of the previous inequality we have

17(Po/A)i[Po/A, ANTr(Po/X) = 17(Po/A) = 11(Po/A),

concluding the proof.

2.4 Proof of Assumption 2.1

A crucial step in the work presented up to now was to obtain the positive commutator
estimate which allowed us to state that the outgoing and ingoing resolvents exist. Our main
concern now is to prove that the Assumption 2.1 we made to obtain this result is valid for the
operator Py we are considering.
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We will split the analysis into several steps by spatially localizing the operator f(Py/)\) as
follows

F(Po/X) =xf(Po/N) + (1 =x)f(Po/AN)x + (1 = x)f(—=Ao/N)(1 —x)
+ (1 =x)f(Po/N1=x) — (1 =x)f(=Ac/N)(1 —x)

where x = x(r) is a smooth cutoff which is constantly 1 on K and zero for large r.

Remark 2.4.1. The difference in the second line of the expression is well defined. Indeed, thanks
to the cutoff on the right we are restricting ourselves to functions supported on M \ K that can
be identified with functions on (R, +00) x S which is where both the actions of f(—Ag/A) and
f(Py/A) make sense.

We recall that in Assumption 2.1 it is stated that for any a the norm of <)\%r>*af(P0/)\) can
be made arbitrarily small up to spectrally localizing Py/)\ close to one. We will summarize here
how each term is treated and where the relative statement can be found.

i) xf(Po/N), (1 —x)f(Py/N)x: their norm can be made arbitrarily small up to choosing A
sufficiently small. See Proposition 2.4.2, via Lemmas 2.2.4 and 2.2.5.

i1) (1 —x)f(—=Ap/A)(1 — x): thanks to the multiplication by the decaying factor (/\%r)*a the
norm can be made arbitrarily small up to choosing f with small enough support. See
Proposition 2.4.6, via rescaling argument and Lemma 2.4.5.

i) (1 —=x)f(Po/AN) (1 —x)— (1 —=x)f(=Ao/A)(1 — x): the norm can be made arbitrarily small
up to choosing A sufficiently small. In Section 2.4.2 see (2.4.14). Via Helffer-Sjostrand
formula, Lemma 2.4.8 and (2.4.13) (with intermediate steps in Lemmas 2.4.9, 2.4.11 and
2.4.14, where Lemma 2.2.5 is extensively used).

Notation. In all of Section 2.4 « is a positive scalar, o > 0.

2.4.1 Model operator and compact perturbations

In this first subsection we focus on the compactly supported terms of item ¢) and on the term
given by the model operator —Ag/A on the fixed cone, that is item i1).
We will start by showing how to bound x f(Py/A) and (1 — x)f(FPo/N)x.

Proposition 2.4.2. Let f € C§°(R) and x a smooth cutoff on K, then
[N27) = Cef (Po/X) + (1= x)f(Po/ M) | £ AT
for all X > 0.
Proof. By the spectral theorem and Lemma 2.2.4 with p = 1 we have
LFRo/ NN S ICR/A+ D)X S 1 (Ro/A+ 1) NIy zan) S AT
Same holds for ||xf(Py/N)| and we conclude simply bounding <)\%r>_“ by 1. O

In the term (1 — x)f(—=A¢/A)(1 — x) we can take advantage of the fact that on the exact
cone ([0, +00) x S, G) we have scaling invariance.

Lemma 2.4.3 (Rescaling on the fixed cone). Let || - |2 the norm with respect to the metric

— G
G on the full cone [0,400) x S. Then for all A >0

(cone)

L \—a —a
[{(A2r) f(_AO/)‘)||L2f(cone)~>L27(cone) = [|{r) f(_AO)||L2f(cone)~>L27(cone)'
G G G G
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Proof. Let )\% the k-th eigenvalue of —Agz and py,

2? (n—1)

_ o 2
Pk = "5,2

1
0. _
T r2 My

as defined in (2.A.8). By the results in Appendix 2.A we can reduce ourselves to the half line
(0, +00) and prove equivalently that

1 \—0o —0
[{A2r) =7 f(pe/ Ml 22 @+ rn=1ar)) = K1)~ f (o) | 222 @+ 7n-1ar)) -

The equality follows showing

AZP) 77 F(pi/A) = Talr) ™ f(pr) T3, (2.4.1)

with 7T unitary operator.
O

Here and later we will need to compare the norm on the exact cone with the L? norm on R”
with respect to the Lebesgue measure, we give further details in the following remark.

Remark 2.4.4 (The flat norm on R™ and the one on the cone are comparable). The idea is to
partition the angular part S into open sets that are diffeomorphic to open sets of S”~! and take
advantage of the fact that the L? norm on (0, +o0c) x S"~1, with respect to the usual metric
dr? + r2do, is equivalent to the norm on R™.
Let (o), partition of unity on S and r; : U; — V; C R"™! the subordinate coordinate charts.
In the same way let U an open set of S"! ¢ R” and ¢ : U — V C R"! its coordinate chart.
Without loss of generality we can assume V; C V' so that it is well defined the diffeomorphism

ﬁzgo_lolﬁ:j:SDUj—)UCSn_l

through which u € C§°(S) supported in U; can be identified with uo k™! € C§o(S"1).
The metric tensors on S and S”~! are represented respectively by positive definite matrices
such that
e < (@R0)n <Tl, < (07 (@)jn el

This means that up to multiplication by some bounded function we can pass from one metric to
the other. We will say that integrals with respect to dg or do are comparable and write

| lewldg= [ leuen do
U;csS Ucsn—1t

J

for u smooth on (0, +00) x S.

We remark here that k! = mj_l o ¢ is only defined on p~1(V;) C U since we need to require
J
(pj ok H(uor™t), we can extend it to U by setting it 0 outside of ¢~ 1(V;), since in this case

(¢j o k1) cuts off near the boundary of ¢=1(V;).
Considering the norm on the cone we have found that

that ¢ maps elements into V; C V' which is where x ! is defined. However when we consider

/ pju dG ~ (pjuort) r"ldrdo ~ (pju) o k™t da
(0,+00)xU; (0,400)xU (0,4-00)xUCR"™

where we still denote by x the diffeomorphism (r,w) — (r, k(w)) through which we can identify
a function on the cone (suitably supported) with a function on (0, +00) x S"~1. In particular we
see that the L? norm with respect to the metric G on the cone is equivalent to the one on R”
with the Lebesgue measure.
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Having got rid of the dependence on A thanks to Lemma 2.4.3, we can prove convergence in
norm as the support of f shrinks to 1 and therefore write

Lemma 2.4.5. For any ¢ > 0 there exists f € C§°(R) equal to one in a neighborhood of one
and small enough support such that

H<r>7af(_A0)||L2f(cone)—>L2f(cone) SéE.
G G

Proof. Let f € Ci°(R) a fixed function such that f is 1 near the support of f so that we can
write

(r)=7f(=A0) = ()7 f(=D0) f(—A0).
If the support of f shrinks to {1} then f(—Ag) converges strongly to 0, given that 1 is not an

eigenvalue. Moreover (r)~7 f(—Aq) is a fixed compact operator and therefore the composition
converges to 0 in norm.

To prove compactness first let g € Cg(R) supported around 0 and (p,), a partition of unity of
[0, +00) x S with suppp, C [0, +00) x U,. If (up)y is a sequence of uniformly bounded functions

in L%(cone) we have
9(r) f(=20)un =" g(r)puf(—A0)un € H§([0,+00) x S)

where each term is supported in an open bounded set (0, R) x U, thanks to the supports of
g and p,. Here, by H}([0,+00) x S) we mean the space defined by performing the closure of

C§° functions as in (2.A.3). The Sobolev regularity of g(r)pxf(—A¢)un is given by the fact that
f(=Ap) has image in the domain of —A( which is contained in the Sobolev space (see (2.A.4)).
By the spectral theorem and the uniform bound on (uy,),

HQ(T)PF»J?(_AO)“nHL2((07§)XUH) S Hg(r)pnfnoouunHL2(07E)><UK) SL

Moreover by definition Vg = (0, 1/rVy) and from the fact that p, is a function of the angular
variables only we obtain

Ve (9()pef(=Do)un)* SIVa(9pe) F(—=A0)unl? + |9px Vg (F(—Ao)un)|?
KNG N2 o f (= A0)un]? + (g0 (Vgpr) 1 /7 F(—Ao)un |
+ 91131 px Vg (F(—A0)un) 2.

We can bound ||1/7f(—Ag)uy|| L2((0,R)xU,) With the L? norm of the gradient by Hardy inequality
which paired with the equality ||Vzul 2 = ||(—A0)%u||L3 gives
G G

19 (90r)pe FC=B0)un) B0 ey S 17 80)0nl25 070000

"
+11(=20)2 F(=20)unl 2 0 7 x0

2
fs ||un||L2((O7E)XUﬂ) (242)

<1

where to get to (2.4.2) we use again the spectral theorem.

So for each fixed « the sequence (g(r) f(—Ag)tunpx)n is uniformly bounded in HE((0, R) x Uy,).
By Remark 2.4.4 it will then be diffeomorphic to a uniformly bounded sequence of H{ () with
() an open bounded subset of R™. By compact Sobolev embedding we can then extract a
subsequence converging on L?() and composing with the right diffeomorphism we can recover a
subsequence of g(r) f(—Ag)unpx that converges in L2((0, R) x Uy). We have therefore proved
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compactness of g(r)f(—Ap).
Since the set of compact operators is closed with respect to norm convergence, considering
¢ € C3°(R) equal to 1 on B(0,1) we write

()" F(-80) = ()70 (5 ) o) + (1= ) () F(-20)

for some large R. The first term is compact and the second one converges to 0 in norm as R

tends to oo, hence (r)~7 f(—Ayp) is a compact operator. O

Since on the support of (1 — x) the manifold is diffeomorphic to (R, +o0c) x S, and therefore
the norm of L?(M) is comparable with the one of L%, the previous propositions imply the result

for the norm of operators on L2(M).

Proposition 2.4.6. For any € > 0 there exists f € C§°(R) equal to one in a neighborhood of
one and with small enough support such that

(1= ) A2~ F(=Do/A)(1 = )| < &

for any X > 0.

2.4.2 Perturbative terms on the infinite end

The rest of the section will be dedicated to the analysis of the term localized on the end of
the manifold, that is

Dy(A) == (1 =x)f (Bo/M) (A = x) = (1 = x)f(=A0/A) (1 = X)), (2.4.3)

in particular we will prove that Dy()\) converges to 0 for any f € C5°(R) as A goes to 0. (We
recall the term is well defined, see Remark 2.4.1.)

Using Helffer-Sjostrand formula to compute functional calculus we can reduce ourselves to
comparing two resolvents, in particular setting

R= - (R 2) a0 () o

we rewrite

D) = = [ 37ROV,

As we have seen in Proposition 2.3.10, on the support of (1 — x) we can compare Py with —A.
More precisely, by expanding the expressions of Ay, and Az we can decompose the operator in
a part on the fixed half cone and a differential operator with decaying coefficients. Namely,

(I =x)Po/A=(1-x) (A0 —Q) /A,

where @ is of the form

1 . 1 _
Q= Z il (an(ra )0 + Z bfg(r, 9);81 + Z 0/741(7"7 9)73832,1) I, !
K l j7l
with ‘
a, € STV, besTtr. e s (2.4.4)
Here we recall that 0;, 0; are the partial derivatives with respect to 0;,0;, where 6 is the local
coordinate on S.
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With this in mind, we will split Df()) into several terms, since by algebraic manipulations
we obtain

Re(N) == 5 (Ro/A—2) L [Pox] (Bo/A =) (1 - X)
3 (/A= 27 Py, Xl(=B0/A — )71 = )
1 (/A =271 (1= 0Q(~B0/A — 2)7 (1 = X)
=: RL(\) 4+ R2(\) + R2(\). (2.4.5)

Remark 2.4.7. For RL()\) and R%(\) we can take advantage of the fact that the commutator
is a differential operator of order one in the spatial variable only with compactly supported
coefficients. This allows us to use Lemma 2.2.5 to obtain a bound by a positive power of A, see
Lemma 2.4.8. Lemmas 2.4.9, 2.4.11 and 2.4.14 are the main results providing a bound for RY(\)
which allows to conclude obtaining (2.4.13) and consequently (2.4.14).

Lemma 2.4.8. Let f € C§°(R), there exists § > 0 such that

H/cazf (2)RL(N)L(dz)| < A°

fori=1,2 and for all A > 0.

Notation. To make the notation lighter, in the sequel we will omit the pullback and pushforward
in the expression in local coordinates of @ and [Fp, x], meaning for example that we will still
denote by a0, the operator on the manifold that, on an open set of R™, corresponds to the
derivative with respect to the radial variable and to the multiplication by a.

Proof. The commutator [Py, x| is supported away from the compact part of the manifold, here
we recall the expression of the operator in local coordinates is (2.1.7).The angular derivatives
commute with y, so first of all we have

[Po, X Z@n Jre(r:0) + foe(r,0)0)

with f1 ., foe € C§°(R™). Then using this relation in the definition of RL(\) we apply Lemma
2.2.5 to each term. First, let 0 € R and consider

Hi (Po/X = 2) " ) 7 fru(r)?(r) =7 (Po/A —2) " (1 - X)H '

By Lemma 2.2.5 we can have estimates of the type

P/ —2) M)l < 2Ly 2.4.6
IPO/A =271 40) ) 5 (2.46)
for all s € [0, %] N [0,1) such that s < § and we also remark that

low frntr) I S 1 (r)* e $ 1

for any o, given the compact support of f; .. We can therefore freely choose the exponent o
and picking o > 1 allows us to find s € (%, %) such that (2.4.6) holds. We observe that the
(2)/|Imz| factor in (2.4.6) is provided by

I(Po/A = 2)"H(Po/A+1)I| S
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Collecting all this information together yields

1

2
< )\25—1 <Z>
A ~Yy

(PO/)\—Z)_l SDHfl,H (PO/)‘_Z)_1 (1_X) ]Imz|2

with 2s — 1 > 0. We treat similarly the fo term where this time we apply Lemma 2.2.5 only to
the resolvent on the left. We we still have

1m f2,m(r)7 I S Ml f2n(r)° [l Lo S 1

and we choose again o > 1 so to obtain (2.4.6) for any s € (1,%). Picking fgﬁ such that
f2,l€f2,l{ =1

~ ~ _1 1 _
T2 (Po/A = 2)7| SllTomnPy 213 (Po/A—2)7" |
1 _1
SAZ[|VeF * HL2G—>L2G
<)z

We conclude the proof, since

1 1 —1 14 (%)
~(Py/X\— wf2.60r (Po/X — I IR ———
s (Po/A = 2) pufrndr (Po/A = 2) 7 (1= )| S A™"2 Tma]
with s +3 — 1> 0 and 0.f(2) = O([Imz|M) for any M > 0.
The proof for R2(\) carries out in the same way. O

As opposed to RL(\) and R2%()), in the case of RY()\) we have @ which is a differential
operator whose coefficients have only finite order decay. In particular the fact that ||(r)®a|| L
and ||{(r)*b. || 1 are finite only for a < 1 + v will limit our choice of exponents when applying
Lemma 2.2.5.

However this will not be a source of difficulty in the first order terms of @ since we can
still choose 0 = v + 1 > 1 as in Lemma 2.4.8 and get additional powers of A by bounding the
operators O,(—Ag)~! and 19;(—Ag) 1.

On the contrary, for the second order term we only have |(r)®c:!|| < 1 for a < v. This
will limit us to ¢ = v > 0 and moreover we will only be able to obtain the boundedness of
8?,1(—A§)_1 (projecting away from the 0 eigenspace and using an elliptic parametrix in Lemma
2.4.12). This represents an additional difficulty since we will then need to control operators like

(—Ag)/r? (=Ao/A—2)"".
Lemma 2.4.9 (Bound on first order terms I). Let I; defined by

_1!
P

Ao _

-1
h= 5 (R/A =27 (1= ened) (50— 2) (-,

there exists 61 > 0 such that

T <)\61 <Z>
Inl St

for all X > 0.

Proof. We start by mimicking the proof of Lemma 2.4.8, hence writing I; as

B
A

(Po/A = 27 (1) (1 = x)on (1) sy (~DoJA — 2)"" (1 — x>H | (2.4.7)
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We recall that a, € S™17% so the fact that |[(r)"*la.|/z~ < 1 suggests that this time we choose
0 =v+1in Lemma 2.2.5, therefore giving us

| (Bo/A— 2 )1 |1<m>|A (2.4.8)

for any s € (%, ”TH) We then proceed similarly to the previous proof, that is we estimate the

quantity
~A -t
(—AO)% (>\0 - Z)
L2 12
G G

‘& (_AAO—z>_1(1—X)
() ()

_1
10 (=80) g2 2

1 1
SAZ||[VaE(=Ag) 2 ||L26—>L26

L2 512
¢ @

=

<AL

The statement is proved since the bound on (2.4.7) is

Il < \s+3-1 (2)
Al S X5 e

with s + 3 — 1> 0.

Once we have established

Lemma 2.4.10. Let ¢, a term of the partition of unity of S, then @K%Bl(on)fé is a bounded
operator on L%.

we can bound the remaining first order part of RY()\) with the exact same reasoning of
Lemma 2.4.9.

Lemma 2.4.11 (Bound on first order terms II). Let Iy defined by

_1
R

then there exists 69 > 0 such that

I =5 (Fo/A =)™ (1= )pable 0 (~80/A = 2) 1 (1= ),

1L < A EL

|[Imz|

for all A > 0.

Proof of Lemma 2.4.10. By ellipticity of the operator —Ag, locally on coordinate patches we
have the following lower bound

Vgulz =Y g7 (0)0udiu > Co > [05ul* > Col|oul?
l,j J

for some Cjy > 0. Consequently for the operator on the manifold it holds

_ 1 _ 1
[ Vostuul? avels = | JowPig@)las < o [ (9qulila@)ide < o [ enTauliavels

We can conclude, since we have found

1
loxd/ropullz < el /rVgulz S IVgullz = lI(=80)Zull 2 -
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O

Now passing to consider the second order part in R?(z), that is

1

) o1 -
Iy i= 3 (Po/A = 2) - X)(Pncé’lﬁayz,l (=Ao/A—2)"" (1 -x)

we first remark a useful property.

Lemma 2.4.12. Let —Ag the Laplace-Beltrami operator on (S,§), if px is a term of the partition
of unity of S then go,.@ail(—Ag)—l is a bounded operator on L?(S,dg).

Proof. Let u € D(—Ag) and IIy the projection on ker(—Ag). The kernel is spanned by 1 and
consequently 83271H0u = 0. Moreover ITy can be written as f(—Ag) for some f € C§°(R) supported
around 0 and with f(0) = 1, we consider

(Pnajz,lu :‘Pnagz,l(u - f(_Aﬁ)u)

B ~ (A7 +1) ~ B
=pp051(—Ag + 1) 1(_“"T§)(—Ag)(l — [)(=Ag)u

(A + 1A = f)(=Ag)
(—Ag)
With standard computations we can find a parametrix for the elliptic operator —Ag, namely

there exist a family of symbols ¢" € S‘Q(Rgfl) supported in open subsets of R*™1 and Ry
pseudodifferential operator with symbol in S™V(Rj~') such that

—0r0?,(~Ag + 1) (—Ag)u. (2.4.9)

—Ag+1) <ZHOp >_I+RN

On the support of ¢, the resolvent (—Ag + 1)~! is a pseudodifferential operator of order minus
two and the composition with the order two differential operator (83»71) results in a bounded

operator of L?(S). By the spectral theorem PA?H()_(lAi{)(*AE) is bounded and therefore the
g

statement follows from (2.4.9) which yields

lx03 ull 1205y S I1(—Ag)ullr2(s)-

O

As usual, we want to apply Lemma 2.2.5 to I3 and we will do so by taking advantage of the
fact that ||(r)” (2.4.4). However, applying Lemma 2.2.5 with o = v > 0 would
provide a bound by A* with s € (0, §) which is worse than what we gained in the estimations of
I and I, where taking o = v + 1 produced a higher power of A, namely with exponent s > %

We will then proceed differently by considering separately low and high angular frequencies.
Let ¢ a smooth cutoff function such that ¢ =1 on [0,7n — 1].

1. Consider

Lp Lo, 02,0(—A L (= B
X( 0/ X —2)" el k0 0(— E)(l—X)ﬁ (/\—Z)

where we have bounded contributions given by

T2
el -0 (-9 6~ Ag) (- Ag)
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(see (2.4.4), Lemma 2.4.12 and the support of ¢) and we are left to consider

(Po/) — 2)~ 1) ™1 and <T>A_1 (—Ag/A—2)7 1.

By Lemma 2.2.5 and Hardy inequality (see Propositions 2.2 in [BR14b]) we can handle
these two remaining terms obtaining

[(Rorx =71 s (~a0ja = 97! s a0 (=)
0 Ary b0 ~ [Tmz|2
where we can choose s € (%, ”7“)

We notice here that we have used Lemma 2.2.5 in the same way as in the proof of Lemma
2.4.9, where we had obtained (2.4.8). However here ¢/! has less decay than a, which leaves
us with an extra growing term (r) to handle (we cannot bound (r)**1ci!, but only (r)¥ci!).
For this reason we take advantage of the localization (1 — x) and we use it to write a
bounded term where we collect all the factors depending on the radial variable.

2. The part localized at high angular frequencies is

1

SO /A = 2)7 02 (1= 6)(~Ag)(1 — x) 5 (~Ao/A—2)”!

where the operators ‘
(e, 0xdi(—Ag)

are bounded independently of A thanks to (2.4.4) and Lemma 2.4.12. Additionally, by
Lemma 2.2.5
e

~ | Imz|

|(Po/x = 2)7 ()™

(2.4.10)

for some s € (0,%). At this point we are left with

(- g (-ap 522 (20 )

e
~ | Imz|

Ar2 A Ar2 A

|<1 o)) a2 (T )

where, as opposed to item 1, the localization by (1 — ¢) requires some extra care.

Lemma 2.4.13. Let ¢ € C§°(R) such that ¢ =1 on [0,n — 1], then for A € (0, Ao]

(-89 52 (T 4a)

1.
Ar2 A

~T

L2 12
G G

Proof. By the results of Appendix 2.A (i.e. Proposition 2.A.2) we can rather consider the one
dimensional problem of bounding

2
sup % (pr+ N (2.4.11)
pp>n—1 L2((R,+00),r"=1dr)—L?((R,+00),r"=1dr)
where we recall e ( )
Pk = T2 . O + 72”’“

and (u2, er) are eigenpairs of —Ag. To bound (2.4.11) we will use an estimate on an analogous
quantity where u% is replaced by the eigenvalue of the Laplace-Beltrami operator on the unit
sphere (see Appendix 2.D). Indeed, we can separate the values u% with the eigenvalues of —Agn-1,



62 CHAPTER 2. Time decay on asymptotically conical manifolds

for whom we have the explicit expression sz’n = j(j +n —2). That is, once we fix k

s (al%n, UZZJFLH] for a unique [ = I(k),

recalling that we are only considering eigenvalues u% > n — 1. We can then rewrite the operator

Pk asS

2 2 2
n—1 o U —o
( )3r+7f’2”+klu“

Pr = _ag - r2

Pin v

with v > 0 and p;,, which is the equivalent of p;, where the values ,ui are replaced by 012’”. If we
express the resolvent in terms of the heat semigroup we have

[e.e] o)
(pr+N)"' = / e e Prqt = / e et PLntv) gt (2.4.12)
0 0

since v and p; ,, do not commute of course et P1nt0) £ e~ PLne=  However from Trotter product
formula (see Theorem VIII.31 in [RS81]) we know that

_ . _t _t
e tPat) = im (e mPneTm?)™
m——+0o0

taking the limit in the strong sense. Here we can bound the kernel of (e_%pl»”e_%”)m with the
one of e ™in thanks to the non negativity of v, hence obtaining a pointwise upper bound on
(e_%p””e_i”)m by e tP.n. Consequently, given that now e “P.ntv) is bounded by e *in, by
(2.4.12) we see that we control (py + A)~! with (p;,, + A)~! for which the result in Corollary
2.D.2 holds.

In particular from such corollary we obtain first that

uniformly in A. Then since 1 <

2
Ul,n 1

(pl,n + )‘)_1

~n

72

L2((R,400),r"=1dr)—L2((R,+o0),r"—1dr)

2 2
o .
4t < m,, for some constant m,, it follows that :T" < My,

ln ln

going back in (2.4.11) we have found

2
Ul,n

r2

Smy, (pl,n + A)_l Sn 1

~

sup
,ui>n—1

where we are considering again the norm of operators on L?((R, +00),r"tdr).

We are now able to bound the second order term.
Lemma 2.4.14 (Bound on second order term). Let I3 defined by

1 _ ! _
Iy = S (Po/A = 2)7 (1 = )pncl! 0% (~Bo/A = 2) 7 (1= x),

there exists 03 > 0 such that

2
Il < )\62 <Z>

for all X > 0.

Proof. Take ¢ a spectral localization on the interval [0,n — 1) and split I3 with the partition
¢(—Ag) and (1 — ¢)(—Ag). Conclude by using item 1 (page 60) on the term localized on the
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angular frequencies [0,n — 1) and item 2 (page 61) together with Lemma 2.4.13 on the part
localized at high angular frequencies. O

Eventually, thanks to Lemmas 2.4.9, 2.4.11 and 2.4.14 and the properties of almost analytic

extensions we have
| [3-Fomeo0L:)
C

for some 6 > 0 and A > 0. Recalling the result of Lemma 2.4.8 and the definition of D¢(\) in
(2.4.3) we have found that

<N (2.4.13)

ID;(N)]| =0 as A—0 (2.4.14)

which concludes the proof of Assumption 2.1.

2.5 Adding a potential

We explain here how to obtain Proposition 2.3.9, and consequently Theorems 2.1.5 and 2.1.4,
when P is replaced by Fp.
Let
P = P() + Vv

with V' > 0 a multiplicative potential that on M \ K is the multiplication by a function V
belonging to S™27¢. The robustness of the approach lies in the fact that the symbolic structure of
the operator is not altered by the addition of such a potential. In particular, in local coordinates
V' can be represented by a pseudodifferential operator Op,\(§ 220y and if y is a cutoff on the
compact part of the manifold we can still write the operator under the form

(1=X)P/A = Opxxlaox+ay,) (2.5.1)

with ag ) € 50’2, aYA € S~11 that have seminorms uniformly bounded with respect to A.
We sketch the main steps to obtain the results corresponding to the ones in Sections 2.2, 2.3
and 2.4.

e Provided we have existence of the outgoing and ingoing resolvents, all the proofs of Section
2.2 carry on in the exact same way for P.

e Since P has same symbolic structure as Py the results of Section 2.3 hold with analogous
proofs, provided we assume the equivalent of Assumption 2.1 replacing Py by P. Therefore,
by limiting absorption principle we obtain

(AN +0)5(P/X — 1 £i0) (A +4) 7% € L(L2(M))

fors>l—%ands€N.

e Lemmas 2.2.4 and 2.2.5 were crucial properties to be able to prove Assumption 2.1 and we
have remarked that they derive from the behaviour of the heat flow.
Equivalents of Lemmas 2.2.4 and 2.2.5 hold for the operator P. Indeed, as we have done
before we can use Trotter product formula (Theorem VIII.31 in [RS81]) to write

_ty

= lim (e*%POe m )M
m—+o00

eftP — eft(Po +V)

since V' > 0 we can bound the kernel of e~ mPe~mV with the one of e~ m 10, Therefore, if
Ko(x,y,t) and Ky (x,y,t) are the kernels of e~/ and e~*" respectively

KV(xayvt) < KO(Iayvt)
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which allows us to recover for e ¥ the same kind of estimates that we had for e,

Remark 2.5.1. Alternatively, we can recover the heat flow estimates by noticing that they
follow from the Nash inequality which also holds true for P. Thanks to the non negativity
of V' and the selfadjointess of Py we can easily see that

1 1 1
1P2ul® = (P + V)u,u) = (PP, PPu) + (Vu,u) > || Pful?

and therefore use the Nash inequality for Py (namely (2.2.8)) to prove
1+2 2 1
HUHL2(]L\/[) S Hu‘|£1(M)‘|P2u||L2(M)-

1
. 1 o . .
We notice that ||P2ul|| > ||P; u|| implies that P has no 0 eigenvalue nor resonance, since 0
it is not an eigenvalue nor a resonance for Py either.

e Once we get to the proof of Assumption 2.1 the only relevant difference is when considering
the term

DY (N) = (1 =) f(P/A)L = x) = (1 = x)f(=20/N)(1 = x).

Applying Helffer Sjostrand formula we pass to comparison between resolvents and we have
an additional term involving V' that is

RYO) = 5 (PIA =) (1= )V (=80/A— )1~ ) (2.5.2)

while all the other terms can be bounded with the analogous of Lemma 2.2.5. This leads
to results equivalent to Lemma 2.4.8 and (2.4.13).
For (2.5.2) we exploit the boundedness of ||(r)2*¢V||z~ and applying Lemma 2.2.5 with
o =1+ ¢ we obtain

H [ 05 R L@z | £ ¥

C

for some positive § and A > 0. We can therefore conclude that HD}/(A)H converges to 0 as
A goes to 0, as in the conclusion of Section 2.4.

Appendices

2.A Operator on the exact cone and separation of variables

Let —Ag the Friedrichs extension of the Laplace-Beltrami operator on the half cone ([ R, +00) X
S, G) with Dirichlet boundary condition. In local coordinates this looks like

2 (m-1)o 1

Dy= oy - 5Ay (2.A.1)

The quadratic from which we derive the Friedrichs extension is
Go(,v) 1= (D, 0r0) 2+ (1/r(=Ag)bu, 1/r(—Ag)F0) 12, (2.4.2)
G G
defined on elements of the space

{closure of C§°([R, +00) x S) with respect to ||ul|+ := (go(u,u) + \\u||%z)% } (2.A.3)
G

that we will denote by H{([R,+o0) x S) = H}. The domain of the Friedrichs extension —Ag
then is
D(~20) = fu e H | lao(u, )] < ol 2 o € 1) (2.A.4)
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Since —Agj is selfadjoint on L?(S), we can consider an orthonormal basis (ey )y of the space
such that

2
—Ager = pper, O0=po<pr <...,

we can then decompose any function u € L?(S) on this basis

u(w) = Z (/Seku dv015> er(w).

k>0
A function of L% is then of the form
u(r,w) = Z </ er()u(r,-) dv015> erp(w) =: Zuk(r)ek(w). (2.A.5)
k>0 k>0

In particular we can identify a function in L% with its one dimensional coefficients. It is
straightforward to obtain the following.

Proposition 2.A.1. The map between Hilbert spaces

L% — @ L*((R, +o0), " tdr)

k>0
is an isometry with
lullZe =D llukllZz((r 1 o0y rmtar): (2.A.6)
¢ k=0

Moreover, prescribing the action of one dimensional operators on the coefficients u; gives
origin to well defined operators on the Hilbert space L%.

Proposition 2.A.2. Let (Ay) a bounded sequence of bounded operators on L*((R, +o0), 7"~ tdr).
The operator A defined by
Au(r,w) = (Agug) (r)eg(w). (2.A.7)
k

is well defined on L% with norm
14022 — 22, = SUp [ Akll (R to0) o=t = L2((Reoc) o)
Proof. Follows directly from Proposition 2.A.1. O

With Proposition 2.A.2 in mind we want to reduce —Ag to the action of suitable one
dimensional operators. Indeed, once a function is represented with respect to the orthonormal
basis (er)r as in (2.A.5), the action of —Agz becomes multiplication by a scalar so going back to
(2.A.1) this suggests we set

92 (n—-1)
=

1

We can prove that the sequence of one dimensional operators (py)x corresponds exactly to
—Ag.

Proposition 2.A.3. Let u € Hi([R, +00) x S), then u € D(—Ag) if and only if ux € D(py,) for
every k and

Z HpkukH%Q((R,+oo),r"—1dr) < 400. (2.A.9)
k
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Moreover

(—Aou)y = prug, from which H(—AO)U\@6 = > Pkl F2((r 4 o0) rn-tar)-
K

Proof. Can be proved by direct computations, given that defining p; via Friedrichs extension its
associated quadratic form is

+oo /. 1 _ _
alfo) = [ (7o + uifa) vt

with domain

=

3

hiy = {closure of C§°([R, +0o0)) with respect to (qk(f, f)+ HfH%2((R,+oo),r"*1dr)>
and the domain of pg is

D(pk) ={f € hy1k | la(f, O < CHN9I L2((R+00)m—1dr) VG € Py1 i}
O

The result of Proposition 2.A.3 extends to the case of functions of —Ag, as we will see below.
This will be of use to simplify the argument in estimations of norms in Section 2.4.

Proposition 2.A.4. Let ¢ € C§°(R) then

o(—Ao)u(r,w) = (o(pr)ur) (r)er(w)

k
for any u € L%.

Proof. The statement can be proved directly when ¢(z) = (z — 2z)~! with 2 € C \ R and can be
generalized to any ¢ € C§°(R) applying Helffer-Sjostrand formula to compute the right hand
side of the equality. O

2.B Nash inequality

We show in this appendix how to obtain an inequality of the type

142 2 1
lull 2y Sn lullFran 1P wll 22
(M) (M)

using the analogous result which holds for the free operator —A on R”, namely

142 2 1 2
HUHLZ(?R@) S HUHZl(Rn)”(_A)ZUHLQ(R") = ”UHzl(Rn)Hvu||L2(Rn)- (2.B.1)

See [Nas58] p. 936.

We will proceed in two steps: first we will prove the inequality on a pure cone (thanks to
(2.B.1)) and next we will pass onto M. On the manifold end, M \ K, we will use the result
that holds on a pure a cone, while on the compact part we will exploit the fact that locally the
domain is diffeomorphic to R” where (2.B.1) applies.

2.B.1 Inequality on a fixed cone

Since we are considering the fixed cone ((0,00) x S, G) we can proceed as in Remark 2.4.4 to

reduce ourselves to norms on R" for which (2.B.1) holds. We recall the definition of || - || 12 (cone)
G
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given in Lemma 2.4.3, that is the norm on the full cone with respect to the fixed metric g. In

the same way we define || - || ;1

G(cone)'

Lemma 2.B.1. Let u € C§°((0,+00) x S), then there exists C,, > 0 such that
I+ -
HuHLZ(cone) S Cn||u”L1((0,+oo)><S)Hvéu”LQ((Ov‘FOO)XS)'
G

Proof. Recall the equivalence between the L? norm on ((0,00) x S, G) and the usual L? norm
on R™ with respect to the Lebesgue measure mentioned in Remark 2.4.4. Then for each term in
u=); pj(w)u we can apply (2.B.1) and get

142 NPT
16503 famy = 1500 ey S Nl oy [V (050 2

with ) ) )
H‘Pjqul(Rn) = H%uHEla(me) S Hu”z%(cone)' (2.B.2)
Considering polar coordinates on (0, +00) x S"~! the gradient is (0,,1/rVga-1), so
IVen (@)l Z2@n) = 1050rullEs (0, 1o0) xsn-1y + I11/7Vsn-1(0)l|72((0 400 xsm-1)
= 3 @0rulB ooy + 1/ V(5610 2 g

Now observing that Vz = (g9%(0));xVe when we rewrite Vg(¢;j(w)u) as [Vg,¢;] + ¢; Vg the
commutator ‘
[V, 0i(@)] = (3*(0));Va(pj o r; 1) € CE R,
is the multiplication by a bounded function and hence a bounded operator. So we have found
||1/rv§(90j (w)u) HLQ((O,-‘:-OO)XS) < ||1/7’(,OJ (w)vguHL%(cone) + ” 1/T[V§7 Py (w)]u”L%(cone)
< ||1/rv§u||L3(cone) + CHU/T”LE(cone)
G G
S ||1/Tv§u”L%(cone) + C“aTuHLl

G(cone)

thanks to Hardy inequality (Propositions 2.2 and 3.5 in [BR14b]) in the last line. The statement
follows combining (2.B.2), (2.B.3) together with this last estimate. O

2.B.2 Inequality on the manifold

We split the analysis into the part near infinity and the compact one. From what we have
found in the previous section, if (1 — x) is a cutoff on the manifold end at first we get

2 1+2 2
(1 = x)ul 7 = (1~ X)UHL%" SIa-= X)U\Iglallva((l —x)u)llz,
2
~ ||(1— 4 V&((1 -
(1= 30l e | 951 = 02
2
< el IV5 (1 = 0wl 2. (2.B.4)
The gradient we need to evaluate is

Va1 = )uwlE < Xul* + (1 = x)0ul* + (1 = x) /rVgul; (2.B.5)
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with ¥’ compactly supported in [R, +00) so that ||x'(r)||z~ < 1. Evaluating the L? norm and
using the Hardy inequality mentioned in the previous proof we can first bound the terms

IXul72 + 110 = x)0ullze S )~ ullfe + [10rull7z < l10rul7e - (2.B.6)
G G G G G

Then we will need to compare the gradient with respect to the fixed metric g with the one with
respect to the metric g(r) via the following lemma.

Lemma 2.B.2. Let g and g(r) two metrics on a closed manifold S satisfying the property in
(2.1.2), then there exists a constant C > 0 such that

11VgulgllL2(s,ag) < ClIVgryulgeyllL2(s,dg(r))-
forr>1 and u € H}(S,dg) N H(S,dg(r)).

Proof. Given the two gradients Vg = (37%(6));x Vg and V() = (g(r,0)"*); 1 Vg and property
(2.1.2) for large r we get

IVgulglrzs.ag S 11 IVa(er)lglrzsag S 1D IV (@rt)lgem lr2(s.dg(r)-

Consider the kernel of the operator —A which is spanned by 1, and let

g(r)s
H[g)(r) := projection on kerp2(—Ay,),
in particular Vgu = Vg(u — Hg(r)u). Now the gradient of u is
11 Vgulgllr2(s,ag) =I1Vg(u — HS(T)U) 151l 2 (5,49)
S Z H |vg(7")(90ﬁ(u - Hg(r)u))’g(r) ||L2(S,dg(r))
S lenl Vg (u = gy ) gy | £2(5,dg(r))
+ Y Vg Prlgery (v = T Gy w)ll L2 (s.dg(r))
SV gmytlgmllz2(s,agery) + 1w = Ty ull L2(s.ag(ry) -

Write the projection on the 0 eigenspace HS(T) as f(—Agyy) with f € C§°(R) such that f(0) =1
and supported around 0, then by the spectral theorem

(1 - f)(_Ag(r))
(_Ag(r))%

1
S I(=Agm) 2ull z2(s.d9(r))

1
[ =TIy ull £2(8,dg(r)) = (—Dg(ry)2u

L2(S,dg(r))

~ [IVg@ryulgrllL2s.dg(r))
and the statement follows. O
Going back to (2.B.5), thanks to (2.B.6) and Lemma 2.B.2 we obtain
V(01 = X)) 0 4meysy SOl + 101 =)/ rIViulali3a
Slorulzz + 1= )/7|V gyl g 172,

1
§||VGU||%% = ||P02u||2L2(M\K)'
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Applying this estimate to (2.B.4) we have proved the desired inequality on the manifold end

2 2 1
11 = 0ulE Sl s gy 185l ary (287

Using a partition of unity for the remaining compact part we derive Nash inequality for the
full manifold.

Lemma 2.B.3. Let u € C§°(M) then there exists Cy, > 0 such that

1+5 % 3
HUHL2 v S Cn”uHLl M HPO UHLQ(M)'
(M) (M)

Proof. Write u as (1 — x)u+ xu and use (2.B.7) on (1 — x)u. Then yu is supported on a compact
set on which we can consider a finite covering (K;); with associated partition of unity (x;);.
Each K; C M is diffeomorphic to an open set of R", via a diffeomorphism v; and since the
metric tensor on M is represented by a positive definite matrix we have

/ Xj(xu) dG ~ / X;j(xu) o 1/1]_1 dx.
M ¥i(K;5)
Applying again (2.B.1) it follows

1+2 +2 2
I3 )1 iy = 16 00t ey S 1 (0t [ gy | Vi i) 2
2
S el ary (190 )2y + X0l 2z

2
~ Jlull i an (IVeOa)llz2an + Ixullz2an)

<l any | Vs )Lz

2
Sl (196wl z2an + Xl z2an))

< ull s V6l 2qan

where we have used Hardy inequality (Proposition 2.2 of [BR14b]) to estimate |[xul|z2(a) and
(2.4) in [BR14b] to bound ||x"ul[z2(rr)-
O

2.C Commutators and symbolic calculus

We will see here how to use symbolic calculus to compute commutators between rescaled
pseudodifferential operators on a manifold. First of all we point out that for Opy(-) described in
(2.1.5) the usual rules on the composition of pseudodifferential operators apply (for example see
Proposition 3.1 in [BM a)).

As defined in (2.1.6), Op) . (a"), acts on functions supported on U,, C M so summing up
all the contributions ), Opy «(a")y, will be a pseudodifferential operator defined on the whole
manifold. We also underline that we will consider operators with spatially localized symbols,
namely supp a” C [R,+00) x V,; x R™.

We proceed to the proof of the result mentioned in Proposition 2.3.4.

Proposition 2.C.1. Let m,m’, u, i/ real numbers and the operators A, B on [R,+00) x S defined
as

A=) "Oprp(a™)be, B:=Y_ Opxe(b)ix
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with a® € S™F and b" € S™ ' and both spatially supported in [R,+00) x V.. Then

[A,B] =" Opy (ST =1t =1y + Ry

with Ry an operator which is negligible of order N for any N € N.
Before giving the proof, we recall the definition of a negligible operator.
Definition 2.C.2 (Negligible operator of order N). Let N € N and set

Qn = 3N (1;0 ) ZOP (§V2N),

we say that an operator is negligible of order N if it is of the form QR,IBQJ_\,1 for some bounded
operator B depending on A.

Proof. In the following B is a generic bounded operator that will be allowed to change from one
line to the other.

The composition AB is given by a double sum, by the support properties of the symbols
Opy . (b") will be supported in [R, +00) x Uy, while 1, localizes in [R, +00) x U,,. Hence for
any chart such that U,, N U, = () the corresponding term in the sum, Opy ;,, (™) Op 1 (b)),
is 0.

We start by looking at the easier case where we are composing two operators localized on the
same chart. We denote by 1% the pushforward on R" of 1),, through any chart [ whenever this
quantity is well defined, that is X" = Hl_lw,.i, and we will extensively use the relations

Yol = Lk, T e = F T
This said, we have
OP/\,K(GHWJHOPA,H(()R)T/% :HNOPA(GH)H;:I(wnﬂn)op)\(bﬁ)ﬂ,;lwn

=L Opa(a")TI T (13" Opa (b)) I b
:HHOPA(GH)OP/\(bH)H;H/}/@
where b* = YR b € Sm'n g still spatially supported on V,;. Thanks to the multiplication on
the right by I 14, the composition Opy(a®)Op,(b*) is applied to functions localized on V;; so

we can harmlessly extend the symbols to 0 outside of their support. This, will give us a rescaled
pseudodifferential operator on R™ to which usual composition formulas apply. Consequently

Opa s (@) s O (b%) 0 =TL,Op(a"b)IT; Y4h 4+ T, Opy (S ~ Lt =1y 1~y
:OpA,H(aHbH)1fJH +Op)\ﬁ(gm—i-m’_l,u—i-ul_l)wn. (2.0.1)

Obviously the same holds for Op) . (0%)¢xOpy x(a”)1), so that when taking the commutator the
term Opy ("), cancels with Opy . (b°@" )1, where b"a"* = X" a® = a"b"~.

Now for the overlapping terms with m # k let 1,;,{ equal to 1 on the support of 1, that we
use to move the localization on the left

T, Opx (V)T b = 4, TT Opy (BT, (2.C.2)
Then in

OPAm(a™)mOpx (6% =Opy 1 (@™ )t Opy 5 (b7)
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the cutoff 1,1, € C*([R, +00) x Up, NUy) localizes in a region where both the charts x and m
are defined.

We pick smooth cutoffs 1Z,i and Jm such that

Dt =V, Ymm = Y
and since 1;}};" = 1 on the support of a™ we have

Opxm (@™ot =TTy, Opa (@™ T (rmth)
=0t ILnOpa(a™) L, (frnthe)
+ (1= )T Opa (@™ Ty (W ) (2.C.3)
On the intersection U,, N Uy both the expression in local coordinates given by the chart m and
the chart x are well defined and we can pass from one to another by composing with smooth

transition maps, like x o m~!. We notice that I} (wm{bv,.;) localizes exactly in m(U,, N U,) which
1is well defined and we have the relation

Op/\(am)n;zl ("bm&ﬁ) = ﬁom—lOp/\( )H,{olm 11—‘[’;11 (djquﬁ)

is where Kk o m™

where a” is a symbol belonging to the same class of a™. Indeed, we will prove in Proposition
2.C.3 that conjugation by transition maps does not affect the decay of the symbol and that in

particular it holds N
Opr k(@) = Oprk(S™") + Ry (2.C.4)

with R a negligible operator.

In the following sum we can first use (2.C.2) and then the expression found in (2.C.3)
Z Z OPAm(a™)YmOpy (b)Y, = Z Z Opm (™) Opa (B
= 3 S (T (M1 Opa @I L by
UrOPak (b)) 1hs
+ 33 (1~ )P Opa (™) (o) Opa e (0 i

Noticing that II,.,,-1 = II Tl we can simplify some terms
L 1 FRRTESS | PR D | Sl |
yielding
Z Z OpAm (@™ mOPr (V") = S 3 i L Opa @) o th Opi e (0
3021 = ) bmOpam (@) () Opr e (0.
s (2.0.5)

First, thanks to the support properties of Jm and ZH and since (¢, )y, sum up to one
ZMmHHOpA(a“)nglwmzmﬁomb”)n*

=1I Op)\ e Z ¢m¢nﬂ Op)\(bﬁ)
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= I1,0px (@) Opa (b™)IT,; (2.C.6)
= Opa (@) + Opp (S 1t =L )g), (2.C.7)

where (2.C.6) falls in the same case of (2.C.1) so we use (2.C.4) and the properties of composition
of pseudodifferential operators. For the term in (2.C.5) the part

T, (1 — 92 )R Op (™R 7" TI;, !

is a composition of pseudodifferential operators with disjoint supports, hence the usual formula
for the composition produces the remainder only. This implies that we can write

Ry, = (1 - 'LZ/@)JmOp)\,m(am)wm@Zn = &mop)\,m(r)
with r € §—4N.—4N for any IV € N and that

> R = QN BQY.
Adding the contribution of Op)y(b") gives us

ST(1 = ) PmOpam(@™) (Ymh ) Opr s (05) =3 RinOpy (b7

=Qn'BQy Opx (")
=Q )2 Q)2 BN Ok (V") Qn/2Q
:Q?\f}ngX/}z'

Thanks to (2.C.7) we have found
Z Z Op)\,m(am)wmop)\,n(bﬁ)djli :Op/\,n(aﬁbﬁ)isz
+ Opp (8™ I+ QN BQ -

We repeat the same procedure when evaluating the double sum produced by the composition
BA, where in this case we obtain terms Op) . (b"a")1,. Hence taking the difference AB — BA
results in the statement.

O]

We prove now the invariance of the symbol classes by conjugation with a diffeomorphism.
This will imply that passing from one chart to another, which means conjugating with a transition
map the operators on R™, does not alter the decay of the symbols.

Notation. To simplify the notations of the kernels we state the proposition for pseudodifferential
operators, instead of the rescaled version Opy(a). However, given that the kind of diffeomorphism
we are considering leaves untouched the radial variable r, which is the only one affected by the
rescaling, the result generalizes easily for Opy(a).

Proposition 2.C.3. Let v :V — W a diffeomorphism between open sets of R*™1 with |0%y| <
Co, 10977 < cq and set Y(r,0) = x(r)p(0) € C°([R,+00) x V) compactly supported in 6 and

IL, : C*([R, +00) x W) = C*™([R,+00) x V)
v = v(r,v(0)).
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If Op(a) has symbol a € Sl with supp a C [R,+00) X W then
IL,Op(a)TL; ¢ = Op(a,)v + Ry

with a, € §m’“, J € C([R,+0) x V) compactly supported in 0 and Ry a pseudodifferential
operator of negative order. In particular, Ry is the pushforward on R™ of a negligible operator
of order N with arbitrary N .

Remark 2.C.4. The integral kernel of Op(a) is

Ka(r,0,7"',0') = (271T)¢L/€i(Tr/)p+i(99/)”a(r, 0, p,n)dpdn

whereas the integral kernel of IL,Op(a)IL7 14 is instead

1

K / / —
7(7", 97 r 79 ) (27’(’)”

/ (€i<r—r')p+z‘(v<6)—7(9’”%(7“, 7(0), p,mx (" )p(9")
|Jacy|(9’))dpd77-

To show that IL,Op(a)IL7 L4 is still a pseudodifferential operator, up to some remainder, we
will need to write its kernel K as an oscillating integral with phase i(r —1")p + (6 — 6")n and a
symbol a. depending only on the variables 7,8, p and 7.

Proof. As observed in the previous remark, we need the oscillating term in the integral K, to be

elr=r)p+i(0=0"1 56 to linearize with respect to  we consider the Taylor expansion

1
96) =0 = (0 0') [ dr(8'+ 46 — )t = (60— O)M(6,6))
0
with M (6,6’) an invertible matrix. Performing a change of variable in K, which sends 7 to
M(0,0")"1n yields

1

K / / —
’Y(r’ 97 r ,0 ) (271')"‘

‘/ei(r—r’)p-l-i(e—@')nA(r’ 0,1',0', p,n)dpdn (2.C.8)

where we have set

A(r, 0,00, p,1) = a(r,y(0), p, M(0,6") " m)x(r')p(60') M (0, 6).

In (2.C.8) it now appears the oscillatory term in the desired form as commented before. To
finally obtain the kernel of a pseudodifferential operator we must get rid of the dependence of A
on (1,6").

Let © € C§°(R"™) a cutoff function such that © = 1 near 0, we first consider the kernel K,
localized around the diagonal {r =1/, = #'}, that is

O(r—r,0 —0)K,(r,0,r,0").

We use again a Taylor expansion: we expand A with respect to the variables r’, § around the
point (r,#) up to order N, hence providing us with a polynomial of order N — 1 plus a remainder
term. In particular we can write

A(r7 97 Tl? 0’7 10’ 77) :A(r’ 07 T‘? 97 p? ,,7)

N—-1 )
+ 303 O =) (0 - 0)*) (.95 A)(r,0,7,0, p, 1)

=1 j+|a|=l
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+ Z O(("J _T)J(el - Q)O‘)Rja(’r?gar/ae,?pvn)‘
J+lal=N
Here R are the terms coming from the Taylor remainder: they are compactly supported in
. —k—
(r',0') and such that |3535R]’a S (<P> + %)M 4 (property which is inherited from a).

We want to use this expansion in (2.C.8) and do integration by parts after observing that

(T” _ T')j<9/ o a)aei(r—r’)p+i(9—0’)n _ Dngei(r—r’)p—i—i(G—Q’)n.

Integral (2.C.8) then results in

1

(2m)"

. / et O0=0m Ay 0, 1,6, p, m)dpdn
1

(2m)”

ST3T [l OO (D) D2, 0 ) 1.0, 7.0. p. m) e
U (Ga)

O(r—1",0 — 0K\ (r,0,7",0") =0 (r — 1,6 — ¢')

+O(r—r",0-0)

1
_ — @
+@(T r,0 0)(27‘.)71
S [ D R 1,0,/ p. ) dpd.

jtlal=N

Moreover we notice that by definition A preserves the decay of a with respect to r, p and 7,
meaning that

A(r.0,r,0,p,m) € ™, (DID38),85 A)(r,0,7,6,p,n) € SmIbnlel=d,

Up to the remainder term, we have obtained integrals which are the kernels of pseudodifferential
operators of symbol Smi as we wanted.

For the remainders we can prove that they are kernels of negligible operators in the sense of
Definition 2.3.2. The same can be proved for the contribution of (1 — ©)K,, and this will allow
us to conclude the proof.

To do this we need to show that composing on the left and right with Qg := (r)¥(Py + 1)°
the Taylor remainder results in a bounded operator for any fixed large S.

Here the key point is that we are conjugating by (Js an operator whose kernel is of the form

/@(T -0 — Gl)ei(r/_r)p"'i(e/_0)"D£Dg‘Rj’a(r, 07,6, p,n)dpdn. (2.C.9)

This kernel is smooth, with derivatives in (7/,6’) which are compactly supported and such that
in the integral we have arbitrary fast decay in p and 7, since we recall j + |a| = N implies

-N
g0y £ (1) +2)
P ~ (r)

Applying Qg on the right, where (Py 4 1)° is selfadjoint, would lead us to differentiate the
kernel in v’ and ¢, while applying it on the left means taking derivatives with respect to r and
f. The ensemble of these actions still results in a kernel which is bounded together with its
derivatives, thanks to the properties we just stated. Notably, the decay in p and n allows to
compensate the growth which is generated when taking derivatives of the oscillating factor.

We can therefore apply Calderon-Vaillancourt theorem (Theorem 2.8.1 in [Mar02]) to conclude
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that the corresponding operator is bounded. (Actually here one needs to apply Calderon-
Vaillancourt to a suitably conjugated operator in order to have boundedness with respect to the
appropriate L? norm, that is L%.)

The same reasoning can be adapted to the contribution away from the diagonal, after rewriting
it as

1-0)(r—r,0-10)
(r —r" M@ — 08

/ei(r—r’)p-‘ri(ﬂ—@’)ﬂ(DIJJWDgA)(r, 07,6, p,n)dpdn

(1=0)r—1",0—0)K,(r,0,,0)=

where we performed again integration by parts thanks to

M B i(r—r")p+i(0—0")n _ M B i(r—r")p+i(0—06’
(r — )M (g — g")Beilr—r" )t )"_Dp Dne( )p+i(0—6")n

Indeed, DyDnA alSO decays as
‘ P n ’ 5 (<l:>
<T'>

with arbitrary M and  and hence the same arguments used for (2.C.9) can be replicated to
conclude that Qgs(1 — ©)K,Qg is an integral kernel of a bounded operator.

O
2.D A uniform bound for the spherical Laplacian
Consider the Laplace-Beltrami operator on the unit sphere
Agn- -1
S = Ape + 2+ (n )ar, (2.D.1)
r r
given the relation between the radial and euclidean coordinates r = |z| we can derive
1 2 1 2
J k J
and therefore rewrite the operator in terms of euclidean derivatives as
Agn 1 A TiTh o & £ 0;.
—Agn + Z ]2 ] Z | 20 (2.D.2)
7,k=1 7=1
Proposition 2.D.1. Let n > 3 and Ao > 0, there exists a constant Cy,, > 0 such that
—Agn- _
H S (~Age + A7 < Chy. (2.D.3)
T LQ(R")%LQ(R"I)

for all A € (0, Ao).

Proof. We use the expression in (2.D.2). By the spectral theorem —Agn (—Agn + /\)_1 is bounded
and by elliptic regularity results

i _
R (A 1)

Oy (—Amn +A)7|

L2(Rm)— L2(R")
<1.

L2(Rm)—L2(R™)
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Finally, since n > 3 we can apply Hardy inequality to conclude
1
[

(AR 4+ 2) a]

T

1

8 ( ARn + )\)

LZ(Rn)—>L2(Rn) L2(R™)—L2(R)

L2(R™)—L2(R™)

[V (~Age+ )72

n—2
2
“n—2"

L2(Rm)— L2(R")

O]

Let (o7 s Sn(0)); the eigenpairs of —Agn-1, representing u € L?(R™) in spherical coordinates
and decomposmg the angular part along the basis of eigenfunctions we have

—Agi . ot o (-1 ot \7
S (—Apn + N M u(r,0) = Z —02 — Ot 5+ 2] wn(r)sin(0)

72 . 7“2 r
J

where we have used for —Agn the expression deriving from (2.D.1).
The uniform bound of the previous proposition translates to the following bound on one
dimensional operators.

Corollary 2.D.2. Letn > 3 and 012’” the l—th eigenvalue of the spherical Laplacian on S*~1,
then there exists Cy,, > 0 such that

-1
Jlﬂ( 82 (n_1>8 Ulz )
T

<Cyp
L2(R+ rn—1dr)—L2(R+,rn—1dr)

r2

for all X € (0, Ao).

We remark that the operator that appears in the statement is exactly p;, that we defined in
the proof of Lemma 2.4.13.
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2.E Notations for the current chapter

Manifolds and metrics

M=KU(M\K), M\ K infinite end

S angular manifold of dimension n — 1

pe M,weS, 0local coordinate on S

k:U. C S — V., cR"! coordinate chart on S
II,., 112! pullback and pushforward on S

7, 9(r) metrics on S
_ lo(r.0)|
0]
(R, +00) x S isometric to M \ K
G = dr? + r%g fixed metric on (R, +o0) x S
G = dr? + r2g(r) perturbed metric on (R, +00) x S

Y (r,w) = @(r)pk(w) with ¢(r) smooth cutoff on [R, +00), (k) partition of unity on S

Norms

|| - ||L2G norm with respect to the metric G
| - || norm of bounded operators on L?(M)

Operators

P,y Laplace-Beltrami operator on M

P=F+V

—Aq Laplace-Beltrami operator on ((R,+0) x S, G)
A conjugate operator in Mourre theory

Pseudodifferential calculus

e™ with 7 = In(A!/2) and A generator of dilations

7= A1/27’, p= )\71/2p

Smii class of symbols (m order of decay, p order of differentiation)
Opy(a) = €74 0p(a)e’™ rescaled pseudodifferential operator
Opy . (a) rescaled pseudodifferential operator on the manifold

B bounded operator

R negligible operator of order N (Definition 2.3.2)

Others

(r)y weight equal to r for r > 1
x(r) smooth cutoff equal to one in a large neighborhood of zero
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3.1 Introduction

In this chapter we consider the Laplace-Beltrami operator with order one and order zero
perturbations on non compact manifolds with ends of infinite volume, in particular including
asymptotically conical and asymptotically hyperbolic ones. The manifolds we consider are such
that outside of a compact set they are isometric to a product manifold whose metric is a long
range perturbation of a fixed one.

Let P, the operator we consider of (M, G)s) including all the perturbations, we will be
interested in high frequency estimates for the resolvent as the spectral parameter approaches the
positive real axis, hence we consider

P,—X+id A>1,¢>0.

The aim of this chapter is to obtain estimates for large A in all generality, without assumptions
on the geodesic flow. As we discussed in the Introduction in Section 1.3.2, without geodesic

79



80 CHAPTER 3. High frequency estimates for the magnetic Laplacian

information we expect an exponential loss in the estimates with respect to the polynomial blowup
of the previous chapter. This is indeed what we will obtain: the resolvent on the entire manifold
has an exponential bound and the cutoff resolvent near infinity has an polynomial blowup. This
is due to the fact that outside of a sufficiently large compact region there is no trapping effect
and hence no loss in the estimates. More precisely, the main result is the following. Precise
definitions are postponed to the end of this introduction.

Theorem 3.1.1. Let (M,Gys) a non compact Riemannian manifold of dimension n > 3 and
K C M such that M \ K is isometric to a product manifold Xr = (R, +00) x S. Let Py, be the
Laplace-Beltrami operator on M with perturbations of order one and zero. Let || - ||HlyB;R, |- 11B< 5
weighted norms on the manifold end M \ K (defined in Section 3.1.3).

Letu € H*(M),A > 1 and R < Ry < Ry, then for any ¢ >0

el v xy ) + el e, SON2N (P — A2 + i€ )ull Za(an xp,)

+ON2AN(Pr = N +ie)ullf.
for some constant C' > 0 independent of A and €’.

In the theorem we obtain indeed a uniform exponential bound on the resolvent of the Laplace-
Beltrami operator with an order one perturbation. Having this type of resolvent estimate can be
applied, as in [Vod02] or [CV02], to prove that there is a strip of exponential size around the
positive real axis which is free of resonances. In other words, this tells us that resonances can
not accumulate exponentially fast and hence gives a lower bound on their width. For complex
resonances their imaginary part gives the rate of decay of a solution associated to resonant initial
data, hence the width of a resonance carries dynamical information. For example, in [Bur(2a]
the existence of a resonance free strip is applied to prove logarithmic time decay of solutions to
wave equations.

In the proof of the result we can see that the contribution of the exponential terms O(e*%) is
due only to norms on compact regions of the manifold. We therefore obtain a corollary for the
cutoff resolvent.

Corollary 3.1.2. Under the assumptions of the previous theorem, let x a smooth cutoff such
that x =1 on Xg, = (Rs,+00) x S for a sufficiently large R3. Then for any & >0

Ixulg: , < ONA)(Pn — X + i)l ,

In particular
™2 (P = N i) T P 2 = O(AT)

with p > 0.

Remark 3.1.3. We will define precisely the weighted norms ||- HHI’B;R and [|-|| B  in Section 3.1.3.
For the moment we only comment that they are norms of Besov type on the region (R, +00) x S
with weights given by /2 with r € (R, +0o0) the radial variable. From this corollary we see
that estimates with respect to these norms imply the more classic ones on weighted L? spaces
with stronger weights with respect to r~1/2. Moreover, we obtain the expected bound on the
cutoff resolvent in the presence of an order one perturbation.

Unlike the previous chapter, we will not use Mourre theory, indeed this technique is well
adapted in the high frequency regime under additional assumptions on the geodesic flow, which
we do not make here. The main strategy is the same as in [CV02] which in turn is inspired by
the works of Burq ([Bur98], [Bur02al): we divide the manifold in two parts, a bounded region
and an infinite end, and we treat the two separately. In the compact region we use are Carleman
estimates, which are stable by order one perturbations and hence suitable for our operator F,,.



3.1. Introduction 81

In the unbounded region we do not use any complex theory, but we rather exploit the equation
(Pm — A% +ie')u = f and bound the solution u by the source term f and we will use simple
identities like

4, Bl

Im(Au, Bu) = (u, 57

u), Re(Au,Bu) = (Mu,u)

2
for A, B symmetric operators.

Remark 3.1.4. For the estimates on the unbounded region M \ K we use a slightly different
approach than in [CV02]. In particular the strategy used to treat this region (Section 3.2) is
frequency independent, in the sense that the proof holds for intermediate and high frequencies.
In this section we replace the smallness of a semiclassical parameter h = A\~! with the decay of
the radial variable. In the last section, when combining the two regions, we will need to assume
A> 1.

On top of considering a more general operator with differential perturbations and Besov type
norms with sharper weights, in this work we revisit some of the arguments in [CV02] trying to
give a rather complete exposition of the whole strategy. We also remark that we combine the
Carleman approach, which is robust enough to be adapted to our perturbed case, to the use of
Besov type norms that were introduced for more classical Hamiltonians ([AH76], [AP85]).

The chapter is organized as follows: we conclude the introduction with some definitions, in
Section 3.2 we treat the unbounded region, in Section 3.3 we show how to use Carleman estimates
to treat the compact region, in Section 3.4 we use an argument presented first in [Bur02a] to
conclude with the proofs of Theorem 3.1.1 and Corollary 3.1.2.

3.1.1 Definition of the geometric framework

Let S a compact n — 1 dimensional Riemannian manifold, around a point w € S we will
denote by 6 € R"! the local coordinates. We will equip S with two different metrics (5,g) and
(S,g9(r)). We will use the product manifold

(R, +00) x 8,dG) dG = dr?® +1(r)"%g(r)

to model the infinite ends of our manifold M.
We consider a Riemannian manifold M, a compact set K C M and a diffeomorphism 2

Q:M\K — (R,4+00) x S8
such that the metric on M is given by
Gy = Q(G) = Q*(dr? +U(r) 2g(r))
for some smooth function [ : (R, +00) — RT verifying

I'(r) S ¢ U(r)

I(ry = r’ I(r)

Remark 3.1.5. Since we require —I'/l > 0 it follows that I’ < 0, so [ is a decreasing function.
Moreover integrating the inequality in (3.1.1) we obtain

€ L®((R, +00) x S). (3.1.1)

I(r) < (3.1.2)

S|

hence I(r) — 0 as r — oo. Then I’ is bounded for large enough r and the L* condition in (3.1.1)
implies |I'(r)|r € L*°((R, +o0) x S).
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Remark 3.1.6. With an abuse of notation we will write G for both the metric on the product
(R,+00) x S and the manifold end M \ K.

Remark 3.1.7. Let k* € N. We will denote by ¢ a smooth cutoff on (R, +00) for which we will
assume suppp C (2" 3R, +00). Such a function can be identified via  with a cutoff on M \ K
of the form y = ¢ o Q.

We assume that g(r), the angular metric, is a perturbation of a fixed metric in the following
sense.

Let f a function of r with values in the space of sections I'(T7(S5)):

1 (R, +00) = I(TP(S))
r= f(r),

with coefficients f?ll""i? (r,0) around a point w with respect to a basis of the tensor product

geoes,

(T,(9))P ® (®Tw*(S))qq. We define a topology on I'(T?(S)) given by the seminorms

Ny (f) = 20 N0 e

lal<m
with J a compact subset of the coordinate patch on R™ 1.
Definition 3.1.8. Let f : (R, +00) — I'(T}(S5)) a smooth function, then f € S™ if
N&K{J(&lﬂf(r)) < (ry7¥7! for any m,l € N, Jcompact set.
We assume

g(r) —g e S for some v > 0. (3.1.3)

We point out two examples of infinite end the reader should keep in mind throughout this work.
All the assumptions we make on [ are be satisfied by these two examples.

Ezample 3.1.9 (Asymptotically conical end). In the particular case of a fixed metric g(r) =g
and I(r) = r~! we obtain on (R, +00) x S the following metric

dr? +r%g
which is the conic end defined in Definition 1.4.1. If we replace g with a perturbation of it g(r)
we obtain an asymptotically conical end, as defined in Definition 1.4.4.

Ezample 3.1.10 (Asymptotically hyperbolic end). Taking I(r) = e™" and again g(r) = 7, if we
equip (R, 4o00) x S with the metric

dr? +*'g
we obtain an hyperbolic end in the sense of Definition 1.4.7. If we take a perturbed metric g(r)
we obtain a perturbed hyperbolic end, again defined in Definition 1.4.7.

Remark 3.1.11. Let —A,y the Laplace-Beltrami operator on (5, g(r)) and we define

lg(r, 0)]
w(r,0) = =— 3.14
0= "g0) (314
which is of the form
w(r,0) =1+ w(r,0) withwe S™". (3.1.5)

Since dg(r) = w(r,0)dg, we can use w to conjugate —A) and obtain w%(—Ag(T))w_% which
will be symmetric with respect to the measure induced by the fixed metric g.
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3.1.2 The operator

We consider A a vector field on M, thanks to the diffeomorphism €2, we can identify the
restriction to M \ K with a map taking values in the product space R x T,,(S). Namely

A: M\ K — Tj(M)~RxT(S)
p— A(p) ~ A(Q(p)) = A(r,w) € R x T,,(S5).
In a coordinate patch around (r,w) we will denote the components of A as
(Ao(r,0), Ag(r,0)) = (Ao(r,0), A1(r,0),... Ap_1(r,0)).
We assume Ay € S7% and
172 (r) Ay, P THT2(r)0,A; € L°((R, +00) x S). (3.1.6)
We also introduce the notation

n—1
Ag(r,0) := Ao(r,0), Ai(r,0) :=172(r) Z Gij(r,0)A;(r,0), (3.1.7)
j=1

hence by the previous assumption
' A; € L((R, +00) X S)

forall j=0,...,n—1.

Notation. Let Dg = (D, }(r)?V () and (-,-)¢ the scalar product, between two vectors,
induced by the metric G while (-, )¢ denotes the scalar products on L?((R, +00) x S, dG).
With (-, -)arag we will denote the scalar products on L?((R, +00) x S, drdg) and || - | 22 (drdg)
will be the induced L? norm.
We will also consider the scalar product and relative L? norm on a bounded region of
(R,00) x S, in doing so we will always consider the one induced by the measure drdg and we will
specify the region by denoting them like (-,-)z2() and || - [ z2(.-

Let V a multiplicative potential in the symbol class
VeSS v>N0.

The perturbed Laplace-Beltrami operator on (M, G ) can be defined via a quadratic form. On
the manifold end M \ K, where we have an isometry with ((R,+00) x S,dQ), it agrees with the
one defined by the following quadratic form on smooth compactly supported functions

q(u,v) =((Dg — A)u, (Dg — A)v)ac + (u, Vv)ac
= /(<m7 (Dg — A)v)g +aVo)l(r) "drdg(r). (3.1.8)

The operator defined by this quadratic form is symmetric with respect to the scalar product
induced by the measure dG = I(r)!~"drdg(r). After integration by parts and conjugation by

et =1 (T’)I_anl/ 2 near infinity we obtain an operator
h2P; = h3(D, — Ao)% + M(r) + h2V;, (3.1.9)

with A = A1 for some A > 0 where V,,, is a multiplicative potential including V and the effective

potential and
M(r) :== R (r)(1 + T(r)) (3.1.10)



84 CHAPTER 3. High frequency estimates for the magnetic Laplacian

with T'(r) a differential operator of order two in the angular variables. More precisely,

T(r): = 1/2(_&7@) ~1/2 (3.1.11)

A5)(l9(r,0)1g™ (r,0)(D; — A7) Jw™'/2.
zg 1

We underline that the operator —Ag(r) is the Laplace-Beltrami operator —A in which we

have incorporated the perturbation by A.

g(r)

Remark 3.1.12. Conjugating by et = I(r ) 7 w'/2 has a double effect: with I(r )%n we pass from
an operator symmetric with respect to dG to one symmetric with respect to drdg; with w'/? we
pass the symmetry from drdg to drdg. In conclusion, ]—% is symmetric with respect to the scalar
product induced by the measure drdg.

Remark 3.1.13. The operator M(r) includes the angular terms of the operator, so all the
components act differentially only on the angular variable 6. In particular for any function s of r

[M(r), 5] = 0.
A useful property we will use later on is
—M'(r) 2 M(r) = R*(r)T'(r)

which we can derive thanks to (3.1.1). Here M’(r) and T"(r) denote the differential operators
obtained from M and T by differentiating the coefficients with respect to r.

The potential V,, is of the form

Vin(r,0) = a(r,0) + Vo(r,0)

a(r,0) = (71;1)2 (3’)2_ (ngl) <ll/>/

Vo, 10, Vy € L®((R, +00)).

where

and Vj has the properties

Moreover we make the following assumptions on a

(71741)2 (2/)2 = A+ai(r)

with a constant A = A(l) > 0 and a1 (r) > 0 such that 7Vay (1), r'*7a) (r) € L*°((R, +0c0)) and

(n;l) (ll/)/ —: as(r)

is such that 77as(r), 71 ™ ah(r) € L®((R, +0)).
With this notation

Vi = A+ a1 (r) + az(r) + Vo(r, 0) (3.1.12)
and we can conclude that

(Vi — A), 7170,V € L®((R, +00)). (3.1.13)
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We report the two typical cases of Examples 3.1.9 and 3.1.10.
Ezample 3.1.14. If [(r) = e™" then

If i(r) = r=° with s > 1 then

n— s n—12 s
A=0, al(r):( D -, ag(r):(lll)‘ﬂ.

Notation. Since V,,, — A is a decaying potential, without loss of generalization, we define P,
the perturbed Laplace-Beltrami operator translated by A. In this way, near infinity we will
equivalently to consider

P;=P; — A =h3(D, — Ag)> + M(r) + h2(Vy, — A)

which has a decaying potential V,,, — A. We recall that A depends on [, that is on the choice of
metric and that in the cases I(r) = 7~1 or [(r) = e™" it represents the bottom of the essential
spectrum.

3.1.3 The norms

Let ¢ € C§°(R) a non negative bump function with |9 < 1 and

Set ¢(s) := ¥(5) — v¥(s) which is then non negative and

1
suppp C {5 <ls| <2}, ol <2

We rescale ¢ dyadically in order to construct a partition of unity

L=9(s)+ > p(27Fs).

k>0
Remark 3.1.15. The support of ¢(27%s) is
Dy, = [2F71 28,

so for fixed s there are only two non vanishing terms in the sum ;- ¢(27s) since the interval

[lns

ms — L %E—; + 1] contains at most 2 integers.

We fix a k* € N. To partition only the half line (2*" R, +00) we start the sum at

InR
ko =——+k"+2
0 In2 TR

in this way [2¥71, 21 C (2" R, +00) for all k > ko. For r > 2" R

b(r)+ > e@7Fr) =Y @) =

k>ko k>kg

€(0,1) r € (2ko—1 2ko]
1 r > 2ko,
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We define the following function’s norm on (28" 1R, +00) x S

1 l1Bor = D 172 fll L2(aragzr—1<rear) (3.1.14)
k>kg
and the dual quantity
lgllB:, = sup P29 )| L2 (drag 2t-1 <rezrry. (3.1.15)

We also define the shorthand

2 2 2 /2,2
9l e = lallb, + 10D, — Agllh: , + 1M(r) gl . (3.1.16)
Remark 3.1.16. The previous norm is well defined since M (r) is a non negative operator, hence
its square root exists. Despite M(r)'/? being a non local operator the norm is still well defined
since it is an operator only in the angular variables, hence the non local action is only on the
manifold S and we recall that in the definition of the norm we integrate over all S.

We also define an adapted H! norm on compact regions of the manifold end, we still use the
angular operator M (r) to define the angular gradient but remove the weights, since we are in a
compact region: for U a bounded region in (R, 400) x S we write

£ oy = 11 F 20y + 1B(Dr = Ao) Fll T2 + 1M (1) fl1 2oy,
where we recall the L? norms are with respect to the measure drdg.

Remark 3.1.17. The definition of the norms is independent of the choice of dyadic step, in other
words the norms
1FlBorm = D 17 f | r2ardg.os-m<rcamsm)
k>=(m—1)+ko
are all equivalent. Given this equivalence we will drop the dependence on the index n and
denote by the same symbols || - |5, , and || - || 5z ,, any norm regardless of the dyadic step in the
definition.

For the same reason, defining

I 22 (ardg, Dy ) = | - I 22(drdg,26=m <r<orem)
we will drop the index m in the notation for Dy ., and simply write || - || 12 (arag,Dy)-

Remark 3.1.18. We already commented that on the manifold end, (R, +0c0) x S, the operator P,
agrees with the one defined via the quadratic form (3.1.8), that we will call Pg. This operator
is symmetric with respect to the measure dG = I(r)!~"drdg(r). However, in the norms we just
defined in this region, || |[B. g, | - B2 - | - |71 (@), We take the L? norm with respect to the drdg
measure and we use the expression of Py, symmetric with respect to drdg, to define || - || g1, B,
and || - || g1(py- It is actually equivalent to bound the norms in which we take the measure drdg
or the corresponding ones defined with respect to the measure dG since the two are linked by

the relation A
vl r2ae) = HGZFUHL?(drdg) (3.1.17)
with s
iF _ ion 19 1=n |g(r, )|
e =lr)yTwt=1lr)r .
[9(6)[*/2

Indeed, let u solution of
(Py— N +ic)u=f.
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We recall that

Py = eiFPGe_iF

so setting @ = ey, f: e ' f they are the solution and source term of the equation
(P — N2 +i")u = f.

We denote by || - ||z ¢ and || - [|B. s, the norms defined with the same procedure as above and
using the L? norm || - || r2(dc)- From relation (3.1.17) we then have that inequality

lall s e S 1 f 8o

>R’

is equivalent to

lulls , S M1f1lBs -

Analogous equivalences are true when considering the norms of h(D, — Ag)u and M (r)'/?u.

Notation. For the reasons presented in the above remark, all L? norms and scalar products
considered in Section 3.2, which treats the manifold end M \ K, will be with respect to the
measure drdg. Likewise, P will be the operator used in the computations of Section 3.2.

Remark 3.1.19 (B g, B% p duality). In the computations of the following sections we will exploit
the duality of || - [|5. , and || - | 5z , in the following way. Let x € C§°(R) a cutoff in the interval
(1,4) and such that x =1 on (3,2). Define y;(r) = x(27%r), then

i =1 on suppp(27F),  suppxy C [2872,28F2). (3.1.18)

We recall that ¢ is supported in (28 3R, 4-00) = (2¥+!, 4-00) which implies suppp(27F0-) N
suppe = () and

(¢g7 f)drdg = Z (¢90(27k')g7 f)drdg

k:?k:()-i-l

= Z (T71/2Xk¢(p(2ik')g7Tl/Qka)drdg
k>ko+1

< Z ”T_1/2g||L2(drcF,Dk)Hrl/chHLQ(dTCF,Dk)
k>ko+1

<llgllBz [ f B> s
o 12 L2
<3lglls: , + 551 fll5. 5 (3.1.19)

for some d € (0,1).

3.2 Estimates on M \ K

We recall Remark 3.1.18, which tells us that in the region M \ K we can equivalently consider
the operator
P; = h*(D, — Ag)* + M(r) + h%(V;, — A)

which is symmetric with respect to the scalar product induced by the measure drdg and with
a potential V,, — A = O(r7") as r — oo. We are interested in solutions of the equation
(P, — A% +ie')u = f or equivalently (Py — A? +ie)u = f. Hence, after factorizing \* we set

P =h?P; — 1 +ie. (3.2.1)
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The aim of this section is to bound HUHHl’B;R by ||Pu| B, uniformly in X\ and ¢ and up to
some compactly supported remainder terms which will be treated in Section 3.3. More precisely
we obtain

Proposition 3.2.1. Let u € H>(M), A > X\o >0 and h = \=%. For any § € (0, o) N (0,1) there
exist c(d) > 0 decreasing function of § and K () bounded region of (R,00) x S such that

2 2 c 2 2
lullzr ps , < edllullin p: , + 572 Pulls, . + (@) [ullin i s))-

Since the || - || g1, Bz, horm contains the contributions of the L? norm of the function, of the
radial derivative and of the angular derivatives we will proceed in the following way:

e in Section 3.2.1 we bound the norm HM(r)lﬂuHB;R,

e in Section 3.2.2 we bound the norm ||h(D, — Ap)ul

*

>R’
e finally in Section 3.2.3 we bound the norm [|ul/px .

Notation. In all of this chapter ¢,C and ¢(d) are constants that are allowed to change from
line to line. If an integral norm is denoted with the symbol » ~ R it means that the integral
is supported in a compact sub interval of (2¥" R, +00) which may vary but does not depend on
any parameter. On the contrary K (0) will be a bounded region of (R, c0) x S depending on the
parameter §. The symbols <, 2 will denote inequalities holding up to a positive multiplicative

constant which is independent of the parameters 6, A or e. With the symbol O(a) we mean that
there exists a positive constant ¢ such that O(a) = ¢ a.

We will use the following elementary identity that holds between two symmetric operators
B,C
[B,C]
2i

Im(Bu,Cu) = (u, u). (3.2.2)

3.2.1 Estimating the angular gradient

1/2

In this section we evaluate the norm || M (r)"/“u|

B> We obtain

Proposition 3.2.2. Let ¢(r) a smooth cutoff on the interval (2"+1 +00), A > Ao > 0 and
h = A"t For any 6 € (0,\0) N (0,1) there exist c(§) > O decreasing function of § and K(9)
bounded region of (R,00) X S such that

C/
1M (r)! P gulf: | <Scllulfp p:  + WII7’(¢>U)IIQB>R +c(O)lull 7 s sy

with ¢,c > 0 constants independent of 0.

Remark 3.2.3. The support of the H' norm [[u| 1k (s)) is a compact interval contained in
(R, +00) with upper bound depending on § and growing as ¢ approaches 0. This will not cause
any particular problem since, when applying the results of this section we will fix the parameter
0 and this will determine a fixed (potentially large but bounded) interval for r.

We start by applying (3.2.2) to Pj and (D, — Ap) which are symmetric with respect to the
measure drdg. By definition of P = h?P; — 1 +ic

Im((DT - AU)(¢U)7 P(¢u))drd§ :E((D’I’ - A0)¢u7 qu)drdg + Im((Dr — AO)¢U7 h2P§¢U)drd§

—e((Dy — Ag)u, $t) grag + (S, [(Dr — 1;12), h2P;)

¢u)drd§
(3.2.3)
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where
21 0/ 9 2 21 0 21 mr -

From Remark 3.1.13 we recall that (—M'(r)(¢u), pu)4rdg can be bounded from below by
(hM(r) (pu), ou)ardg = HM(r)l/Q(d)u)H%Q(dT@) (up to some additional terms). More precisely, we
ave

Lemma 3.2.4. Let (-, )45 the scalar product on L*(S,g) and ¢ € L?(S,dg), then

1 —V
(0, =0p M(r))ag Z ;!!M(T)”%H%z(dg)(l —O@r™")).
Recall the definition of M(r)
M(r) = R2P(r) 1+ T(r)), T(r) =w"*(=A,)w 2

We can prove Lemma 3.2.4 thanks to the following equivalence of norms.

Lemma 3.2.5. Let ¢ € L?(S,dg), then forr > R

1L+ T(r) %0 2(ag) = 11 = Ayiry) %0l L2 (ag)

that is the quotient between the right and left hand sides is bounded from above and from below.

Proof. We can rewrite T'(r) as

1+ T(T) =1-— Ag(r) + ’wl/Z[—Ag(r), wil/Q] (325)

:(1 - Ag(r))l/Q(l + S(T))(l - Ag(r)>1/2

where
S(r) = (1= Aygy) V2w 2 [ Ay, w2(1 = Aygry) M2 (3.2.6)

We have seen in Remark 3.1.13 that —Ag, is a differential operator of order two in the angular
variables and is given by —Ag .y plus lower order terms. In particular it has an elliptic principal
symbol and lower order terms with decaying coefficients. One can then construct its resolvent
via parametrix with a standard procedure and obtain that (1 — A ))_1/ 2 is a pseudodifferential

operator of order minus one in the angular variables.

g(r

Moreover, we have

n—1
A — _ _ Dzw
W= Ay, w2 = 2= A gy, w T 1) Y A
i—1
n—1 Diw
:wl/z[—Ag(r) + Ag,wfl/z] + w1/2[—A§, w71/2] +17%(r) Z A=
i—1

where all the terms are differential in the angular variables, of order one or zero and with O(r=")
coefficients. This is due to the fact that w~! is bounded and

wl/QDiﬁj(w_l/z) es™, wl/gDi(w_l/Q) es™
together with the boundedness of 7/172(r)A;. We have obtained

1S 22 (s,ag)) =77
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First, since S(r) is a bounded operator

11+ 7)) 20l 25 =((1+ S (1 = Byir) P, (1= By))*@)ag
<L+ S eyl (1 = Bge) >l 720
S = Ag) 0l 72(ag)-

We conclude using the lower bound (S(r)v,v)ag = =[S (")l £(r2(s,49)) 10172 i) In
1L+ T ()20l 2 =1L = Dgpry) 20l (i) + (Sr) (1~ Ag(r))l/z% (1= 2g0)"*0)ag
>[(1 = Bg(r) 2@l () (L = 1Sl (225,43

and recalling that for large enough r
L= I5(r)lle(z2(s,a9)) > ¢ >0

with ¢ independent of r.

O
Proof of Lemma 3.2.J. By definition of M
M'(r) =h*2' (r)l(r)(1 + T(r)) + h*1*(r)T'(r)
() - 212, VT (1
=2 M) + R T()
so thanks to —I'(r)/l(r) = r~1
(0, =0r M (r)p)ag =(e, —23/((:)) M(r)p)ag + (0, —h*2(r)T' (7)) ag
>%HM(7~)” 2001221z + (0, =R ()T (r)0) g (3.2.7)

Using the expression in (3.2.5)
T'(r) = 0r(=Agr)) + Or(w' [~ Ay, w112,

From the arguments in the proof of the previous lemma, differentiating in 7 the coefficients
of w!/ 2[—Ag(r),w_1/ 2] yields a differential operator of order one in the angular variables with

coefficients of order O(r~*~!). Moreover (—Ag(r)) has coefficients whose expressions contain
g% (r,0) and A;. By definition of 4; we compute

oAy =— 207

—i—l*2 (r) ng r,9

(1 0) A +172(r) > 0rgij(r,0) A,

where
r”lfz(r)Aj, r1+”8rgz~7j(r,0), r1+”l*2(r)8rAj

are bounded functions. Then, thanks again to —I'(r)/I(r) Z v~ we can bound from below the
derivative of A;

—0,A; >

vt~ _ru—i-l

b(r,0)
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for some b € L®((R, +00) x S). Since 9,97 (r,6) € S~~! we can conclude that —&n(—ﬁg(r)) is a
differential operator of order two whose coefficients can be bounded from below by —r~*~1b(r, 9)
for some bounded b. We can then lower bound the scalar product

1
(9, =T (M)¢)ag 2 =71 (9, TR (1))ag

where T5 is a differential operator of order two in the angular variables with bounded coefficients.

It contains the contributions of 7+19,(—A (ry) and Y, (w2 [-A ), w™/2]). Then from

g g(r

(1= Ayy) " YPTo(1 — Ayy) 7% € L(L*(S, dg)) (3.2.8)

we obtain

1 ~
~(p. PP (T'(1)0)ag 2 = 1 = By 0l 5,07

1
rr+l ||M(7")1/280||%2(d§)

up to some constant given by the norm of the operator in (3.2.8) and thanks to Lemma 3.2.5. The
norm of (3.2.8) depends on 7, however we can obtain a fixed constant by taking the supremum
over all r, since the coefficients of T5 are bounded in r. We conclude by using this lower bound
in (3.2.7) which yields

1 v
(o, =0-M(r)p)ig 2 ;IIM(T)I/QSOH%%@)U —O(r™)).

0
We recall identities (3.2.3) and (3.2.4) which yield
Im((D, — Ao)(pu), P(pu))ardg =((Dy — Ao)du, ou)drag + %(QW, —M'(r)pu) drdg
- %(qua [A()a M("”)](d)u))drdg + %(¢ua thr(Vm)¢u)drd§'
(3.2.9)

The function M (r)/2¢u is supported in suppp C (25011 +00), we apply Lemma 3.2.4 in this
region

o0 1 —y
(6, =M )ow)arg 2 [, +(1= O DIM@) 2ulfaydr
=[lr = 2M () P dul T gy — 7 PO P M () 2 G132 (g -
For any k > kg
||7“_1/2M(7“)1/2¢U||L?(drdg) > \|7“_1/2M(7”)1/2¢U”L?(drdg,Dk)

where we recall Dy, = [2¢71,25+1] (in particular [2F0—1, 2koF1] A (2ko+1 4 o0) = (), [2k0, 2k0+2]
(2F0+1 400) # () and [2F71, 2FF1] € (2k0F1 100) for all k > ko + 2 ). We have then obtained

(¢, M (F)pu)arag Z sup [~ 2M (1) ¢l 22 40500

k>kg
— [ 200 M) 2 dullf 4yap)
=M () ulle  — lr 2O M) $ullF2grag)
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which implies, thanks to (3.2.9)
1M ()2 gulfe S Im((Dy = Ao)(¢u), P(¢u))ardg — £((Dr = Ao)du, $u)ardg
+ 516 (Ao, Mg + 5 (6 12 Dy (Vi) )
+ [P 202 M (r) P dul T2 g (3.2.10)

In order to prove Proposition 3.2.1 we will need a series of intermediate lemmas to bound each
term in (3.2.10). Notably, Proposition 3.2.1 is obtained directly from the following inequalities.

Lemma 3.2.6. Let ¢(r) a smooth cutoff on the interval (2¥0F1 4+00), A > \g > 0 and h = A\7L.
Let 6 € (0,X0) N (0,1). The following inequalities hold

i)
Im((Dy — A0)(0u), P(6u))inigl < Slullis e, + 525 IP@0)
i)
£((Dr = Ao)éu, du)arag] < Sellullfe  + 55 IP(GW)E. 5.
iii)
(6w, [Ao, M(r)ow)arag| < ellulipn e + (Ol ey
iv)

|($u, h> Dy (Vin)$u)ardg| < Scllullip ps . + c(@)llulFe (s
We postpone the proofs of these present inequalities to the next section.

Proof of Proposition 3.2.2. Let § < \g as in the statement of Proposition 3.2.2. Thanks to
Lemma 3.2.6

C/
Be , Sedllullfp p:  + W\W(W)H?&R +c(0) [ ullFr k(s

+ e e M () 2 dul 2 g

1M ()2l

We use the partition of unity ¢(27%-) to decompose the following L? norm

I 2 M ) 2l iy < S I M () 213
k>ko+1

where we recall x; = 1 on the support of p(27%.). We can write k in the form k = ko +m + 1
with m = m(J) > 0, then on the support of x; we have r = O(2™) (i.e. r = ¢2™ for a positive

constant ¢) and hence
T,*I//Q _ 0(271171’1,/2).

We can choose m*(d) > 0 such that ) . 27™/2 < § then we conclude the proof since

m>m

e 200 M) Poul Ty S D 27T M) P bl 2 grag g
k::/g)l—%g—%m

m*

S Y 2 M) Phulbe i o)
kT m

X 2 M) P oula g
mz=m™
k=ko+14+m
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BIM () P ullye  + O M () Sullsdrag x(5)))

S
< dllullfp ps  + c@llullfp o)

where the norm on the compact set K(d) contains all the contributions of the sum for m from
zero to m*. O

The following lemma allows us to evaluate the commutator between P and ¢ which will yield
our final bound.

Lemma 3.2.7. Let ¢(r) a smooth cutoff on the interval (2%, +00), A > Ao > 0 and h = A7L.
Then

IP(¢u)llB. s <IPull, r + ch?[lull i1 r),
for a constant ¢ depending on R and on the size of the interval {r : ¢(r) € (0,1)}.

We recall that M (7“)1/ 2 commutes with functions of r. Applying the previous result and
Proposition 3.2.2 we find that for any § € (0, Ag) there exists ¢(d) > 1 such that

C/
1M () 2l <WIIPUII23>R +dcl|ulln ps , + (@) lullF ) (3.2.11)

for constants ¢, ¢ > 0 independent of 4.

Proof of Lemma 3.2.7. Since ¢ is a function of r only
[P, ¢] = [h* Pz, ¢ = [W*(Dy — A9)?, ¢] = h*(D}(9) + 2Dr(¢) D — 2A0D1(9))
with D,.(¢), D2(¢) € C§°((2¥F!, 400)). In particular in

IP(@wllB. s <I[Pullb.s + I[P, ¢lulls.
<IPullpp + I+ D7 IK°r2(DF(8) — 240 D ()l £2(drag, )

k>kg

+ Z ||h2T1/22Dr(¢)Dru||L2(drd§,Dk)

k>kg

the sums only have a finite number on non vanishing terms, since the supports of D, (¢) and
D?(¢) intersect only a finite number of intervals [2¥~1, 28+1]. So there exists a > 0 (depending
on the fixed size of the interval {r : ¢(r) € (0,1)}) such that in the above L? norms

r g 2k0+0¢+1 — 2k +O¢R.

Hence bounding 7'/? and the L functions D,.(¢), D?(¢), Ag we have

T

IP(ew)ll 5o r SIPullBsr + 12 (lull2gar) + 1Dyl r2ary)-

3.2.1.1 Auxiliary lemmas
In this subsection we prove the inequalities stated in Lemma 3.2.6. Given the statement

of Proposition 3.2.2 the terms allowed in the bound are going to be ||P(¢u)| sz, compactly
supported terms (like ¢(8)||u]l g1 (,~r)) and absorbable ones (like dc||u|3: 5. ). We recall that
>R

everywhere in this section ¢ is a smooth cutoff on the interval (2¥0+1 o0) and which is equal to
one on (2M72 o).
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We start with the first result which we obtain simply by duality of the norms.
Lemma 3.2.8. Let § € (0,1),

0 1
Tm((Dr = A0)(6w), P(6u)arag] <5llulld s, + 55 IP@WI,

Proof. We multiply and divide by h?r'/? and since supp(D, — Ag)(¢u) C supp ¢u we can reason
by duality as in (3.1.19). m

For e((Dr—Ao)du, pu)drdg we will bound separately e||pul| 12 (grag) and e||h(Dr—Ao)(Pu)|| 2 (drdg)-
For example in

(du, P(pu))ardg = ie(du, $u)arag — |6l 2(arag) + (P, B> Py(9u))arag
(ou, h2P§(d>u))de§ is real since Py is symmetric with respect to the measure drdg. Hence from
Im(¢u, P(¢u))ardg = ell ¢l 72 (apag)
we can prove again by duality of the norms
Lemma 3.2.9. Let § € (0,1), then
2 0, 12 1 2
elloullz2 (grag) < §||U”B;R + %HPWU)H&R-

Proof. The proof is analogous to Lemma 3.2.8. O

On the other hand, taking the real part we use

(du, h? Pg(du))ardg = Re(du, P(6u))drag + |60l 2 (4rag) (3.2.12)

to prove the following.

Lemma 3.2.10. For any 0 € (0,1), then

1
llP(Dy = Ao)( @) 12 (urag) <OcllullB: , + 5l P65 1

with ¢ > 0 independent of 6.
Proof. By definition of Py = h?(D, — Ag)* + M (r) + h*(V;, — A)

(¢u, W Py(¢u))ardg = P(Dr = A0) (S| 72 (arag) + 1M (1) (00) | 72(arag)
+ (¢u, h* (Vi — M) (6u))drag-

hence from (3.2.12)

el|(Dr = A0)(¢) 172 (4rag) <ERe($u, P(d))drdg + lldull T2 (arag)
— e(pu, W2 (Vi — N)du)) drag- (3.2.13)

Again by the duality in (3.1.19)

€d €
el Re(u, P($u))arag) < 5 Nl , + o IP@0)3,
while £||¢ul[2, (drdg) can be bounded via Lemma 3.2.9, which we also use in

le(du, h2(vm — A)ou) dragl <h25||vm - AHOOHQZWH%Z(drdg)‘
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]
With Lemmas 3.2.9 and 3.2.10 we bound the term e((D, — Ag)ou, pu)qrdg-
Lemma 3.2.11. For any p € (0,1) such that u < Ao
c
le((Dr — Ao)¢u, du)arag| <peclulf:  + WHP(W)HQ&R
for some ¢ > 0 independent of h, .
Proof. Applying Lemmas 3.2.9 and 3.2.10 with § = hpu, which belongs to (0,1) since u < Ag
€ €
le((Dy = Ao)du, du)aragl <o 1R(Dr — A0) (w172 (drag) + ﬁ”@f)UH%Z(dr@)
c
<pcllullBs  + W||P(¢U)H2B>R

where ¢; given by the previous lemma is bounded uniformly in h. O

We now need to bound the term
(pu, [Ag, M (r)|pw)arag = (du, h*1(r)[ Ao, T(r)|$t)drag
In the proof of Lemma 3.2.5 we remarked some useful properties on T'(r) in particular that

T(’l“) = _Ag(r) + w1/2[—£g(7~), w_1/2]

where —Ag(r) is the sum of —A,) with lower order perturbations, and wl/z[—gg(r), w_1/2] is a
differential operator of order one with coefficients decaying like O(r™").

Lemma 3.2.12. For any 0 € (0,1) there exists ¢(6) > 0 decreasing function of 6 such that
|(du, [Ag, M (7)] ) drdgl <5CHUH?{1,B;R + e(8) ullFr e s))
where ¢ > 0 is independent of J.

Proof. We need to evaluate the commutator of Ag with —A () and with differential operators of
order one in the angular variables whose coefficients decay radially. First of all

[Ao, —Ay]

is a differential operator of order one with coefficients in S™%, since Ay € S, while the
commutator of Ay with a differential operator of order one with bounded coefficients is going to
be a function in S™¥.

As we pointed out in the proof of Lemma 3.2.5 (1 — Ag(r))
of order minus one in the angular variables. Then

—1/2 is a pseudodifferential operator

I [Ao, = Ag()) (1 = Bgr)) ™2l £r2(aragy) = O(1) (3.2.14)

as well as

17" [A0, =Agry + Ayl (22 (arag)) = O(1) (3.2.15)
and

I [Ag, w2 [= Ay, w2 22 aragy) = O(1).- (3.2.16)
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Recalling I(r) < r~1

|(¢’LL, thQ(T)[A07 _Ag(r)]¢u)drd§| < |(r_yr_1/2¢u7 hQT_l/QTV[AOa _Ag(r)]l(r)(bu)drdﬂ

< 0 (rE e R dul, W22 [Ag, — Ayl (r) xudu) arag
k>ko+1

where we introduce xy, functions which are equal to one on the support of ¢(27-). Write k > kg
in the form
k=ky+m+1 m=m(k)>0

recalling that supp xp = [2F72, 28+2] inequality

rl g g hogmtl (3.2.17)

holds on the support of xj. Inserting (1 — ﬁg(,,))*l/2 and recalling (3.2.14)

[(pu, B (r)[Ao, =Dy oW arag)l S b > (2my+y\\7’1/2UHL2(drd§,Dk)
mz=
k‘:k:()-i-?-i-m

A 2hi(1 - EQ(T))1/2¢U‘|L2(drI»Dk)>

<n Y (2-m”+”Hr—lﬂuuLz(dT@,Dw

m>=0
k=ko+14+m

M) Gl 20y )
where we used Lemma 3.2.5 in the last inequality. We can choose m* = m*(d) such that

> msmr 27 <6 in order to bound the tail of the series by the BY p norms, while the remaining
terms will be norms supported on compact intervals (depending on m*(d))

(¢, W?1(r)[Ao, = Ag(r))$u)aragl Sho([lulf: , + HM(T)l/QﬁbUHzB;R)
+ he(@) ([ull 2k sy + 1M (7)) dul T2 15y
§h5||uH§{1,B;R

+ he(@)(lullFe sy + 1M (1) 2dul G2 5))

Here the constant ¢(d) includes the sum Y. 27" hence it is a constant which grows as &
approaches 0.

Thanks to (3.2.15) and (3.2.16) we can proceed analogously to bound
[(¢u, W21 (r)[ Ao, =Dy + Dy |0u)arag]

and N
|(du, h12(r)[Ag, w2 [= A gy, w 2] U drag

where this time we do not need to insert (1 — Ag(r))*l/ 2 since the commutators are of order zero.
This yields

[(¢u, P12 (r)[Ag, = Ay + D)) 6t) drag| ShR™(0|ullh: | + c(8)ullZ2((s))
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and
|(du, h?12(r)[ Ao, w2 [=A gy, w™ 2] $1) drag] §hR_V(5HU||QB;R +e(0) [ ull 225 5))

which conclude the proof.

We conclude the section with the proof of the last item in 3.2.6.

Lemma 3.2.13. For any 0 € (0,1) there exists c(0) > 0 with ¢(J) decreasing function of 6 such
that

(¢, B> Dy (Vi) o) ]| <5C||U||12711,B;R + e(0) [ ull 22 x5

for some constant ¢ > 0 independent of §.

Proof. We proceed similarly to the previous proof. We write k > kg in the form k = kg +m + 1
for m = m(k) > 0 and since r'*”D,.(V},) is bounded thanks to (3.1.13) we first have

’((Z)ua thr(Vm)(bu)drdg‘ <h2 Z ’(T_VQP(Q_k')T_l/QXk(ﬁu:r1+VDr(Vm)r_1/2Xk¢u)drd§‘

k>ko+1
9 _ - —1/2. 112
SR YT 2™ e Pl g,
m=0
k=ko+14+m

where we have used as in (3.2.17) that » < O(27™). Choosing m* = m*(d) such that
Y omem+ 27 < 0 we have

(¢, h2 Dy (Vi) o) | 5h22uR*V(5HUH2B;R +¢(8) ullZz(x 5))

3.2.2 Estimating the radial derivative

In this section we give estimates on the radial part of the H!, BZ i norm, that is
[h(Dy — Ao)ul| gz .. More precisely we prove

Proposition 3.2.14. For any 6 € (0,1) there exist ¢(d) and a set K(6) such that

1
WDy — Ao)ully,  <clullfn g+ s lPulls,,
+ () [ull B ey + 1l T e s
with ¢(8) > 1 and K(§) which increase as 0 approaches 0.

We start again by considering the imaginary part of a scalar product. Let a a function of r
only. We apply property (3.2.2) to the symmetric operators Py and
a(DT — Ao) + (DT — Ao)a !

a
—a(D, — Ag) + L.
2 o 0)+3;

This yields

Im (a(Dr —Ap) + (Dy — AO)GU,Pu) . (a(Dr —Ap) + (Dy — Ao)au,u)
2 drdg 2 drdg
+ (g (AT D A )
2Z 2 d'r‘d§
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where we remark that

{a(Dr — Ao) + (Dr — AO)CL
2

 h*(D, — Ao)ﬂ =[a, h*(D, — Ag)*|(D, — Ag) + %[a’, h%(D, — Ap)?

is a differential operator of order two with coefficients depending on a,d’,a”,a”. In particular

1
2i

— — /
[a(Dr AO) "; (Dr AO)CL’ h2<Dr—A0)2] _ 2a”h2(Dr _ Ao) _ Q%hQ(Dr _ A0)2 + h2a///
2 N1,2 2 17,2 2 1 2 _m
=— -D,(a")h*(D, — Ag) — —a'h*(D, — Ap)* + ?h a
i i i
2 1
= — Zh(D, — Ag)(d'h(D, — Ap)) + §h2a'",
i i
so that if we were to integrate the commutator against u, as in (3.2.18),

i a(DT — Ao) + (DT - Ao)a
29 2

(u, ,hQ(DT — A0)2 w)drdg =(u, h(Dy — Ao)(a'h(D, — Ap))w)drdg

h2
_ Z (u7 amu)drdg

=|1(a")"*1(Dy — Ao)ul 32 (draz)
h2
n

- Z(u,a W) drdg (3.2.19)

provided that @’ is non negative.

Choosing a such that @’ is a cutoff on a dyadic interval the previous identity provides us with
|A(Dr — Ao)ull £2(4rdg,p,) Which are the norms we need to consider to estimate ||h(Dy — Ag)ul

* .
Bir

Given this remark we consider a; the primitive of X%, we recall that xj is supported on
(262, 2k+2] and equal to one on the support of p(27%-). Choosing a = aj in (3.2.18) and using
(3.2.19)

1 ap(D, — Ag) + (D, — Ag)a
(1 g =2 D= R ) (D, — Ao)(a(D, — Aoy
rdg
2
— Z(u, ay u)drdg
1
+ (u, —§akM/(7")u)de§
1
- (uv ﬂak [A07 M(T)]u)dﬂiﬁ

1
+ % (u, hZGkDr(Vm)u)drdg

2|\ xxh(Dr — AU)UH%Z(drdg)

h? 1
- Z(%X/k/“)drdﬁ = (u, zan[Ao, M(7)]u)drag
1
+ (u, 52 h*ax Dy (Vin)u)arag (3.2.20)

where (u, —apM'(r)u)drdg = 0 thanks to Lemma 3.2.4 and the non negativity of aj. Additionally

9k+2 15

0 < ap(r) = /Xz(s)ds - /k | R(s)ds < 2 (3.2.21)
"



3.2. Estimates on M \ K 99

and without loss of generality we can assume
supp ay, C [2"72, 400)
since suppyy C [2F72,2F+2].

Remark 3.2.15. We recall that

Z e(27lr) =1 on (2%, +0)

[>ko

and supp aj, C [2F72, +00) C [2F0, +00) for any k > ko + 2 on top of the fact that x; = 1 on the
support of ¢(27".). For all k > ko + 2 we can then write

(e, Varag < D (027" aks, Varag < Xho@h's Xko)aragg + >, (027'r)xean, X1 )arag (3.2.22)
1>ko 1>ko+1

On the other hand supp ay,+1 C [2¥071, +00) and

ZXk 1 on [2k°71,—i-oo)7
k>ko

hence we also have

(arot17s )ardg <((Xro + XkoJrl)ak‘oJrl'? (Xko + Xko+1)")drdg

+ Z ) XkOko+1> Xk*)drdg
k>ko+2

since suppxx C (2¥0, +00) for all k > ko + 2.

Remark 3.2.16. To obtain (3.2.20) we have used the following expressions for the commutators
with M(r) and V;,, — A:

[CL(DT — Ao) -+ (Dr — Ao)a
2

[a(Dr — Ao) + (Dr — AD)CL

5 2 (Vi — A)] = h%aD, (V).

Going back to expression (3.2.18) and given the contribution of (3.2.20)

/
|\hxr(Dy AO)UHLQ i) SIm (ak(Dr — Ao)u + ??u,Pu)
? drdg
D, - A D, - A
(ak( 0) + ( 0)ak ", u)
2 drdg
h? 1

+ Z(ua X/k/u)drdﬁ + (ua %ak[A07 M(T)]U)drdg

1
- (ua %hgakDr(Vm)u)dr@

2
=Im | ax(D, — Ag)u + X—’?u, Pu — eRe(agu, (D, — Ao)u)drdg
2i drdg

ar[Ao, M (r)|u)drdg
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1
— (u, ZhQakDr(Vm)u)drdg (3.2.23)
where we have used the relation
B B
Re(Bu,Cu) = (C—;C’u,u> (3.2.24)

for B, C' symmetric.

We recall that the B p norm is defined as a supremum over all dyadic intervals, hence we
need to bound the quantity hxx(D, — Ag)u uniformly in k for all & > ko+ 1. To prove Proposition
3.2.14 we use a series of inequalities that we collect here and that are proven in the following
subsection.

Lemma 3.2.17. Let k > ko + 1 of the form k = ko +m + 1 for some m = m(k) > 1 then for
any 0 € (0,1) we have the following inequalities

i)
\2
Z Im (@(Q_Ir)X”(DT - Ag)u|,xl|73u|> + |[Im (;u,Pu> |
[Zko+1 drdg ¢ drdg
C
< %HPUHQBM + 05”“”%{1,3;1%,
i)
m 1
e|Re(agu, (Dr — Ao)u)arag) <O2™)(dclullB:  + %CHPUH@R)
i €
+ 0™ ull 1),
iii)
h2 2\ 2 h2 2\ 2
|Z(Ua (Xic)"w)ardg| < dcllul Btp» O ’z(% (Xic)"w)arag| < CH“H[P(K(&))?
iv)
_ 1
> (@7 r)xalul, o Xl Ao, M(r)]ul)ardg 5(05”“”%{1,3% +e(0)[ullF (s (s)))s
I>ko+1
v)

_ 1
> (e 'r)xalul, Zh2Xl|Dr(Vm)u|)drd§ S (C‘SHUH?{l,B;R + e(8) ullFr e (s)))-
1>ko+1

Proof of Proposition 3.2.14. Given the support of xi, we will bound the norm || - | B2
and hence we will need to consider the supremum over all £ > ko + 1 (see Remark 3.1.17). Write

k=ky+1+m, m=m(k)>=0

then on the support of yx
R—l > T—12m+k’*

and

R |hxk(Dy — A)ul3a(anagy > O™ ™ 2hxi(Dy — A)ul32 g (3.2.25)
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Dividing by R the right hand side of (3.2.23) we have

2

)| - X
O™+~ 2hxi(Dy — Ao)ull3a gy SIR T (%(Dr ~ Au+ 2’;u,7>u>d 5
rag

+ \R_leRe(aku, (Dy — Ap)u) drdg|

1h‘2

_ _ 1
+ ‘R ( >(X%)”u)drd§| + |R 1(”7 ?iak[A()a M(T)]u)drd§|

1
+ R (u, ZhQakDr(Vm)u)drdg\. (3.2.26)
We divide the proof in two steps.

1. Consider ay with k& > ko + 2. Thanks to Remark 3.2.15 for all £ > ky + 2 we can use
inequality (3.2.22). Take for example the first term in the right hand side of (3.2.26),
inserting the partition of unity we obtain

2

|R™ im <ak(D — Ag)u + %u Pu) | S Im(akXk,|(Dr — Ao)ul, Xio | Pul)drdg
drdg

+ 3 I (a2 )l (D — Ao)ul, Xl“’“’)
1>ko+1

2
+ [Im <>§]?u,73u> |
t drdg

SO@™)Im(xko | (Dr — Ao)ul, Xko| Pul)drdg

+0@™) Y Im (e ral(Dr = Aoyl xilPul)
I>ko+1 e

2
+|Im (??u,?u) |
L drdg

SO |lullfys pary + O™ Pullf,

m & m
+0(2 )WHPUHZ&R“‘O(? )C5HU||2H1,B;Ra

where we used item ¢) of Lemma 3.2.17. We can then eliminate the unbounded factor
O(2™), coming from the bound a;, < O(2F), with the one on the left hand side of (3.2.26).
Doing the same with all the other terms in the right hand side of (3.2.26) and applying
the inequalities in Lemma 3.2.17 we conclude that for all k£ > kg + 2

I|r 1/2th(D Ao)UHL2(dmf) <66||UHH1 B g tes |Pu||QB>R

6h2 |
+e@)lulfp ary + lullin k) (3.2.27)
with ¢(6) > 1 and K (9) which increase as § — 0.
2. Let k = ko + 1, we recall that for aj,11 we have the following bound
(ak0+1'7 ')drdy <((Xk0 + Xko+1)ako+1'7 (Xko + Xko+1)')d7’d§

+ Z T)Xk@ko+1°s Xk*)drdg-
k>ko—+2

We can then repeat the same argument as in the previous step and obtain

B 1
I 20Xk 41.(Dr = AVl Fa(anagy <Ol o, + ez 1Pl ,
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+ (@) [ulln pamy + 1l ks)) (3.2.28)
Thanks to (3.2.27) and (3.2.28) we have the desired bound on

sup ||lr 2 xxh(Dy — Ao)ullZ2 gy
k>ko+1

and we conclude the proof.

3.2.2.1 Auxiliary lemmas

In this section we provide the results needed in Lemma 3.2.17.

Lemma 3.2.18. For any 6 € (0,1) the following inequalities hold

c 2 2
Z fm( 27'r)xa|(Dy — Ag)ul, XZIPUO < %HPUHBM:{ +C5”UHH1,B;R
I>ko+1 drdg

and
X% c 2 2
I (S pu) 1< SIPuly, + el e
drdg

with ¢ > 0 independent of 9.

Proof. Thanks to the duality of the norms B p, B~ we can insert the weights P12 p=1/2 and
h,h~!, then by Cauchy-Schwarz inequality

S (e rpal(Dr — AulolPal) < S0 (5 Ah(Dr ~ Ao)ul s )
1>ko+1 drdg  I>ko+1

1
7 172 Pull 12 (drdg. 0y
1
SIMDy = Ao)ull sz, - Pull . &
1
SO|IR(Dr — AO)U||2B;R + m||PU||QB>R~

We do the same for the second inequality

) 1
drdg "

Lemma 3.2.19. For any d € (0,1)
m 1
el Re(axu, (Dr = Ao)u)arag| SO2™)(@dcllullf: , + 5l Pulp. ;)
ma €
0@l

with ¢ > 0 independent of § and €.

Proof. Let 5 a smooth function which is one on supp ax, we can apply Lemmas 3.2.9 and 3.2.10,
which yield

- my € T ~
R~ Re(agu, (Dr = Ao)u)arag] SO™) |l 11(Dr = A0)(@0)l|2(ar
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myE T s
+0(27) 3 lloull 2 (ardg) | Dr (9)ull 22 (arag)
1 1, -
SO(2 )E((sCHuH%;R + 50/||7’(¢U)H2B>R)

Choosing § = hé" and applying Lemma 3.2.7 we conclude

_ m d ~
IR Relagn (D, — Ao)uhagl SO ellulfy, + 5ol PG,

0@ @elull}:  + <
/

C
+ g”uuiﬂ(r:m)-

| Pull?

Lemma 3.2.20. Let k > ko + 1 of the form k = ko +m + 1 for some m = m(k) > 1, then for
any d € (0,1) we either have

h2
12 (1, O3 w)arag] < Sl

for some constant ¢ > 0 independent of & or there exists a compact set K(0) depending on & such

that
h2 2\ 2
|7 (s Ok) @ ardgl < ellullea o))

for some constant ¢ > 0 independent of 9.

Proof. By definition
(Xi)// — 2172k(X/(27k'))2 + 2172kaX//(2—k_)
where 272 = O(272™) and

|~ (OG0 " Warag| < B2OQ27*™)(1X oo + X" loo) 172 ara 0y
Let 6 € (0, 1), if m is large enough such that O(272™) < § then we directly have

h2
\Z(U, (X)W arag| < dcllul

2

Big

Otherwise for all m such that 272™ > § the interval Dy, is a bounded one, albeit depending on 4.
Hence

h2
7 ( (x3) W) ardgl < cllullZz s

Lemma 3.2.21. For any 0 € (0,1) there exist ¢(6) > 1 and a bounded region K (&) such that

_ 1
> (w27 r)xalul, EXZHAm M (r)|ul)drdg 5(05”“”?{1,3;1% + e(8) ullFr e (s))-
I>ko+1

Proof. The proof is analogous to the one of Lemma 3.2.12.
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Lemma 3.2.22. For any 0 € (0,1) there exist ¢(6) > 1 and a bounded region K (6)
_ 1
> (w2 r)xalul, Zh2xl|Dr(Vm)UDdrdy S (C‘SHUHQH1,B;R + c(8) ullFr e sy))-
1>ko+1

Proof. The proof is analogous to the one of Lemma 3.2.13. O

3.2.3 Estimating u

In this section we give bounds on the norm |[u||: .
Let xi as defined in (3.1.18), taking the real part

Re(xiu, Pw)ardg = — | xwull72(drag) + Re(xiu, h* Pyu) drdg-

As in the previous section we write k = kg + m + 1 for a certain m = m(k) > 0. With this
notation, on the support of yx
gko—lom < < kot3gm (3.2.29)

_ InR

where ko = -5 + k* + 2 and k™ is a fixed natural number. In particular

b Hlimp L L FHIMR (3.2.30)
which implies for some positive ¢

27ellr 2 x0ull 2 gpag) <RIkl (arg)
<R™'|Re(xju, h* Pgu)arag| (3.2.31)
+ R (2 xu, v 2Xk P dragl. (3.2.32)

The main result of this section is:

Proposition 3.2.23. For all § € (0,1) there exist c(d), and a set K(0) such that

/
2 c 2 2 2 2
lullz: ,, <52 1Pull. p +oclullin p: , + O ull gar) + lullm e

with ¢(8) > 1 and K(§) which increase as 6 — 0.

Proof. For term (3.2.32) we can plainly use the duality of the norms BZ j, B . Term (3.2.31)
is made of several parts. First we consider the one involving h?(D, — Ag)?, using (3.2.24)

h2
Re(xu, h*(Dy = Ao)*w)ardg =(u, 5 (XR(Dr = A0)” + (Dr = A0)*x} ) w)arag

—(u, B2(Dr = A0) O (Dr — Ao)W)ardg — b2 (1, () Warag
Since (3.2.30) holds on the support of xj we also have for some positive constant ¢
R < e2mp !
and hence

’R_lRe(X%Q% hQ(Dr - AO)Qu)drdZ]’ S,QmHh(D’r - AO)UH%;R + hZR_lKuv (X%)Hu)drdﬁ’
C
5h?
(o)l + Nl ) (3.2.33)

S5 Pullb, , + delullf p:
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thanks to Proposition 3.2.14 and Lemma 3.2.20. Applying (3.2.11) we also obtain

|R™ (O, X6 M ()0 drag]| §2mHT_I/QM(T)I/QU|\L2(drdy,Dk)

c 2 2 2
<2m(WH7DUHB>R +oclull g A Ol k@) (3:2.34)
Finally, we can exploit the decay of V;;, — A given by (3.1.13) and obtain

R7Y (xwts Xeh* (Vin — Mw)arag) S2™ (7 xa, v~ 27 xehw) drag|
§2m7myh2’\7“71/2“"%2(drdy,Dk)~

Now for any 6 € (0,1) there exists an m* = m*(d) > 0 such that for all m > m* we have
27™” < § and the previous inequality, if k is large enough to satisfy m(k) > m*, renders

R™H(xwu, xuh® (Vin — Nt)arag| S 2™ 3¢l|ul

QB;R. (3.2.35)

Otherwise, the scalar product is bounded by the L? norm of u over a compact interval of r,
depending on §. Thanks to (3.2.33), (3.2.34) and (3.2.35) we have

m — m c
2™ I Xkl 72 (g 2 (W”PU”Q&R+5CHUH?11,B;R
+ () ulF rmry + el Fr i s)))

for any k > kg + 1 which yields the statement.

[
3.3 Estimates in the compact region: unique continuation
By the result of Proposition 3.2.1 in the previous section we have
||UH?ql,B;R < C5||UH%11,B;R + 5%||PUH2B>R + (@)l Fr1 (arag, i (5))-
with K (8) a bounded region in (2¥" R, +00) x S. Now fix dg such that cdp < 1, then
Il s, < 5 1Pl + )l oy (3.3.1)

that is we can bound the H', B , norm of u (which is a norm on the manifold end) by the

operator P = hQPg — 1+ ¢ up to a compactly supported term.
In this section we show how to bound the H' norm on a compact region of the manifold by
applying unique continuation results.

Notation. We define the notation
Xr:=(R,400) x S~M\ K

and in general

X, = (a,4+00) x S
so that K(6p) C Xok+p. Let a > R such that K(dy) C X, and without loss of generality we can
assume K (d9) C X, \ Xato.

The main result of this section is
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Proposition 3.3.1. Let u € H*(M), A > X\g >0, h = A\~! and a > R defined as above. There
exists yo € (0,1) and U bounded region of (28" R, +00) x S such that

[l 2 (ar O(eM) (| (P — A + i Yull o (an x, 1) + 10l 1))

R)

The following proposition is a direct application of unique continuation.

Proposition 3.3.2. Let (M, go) an n dimensional Riemannian manifold, T the Laplace-Beltrami
operator and R a differential operator of order one. Let

Uy € Vh € My VOI@V()@MO VQO@M(]:@,

a € (0,1/2) and z € C with Rez > z9 > 0, [Imz| # 0. Then there exists c(z9) > 0 and vy € (0,1)
such that

el ) < ez0)el (T + R = 22)ull 2 v + lull 2 u)-

for all w € H*(Vp).
Proof. Define

M1 = (—1, 1) X M(),

(=14 2a,1 —2a) x Uy
(—1,1) x Uy
(-14+a,1—a)x V]
(—1+a/2,1 —a/2) x
(=1,1) x W,

< <1 Q9 @
R

then U NOM; = (), & is an open subset of U and U € V € M. Let us also consider
T-02+7R, o(t,m)=e u(m)ec H*V)

and f such that (T — 07 + R)v = f.
We apply Theorem 9.1 in [LRLR22] to the sets &, U,V and the operator T — 97 + R. Hence
there exist ¢ > 0 and 7o € (0,1) for which
1-
ollzrsoy < elloll 7 &, (T = 0 + Rl oy + [0l L23) ™
< ol {, INT = 07 + R)vll 2wy + [0l 22(0)) (3.3.2)
where
(T — 02 + R)v = (T + R — 2%)u(m).
Computing the integrals with respect to ¢ in (3.3.2) yields

eRez + efRez

2 2 2 2 2
(12 uliEaqug) + IV avtelEagug) + lularp) ™ <e—ztrmay et

(T +R = 2yull 2 v + Nl L))

where we used the relation b'/2 — b=1/2 < (b — b=1)1/2 < b'/2 4+ b=1/2 which holds for b > 1
The left hand side can be bounded from below by O(1)| w7 H (Vo) (since min{|z|2, 1} is a strictly

positive constant). On the other hand since Rez(1 — a) > zp/2 > 0 there exists ¢ = /(z9) such
that eftez(1—a) _ g—Rez(1-a) 5 / We conclude that

9¢l7l/70
l[ull vy <c 7 (20) (T + R = 2*)ull 2 + 1l 2))-
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O
With these result we can now prove the main result of this section.
Proof of Proposition 3.3.1. We apply Proposition 3.3.2. Choose
Up € Xay2 \ Xags, Vg =M\ Xapo Vo =M\ Xoy3, Mo=M\ Xgq4
and we apply Proposition 3.3.2 to the function you with
1 on M\ X+
Xo=14€(0,1) on U= Xop\Xaoto (3.3.3)
0 on Xgi3
so that xou = 0 on Uy and
K(do) CU. (3.3.4)
Taking T + R — 2°> = P,, — A% + i<’ results in
lull i ey < O ) (1(Pra = N2+ i€ ull p2an sy + lilliney)-— (33.5)
O
Thanks to (3.3.4) we can bound the perturbative term in (3.3.1) by [[ul|g1(ry, so (3.3.1)
becomes c
lullF pe , < WIIPUII23>R + () lullFp o,
and a combination with Proposition 3.3.1 yields
HUH%{l(M\XZk*R) + ||u||12m,B;R <O(h™2eM°)|PullF2an x. 0
+O(h)[Pulg. . + O ) |[ull3 1ry- (3.3.6)

Notation. In the previous section we had actually set P = hQPg — 1+ 4. With an abuse of
notation we use the same symbol to denote the corresponding quantity on the whole manifold,

that is h2P,, — 1 + ie.

The rest of the paper will be devoted to eliminate the perturbative term of exponential size

O ) |ulZ 0,

3.4 Estimates on the exponential remainder
In this section we consider A > 1 in
P— X +id,
we recall the (slight abuse of) notation

P = hP,, — 1 +ic

with e = O(h?) in which now h = A™! < 1. The aim of this section is to prove the following

result, which implies Theorem 3.1.1.

Theorem 3.4.1. Let u € H* (M), A> 1, R<a <2¥ R < a+3, then

HU\I%(M\XWR) + i g, SON2N(Pr = A+ i)ullFa(an o)
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+ O (P — X +ie)ulB,
for some constant C > 0 independent of A and €.

More precisely, what we will be able to prove is

B, SOQT2N(Pon = N + i)l 2 x, )

+ O (P — X2 +de)ullp_ (3.4.1)

el 723 X, 10) + Ol

see Remark 3.4.7 for further details. By simply considering a function supported sufficiently far
at radial infinity we can then derive Corollary 3.1.2, that is

Corollary 3.4.2. Letu € H> (M), \> 1, R<a <2 R < a+3 and x a smooth cutoff such
that x =0 on M\ Xqy3, x =1 on Xgyq. Then

Ixullf: , < OB — X+ ie)xullB, .-

In particular
I 27 (P = A2 i) " x| a2 = O
with p > 0.

Proof. The B> g — B%  bound follows directly from inequality (3.4.1) thanks to the support of
x- To recover the norm in the weighted L? space we just remark the inclusions

2 2
Lijpsp = B>k, Bip—= L2y,
which can be proved by direct computations. ]

As we pointed out above, the main concern is now to take care of the exponentially large
remainder in (3.3.6). To do so we can exploit the weight ¢ constructed in Section 2 [CV02]. In

particular let @ > R such that
1

T
Moreover, ¢ > v, ! for all » > R+ 2 for a parameter vy > 0 independent of \.

¢'(r) r>a. (3.4.2)

Remark 3.4.3. For r > a we have

and hence the quantity

A —e@) =I5
a

is independent of A.

Remark 3.4.4. The subset U defined in (3.3.3) is contained in Xpy2, 50 ¢ > 75 on U and
therefore

M0 G iy = X077 1) < O(e™ M) ull 1 (x,,\ X o)
We will use the following properties of ¢ which are due to [CV02].

Lemma 3.4.5 (Lemma 2.1 [CV02]). Let 6 € (0,1). The following inequalities hold for A >
A(0)>1 andr > R.
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— " <Cort
| SCAVPrlg (@) <Oy
"< CAarTlY " < OAVE Y
W] < Oy

We will conclude the proof of Theorem 3.4.1 thanks to the following proposition.

Proposition 3.4.6. Let v € H?(Xg \ X,414) such that v = 0,v =0 on 0Xgr, A\>> 1 and a > Ry
such that @' = X"'r=! for r > a. Then

[ D02 o) SOOI vy + O )Pl 2, x,

+O(72)[Polg, .-

The proof, being quite technical, will be postponed to the end of this section, we first show
how its application allows us to pass from (3.3.6) to the result in Theorem 3.4.1.

Let v such that the assumptions of Proposition 3.4.6 are satisfied and recall K(dy) C U. In
particular » > a on K (dp) and ¢’ > 0 implies ¢ — p(a) > 0 on K(dp). Then there is a positive
constant ¢ such that

9] 1 (k5o)y < € Ner PP D g1 reseyy < €MD) o x L )- (3.4.3)
since K (dp) C Xg \ Xat2 and hence
Mol 7 k50 < € N0 (x Ko 1) (3.4.4)

From Proposition 3.4.6 we obtain

X001 (X e) SO POl (x x,) + OT2E )Pl 120, x4

+O(h 2 )P,

I3

nevertheless we can replace the left hand side with Hewv|]%p(XR\Xa+3) +e22¢(@) ||y B Indeed,

applying (3.3.1) to v

ol e < OGPl o+ (00 ol

and (3.4.4) implies we can absorb the remainder term. We have obtained

1203 o) + €@l 5e , OB PolZaxp xay
+O(h 2| PullFax\ x0 )
+ O(h— 2Pl )HPU”B>R (3.4.5)

Proof of Theorem 3.4.1. We define

0 M \ Xb1
X1=14€ (07 1) Xb1 \Xb2
1 Xy,

with R < by < by < R+ 1 such that ¢ < —¢ < 0 on [by, be] and apply (3.4.5) to X1u, yielding

2Xp(a

A SN
lle g(;UH%H()(I,Q\XHS,) + 2 || 3 B, SO(h e PullFa(xp x.)
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+O(h™2e9) [ Pull T2 (x.\ X0 0)
+O(h™2e9) | Pull_,
+0(e”Null g1 (x,,\x,)-

In this inequality we have another compactly supported remainder term that we wish to absorb,
since the prefactor is a small one. To do so we need to add a term on the left hand side that is
supported in a region containing Xj, \ Xp,, for example M \ Xqk+ . We can now use (3.3.6) and
Remark 3.4.4 to add the contribution of this region

P ul3p pe

HBMUH%{I(XE,Z\XGH) + ||U”§{1 (M\X e ) T €
<O(h~ )He)\(p,PUHL%XR\X )y T O(h~ )€2>\<p(a ||Pu||L2(Xa\X
+O(h )| Pullfy_, + O™ | Pull Lz x, )
+0(e” ) HUH%P(X;H\X;)Q) +0(e™) H€MU||%{1(X;,2\XG+2)
<SO(h?) | Pulf2(x p x) + O™ [ PulF_,
+O(h™)e [ Pullf2an x, 1)

+ 06l 130, + O ulin i, xra) (3.4.6)

a+4)

Both terms in (3.4.6) can be absorbed to the left hand side by ||u||%, and
He’\‘PuH%{l( Xp,\Xas2) respectively. First of all, we remark that after absorption of the remainders

this last inequality implies (3.4.1). Then, thanks to the properties of ¢ we have
Me=9@) < 1 on X\ Xa, e2M0=2p(a)
so dividing everything by e2*#(@)
e (lulFp i x,pe ) T llulEn pe ) SO Pl , + O [Pullfaan x, ) (3:47)
This proves the statement since we recall the rescaling
AP = h Y (h2Py, — 1 +ie) = XY (P — A 4 id).
O

Remark 3.4.7. We can obtain inequality (3.4.1) directly from the computations in the previous
proof. The right hand side in inequality (3.4.6) also bounds

2 2
lellzex n \Xars) T I1elz2an x e ) €
and hence we obtain

lalFean X,y + €D Nulldys SONT2EPND || (P — A2 i )ullF
+ O 2N (P — X +ieul T2 X,
+ O ) [ (P — A2 + i€ )ull Za(x 0 x,0)
from which (3.4.1) follows.

As announced earlier, we conclude the section with the proof of Proposition 3.4.6. We will
need first the following lemma, which is the equivalent of Proposition 2.3 [CV02] in our case of a
Schrédinger operator with order one perturbation. We nevertheless include the proof at the end
of this section for the sake of clarity and completeness.
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Lemma 3.4.8. Let v € H?(Xr\ 0X,) such thatv = 0,v =0 on 0XgrUOX,, A> 1 and a > Ry
such that @' = X"'r~=! for r > a. Then

H(CPI/T)UQU||H1(XR\X@) < O(/\l/Q)HPw”HLQ(XR\Xa)
where P, = AP Pe AP,

Proof of Proposition 3.4.6. Let v as in the statement of Proposition 3.4.6 and define

1 on M\ Xg43,
x1=19€(0,1) on Xg3\ Xoa,
0 on Xgi4.

We apply Lemma 3.4.8 to e*?xv which vanishes, together with its radial derivative, on 0Xp U
0Xga+4. This yields

1 /1) 2 x10 ] m (xp xapa) < O P(x10) | 22\ X )
where (¢’ /)12 > hY?r=1 on X \ Xq44 thanks to the inequality ¢’ > CA~'r~!. Then

1220|111 (x X 1) SO PO L2(x 0\ Xsa) T ORI P xaJ0l 120X, 5\ X )

<
SO Poll 2\ Xora) + OV 0l x4\ X

since [P, x1] = [h?(D, — Ag)?, x1] is supported on the set {x1 € (0,1)} and is an operator of
order one in the radlal variable. Dividing by e’?(®) and thanks to Remark 3.4.3

[0 gy OB P vy + OB

+OMvlF (x, 4\ Xora):

The norm of v can be bounded by the inequality (3.3.1) on the region at infinity and recalling
(3.4.3) we obtain

HUHHl(Xa+3\Xa+4) <O(h™ )HPUHB>R+€ )\Cue o=e(e)) UHHl (Xr\Xa+2)

from which the statement follows since e~¢||e@=#(@)y)|| H'(Xp\Xas2) 18 an absorbable term.
O

Proof of Lemma 3.4.8. The conjugated operator is given by
Py =P — (¢')2 4+ hy + 2ip’hD, — 2iAgy. (3.4.8)
Let ¢ € C*°([R, a]) real valued, we consider the scalar product
a —_—
Re(YPyv,v) p2(x p\ Xo) = Re/ / YPyv v drdg.
R JS
By integration by parts

Re(ph*(Dy — Ao)*v, ) 12(x 0\ x,) =Re(h(Dy — Ag)v, (D — Ao)v) 12(x 0\ x.0)
+ Re(h(Dr - AO)U7 hDT(w)U)LQ(XR\Xa)-

In this expression we notice

1 a
Re(hAov, hDr ($)0) 12 (x p\x,) =Re> / / h%Agt)|v|? drdg = 0
) R JS
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and

Re(hDyv, hDy()0) 12\ x.) =Re h? / / o u)'v drdg
R JS
2

2 a h
2 1./ — "
=— - drdg = —(— , .
. /Sa [v|*" drdg ( B (R0 U)LQ(XR\XQ)
Hence we have

Re(ph?(Dy — Ag)*v,0) 12(x 0\ x0) =Re(Yh(Dy — Ag)v, h(Dy — Ao)v) 12(xp\ Xa)

h2
( V"0, 0) 120X\ Xa) - (3.4.9)

Moreover

Re(dJQigo/hDrv,v)Lz(XR\Xa) =Re 2h/ / ooy’ drdg
R JS

—h / ’ / O[0! drdg
——n [ [Py + v dr (3.4.10)

so if we evaluate again the scalar product Re(¢Ppv,v)r2(x,\x,) We have

Re(YPyv,v)2(x 5\ x,) =Re(Ph(Dy — Ag)v, h(Dy — Ao)v) 12(x 1\ X0)
+ (M (r )va)L2(XR\Xa)

h2
— (1 + (@) = Yh* (Vi — A) + h'y) + 57///)% V) L2(X 5\ Xa)-

(3.4.11)
We define
F(r) = —((M(r) = 1+ W)ve, o) p2¢sy + [|R(Dy — Ao)er%z(s) (3.4.12)
where v, = v(r,-) and
W= h2(Vy — A) — (¢')? + he'.
and by definition of P,
~Py = —h*(D, — Ag)* — M(r) + (1 = W) — 2ih¢’h(D, — Ag) — ie. (3.4.13)

We need to compute F”; so
ath(Dr - AO)UTH%Q(S) == 2R6(h(DT - Ao)ar’ur, h(Dr - AO)UT)LQ(S)
+ 2Re([0r, (Dy — Ag)Jvr, h(Dyr — Ao)vr) r2(s)
- — 2R€(h(D7« - Ao)hDT’UT, (6T - iAo)vr)LQ(S) - 2R6(hA,0UT, h(DT - AO)UT)LQ(S)
- — 2R6(h2(Dr - Ao)2vr, (8r - iAO)Ur)LQ(S) - 2R6(h2(D7» - AO)(AOUT), (ar - /I:AO),UT‘)LQ(S)
— 2Re(hAyvr, h(Dy — Ao)vr) 2(s)-
After commuting Ag with D, and noticing that

Re(h2A0(Dr - AO)Um i<Dr - AO)UT)LQ(S) =0
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we obtain
—2R6(h2(Dr — Ao)(AoUT), (Or — iAO)”r)[ﬁ(S) :2R€(hA6’U7~, h(Dr — Ao)vr)[g(s),
so that the last two terms in 9, ||h(D, — Ao)vr |72 (s) cancel. This gives us the final expression
8r||h(Dr — AO)UTH%Z(S’) = —2R€(h2(Dr — AO)QUT, (ar — ’L'Ao)’UT)Lz(S).
We can now compute F’
F'(r) =2Re((—h*(Dy — Ao)* — M(r) + (1 = W))vy, 9rvy) 12(5)
— 2Re(h*(Dy — Ao)*vy, —iAovr) 12(s)
- ([3T,M(r)}vr,vT)L2(S) - (W/Uravr)LQ(S)
and adding the suitable terms
F'(r) 4+ 2Re(M (r)v,, iAgvr)r2(s) — 2Re((1 — W)vr, iAovr) 2(g)
= 2Re((—h*(Dy — Ag)* = M(r) + (1 = W))vr, (9, — iAg)v,) 12(s)
— ([0r, M(7)]vr, v7) 205y — (Wor, vr) 128y
= — 2Re(P,ur, (0r — iAo)vr) 12(s) + 4h™ ¢ ||h(Dy — AO)UTHLZ
+ 2eIm(vy, (Or — iAo)vr) L2(s)
— ([0, M (r)]vr, vr) 2(5) — (Wor, vr) 12(5). (3.4.14)

where we used (3.4.13). Integrating against ¢’ we find

/R (P/F/ dr = — 2R€/R (SOIPSOUT’ (8 on)vr),y( S) + 4h™ / Hh(D AO)UTHLQ(S

+2€Im/ (@"vr, (8, — 1Ag)vy) [2(5)dr
—/ ([aT,M]UT,’l)T)L2(S)dT’—/R(QO/W/’UT,UT)[;(S)CZT

a

— 2Re/ o' (M (r)vy, iAgvr) L2(sydr + 2Re/ o'((1— W)vr,iAgvr) r2(s)dr
R
(3.4.15)

Doing integration by parts, we can rewrite [ ¢'F’ dr in terms of the integral of ¢”F and in this
regard expression (3.4.11) with ¢ = ¢ gives us

/Ra Re(y” Ppvr, vr) r2(sydr —2/ " |h(D, — Ap) erLz / O"F dr
[+ O )y
where we have used 1 — h%(V,,, — A) + (¢/)? = 1 — W + h¢". Using this relation
/ G F dr = / O"F dr
—Re [ (¢"Povr,vr)iagsydr =2 [ @I, = Ao [Faqsydr

h2
—|—/ 2 41 he'o" + 5 90(4))U7«,U7«)L2(S)d?”. (3.4.16)
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So finally, coupling (3.4.15) and (3.4.16)
2/ (207 ()2 + " Yh(Dy — Ao)um, h(Dy — Ag)vr) p2s) — / ([0, My, v,) 25 dr
R
= 2Re/ (¢'Pyoy, (0r — iAo)vr)Lz ydr + Re/ (" SOw,vT)Lz(s)d
R

— 25Im/ (v, (0 — iAo)vr) 2 (g)dr
R

a 2
+ / (W' + h(p")? + heg' " + h2 o W)or, vr) L2(s)dr (3.4.17)
R
+ 2Re/R @' (M (r)vy,iAogvy) 2(sydr — 2Re/R @' (1 = W)vy, iAgvr) [2(s)dr
(3.4.18)

With the exception of the last two terms in (3.4.18) all the other terms can be treated as in
Proposition 2.3 in [CV02]. For the left hand side we have on one hand

2h ()2 + ¢ > c’% (3.4.19)

thanks ¢’ = hr~! and Lemma 3.4.5, on the other hand

— /([0 M]r, 0,) p2(s) 2 %(M(T)UT,UT)LQ(S) (3.4.20)

from Lemma 3.2.4 on [R,a]. Thus we have the following lower bound on the left hand side
2 [(@HH R + @ hD: = o), (D = Ad)en)ags) = [ (10, Mior,vr)pagsydr
22 [ r) 20D, = Aellasydr + [ /1) M () 20 | oy
In the right hand side we use the inequality
/
‘Sol/| < C)\1/2£
r
coming from Lemma 3.4.5 from which
[Re [ (&P )pagsydr] SO67) [ Porlagsydr
0) [ /r) 20, sy (3.4.21)

Moreover r*W’ is bounded from the properties of Lemma 3.4.5 and the fact that r'779,V,, is
also bounded. This allows to bound (3.4.17) by

O ) [ 11! /1) 20l a5y
For (3.4.18) we have
]Re/ @’(M(r)vr,iAgvr)Lz(S)dr\
R

< /Ra Rl (' /) 2M Y2 (r)or, (L4 T ()12, Al /1) Pur) 2 ldr
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<o) [ MMM 20 agsydr + O) [ 112! /7) 20 sy
(3.4.22)
since (M'/2(r)u,, iAOMl/Q(r)vT)Lz(S) is pure complex and [(1 + T)'/2, Aq] acts as multiplication

by a bounded function. Moreover in 1 — W = 1 — h3(V,,, — A) + (¢')? — h¢ the quantity
1 — h2A + (¢')? — hy" is real and V;,,, A are bounded hence

IRe /R (1= W)y, iAguy) g2 s dr| <h? /R 16 /1) 20, |22 s (3.4.23)

The remaining terms can be bounded by the Cauchy-Schwarz inequality recalling that e = O(h?).
From (3.4.19)-(3.4.23) we have obtained

[ 16 /7 20Dy = Ao)u g+ [ IS /20 2 g

< O(h‘lé‘l)/ |!P¢UT\|%2(S)dr+O(6)/ I

; i (¢ /r)! 20| a5y dr

for a small parameter 9.

On the other hand applying (3.4.11) with ¢ = r~!¢/, thanks to Lemma 3.4.5 and the fact
that r”(V,, — A) is a bounded function we can recover

/R 16 /)20, B gy < /R 1 /) 2R(Dy = Ag)or|2as)dr
+ [ UM gy + [Pl sy

The statement follows combining the last two inequalities.
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Appendix

3.A Notations for the current chapter

Manifolds and metrics

M=KU(M\K), M\ K infinite end

S angular manifold of dimension n — 1

pe M, weS, 0 local coordinate on S

7, 9(r) metrics on S

Xr = (R,+00) x S, isometric to M \ K

[(r) volume factor

G = dr? +1(r)~2g(r) metric on (R, +o0) x S

_ lg(r0)l
W= T

(*,)drdg scalar product with respect to the measure drdg
(;+)z2(.) scalar product in a bounded region of (R, +o00) x S with respect to the measure drdg

Operators

P, magnetic Laplacian

Pj operator on (R, 00) x S, symmetric with respect to drdg

P =h2P,, — 1 +ic with h = \71

A vector field on M, with (Ag(r,8),..., Ap—1(r,0)) local coordinates on M \ K
(—Ag(r)) Laplace-Beltrami operator with order one perturbation

M (r) angular operator, T'(r) = w1/2(—59(r))w_1/2

Vi = V + effective potential

Norms

k*eN, ko= B84 k* 42

©(27Fr) partition of unity on (2F' R, +00), suppp(2~Fr) c [2F71, 2k

Xk smooth cutoff equal to one on suppp(27Fr), suppys C [2F72,2F+2]

Dk: — [2k71’2k+1]

1f1Bor = Crso 172 Fll 12(drdg,py)

gl B% = SUDk>k, ||7“_1/29||L2(dmr,Dk)

| - | 2() norm in a bounded region of (R, +00) x S with respect to the measure drdg
Others

57 507 Yo € (07 1)

#(r) smooth cutoff equal to one on (2¥0+2, o0)

K (69), U bounded regions in (R, +00) x S, K(dy) C U

©(r) A dependent weight, ¢’ = A\~'r~1 for r > a, and ¢ < 0 for by < r < by
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4.1 Introduction

We consider the Schrédinger operator —A+V on R™ with n = 3,4. The evolution of solutions
of the time-dependent Schrodinger equation is influenced by the spectrum of the operator —A+V,
in particular by the bottom of it and the nature of the 0 state: whether it is in the spectrum
and if it is an eigenstate or a resonance. Roughly speaking, a resonance at 0 is a solution to the
equation (—A + V)1 = 0 which does not decay fast enough to be in L? and is usually assumed
to belong in some kind of weighted space.

In this chapter we recover properties of 0 resonances and eigenfunctions described in the
seminal paper [JK79] under weaker assumptions on V' and with optimal behavior of such states
as |z| = co. We do not exhibit any exotic or new behavior but rather give what we consider
to be a fairly simple proof of classical results for a more general class of potentials (essentially
the optimal one). Our result also has the advantage of generalizing a characterization found by
Beceanu in [Becl6] as we will see more in detail later on.

In much of the literature, resonances are usually found to belong to weighted Sobolev or
Lebesgue spaces where there is no scaling invariance. For example, in [JK79] the authors define a
resonance as a solution to (—A+ V)1 = 0 where the operator —A 4V is meant to be extended to
the weighted Sobolev space H; _s with weight ()™ and a suitable s > 1/2. A similar definition
can also be found in [RS04],[Gol06a], [GolO6b] and [GS04], where the authors define resonances
as functions that belong to the intersection of weighted L? spaces given by N /QLQ’*S with
weight (x)~%. Even in more recent papers ([Aaf21] ,[SW22]) with much stricter assumptions on

117
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the potentials than the one considered herein, the framework used to define resonances is the
one of weighted L? spaces.

The fact that we can consider a 0 resonance as a function in a weak Lebesgue space is a very
useful feature and it comes at a fairly small cost. Indeed, in various applications (like [JK79],
[GS04], [ES04], [Aaf21] or [SW22]) the potentials must have a prescribed decay at infinity, that is
[V (2)] < ()P for some B > 2. Our assumption will be much less strict than requiring a specific
pointwise decay and the results presented here only require scaling invariant assumptions on
the potentials. This can be a useful feature when working with nonlinear problems and we aim
to further investigate properties on the bottom of the spectrum for Schrédinger operators with
potentials that satisfy only scaling invariant assumptions.

More precisely, let LP*2(R™) the Lorentz space defined on R™ with n = 3,4. The Lorentz
space is defined as the space of functions such that the quasinorm denoted by || - |4 is finite.
We define the quasinorm via the distribution function ds(t) = |[{|f(x)| > t}| as

00 1/q
Il i= /0 ([0 et

for ¢ < oo or
1f lp,co = suptd(t)'/7
t>0

otherwise. As for the Lebesgue spaces, we identify two functions that are equal almost everywhere.
(For some properties that we will use throughout the reader can refer to Appendix 4.A).

As mentioned before, for a prescribed decay the most general assumption is V' (z) decaying
like |#|27¢ at infinity (notice that (z)~2~¢ € L™?(R")). From now on, we will take V in a
slightly smaller space than L™?2, that is we will assume

Ve LV2YR™) (4.1.1)

and the chain of inclusions (4.A.2) directly gives us L™>1(R") ¢ L™?(R"). Assuming (4.1.1) is
a little more restrictive than taking the potential in a Lebesgue space or in a Kato class, like in
[BDH16] and [BG12]. However, it is still less strict than what is assumed in [Gol06a], [Gol06b],
or [Gol10], where L3/2=¢ 0 L3/2*¢ ¢ [3/%! from Proposition 4.A.2, and much more general than
imposing a power-like decay, which we have seen is the custom in several cases.

As we can see in the following remark, our assumption is satisfied from classes of potentials
that have been of common use for a long time in the theory of Schrédinger operators. Nonetheless,
it does not seem to have been clearly observed that they give the right framework to describe
zero resonances and eigenfunctions more simply and optimally than in the usual approach of
[JK79]. Indeed, the result presented in Theorem 4.1.2 may already be known to some experts,
but we couldn’t find any reference in the literature.

Remark 4.1.1. Assumption (4.1.1) covers the typical case of V(x) = O({x)~27¢). To check this
we need to evaluate the following integral

@) 2 g = [ o @72 > 0/

First of all, since (x)~27¢ is bounded by 1 the integral will be non zero only over (0,1) and

secondly for ¢ in such interval

1 1
2j>t}‘:‘{x:’x‘2< 3
(1+ jaP) =

<[B(0, /)] = @) ¢ L2/7((0,1)).

{z: (2) 7275 > t}| =[{x:

— 1}
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We will be interested in H'(R™) solutions of the equation
(-A+V)p=0 (4.1.2)

with V e L™21(R") and H'(R") the homogeneous Sobolev space (see (4.2.1) for a definition).
We will state our result for a function in H'(R™) which gives a simple and natural class of non
(necessarily) L? functions where to look for solutions of (4.1.2). Moreover, —A is an isometry
from H'(R") to H~'(R™), a feature that we shall extensively use in Section 4.2.

We also comment that by inverting —A equation (4.1.2) is equivalent to solving
¥+ (—A)"1V4 = 0. In his paper [Bec16] Beceanu solves this equation in L>(R3). As we just
said, here we will rather solve it in H'(R"), or actually in L%’OO(R”), in particular without
seeking a priori bounded solutions.

The main result we will prove is the following.

Theorem 4.1.2. Let n = 3,4, V € L2 (R") and ¥ € H'(R") a solution of the equation
(=A+ V)b =0. The following properties hold:

i) |z|""%¢ has a finite limit as |x| — oo, hence for n =3
v € L¥(R?)

and forn =4
Y € L¥®(RY).

ii) 1 is a zero eigenfunction, that is 1 € L*(R™), if and only if [V = 0, in particular
Y= O(m%) near infinity.

iii) If [V = [y Vi =0 forallk = 1,...,n, then) is a zero eigenfunction andy € LY (R"),

in particular ¢ = O(ﬁ) near infinity.

w) If [V = [yeV = [ypyiVp =0 for all k,1 =1,...,n, then ¢ is a zero eigenfunction
and ¢ € LY(R™), in particular ¢ = O(leﬁ) near infinity.

Let us give a few comments about this result:

e in dimension three the simple assumption V e L3/ 21(R3) generalizes the result stated by
Beceanu in [Becl6] (Lemma 2.3) where the necessary and sufficient condition for ¢ to be
an eigenfunction is recovered only for potentials in L3/%'(R?) N L'(R?). Regarding the
behavior at infinity, we give a more precise statement than just ¢ € (x)~1L°°(R3) since in
Proposition 4.3.1 we give an explicit expression for the limit of |z|¢ for |z| — oc.

e As we commented ecarlier, H L(R™) is a pretty natural class of non L? functions to consider
for this problem. Indeed, in higher dimension n > 5, there exist no H'(R") solutions
of (4.1.2) which do not belong to L? as we explained in Remark 1.3.8. Therefore, with
respect to the existence of resonances H' represents an optimal class of functions where to
solve (4.1.2). However, from the point of view of regularity it is actually enough to require

(NS L%’OO(R") and indeed we will perform all proofs for ¢ in this larger class.

e The conditions of orthogonality between V1 and various other polynomial functions are
not new ones. Indeed, they can also be found in [JK79], [Jen84] or [Becl6]. In particular
in [JK79],[Jen84] it was already observed that the condition [V = 0 is the right one to
discriminate between a zero resonance or eigenvalue. However, in these works the authors
consider conditions of pointwise decay on the potential that are more strict than our
assumption.

Notation. We will drop from the notations the dependence on the underlying space R™ unless
the situation requires it to make it explicit.
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We define the function a ]

alr) = opz
which belongs to L7-2".

The main steps will be the following:

1. We can use the density of simple functions in L2 to decompose the potential V in
V=W+K

where W € L™ is such that ||[W|],, /2,1 is arbitrarily small and K is a simple function,
hence compactly supported and in any Lorentz space.

2. Thanks to the smallness of W in L™?! we will be able to define and estimate G, the Green
function of (—A + W).

3. We will then solve in L%’OO the equation
(~A+ W) = —Ky

where (—A + W) : H' — H~' is invertible and we will use the Green function computed
in the previous step to write

U@) == [ Glay) K)oy

In the rest of the paper ¥ will be a L7223 solution of (A 4+ V) =0.

4. We will show that |x|"~21 has finite limit at infinity and that such limit is given by [ V).
Therefore, the value of such integral determines wether the function is in L? or not (see
Proposition 4.3.4).

5. With additional orthogonality conditions on V¢ we can repeat the argument of the previous
step to prove that ¢ has faster, but limited, decay, until we can reach the L! space (see
Propositions 4.3.6 and 4.3.8).

4.2 Green function for a small potential

Thanks to the decomposition V' = W+ K, instead of looking for the solution of (—A+V)y =0,
in this section we will study % as solution of the equation

(—A+ W) = — K¢,

and we will show how to construct the Green function of the operator —A + W where W e L™/21
is a potential with sufficiently small quasinorm. We consider the operator defined on

~A+W:H' - H! (4.2.1)

where —A is an isometry and W is a bounded operator. Indeed by definition of the homogeneous
Sobolev space

H* = {u « ullgs = |I| - 1] 2 < o0}

and since —A = F~1(|¢[*)F it is straightforward to see that [|[(—A)ul|z-1 = ||ull -
As for W, we recall that from Sobolev embeddings (see Theorem 1.38 in [BCD11])

HP — [P (4.2.2)
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for px = 2. Hence in the case p = 2 we have a continuous embedding
P

1 2n_
H — Ln»—2
which by duality implies Luts «s H~!. Therefore for u € H' we have
Wu e LV . [ats ¢ [V2. [ns ¢ Ltz ¢ (7} (4.2.3)

and moreover
Wl < Wiz

thanks to the continuous embeddings.

Remark 4.2.1. The chain of inclusions (4.2.3) is still valid when just considering u € L2

2n 2n 2n .
since L1 . L2 C L2 € Ln+z ¢ HL,
Moreover, —A + W maps H' into H~! also for W € L™/22 since H' also embeds in the
2n n
smaller space Ln232 However, the space L™?%! has the interest of being the dual of L#»-2",

this will allow us to integrate W against the kernel of (—A)~! and to state that [ V), limit of
|z|"~24) at infinity, is finite.
To construct the Green function we first invert the operator via a Neumann series. Indeed,
writing
(—A+W) = (=) I+ W(=A)"H

with T small enough such that [[W(=A)""| 71,51 <1 we can write, at least formally,

(A+W)Th =3 (1 (-A)T (W (-A) T (4.24)

j=0

where the series is convergent thanks to the smallness of W. More precisely, it is enough to
assume |[W ||, /21 < 1 since (—A)~! is an isometry from H~' to H' and as we have seen the
operator norm of W is bounded by its L™?! quasinorm.

We use an idea from [Pin88] and use the operator series (4.2.4) to construct the Green
function. We can do so by recurrence defining

1

1
Go(z,y) = CnWa Gj(%?/) = Cn/’g:_WW(Z)Gjl(Z,y)dZ

where ¢, = n(n — 2)|B(0,1)| is a constant depending on the dimension. Here Gy is the kernel of
(—=A)~1 Gy that is given by

1 1
G — Cn [[ n d
1(x7y) c / |.I—Z|n_2 (Z)C |Z—y‘n_2 z

is the kernel of (—A)"'W(—A)~! and so on, G; will be the kernel of (—A)~1(W (—A)~1).

Theorem 4.2.2. Let W € L™ with [Wlln/21 <1 sufficiently small, then

G(l’,y) = Z(_l)jGj(xay) (4.2.5)

J=0

is the Green function of —A + W and is such that |G(z,y)| S W

Remark 4.2.3. The theorem gives us a pointwise bound on the integral kernel of (—A + W)~! by
the integral kernel of (—A)~!. We deduce that (—A+W)~! inherits any L? — L9 or L4 — [P"¢
bound that (—A)~! enjoys.
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To bound the integrals defining G; we first remark a useful inequality.

Lemma 4.2.4. Let a(x) := —i=. For x # y it holds

|x|n—2 .

L w L i< 1% Zi
| e Wl s < el ol Wl g

Proof. We split the integral into the regions {|z — y| < |m_y|} and {|z —y| > @} so that

2
z € B(y, ‘QCQ;y') implies |x — z| > ‘932;31' and we have

1 1 on—2 1
W el e < [ W s
o =2 N e T I R R

gn—2 .
* 7/ — |W(2)|dz
"T—y’n_Q B(y,%)c ‘x-z’?’b—Q’ ( )‘

on—2
<WHWHW21HI =yl oo
2n—2
+ W’\W\\n/mm ] || TSN

27171
Slallz oo W21 77— =2

The last inequality follows from the fact that LP? quasinorm are invariant by translation. [

Proof of Theorem 4.2.2. By the previous Lemma it is straightforward to bound G; by

4
|G1(z,y)| < C?L”aHﬁ,oo”W”n/ZJW

= denllall 2 oo [Wlln/2,1Gol2, y)
and setting C' = 4dep|al|_o_ o |[W]l5/2,1 we obtain by induction

|Gj(z,y)| < C?Go(z,y).

Indeed, assuming |G_1(z,y)| < C771Gy(z,y) and applying again Lemma 4.2.4 we directly obtain

Gia )\<c/ L -
IS [ = 2 —y[n?
- 4 :
<enC7 Hall 2, o0 W k2,1 Tz = O7Go(@).

The constant C' is less than one thanks to the smallness of W and hence the series (4.2.5) is
convergent. The bound on G follows directly from the one on Gj.

Finally, we check that G is indeed the kernel of (—A + W)~!. Let p,1 € C5° two test
functions and (, ) the scalar product of L?

(W, (A + W) o) =, Y (1) (=A) (W (=2)" )

J20
=2 (1P (-A) T W (=8) ) (4.2.6)

j=0

=S [ 9@l )pty) dedy

Jj=0

= [ 6l@) (1)) dady (427)

j=0
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~ [ ¢@Ga.p)ely) dody

where to obtain (4.2.6) we used the fact that the series (4.2.4) is convergent with respect to the
topology of B(H~!, H') and for (4.2.7) we used the absolute convergence of the series (4.2.5).
O

4.3 Properties of a zero resonant state

The aim of this section is to prove Theorem 4.1.2. Using the decomposition V =W 4+ K we
said that we can write the resonance 1 as solution of (—A 4+ W)y = —K1) and by Theorem 4.2.2
this solution is defined by

- [ G K@) (43.1)

2n
First of all we obtain that ¢ is in L»-2""°, more precisely we obtain the value of the limit of
|z|" 24 as |z| tends to infinity.

Proposition 4.3.1. The function |z|" 2 (x) has finite limit when |x| — +oo and therefore 1) is
in Ln—2"°°. More precisely, the following holds

lim |z|" %¢(z) = —cn/V y)dy < 0.

|z|—o0

Proof. We recall from Theorem 4.2.2 that |G(z, y)

]

= then using (4.3.1) for large enough

’N‘xy

" 20@) S o [ o KWWy S [ K)oy < .

The integral of ¥ K is finite. Indeed, K has compact support, so we can equivalently consider
the integral of K]lsupp KxY. Here ¢ € L" 73,00 and Lsupp k € LP? for any p and ¢, in particular
Loupp & € L2 implies 1y KY€ L2 = (L"21)* and hence K1y, gt € L.

We can then obtain ¢ € L»—2 5% Let x be a smooth cutoff which is equal to 1 on a large

enough compact set then as we have seen above for the compact part it holds ¥y € L72>, For
the part at infinity we can bound ¥ (1 — x) by lﬂv\% € L»-2"°, So applying (4.A.1) we conclude

1902 00 S XV N 2 00 + 11 = X)W o2 00 < 00

Now to determine the value of the limit we need to study the behavior of |x|""2G(z,y) for
large |z| and y that ranges in a compact set (the support of K). Using the second resolvent
identity

(—A+W) = (A = (AW (-A+ W)t (4.3.2)
we can write
]x‘niQG(l’ y) =c ﬂ _ LW(;;)G(,Z y)dz. (4.3.3)
WO Sy T e 2 |

The first term in |z|"~2G(x,y) converges to c,, for the second term we split the integral in the
regions B(0, |x|/2) and its complementary. First, taking |z| large enough if z € B(0, |x|/2)¢ then
we will have

lz]

— |y| > 0.
5 |y

[z =yl = Iz = [yll = |2 = [y| =
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Using this bound we obtain

[ T wees [ e T
B(0,|z]/2)e 4|x — 2] 2 ’ ~ JBJal/2)e |¥ — 2|2 (Zl — Jy)n—2
1
S Loy e W
B Jz|/2) |7 — 2]

|z| =00

Slall o, solWlg ) 2)ellnes —— 0 (4.3.4)

where the convergence to 0 is due to the fact that the superlevel of Wlpg(q |4 /2)c tends to the
empty set as |r| — oo and we can pass the limit in the integral defining [|W1p(q |z /2)clln/2,1
thanks to the domination

AW 10,0120 (0™ < dw ()™ € LYRY).

On the other hand, for |z| — oo we have the pointwise convergence of

T n—2
Lo o (e, Ty WG ) > eaW ()G )

and since the points z € B(0, %‘) satisfy | — z| > ‘xl we have the domination

|z[* 2 1 1
ﬂB(O,\xl/?)(Z)W’W< 2)G(z,9)] S [W(2)| Z g2 eL.
So again by dominated convergence
|2 2l 00 /
Cn ———W(2)G(z,y)dz —— ¢, | W(2)G(z,y)dz. 4.3.5
I o L OLELCEY (2)G (=) (43.5)

Summing together (4.3.4) and (4.3.5) in (4.3.3) we obtain

lim |z|"2G(z,y) = ¢n — cn/W

|z|—o00

and since |z|""2G(x,y) <1 and K¢ € L' we can pass the limit in the integral in (4.3.1). This
yields

lim |z|" 2 (z) :—cn/K dy—i—cn/(/W (z,v) dz) K(y)y(y)dy.

|z| =00

Now exchanging the order of integration in the second term and using relation (4.3.1) we have

/(/W zydz) y)dy = /W /Gzy Y (y)dydz
—/W(z)w(z)dz

from which the statement follows since V =W + K. O

Thanks to the previous proposition we can derive the behavior of ¢ at co. If [ V1) is non
zero, then ¢ is asymptotic to ‘xl% and therefore not in L?. Otherwise we have the opposite
result.

We will prove further results on the integrability of ¢/ thanks to the decay properties of v,
hence a main step in the following proofs will be to prove that |z|* is bounded at infinity for
a suitable a. We will let R > 0 such that supp K C B(0,R) and study the behavior of ¢ in
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B(0, R)¢. To do so we define the spaces
Bo = [z["*L¥(B(0, R)°) = {f : [«|*f € L=(B(0, R)%) } (4.3.6)

with the natural norm
[£1Ba = lll2|*f Lp(0,R)c lloo-
We will use a series of elementary but useful inequalities. The reader can find a proof of the

following two lemmas in Appendix 4.B.

Lemma 4.3.2. Let x,y € R", then
a)

11 ‘5 lyl 7
2| e =yl ™ |zl —y]
b)
1wy 1 ‘S lyl? ,
lz| 2P |z =yl [2Pr -y
c)
L ey 3@y)? P 1 lyl®
[z =3 2P 202P o —yl| ™ [2Pr —yl
Lemma 4.3.3. Let x,y € R", then
i)
R ly[? 5yl
22 o=yl T zPle—yl2 o]l -y
i)
1 2.y 1 ly[? 2Jyl*
2 7zt e =y ePlr - y2 2Pl —yf?
iii)
1 22y P QRrey)? 1 ly/* lyl*
e N |0 2 —y2| ™ [zl —y2 |zt —yl?

Proposition 4.3.4. If [V (y)y(y)dy = 0 then ¢ € L?.
We obtain this result via the following lemma.

Lemma 4.3.5. If [V (y)¥(y)dy = 0 then |z|" 14 is bounded outside of a compact set, in other
words Y € By_1.

|2~™ as |z| tends to infinity

Proof of Proposition 4.3.4. From the previous lemma |z|¢) < |z
which implies
|| € Ln—2°,
We can then write 1 1
= —p(x) with — € L™ be Lu2™
|| |z|
that by Holder inequality (4.A.3) implies ¢ € L7 1 with 5 < 2. Combining with Proposition
4.3.1 up to now we have

L3/2°R3) N L3°(R3) n =3,

€ Ln1° N [a2™ =
71} {L4/3’OO(R4) ) L2,00(R4) n = 4.
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In dimension three we can conclude ¢ € L? by interpolation since 2 € (3/2,3). For the case
n = 4 we remark that with the same reasoning as in the proof of Proposition 4.3.1 we can show
that |z|t has a finite limit in R* when |z| tends to infinity, which in turn implies 1) € L**°(R*)
and we can again conclude that ¢ € L?(R*) by interpolation since 2 € (4/3,4).

O

Proof of Lemma 4.3.5. We recall that v is solution to (—A + V) = 0, so given the kernel
of A=! on R" we can write

1
= e | [V vy

By adding the quantity [ V1 = 0 we obtain

vie) = e [ (s — ey ) Ve

’x‘n—Q

We recall the decomposition of the potential V.= W + K and the radius R > 0 such that
suppK C B(0, R). We split the previous integral obtaining

wmz%ﬂkR(];—— ) V@R

"2 | -y

=:f(z)
von [ (s - oy ) Wl
"Dyer a2 T Ja—yrz)

Defining the operator

1 1
Sipcy /WR ( = y|n2> W (y)e(y)dy (4.3.7)

’m|n 2
we can rewrite the previous identity as

Y =f+8Y. (4.3.8)

We will prove that the operator S is a contraction in the spaces B,_1,B,_2 and that f € B,_1 C
By —2, hence the equation
p=[f+S5p (4.3.9)

has a unique solution in B,,_1 and one in B, _s.

Identity (4.3.8) together with Proposition 4.3.1 tell us that 1 is the unique solution in B,
of the fixed point problem (4.3.9). Moreover we also have uniqueness of the solution of (4.3.9)
in B,,_1 C B,,_2, so ¥ must coincide with the solution in B,_1, implying ¢ € B,,_1 that is the
statement.

To prove the needed properties on f and S we will use item a) Lemma 4.3.2 and item 1)
Lemma 4.3.3. Given the different form of the right hand sides in such inequalities, we differentiate
the rest of the proof for the case n = 3 and n = 4 since the computations differ in some places.

e Case n = 3. We need to show that |z|?f is bounded in B(0, R)¢. Thanks to Lemma 4.3.2

for |x| > 2R
i —m  7)

and hence |z|?f is bounded for |z| > 2R. Moreover, |z|2f is also bounded for R < |z| < 2R

[f(@)] < s
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rewriting f as

@) =y [ V@ e [ Ve (4310
lyl<R

|| 2 =R |z —y|"2

for which in the case n = 3 it holds

@l <eny [Vl + @l +e [ 2

=R |7 — Y|

[V (y)e(y)|dy.

Here |x|2|¢| is bounded for R < |x| < 2R, thanks to the fact that |z[i) converges to 0 as
|z| tends to infinity, and

1
=R [T =yl

9 1
i VORI S [ Vi)

We have obtained f € By C By.

Now we only need to show that S is a contraction on By and Be. On B it is straightforward
to obtain

W(y)

Sel< [ ROy < )

=R |7||z — Yy

1
<mllwllsl IWl3/2,1llall3,00

smaller than one thanks to the smallness of W. We have obtained that S is a contraction
on Bj.

For By we split the domain of integration in the regions

T
=Ry = ol Rand i< S o> Rana 1 <yl < 2101}
Iyl > R and [y > 20el)

Both in F. and E~ we have the lower bound |z — y| 2 |z| so using Lemma 4.3.2-a) again

’/E<UE>(yxl|‘\xiy\) Wiw)e <>dy] |f,2/ W @)ew)llyldy
\W

,2 Il
gWH‘PHBQ||W||3/271Ha||3,oo. (4.3.12)

On FE instead

||SDHBQ ”SOHBQ
% < <2
o) ly|? ||yl

which we use in

‘/Z (|:c1| RE: i y|> W(y)“’(y)dy‘ <[E: fm\w(y)w(y)!dy
\W

|2 el
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2
Silele Wiz alls oo (4.3.13)
Combining (4.3.12) and (4.3.13) we have

|21?|Se(2)] < llells, z[ > R

from which S is a contraction on By and we conclude the proof for the three dimensional
case.

Case n = 4. The proof is analogous to the case n = 3, but now we use item 4) in Lemma
4.3.3 to prove the necessary inequalities.

First we show that f € Bs: if |x| > 2R from Lemma 4.3.3

RQ
z)| <e 2 Vy )|dy,
U(”<4<MPWﬂ—Rﬁ+ - >/' s

hence |z|3|f(x)| is bounded for |z| > 2R. If R < |z| < 2R we obtain |z|3|f(z)| bounded by
using again (4.3.10) and the fact that |z|?1) converges to zero in R%.

We are left with the proof of the fact that S is a contraction on By and Bs.

First we remark that

lyl® 1
o WWlleldy < 5 llels| (4.3.14)
/|y|>R 22|z — y[? 27T
Moreover, on E~ and Ex~ we have |y|~! < |z|7!, yielding as above
]
WWlleWldy < llells [[Wll21llall2,c0, 4.3.15
L o W Ol S el Wil (4319
viceversa on E. we use the inequality |z|~! < |y|~! and Lemma 4.2.4 to obtain
[ e W @llewldy Sl [ 2
Be |zf|z =yl lyl?|z — y]
(4.3.16)

Combining equations (4.3.14)-(4.3.16) and thanks to Lemma 4.3.3 we have

[2?ISe(@)|  Nells, [Wllzallallzee, |2l > R

and S is a contraction on By thanks to the smallness of W.

On Bs we consider again the partition £, E~, E~. On E.

i L W@l
W)lewldy < [ Pl (w)ldy
Jo. 5 = ol Je TPl — P

1
SWH@HB?, W21 llall2,c0,

since |x — y| > |z|/2 > |y|, and analogously

(W(y)l

—sr——5 |Y|”|e(y)|dy
el o Tl ~ yPlew)

[ W wllew)ldy =
E yl

< ||l

5@”@”63
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On E- we recall |y|~! < |z|~! hence

2
Lo (e ) et < et | 2200

[z?|lz —yl*  [zllz —yl? |z —y[?

1
SWH@II& W21 llall2,co

Finally on E~ we use the inequalities

llells llolls
lye(y)] < |x|3 and  |y||le(y)| < MQS-

We conclude again that

|2%ISe(@)] < llellss Wikl

2,009 ’JZ‘ 2 R

and therefore S is a contraction on Bs.

Up to now we have found the following properties

) c Lﬁ’o",

e [V =0 if and only if ¢ € L.
We will now prove, under suitable assumptions, that a zero eigenfunction is in the weak Lebesgue
space L1,

Proposition 4.3.6. If [y, Vidy = [V =0 for all k =1,...,n then 1 € L1,

As for the case of square integrability we obtain the result thanks to the behavior at infinity
of v, more precisely the proposition follows directly from the following lemma.

Lemma 4.3.7. If [y Vidy = [V =0 for allk =1,...,n then |z is bounded outside of a
compact set, or in other words ¢ € B,.

Proof. The proof uses the same approach of Lemma 4.3.4, as in we will write ¢ as the solution
of a fixed point problem, namely

Ty 1

vie) e [ (mmg + (0= DT = g ) VI
—a [ (e + -9 - g ) Vielay

je[* o =y

=:g(z)
ey ]
o /y|>R <|:cyn—2 +(n-2) P o yn_2> W (y)d(y)dy. (4.3.17)

where we added quantities which are zero by assumption. We will use item b) in Lemma 4.3.2
and item 7i) in Lemma 4.3.3. Here we define

Te:=cn /WR (mi_g +(n—2) 7 ! ) W (y)e(y)dy

x| o — g2
and we will prove that the fixed point problem

p=g+Te
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has a unique solution in B, and B, _1 by showing that 7 is a contraction on both spaces and
g € B, C B,_1. From Lemma 4.3.4 and (4.3.17) we already know that 1) is the unique solution
in B,_1, then the inclusion B,, C B,,_1 implies ¢ € B,, as we wished.

As in Lemma 4.3.4 we separate the cases n = 3 and n = 4 to do the computations, which for
a large part are analogous to Lemma 4.3.4.

e Case n = 3. We can show that |z|?|g(z)| is bounded in B(0, R)¢ with the same reasoning
of the previous lemma. We separate the regions |z| > 2R and R < |z| < 2R and use
Lemma 4.3.2-b) and the fact that |z|?¢ is bounded in B(0, R)®.

That 7 is a contraction on B is a direct consequence of inequality b) in Lemma 4.3.2.
For the proof in B3 we consider the usual division F., Fs, F~. In E. and E~ we have
|z — y| 2 |z| and hence, using Lemma 4.3.2,

1 Ty 1 ) 1
T T Wysoydy‘,i
VE<UE><\:U| 7P oy W S

1
5@”@”83 HWH?»/Q,I”G

[ ey
BuEs Yl

‘3,00'

Finally in E~ we obtain the same bound using Lemma 4.3.2 and

PliB PliB
[y |z

Combining the contributions of the three regions E., F~ and E~ we have proved
2P| To(@)| S el Wllsjaallallze, |zl = R

and therefore that 7 is a contraction on Bz concluding the proof in R3.

e Case n = 4. The proof that g € B, is analogous to the three dimensional case thanks to
Lemma 4.3.3 and to the property ¥ € Bs. Then, T is a contraction on B3 since

3
[ oWl < sl Wz a2
and
[ Wiy S el Wl el
55 um ol — P S o 1l [Wlalale
thanks to |y|~! < |2|~!, while by Lemma 4.2.4
2
/. Wiy S lels, [y
smﬂ)uwn&nwnzlnﬂ 0.

Now we just need to prove that T is a contraction on By to conclude. First of all we remark
1

[yl W ()|
WlleWldy <lels, [ P
/y|>R |22 — y|? 22T sk lyPle — yl?

1
SWIISOII&HWHM||a||2,oo-
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On FEs and FE we use the inequality

lells
lyle(y)| < 4

|z
to bound
[ W@y s el Wkl
B>UB |7]°]e =y |z
On E. we use again Lemma 4.2.4 and the bound |z|~! < |y|~!:
ol 1 Wl o1
. eV WlleWw)ldy S—zllelis /7(11/ S allelslWil2allall2eo-
zé<MPM—yP 2277 e =y Rly Y e -
We have just obtained
21T (@) < lells W llzallallzeo, |2l > R
which proves that 7 is a contraction on By.
O

Finally, we conclude the argument by proving that ¢ is in L!.
Proposition 4.3.8. If [yyVdy = [y Vibdy = [V =0 for all k,l=1,...,n then ¢ € L'.
This follows from the asymptotic behavior of 1):

Lemma 4.3.9. If [y Vydy = [yVpdy = [Vip =0 for all k,l = 1,....n then |z|*" 1y is

bounded outside of a compact set, or in other words ¢ € By11.

Proof of Proposition 4.3.8. By the fact that |z|"T!¢ is bounded outside of a compact set
we obtain |z|y € L1 and
1

1
—c(z) with — € L™, ce Lb™.
|z ]

P(x) =

By Hélder inequality 1) € L7, Since ¢ € L7#1°° N L7 2> we can conclude by interpolation,
given that 1 € (47, 7%5)- O

The main argument to prove Lemma 4.3.9 is the same as Lemmas 4.3.5 and 4.3.7. However,
the definition of the contraction is slightly different in dimension three and four, so we separate
the two proofs from the beginning.

Proof of Lemma 4.3.9 in the case n = 3. By assumption

3x-y)? |yl ,
/( 2l _2\x13> Vg =0,

so we can rewrite ¢ = f(—A)_lX/@b as
1 z-y  3@-y)?® |y 1
AN — o d
¥() /(mrFup+ Sh —ohn — g ) Y@y
1 az-y 3a-y? |y 1
Jyen G T+ o~ 2~ )V 0

:=h(z)
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1 xy 3-y? |y 1
+/|y>R( tap T >V(y)1/)(y)dy~

- fxP 22 202P |z -y

As in the previous cases we define

- )2 2
Up = /M(1 + 0 B L W)ty

T |z z[* [z =yl
and we prove that the equation
p=h+Up

has a unique solution in B3 and By by proving that U is a contraction in these spaces and
h € By C Bs. Since we already know that 1 is the unique solution in B3 we can conclude as
usual that ¢ € By since By C Bs.

To see that h € By we use Lemma 4.3.2-¢). If |x| > 2R then |z —y| > |z| — R and the quantity

ly)? |
2|4 h(z)] < Jalt / — I [Vldy S [V ||3/2.1 ]| [|3.00
i<k |z[3(|z] — R) 2B (ja] — R)" B2

is bounded. In the region R < |z| < 2R we write h as

1

>R | — Y

Vady.
(4.3.19)

xT - T - u)? 2
N /y|<R ( : i ( Myé) * w‘) V(y)v(y)dy + (x) +

| Jf? jf?

Thanks to the property ¢ € B3 and Vi € L' we can deduce that |z|*/h(z)| is bounded also for
R < |z| < 2R.

We can directly obtain that i/ is a contraction on Bs by using Lemma 4.3.2 which implies

1

Lo W)
el S s [ Ty P10y < el W o ol

where we recall |[W][3/5; is arbitrarily small. In By we separate as usual E<, E~, E~. On E.
and Es, |z — y| 2 [z] 5o

ul? 1 W@,
Wl oo [ ol w)ldy
/E<UE> 2P|z — y z|* Jecues 1yl

1
SW”80||B4\|W||3/2,1\|a||3,oo-
On E. we use

lells,  llells,
lyl ~ ||

lylPe =
to obtain the same bound. We have found

o[t o(@)] < llellsal W lla2,

with ||[W{[3/2,1 < 1 hence U is a contraction on By, which concludes the proof.

Proof of Lemma 4.3.9 in the case n = 4. By assumption the quantities

Jveo [@wve, [wPve. [@ve
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are all equal to zero, hence we can rewrite ¢ as

X - 2 X - 2
va) = | (1 T I >v<y>w<y>dy

=2 7 Jzt |z 26 ]z —y[?
1 22y [y* | (2z-y)° 1
= T -t - Vi(y)¥(y)dy
Jyn (\xP FE TR el RECLC)
=j(z)
+/ (1 L2y Wl (2eey) 1 )W( )i(y)d
e — - Y)(y)dy.
wi=r \ |z |zt |zt ||© |z — y|?
We need to show that
1 2z-y PP (2z-y)? 1
VQD::/ — = - =} - W (y)e(y)dy
WisR (W @t T e moge ) Wew

is a contraction on B4 and By as well as j € By C B4. This will imply that
p=7J+Vyp

has a unique solution in B4 and Bs. Since v is the solution in B, it implies ¢ € Bs. This can be
done thanks to inequality #i7) in Lemma 4.3.3. Indeed, j € Bs since for |z| > 2R we have

1 1 1 1
< < )
2Pl —yl*  |zP(lz] = B2 falte —yl? T |2 (l2] - R)?

while for R < |z| < 2R we rewrite j as

. 2 $- 2
j@) = [ (o 2 s BE I vy + i)
lyl<R

[ 7 Jat et e

+ /| — L Vwwdy

YyIZR ’37 - ?/|2

where both x and y are in bounded regions and ¥ € B4 by Lemma 4.3.7.

Now we prove that V is a contraction on By, using item #ii) we need to consider

ly[* 1
dy < 00 4.3.2
[ W el < gl W allal (4320)
and 5
[l W)y
wi=r |z*|z =yl

For the latter term we separate the regions E-, E~, where |y|~! < |z|~! allows us to conclude as
in (4.3.20), and E- where |2|~! < |y|~! leads us to use Lemma 4.2.4

ly|? 1 W (y)| 1
a5 IWWeWw)ldy S—llells / —or=dy S —llellB W21 llall2,ce-
/E< 23|z — y[? 22" e o — yPlyl? |7 °°

The inequality we obtain

' V(@) < lelsllW 21

all2,0,  |z[Z R
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implies that V is a contraction on By. On B5 thanks to Lemma 4.2.4 we first remark that

i 1 Wl s
S W@y S [ ey
/y|>R |z — y|? 2P Jy=r & = yPlyl?
1
Sl ellss W lallaloc (43.21)

Then on B~ and Er where |y|=! < |z| ™!

lyl* 1 / W (y)| 1
17,74 dy < — dy < —+ w a )
/E>UE% |x,4|x_y|2\ WeW)ldy < ‘x|5HsOHBS o Tz =y S ,x|5\|wHB5H 2,1 /[all2,00
(4.3.22)
while on E., where |z|™1 < |y|™1, we use Lemma 4.2.4
lyl* 1 W (y)l 1
T e WWeWldy S 5 llells / T3 S T lelss [Wizallall2e.
/E< @[z — y[? 237777 Jee | —ylPlyl? EER. =
(4.3.23)
Combining inequalities (4.3.21)-(4.3.23) we have
2P Vo (@)| S lellss W lzallallzee, 2] > R
and hence P is a contraction on Bs which concludes the proof. O

Appendices

4.A Facts about Lorentz spaces

We collect here a few properties of Lorentz spaces that we have used. The following statements
hold on R"™ for any n.
First of all we recall the definition of the quasinorm

o 1/q
PR Oy

for ¢ < oo or
1F lIp.oc := supt'/Pdy(t) < oo
=0

otherwise. Observe that LPP = LP and that LP**° is the weak LP space. The quantity we just
defined is only a quasinorm, since it holds

If + 9llpg Spaa 1 llpg + 19lp.g (4.A.1)

(see inequality (1.4.9) in [Gral4]). Only for p > 1 and any ¢ € [1, o] the space LP? is normable
([Hun66]).

Remark 4.A.1. We recall that the quasinorm of the Lorentz space can also be defined via the
decreasing rearrangement f*(t) =inf{s > 0 | d¢(s) < t} as

0= ([ tq/plf*(t)th>1/ "

for ¢ < oo or
1£llp,o0 = sup /7 f*(t) < oo
>0
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otherwise.

Lorentz spaces are growing spaces with respect to the second index, in particular we have the
chain of inclusions
LPav c LP% for any q1 < 2 (4.A.2)

(see Proposition 1.4.10 in [Gral4]).
We also have a two indexed Holder inequality

1fgllzra <[ fllzova[lgll ez -2 (4.A.3)

for any p1, q1, p2, g2 such that p%—l—p% = % and %—l— q% = %. Inequality (4.A.3) can be easily proved
using the definitions given in Remark 4.A.1. For ¢ = oo it follows directly from the definition of
|| + ||p,o0, While for g € (0,00) it is obtained using inequality [ fg%% < ([ f4)2(f g%)# for a

; ; ; — @ _ @
and 8 which sum to 1. In particular taking o = P and 8 = T

1 dt N a2 1 a1 dt

Hngg,q :/(tpf*g*)q7 = /[(tpl f*)ql]q1+92 [(tpz f*)q2]q1+q2 "
1 dt, a2 1 dt, 4

<(/(t“ frymp)me (/(“’2 fryep)nse

from which(4.A.3) follows taking the power % = %

The following property is a sort of interpolation over the first index of the space.

Proposition 4.A.2. Let f € LPo>° N LPL>° | then f € LP? for any p € (po,p1) and any
q € (0,00].

Proof. We first consider ¢ = oo then

| fllp,00 = max{ sup tdf(t)l/p, sup tdf(t)l/p}. (4.A.4)
df(lf)}l Ogdf(t)él

For the case d¢(t) < 1 since p < p; we have
dp(t)/r=1r <1
while when dy(t) > 1 then using the fact that p > pg
df(t)l/pfl/po <1,
We can therefore bound both suprema in (4.A.4) as

sup ()71 < sup b (8170 = | fllpp 0 < 0
dg(t)>1 t20

and

sup  tdp(t)/PTYPITPE < sup tdp ()Y = || flpy 0 < 00
0<ds()<1 0<dy(t)<1

Now let ¢ < co. We have the quantity td f(t)l/ Pt which is bounded at infinity, then there exists a
t > 0 such that

1 _
de(t) S o forany t>1

so for large enough ¢ we have

tdp(t)/P <t/ with 1—PL <o,

Po
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On the other hand tdf(t)l/po is bounded around 0 so there exists £ > 0 such that

1
< -
de(t) S 0 forany 0 <t <t
from which for small ¢ it holds

tdp(t)/rr < tpo/m with 1— P25,

b1

Now we can proceed to estimate the LP¢ norm, for A € (0,1) we write % =(1- )\)pi1 + /\p%

t
= [P0 = s [ [T

t
<s12p(tdf(t)1/p°)”/ (tdf(t)l/Pl)(lfA)q%

0
t
o[
t

+ sup(tdy (001 [ e (1))
t t

dt

£
<HprO7OO/0 +(1=po/p1)(1=Ng—1 py

€
o[

+ ||f||p17 /t +(=p1/po)Aa—1 g1

<L I (/Mg /f @
t

A) A
+ S e/

where all the terms are finite since (1 — po/p1)(1 — A)g > 0 and (1 — p1/po)Ag < 0. O

4.B Proof of some elementary inequalities
We prove in this section Lemmas 4.3.2 and 4.3.3.

Lemma 4.B.1. Let x,y € R", then

a)
R T |
2| =yl |zllz -yl
b)
1 z-y ‘ [yl
2 2P e =yl P le -yl
c)
1 zy 3-y)? |y 1 lyl*
2| [af? 22 20aP |z —yl| Y [aPlz -yl

A proof of the inequalities in this lemma can also be found in Lemma 2.4 [Becl6], we
nevertheless prove the bounds here for completeness.
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Proof. The first bound follows from a direct application of the triangular inequality. To prove b)
we need to consider the quantity

1oey 1 [aP(r—yl e +agle—yl (B)
2l TP T =y 2Pz —y]

We recall that ||z — y| — |z|| < |y|, then we have the inequality

20-y  wey| _|eey(zl=le—yDl _ P
o —yl+ ]z || |z|(Jz =yl + |z]) |z
We can also remark that
2 2 2
r—yl“—|x Y 2x -y
o=yl — o = Z¥ —ZE_ o (4B.2)

e =yl +lal e —yl+lal  |r—yl+ 2]

and we use this expression in the following

2
- 2x - T -
=yl — || + y’: Y| 3 y__ oy
|z| lz—yl+lz| |z—yl+]z] |z
<« P 20y xeyl P (4.B.3)
lz—yl+lz|  llz—yl+|z] |zl ||

We now go back to bound the numerator in (4.B.1)

-y

e (Jz =yl — |z]) + 2 - ylz — yl| =[le*(lz — y| — 2| + W) ta-yle -yl -z ylzl
Ty
<l ||z =yl — |2] + !96\‘ + |z - y(lz —yl —[z])]
2yl 2 2
<] Wﬂmllyl = 2|z[ly[%,
dividing by |z|3|z — y| we obtain the statement.
To prove ¢) we set

1 2y 3@-y)? [P 1

Ii=1s 3 5 913 :

Y 2|] 20zf* |z —yl

We use again (4.B.1) to compute [

2 | 2

. . 2 . 2
leP(e =yl — ol + B+ G0 — B + PG5 + B + -yl -yl — Ja])

|z

|z[3]z — y]
L 3@yl
2|x|? P
. )2 2
ol —yl - ol + 3+ G - )
|z[3]z — y]
)2 21l 1 . e
L M (e — gl — ol ) - G g
|z[3]z — y]
2 2
22 (jz — y| — |o] + 2 + &2 1)

|z[?|z —y]
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lyl2(Jz] |~y 2y 3w)(z—yl-la])
WPl gy — g o] + £8) + S0 focalole)
E | |+ 2IE (4.B.5)

+
|z*|z =y

For the terms in (4.B.5) we remark that thanks to (4.B.3)

yl| Ty ly|?
S, Jzeyl|lz—yl - |z + Tl N |=76Hy|m Syl
(@ - y)Pllz =yl — || _ yl?

2|x|? ~E

lyl?lz] — |2 —
2

In (4.B.4) we can prove that

Il :=|z—y|—|z| +

zoy  (wey? P
|| 20z> 2z

has modulus bounded by |y|3/|z|?. We take the expression in (4.B.2)

o WP 2wy oy | (x-y)?® |yl
lz —yl+ 2] |z—yl+|z] |z 20z> 2z
2 1 1 z-y(lz -yl —lz)) | (z-y)?
=ly| + + 3
|z —y|+|z[ 2|z lz|(lz — y| + |=]) 2|z|

Y S S T 1L S R
2=yl +lal  2fa] o o=yl +lal  2la]

z-y(llz =yl = lol+ T)

a
2[?

We obtain the bound on || since

1 1
|z =yl + || 2|

ozl —lz —yll  _ Iyl

20z|llz =yl + |=[| ~ |=[?

and thanks to (4.B.3).

Lemma 4.B.2. Let x,y € R", then

i)
R ly[? ly]
~ )
z2 e =yl T 2Pl —y2 oz - y[?
i)
1 2z-y 1 ly[? 2Jy|?
e S e e eVl B ] N | R e T
i)
1 2y P (2?1 ]
R N |0 2 —y2| ™ [zl —y2 |zt -yl
Proof. We compute
1 1| lz =yl = |z

9

22 e —ylPl |2Ple -yl
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if |x — y| > |z| using triangular inequality on |z — y|

1 U | _le=yP == _ ol + lyl* + 2flly| — |2

22 e =yl |aPle—y? T |z[?|z — y/?
lyl® ly]
+2 .
SlaPle -yl T allr —yl?
On the contrary if |z — y| < |z| then
1 L I e e 1

22—yl [zPle —yl?

here |z — y|? > ||z| — |y||*> = |z|? + |y|* — 2|=||y| so using this bound

1| e feP 2oyl _ 20
ERRNFRTE EIRERTE e — P
2
< ZWI _ ly| N
|z|?|z — y| |z||lz -y
For the second bound we compute the sum
12wy 1 e yPlef 420 yle — g — ol
[z Jzlt e -yl |24z — y?
_ 2Pz —yl* — |2?) + 22 - ylz — y|?
||z — y[?
2Pyl — 22 - y) + 22 - y(jof* + |y* — 22 - y)
||z — y[?
2Pyl + 22 - ylyl? — 42 - y)?
||z —yl?

then taking the modulus we obtain the statement. Analogously we do the computations for the
last inequality. We remark that

lz—yl* _ . WP 22y
|z ? x> faf?
so that
—y|? g2
20y @ :233 : y|$|xlé| B ly[? lﬁx\%‘
jzt et el —y? 2Pl -yl
2wy —yl? 22 ey(ylP —22-y)  JyPP(ly — 22 y) (4B.6)
|z?|lz — y[? x4z —y[? jz[*z — y/?
and
o2yl
(a9 _Cro)TGp ey | (2ay)(yP —20-y) (4B.7)
6 4y _ 42 4y _ 42 61y — ul2 i
] |tz =y |tz =y (%2 =y
We also remark that summing the first and last term in the left hand side of item i)
1 1 22z
- P2y (4.B.8)
2 e —yl* o [ePlz —yl
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Summing together (4.B.6), (4.B.7), (4.B.8) we obtain

12y P (20?1 eyl -yt 2o y) (lyP - 22 y)
ETE N e |[° |z —yl? ||| — y/? |z[%z — y[?
and by triangular inequality the statement follows. O

4.C Notations for the current chapter

Functions and spaces

H*R™) = {f + |flge =l I*fllpe < o0}
dy(t) distribution function of f
|| - ||p,g norm of the Lorentz space LP4(R™)

CL(.’E) - |x’n72

cn =n(n —2)|B(0,1)]

V=W+K

W small part of the potential

K compactly supported part of the potential, suppK C B(0, R)
Bo ={f : |2|*f € L*(B(0,R)%) }

/152 = ll2|*1po,R) flloo

Operators

G(z,y) integral kernel of (—A + W)~!

S,T,U,V contraction operators
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