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we improve known results. A subclass of the considered potentials
actually cannot be treated by the Mourre commutator method with
the generator of dilations as conjugate operator. Inspired by [FH], we
also show, in some cases, the absence of positive eigenvalues for our
Schrodinger operators.
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1. INTRODUCTION.

In this paper, we are interested in the behaviour near the positive real axis of
the resolvent of a class of continuous Schrédinger operators. We shall prove
a so called “limiting absorption principle”, a very useful result to develop the
scattering theory associated to those Schrodinger operators. It also gives in-
formation on the nature of their essential spectrum, as a byproduct. The main
interest of our study relies on the fact that we include some oscillating contri-
bution in the potential of our Schrédinger operators.

To set up our framework and precisely formulate our results, we need to intro-
duce some notation. Let d € N*. We denote by (-,-) and || - || the right linear
scalar product and the norm in L2(R%), the space of squared integrable, com-

plex functions on RY. We also denote by || - || the norm of bounded operators
on L2(RY). Writing o = (z1;- -+ ;24) the variable in R?, we set
d 1/2
(x) = (1 + Z z?) .
j=1

Let @); the multiplication operator in L2(R?) by x; and P; the self-adjoint real-
ization of —id,, in L2(R?). We set Q = (Q1;--- ;Qa)” and P = (Py;--- ; Py)T,
where 7" denotes the transposition. Let

d
Hy = |P> ==Y P =P"-P
j=1

be the self-adjoint realization of the nonnegative Laplace operator —A in
L2(R%). We consider the Schrédinger operator H = Hp + V(Q), where V(Q)
is the multiplication operator by a real valued function V on R satisfying the
following

AssuMPTION 1.1. Let o, €]0;4o00[. Let psp,pir,p),. €)0;1]. Let v €
CH(R?; RY) with bounded derivative. Let k € CZ°(R;R) with k = 1 on [—1;1]
and 0 < k < 1. We consider functions V;T,VST,VlT,VC,Wa,g R — R
such that V. is compactly supported and V.(Q) is Hy-compact, such that the
functions (x)'TPr Vi (x), (x)'TPr Vi (x), ()P Vi (z) and the distributions

(z)Pira - VVip(z) and (z)P (v- VVs.)(x) are bounded, and
(1.1) Wap(z) = w(l - K(|$|))|$|7ﬁ sin(k|z|*)

with real w. LetV:V;T—I—U-V\N/ST—i—WT—i—VC—i—WQB.
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OSCILLATING POTENTIALS 729

Under Assumption 1.1, V(Q) is Ho-compact. Therefore H is self-adjoint on the
domain D(Hy) of Hp, which is the Sobolev space H2(R?) of L?(R%)-functions
such that their distributional derivative up to second order belong to L?(R%).
By Weyl’s theorem, the essential spectrum of H is given by the spectrum
of Hy, namely [0;+o00o[. Let A be the self-adjoint realization of the operator
(P-Q+ Q- P)/2 in L2(RY). By the Mourre commutator method with A as
conjugate operator, one has the following Theorem, which is a consequence of
the much more general Theorem 7.6.8 in [ABG]:

THEOREM 1.2. [ABG]. Consider the above operator H with w = 0 (i.e. without
the oscillating part of the potential). Then the point spectrum of H is locally
finite in |0;4o00[. Furthermore, for any s > 1/2 and any compact interval
T C|0; 400, that does not intersect the point spectrum of H,

(1.2) ﬁsigH<A>7S(H_Z)71<A>7SH < +4o0.

[zH#0

Remark 1.3. In [Co, CG], a certain class of potentials that can be written as
the divergence of a short range potential (i.e. a potential like V;,.) were studied.
Theorem 1.2 covers this case.

We point out that the short range conditions (on Vi, and f/sr) can be relaxed
to reduce to a Agmon-Hérmander type condition (see Theorem 7.6.10 [ABG]
and Theorem 2.14 in [GM]). “Strongly singular” terms (more singular than
our V;) are also considered in Section 3 in [GM].

Remark 1.4. When w = 0, H has a good enough regularity w.r.t. A (see
Section 3 and Appendix B for details) thus the Mourre theory based on A
can be applied to get Theorem 1.2. But it actually gives more, not only the
existence of the boundary values of the resolvent of H (which is implied by
(1.2)) but also some Holder continuity of these boundary values. It is well-
known that all this implies that the same holds true when the weight (A)~*
are replaced by (Q)~*® (see Remark 1.12 below for a sketch).

Still for w = 0, under some assumption on the form [V, A] (roughly (8.1)
below), it follows from [FH, FHHH1] that H has no positive eigenvalue.

Now, we turn on the oscillating part W,g of the potential and ask ourselves,
which result from the above ones is preserved. To formulate our first main
result, we shall need the following

ASSUMPTION 1.5. Let o, 8 > 0 and set B, = min(B; pyr-). Unless |a—1|+5 > 1,
we take o > 1 and we take B and py such that B+ By > 1 or, equivalently,
8 > 1/2 and p; > 1 — . We consider a compact interval T such that T C
10;k%/4], if « = 1 and B €]1/2;1], else such that T C]0;+o00].

Remark 1.6. If § > 1, W,z can be considered as short range potential like
Ver. If @ < B < 1, W, satisfies the long range condition required on V;,.. If
a+ p >2and 8 <1 then, for e = a +  — 2, for some short range potentials

Vsr Vir (i.e. satisfying the same requirement as V,.), for some & € C2°(R;R)
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with # = 1 on [~1/2;1/2] and with support in [~1; 1], and for 2 € R,

(1.3) w(l = &(lz))) 2|2 VVip(2) = kaWas(@) + Vir(@),
where V,.(z) = —(1 — x(|z]))|z|~* ¢ cos(k|z|*). In all cases, Theorem 1.2
applies.

Remark 1.7. Our assumptions allow V to contain the function =
|z| =7 sin(k|z|*) with 8 < 2 4 a. This function was considered in [BD, DMR,
DR1, DR2, ReT1, ReT?2].

Assumption 1.5 excludes the situation where 0 < § < a < 1. A reason for this
is given just after Proposition 2.1 in Section 2.

It turns out that our results do not change if one replaces the sinus function in
Wags by a cosinus function.

Let II be the orthogonal projection onto the pure point spectral subspace of
H. We set IT+ = 1 — II. For any complex number z € C, we denote by Rz
(resp. $z) its real (resp. imaginary) part. Our first main result is the following
limiting absorption principle (LAP).

THEOREM 1.8. Suppose Assumptions 1.1 and 1.5 are satisfied. For any s >
1/2,
(1.4) sup [(Q)™*(H — ) '"TI'(Q)%|| < +o0.

RzeI,
[z#0

Remark 1.9. In the litterature, the LAP is often proved away from the point
spectrum, as in Theorem 1.2. If 7 in (1.4) does not intersect the latter, one
can remove I+ in (1.4) and therefore get the usual LAP. But the LAP (1.4)
gives information on the absolutely continuous subspace of H near possible
embedded eigenvalues.

When | — 1| + 8 > 1 and Z does not intersect the point spectrum of H, the
Mourre theory gives a stronger result than Theorem 1.8 (cf. Theorem 1.2 and
Remark 1.4).

Historically, LAPs for Schrédinger operators were first obtained by pertu-
bation, starting from the LAP for the Laplacian Hy. Lavine initiated non-
negative commutator methods in [Lal, La2] by adapting Putnam’s idea (see
[CFKS] p. 60). Mourre introduced 1980 in [Mo] a powerful, non pertuba-
tive, local commutator method, nowadays called “Mourre commutator the-
ory” (see [ABG, GGé, GGM, JMP, Sa]). Nevertheless it cannot be applied
to potentials that contain some kind of oscillaroty term (cf. [GJ2]). In
[Co, CG], the LAP was proved pertubatively for a class of oscillatory po-
tentials. This result now follows from Mourre theory (cf. Remark 1.3). In
[BD, DMR, DR1, DR2, ReT1, ReT2], the present situation with V., = 0 and
a radial long range contribution Vj,, was treated using tools of ordinary differ-
ential equations and again a pertubative argument. Theorem 1.8 improves the
results of these papers in two ways. First, we allow a long range (non radial)
part in the potential. Second, the set V of values of («; 3), for which the LAP
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FIGURE 1. LAP. V = blue U green.

(on some interval) holds true, is here larger. However, in the case o = 1, these
old results provide a LAP also beyond k%/4 in all dimension d, whereas we
are able to do so only in dimension d = 1. For « = 8 = 1, the LAP at high
enough energy was proved in [MU]. Another proof of this result is sketched in
Remark 1.11 below.

We point out that the discrete version of the present situation is treated in
[Man]. We also signal that the LAP for continuous Schrédinger operators is
studied in [Mar] by Mourre commutator theory but with new conjugate opera-
tors, including the one used in [N]. We also emphasize an alternative approach
to the LAP based on the density of states. It seems however that general long
range pertubations are not treated yet. We refer to [Ben] for details on this
approach.

In Fig. 1, we drew the set V in a («a; 3)-plane. It is the union of the blue and
green regions. The papers [BD, DMR, DR1, DR2, ReT1, ReT2] etablished the
LAP in the region above the red and black lines and, along the vertical green
line, above the point A = (1;2/3). According to Remark 1.6, Theorem 1.2
shows the LAP in the blue region (above the red lines and the blue one). Both
results are obtained without energy restriction. Theorem 1.8 covers the blue
and green regions (the set V), with a energy restriction on the vertical green
line. In [GJ2], the LAP with energy restriction is proved at the point B = (1;1).
In the red region (below the red lines), the LAP is still an open question.
Recall that A is the self-adjoint realization of the operator (P-Q + Q - P)/2
in L2(R%). We are able to get the following improvement of a main result in
[GJ2].
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THEOREM 1.10. Let o = 8 = 1. Under Assumption 1.1 with Vy. = V., = 0,
take a compact interval T C|0;k?/4[. Then, for any s > 1/2,

(1.5) g]Szug;H<A>_S(H—z)_ll'IL(A)_sH < +o0.

[z#0

Proof. In [GJ2], it was further assumed that, for any u € Z, Ker(H — p) C
D(A). Thanks to Corollary 5.2, this assumption is superfluous. O

Remark 1.11. Note that Assumption 1.5 is satisfied for « = § = 1. In dimen-
sion d = 1, the above result is still true if Z C]k?/4; +oo[. A careful inspection
of the proof in [GJ2] shows that Theorem 1.10 holds true in all dimensions if
T Cla;+o0o|, for large enough positive a (depending on |w|). If |w| is small
enough, the mentioned proof is even valid on any compact interval Z C]0; +oo[.

For nonzero potentials V. and VST, we believe that one can adapt the proof in
[GJ2] of Theorem 1.10.

Remark 1.12. Tt is well known that (1.5) implies (1.4). Let us sketch this briefly.
It suffices to restrict s to ]1/2;1[. Take 6 € C2°(R;R) such that 0 = 1 near 7.
Then, the bound (1.4) is valid if (H — z)~! is replaced by (1 —0(H))(H — z)~ L.
The boundedness of the contribution of §(H)(H — z)~! to the Lh.s of (1.4)
follows from (1.5) and from the boundedness of (Q) *0(H){A)*. To see the
last property, one can write

(Q)°O(H){A)” = (Q)°0(H)(P)*(Q)" - (Q)™*(P)"*(4)”.
The last factor is bounded by Lemma C.1 in [GJ2]. The boundedness of the

other one is granted by the regularity of H w.r.t. (Q) (see Section 3) and the
fact that 0(H)(P) is bounded.

Remark 1.13. Tt is well known that (1.4) implies the absence of singular con-
tinuous spectrum in Z (see [RS4]). On this subject, we refer to [K, Rem)] for
more general results.

In Section 3, we show that the Mourre commutator method, with the generator
A of dilations as conjugate operator, cannot be applied to recover Theorem 1.8
in his full range of validity V, neither the classical theory with C!'! regularity
(cf. [ABG]), nor the improved one with “local” C'*0 regularity (cf. [Sa]).
Indeed the required regularity w.r.t. A is not valid on V. As pointed out in
[GJ2], Theorem 1.10 cannot be proved with these Mourre theories for the same
reason. We expect that the use of known, alternative conjugate operators (cf.
[ABG, N, Mar]) does not cure this regularity problem. However, according to a
new version of the paper [Mar], one would be able to apply the Mourre theory
in a larger region than the blue region mentioned above, this region still being
smaller than V (cf. Section 3).

The given proof of Theorem 1.10 relies on a kind of “energy localised” Put-
nam argument. This method, which is reminiscent of the works [Lal, La2] by
Lavine, was introduced in [GJ1] and improved in [Gé, GJ2]. It was originally
called “weighted Mourre theory” but it is closer to Putnam idea (see [CFKS]

DOCUMENTA MATHEMATICA 22 (2017) 727-776



OSCILLATING POTENTIALS 733

p. 60) and does not make use of differential inequalities as the Mourre theory.
Note that, up to now, the latter gives stronger results than the former. It is
indeed still unknown whether this “localised Putnam theory” is able to prove
continuity properties of the boundary values of the resolvent.

We did not succeed in applying the “localised Putnam theory” formulated in
[GJ2] to prove Theorem 1.8. We believe that, again, the bad regularity of H
w.r.t. A is the source of our difficulties (cf. Section 3). Instead, we follow the
more complicated version presented in [GJ1], which relies on a Putnam type
argument that is localised in @ and H, and use the excellent regularity of H
w.r.t. (@) (cf. Section 3).

A byproduct of the proof of Theorem 1.2 is the local finitness (counting mul-
tiplicity) of the pure point spectrum of H in ]0;+oo[. Thus this local finit-
ness holds true if |« — 1] + 5 > 1. We extend this result to the case where
oo = 1]+ 8 < 1 in the following way: the above local finitness is valid in
10; +o00], if a > 1, and in ]0; k?/4[, if @ = 1 (cf. Corollary 6.2).

In the papers [FHHH2, FH], polynomial bounds and even exponential bounds
were proven on possible eigenvectors with positive energy. In our framework,
those results fully apply when |« — 1|+ > 1. Here we get the same polynomial
bounds under the less restrictive Assumptions 1.1 and 1.5 (cf. Proposition 5.1).
Concerning the exponential bounds, we manage to get them under Assump-
tions 1.1 and 1.5, but for o > 1 (see Proposition 7.1).

In the papers [FHHH2, FH] again, the absence of positive eigenvalue is proven.
In our framework, this result applies when o < § and when 8 > 1, provided
that the form [(V, + v - VV.,.)(Q), 4] is Ho-form-lower-bounded with relative
bound < 2 (see (8.1) for details). When o + 8 > 2 and g < 1, it applies
under the same condition, provided that the oscillating part of the potential
is small enough (i.e. if |w| is small enough). Indeed, in that case, the form
[(Vo+wv- YV + Wap)(Q),iA] is Hy-form-lower-bounded with relative bound
< 2. Inspired by those papers, we shall derive our second main result, namely

THEOREM 1.14. Under Assumptions 1.1 and 1.5 with o > 1 when |a—1|4+ 8 <
1, we assume further that the form (V. +v - VVy)(Q),i4] is Ho-form-lower-
bounded with relative bound < 2 (see (8.1) for details). Furthermore, we require
that |w| is small enough if a + 8 > 2 and f < 1/2. Then H has no positive
etgenvalue.

Proof. The result follows from Propositions 7.1 and 8.2. 0

Remark 1.15. Our proof is strongly inspired by the ones in [FHHH2, FH].
Actually, these proofs cover the cases § > 1, o < [, and the case where
a4+ > 2,8 <1, and |w| is small enough. In the last case, namely when
a>1,8>1/2 pr >1-0, and a+ 8 < 2, the main new ingredient is an
appropriate control on the oscillatory part of the potential. In particular, in
the latter case, we do not need any smallness on |w|.

Remark 1.16. In the case « = § = 1, assuming (8.1), we can show the absence
of eigenvalue at high energy. This follows from Remark 7.3 and Proposition 8.2.
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FIGURE 2. No positive eigenvalue in blue U green.

However an embedded eigenvalue does exist for an appropriate choice of V' (see
[FH, CFKS, CHM]).

Remark 1.17. Under the assumptions of Theorem 1.14, for any compact interval
T C]0; +o0], the result of Theorem 1.8, namely (1.4), is valid with [T+ replaced
by the identity operator. Indeed, for any compact interval Z’ C]0; 4+o0[ contain-
ing Z in its interior, Iz, (H)II = 0 by Theorem 1.14. In view of Remark 1.11,
the LAP (1.5) is valid at high energy, when o« = 8 = 1. Thanks to Remark 1.16,
one can also remove 1+ in (1.5).

One can find many papers on the absence of positive eigenvalue for Schrodinger
operators: see for instance [Co, K, Si, A, FHHH2, FH, 1J, RS4, CFKS]. They
do not cover the present situation due to the oscillations in the potential. In
Fig. 2, we summarise results on the absence of positive eigenvalue. In the blue
region (above the red and blue lines), the result is granted by [FHHH2, FH],
with a smallness condition below the blue line. Theorem 1.14 covers the blue
and green regions (above the red lines), with a smallness condition below the
black line.

In Assumption 1.5 with | — 1| + 8 < 1, the parameter p;,., that controls the
behaviour at infinity of the long range potential V.., stays in a S-dependent
region. One can get rid of this constraint if one chooses a smooth, symbol-like
function as Vj,., as seen in the next

THEOREM 1.18. Assume that Assumption 1.1 is satisfied with o — 1|+ 5 <1
and B > 1/2. Assume further that Vi, : R? — R is a smooth function such
that, for some py- €]0;1], for all v € N4,

sup’(z)p”ﬂ'y‘((?;vlr)(x)‘ < +4o00.
reR4
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Take o« = 1. Then the LAP (1.4) holds true on any compact interval T such
that T C|0;k2/4[, if d > 2, and such that T C]0;+oo[\{k?/4}, if d = 1.

Take o« > 1. Then the LAP (1.4) holds true on any compact interval T C
10; +-00[. If, in addition, [(Ve+v- V'V )(Q),iA] is Ho-form-lower-bounded with
relative bound < 2 (see (8.1) for details), then H has no positive eigenvalue.
In particular, (1.4) holds true with I+ removed.

Remark 1.19. We expect that our results hold true for a larger class of os-
cillatory potential provided that the “interference” phenomenon exhibited in
Section 2 is preserved. In particular, we do not need that W,z is radial.

We point out that there still are interesting, open questions on the Schrodinger
operators studied here. Concerning the LAP, for a = 1, it is expected that
(1.4) is false near k?/4. Note that the Mourre estimate is false there, when
B =1 (see [GJ2]). The validity of (1.4) beyong k?/4 is still open, even at high
energy when 8 < 1. Concerning the existence of positive eigenvalue, again for
a = 1, it is known in dimension d = 1 that there is at most one at k2 /4 if 8 = 1
(see [FH]). Tt is natural to expect that this is still true for d > 2 and g = 1.
We do not know what happens for a =1 > .

In Section 2, we analyse the interaction between the oscillations in the potential
Wap and the kinetic energy operator Hy. In Section 3, we focus on regularity
properties of H w.r.t. A and to (@) and discuss the applicability of the Mourre
theory and of the results from the papers [FHHH2, FH]. In Section 4, in some
appropriate energy window, we show the Mourre estimate, which is still a cru-
cial result. We deduce from it polynomial bounds on possible eigenvectors of
H in Section 5. This furnishes the material for the proof of Theorem 1.10. In
Section 6, we show the local finitness of the point spectrum in the mentioned
energy window. In the case o > 1, we show exponential bounds on possi-
ble eigenvectors in Section 7 and prove the absence of positive eigenvalue in
Section 8. Independently of Sections 7 and 8, we prove Theorem 1.8 in Sec-
tion 9. Section 10 is devoted to the proof of Theorem 1.18. Finally, we gathered
well-known results on pseudodifferential calculus in Appendix A, basic facts on
regularity w.r.t. an operator in Appendix B, known results on commutator ex-
pansions and technical results in Appendix C, and an elementary, but lengthy
argument, used in Section 2, in Appendix D.

AKNOWLEDGEMENT: The first author thanks V. Georgescu, S. Golénia, T.
Hargé, I. Herbst, and P. Rejto, for interesting discussions on the subject. Both
authors express many thanks to A. Martin, who allowed them to access to
some result in his work in progress. Both authors are particularly grateful to
the anonymous referee for his constructive and fruitful report.

2. OSCILLATIONS.

In this section, we study the oscillations appearing in the considered potential
V. It is convenient to make use of some standard pseudodifferential calculus,
that we recall in Appendix A. As in [GJ2], our results strongly rely on the
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interaction of the oscillations in the potential with localisations in momentum
(i.e. in Hp). This interaction is described in the following two propositions.
The oscillating part of the potential V' occurs in the potential W,z as described
in Assumption 1.1. By (1.1), for some function x € C°(R;R) such that x =1
on [—1;1] and 0 < k < 1, Wapg = w(2i) "' (e$ — €®), where

(2.1) et :R*—C, ef(z) = (1- m(|x|))eﬂk|z|a .
Let go be the metric defined in (A.2).

PROPOSITION 2.1. [GJ2]. Let o = 1. For any function § € C°(R;C), there
exist smooth symbols ax € S(1;go), b+, ce € S({(x) ™€) 7;g0) such that

(2.2) €10(Hy) = afed + bYef + efcy

and, near the support of 1 — k(|- |), ax is given by
ax(w;€) = 0(J&F aklel*2a|") = 0(]¢F klalaf*).

In particular, if 0 has a small enough support in |0;k?/4[, then, for any € €
[0; 1], the operator O(Hy){Q)¢ sin(k|Q|)0(Hy) extends to a compact operator on
L2(R%), and it is bounded if € = 1.

Remark 2.2. In dimension d = 1, the last result in Proposition 2.1 still holds
true if @ has small enough support in ]0; +00[\{k?/4} (see [GJ2]).

Proof of Proposition 2.1. See Lemma 4.3 and Proposition A.1 in [GJ2]. O
In any dimension d > 1, for 0 < a < 1, the above phenomenon is absent.
A careful inspection of the proof of (2.2) shows that it actually works if
0 < a < 1. But, in constrast to the case @ = 1, the principal symbol of

0(Hp)(Q)sin(k|Q|)0(Hy), which is given by
R 5 (23€) = (20)710(I¢*) (a4 — a=)(36),

is not everywhere vanishing, for any choice of nonzero 6 with support in ]0; +oo[.
The conditions “[¢|? in the support of §” and “|¢ F ak|z|*~22|? in the support
of 0”7 are indeed compatible for large |z|.

In this setting, namely for 0 < @ < 1 and d > 1, one can give the following, more
precise picture with the help of an appropriate pseudodifferential calculus. Take

a nonzero, smooth function # with compact support in ]0; +00[. For e €]0; 1],
on L2(R?), the operator

0(Ho)(Q)" sin(k|Q|*)0(Ho)  (resp. 6(Ho)sin(|Q|*)0(Ho) )

is unbounded (resp. is not a compact operator). Indeed, for the function s
given in (2.1), the multiplication operator

(1 —x(Q) sin(klQ[*)
is a pseudodifferential operator with symbol in S(1;g,) for the metric g, de-
fined in (A.2). By pseudodifferential calculus for this admissible metric g,, the
symbol of

0(Ho)(Q) (1 — £(|Q))) sin(k|Q|*)0(Ho) ,
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namely
O(|€?)# () (1 — r(lz])) sin(kl|*) #0(I€]*) ,

is not a bounded symbol. Thus, the operator is unbounded on L2(R?), while
0(Ho)(Q) x(|Ql) sin (k|Q|*)0(Ho)

is compact since its symbol 0(|¢|?)#(x)k(|z|) sin(k|z|*)#0(]¢)?) tends to 0 at
infinity. Still for the metric g,, the symbol of

0(Ho) (1 — x(1Q1)) sin(k|Q|*)0(Ho)

is 0(1¢)2)#(1 — x(|z])) sin(k|x|*)#0(|£])?), that does not tend to zero at infin-
ity. Therefore 0(Hp)(1 — k(|Q])) sin(k|Q|*)0(Hy) is not a compact operator,
whereas so is 6(Hp)x(|Q|) sin(k|Q|*)0(Hy).

Remark 2.3. The difference between the cases @« = 1 and 0 < o < 1 sketched
just above explains why we exclude the case § < a < 1 in our results. Recall
that the case 0 < o < § < 1 is covered by Theorem 1.2 (cf. Remark 1.6).

In the case @ > 1, one can relax the localisation to get compactness as seen in

PROPOSITION 2.4. Let o > 1. For any real p > 0, there exist {1 > 0 and {3 > 0
such that (P)~%(Q)?(1 — x(|Q])) sin(k|Q|*)(P)~* extends to a compact oper-
ator on L2(R?). In particular, so does 0(Ho){(Q)P(1 — x(|Q|)) sin(k|Q|*)0(Hy),
for any p and any 6 € C°(R; C).

Proof. The proof is rather elementary and postponed in Appendix D. Appro-
priate ¢; and ¢ depend on p, «, and on the dimension d. For instance, one can
choose /1 and /5 greater than 1 plus the integer part of (a — 1)~ (p+d). O

Remark 2.5. Take 0 € C>°(R;C), 7 € C2°(R% C) such that 7 = 1 near zero,
and a > 1. The smooth function

(x;6) — (1 — T(:E))G(}f T ak|x|0‘72z|2) ,

does not belong to S(m;g) for any weight m associated to the metric gg. So
we cannot use the proof of Proposition 2.1 in this case.

The proof of Proposition 2.4 shows that the oscillations manage to transform a
decay in (P) in one in (Q). This is not suprising if one is aware of the following,
one dimensional formula (see eq. (VIIL. 5; 2), p. 245, in [Sc]), pointed out by

V. Georgescu. For any m € N, there exist Ag, -+, A2y, € C such that
, 2m dj )
YV € R, 1 2ym irz®  _ E s i iTT
’ ( o ) ‘ j=0 ’ dxd €

Note that the result of Proposition 2.4 is false for a < 1 by Proposition 2.1 and
the discussion following it.
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3. REGULARITY ISSUES.

In this section, we focus on the regularity of H w.r.t. the generator of dilations
A and also the multiplication operator (Q). We explain, in particular, why
neither the Mourre theory with A as conjugate operator nor the results in
[FHHH2, FH] on the absence of positive eigenvalue can be applied to H in
the full framework of Assumption 1.5. Fig. 3 below provides, in the plane of
the parameters (a, §), a region where those external results apply and another
where they do not.
We denote, for k € N, by H*(R?) or simply H*, the Sobolev space of L?(R%)-
functions such that their distributional derivatives up to order k belong to
L2(R%). Using the Fourier transform, it can be seen as the domain of the
operator (P)*. The dual space of H* can be identified with (P)~*L2(R?) and
is denoted by H . Recall that A is the self-adjoint realisation of (P-Q+Q-P)/2
in L2(R%). Tt is well known that the propagator R > ¢ ~ exp(itA), generated
by A, acts on L2(R?) as

(exp(itA)f)(z) = etd/Qf(et:c) .
It preserves all the Sobolev spaces H¥, thus the domain D(H) = D(Hy) = H?
of H and Hy.
The regularity spaces C*(A), for k € N* U {oc}, are defined in Appendix B. By
Theorem B.3, H € C*(A) if and only if the form [H, A], defined on D(H)ND(A),

extends to a bounded form from H? to 2, that is, if and only if there exists
C > 0 such that, for all f,g € H?,

(3.1) [(F5 [H, Alg)| < C- N fllz - llgllaz -

Before studying the regularity of H w.r.t. A, it is convenient to first show that
H is very regular w.r.t. (Q). This latter property relies on the fact that V(Q)
commutes with (Q).

LEMMA 3.1. Assume that Assumptions 1.1 and 1.5 are satisfied.

(1) Fori,j € {1;---;d}, the operators Hy, (P), (P)?, P;, and P,P; all
belong to C*>*((Q)) and D((Q)(P)) = D((P}(Q))-

(2) HeC*(Q))-

(3) For 0 € C*(R;C), fori,j € {1;---;d}, the bounded operators 0(Hy),
P,0(H,), P;P;j0(Hy), 0(H), Pi0(H), and P;P;6(H) belong to C>((Q)),
and we have the inclusion 0(H)D((Q)) C D((P)(Q)) ND(Hy).

Proof. See Appendix C. O
The form [H, A] is defined on D(H) N D(A) by (f,[H,iA]lg) = (Hf, Af) —
(Af,Hf). Let X. € C=°(R%R) such that X, = 1 on the compact support of
Ve. By statement (1) in Lemma 3.1, the form [H, A] coincides, on D((P){Q)) N
D(Hy), with the form [H,iA] given by

(o [HiALg) = (f, [Ho,iAl g) + (F , [Ver(Q),iA) g) + (f, [Ve(@).i4] g)

(3.2) +{f, Vir(Q),iA] g) + (f ) [Was(Q),iA] g)
+ <fa [(U . V‘ZST)(Q)’ZA]/9> 5
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where (f, [Ho,iA]'g) = (f, 2Hog), (f . [Vir,iA] g) = —(f, Q - (VVir)(Q)g),
(f, Ver(Q),iA]'g) = (Var(Q)Qf . iPg) + (iPf, Vir(Q)Qg)
(3.3) +d(f, Vsr(Q)g) »
(f, [Ve(@).iA] g) = (Ve(Q)f. Xe(Q)Q - iPg)
+(X(Q)Q-iPf, Ve(Q)g)

(3.4) +d(f, Ve(Q)g)
([0 VVa)(@)iAl ) = (Var(Q)f . (P-0(Q))(Q.P + 27 d)g)
(3.5) H((P-u(@)Q.P+27'd)f, Var(Q)g)
(f, Was(Q),i4] g) = (Was(Q)QF, iPg) + (iPf, Was(Q)Qg)
(3.6) +d(f, Was(Q)g) -

Here (Vi (Q)Q , iPg) means 325, (Var(Q)Q5 f , iPig)-

Thanks to Assumption 1.1, we see that the forms [V (Q),i4], [Ve(Q),iA4],
[(v- VVi)(Q),iA]', and [Vi,.(Q),iA] are bounded on F and associated to a
compact operator from F to its dual F’, for F given by H!(R?), H2(RY),
H2(R?) again, and L2(R?), respectively. In particular, (3.1) holds true with H
replaced by H — W,z5(Q). This proves that H — W,5(Q) € C'(A).

PROPOSITION 3.2. Assume Assumption 1.1 with w # 0 and |a — 1] + 8 < 1.
Then H ¢ C*(A).

Remark 3.3. The Mourre theory with conjugate operator A requires a C11(A)
regularity for H, a regularity that is stronger than the C!(A) regularity (cf.
[ABG], Section 7). Thus this Mourre theory cannot be applied to prove our
Theorem 1.8, by Proposition 3.2.

As mentioned in Remark 1.6, Theorem 1.2 applies if o — 1| + 8 > 1. In fact,
the proof of this theorem relies on the fact that, in that case, H has actually
the CH1(A) regularity.

According to [Mar], H would have the C11(A’) regularity for some other con-
jugate operator A’ if 2a+ 3 > 3.

Concerning the proof of the absence of positive eigenvalue in [FHHH2, FH], it
is assumed in those papers that (3.1) holds true for H replaced by V. Propo-
sition 3.2 shows that this assumption is not satisfied if |@ — 1|+ 8 < 1. In
particular, our Theorem 1.14 is not covered by the results in [FHHH2, FH].

If | — 1| + B < 1, the form [H, A] is not bounded from H? to H~2. How-
ever, we shall prove in Proposition 4.6 that, for appropriate function 6, the
form 0(H)[H, A]0(H) does extend to a bounded one on L2(R?). This will give
a meaning to the Mourre estimate and we shall prove its validity. Although
H & C1(A), we shall be able to prove the “virial theorem” (see Proposition 6.1).
Finally, we note that the proof of Theorem 4.15 in [GJ2] (and also the one of
our Theorem 1.10) uses at the very begining that H € C'(A). We did not see
how to modify this proof when H ¢ C'(A). This explains why we chose to use
the ideas of [GJ1] to prove Theorem 1.8 (see Section 9).
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Proof of Proposition 3.2. Thanks to the considerations preceeding Proposi-
tion 3.2, we know that H — W,z3(Q) € C'(A). Thus, for w # 0, H € C'(4) if
and only if the bound (3.1) holds true with H replaced by W,z(Q).

Let w # 0 and (a; ) such that 2ja—1|+8 < 1. Let € €]2|a—1|;1 -8+ |a—1]].
We set, for all z € RY,

f@) = (1= s(fa])) - [af"H72 09
and (@) = —(1— (la])) - 22O cos(kfa])

Notice that f € H?, f € D(Q - P) = D(A), and g € H?. Furthermore, there
exists f; € L2(R9) such that, for all z € R?,

z-Vg(z) = fi(z) + ka(l - ﬁ(|x|))|x|1_271(d+6) -sin (k[z|*) .

For n € N*, let g, : R? — R be defined by g,(z) = x(n~Yz|)g(x). It
belongs to H2(R?). By the dominated convergence theorem, the sequence
(gn)n converges to g in H2(R%). Moreover the following limits exist and we
have

(iPf, Wap(Q)Qg) =
and  (f, Wag (Q)9>

By the previous computation,

<Waﬁ(Q)Qf7 inn> = <Waﬁ(Q)f7 Z.f1> + 0(1)

+wka/ k(n = a]) (1 = k(j2))) o] = PHe =4 L 6in? (k2] ) da,
Rd

<ina WQB(Q)an>
(f, Wap(Q)gn) -

lim
n— o0

lim
n— o0

as n — 0o. By the monotone convergence theorem, the above integrals tend to
(37) / (1 o ﬁ(|x|))3|$|1—ﬂ+|a—1|—(d+€) . gin? (k/’|$|a) dz
Rd

as n — 0o. By Lemma C.7, the integral (3.7) is infinite. If (3.1) would hold
true with H replaced by W,z(@), the sequence

(<fa [WO(B (Q)a ZA]Q”))n

would converge. Therefore the integral (3.7) would be finite, by (3.6). Contra-
diction. Thus H ¢ C!(A). a
In Fig. 3, we summarised the above results. Note that the results of [FHHH2,
FH] on the absence of positive eigenvalue apply the blue region.

Keeping A as conjugate operator, we could try to apply another version of
Mourre commutator method, namely the one that relies on “local regularity”
(see [Sal).

Let us recall this type of regularity. Remember that a bounded operator T
belongs to C1(A) if the map t + exp(itA)T exp(—itA) is strongly C* (cf. Ap-
pendix B). We say that such an operator T belongs to C1*(A) if the previous
map is norm C!. Let Z be an open subset of R. We say that H € CL(A)
(resp. H € C%“(A)) if, for any function ¢ € C°(R;C) with support in Z,
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ﬂ A
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1/2+
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0 1 2

FIGURE 3. H € CY1(A) in the blue region; H € C1(A) in the
red region.

©(H) € C(A) (resp. C1“(A)). The Mourre theory with “local regularity” re-
quires some C%JFO(A) regularity, that is stronger than the C%’“(A), to prove the
LAP inside Z. In our situation, we focus on open, relatively compact interval
7 C]0; +-o0[ and denote by Z the closure of Z. We first recall a result in [GJ2].

PROPOSITION 3.4. [GJ2]. Assume Assumption 1.1 with w # 0, « = § = 1,
and Vi, = V. = 0. Then, for any open interval T C T C]0;+oo|, H ¢ C%’"(A).

Remark 3.5. Note that, in the framework of Proposition 3.4, H € C!(A). This
implies (cf. [GJ2]) that, for any open interval Z C Z C]0;+oc[, H € C:(A).
But, since the C%"’O(A) regularity is not available, the Mourre theory with
conjugate operator A, that is developped in [Sa], cannot apply.

We believe that Proposition 3.4 still holds true for nonzero f/sr and V.

PROPOSITION 3.6. Assume Assumption 1.1 with V, = V,, =0, w#0, =1,

B €]1/2;1], and pi > 1/2. Then, for any open interval T C T C]0;+o0],
H ¢ CL(A).

Remark 3.7. By Proposition 3.6, the Mourre theory with local regularity w.r.t.
the conjugate operator A cannot be applied to recover Theorem 1.8 in the
region VN {(1;8);0 < f < 1}.

The proof of Proposition 3.6 below is close to the one of Proposition 3.4 in
[GJ2]. Since H ¢ C'(A), we need however to be a little bit more careful.

Proof of Proposition 3.6. We proceed by contradiction. Assume that, for some
open interval interval Z C Z C]0; +oo|, H € C+(A). Then, for all ¢ € C°(R;C)
with support in Z, @(H) € C*(A), by definition. Take such a function ¢. Since
Hy € C1(A), p(Hp) € C(A). Therefore, the form [p(H) — ¢(Hy),iA] extends
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to a bounded form on L2?(R¢). We shall show that, for some bounded opera-
tor B and B’ on L2(RY), the form B[p(H) — ¢(Hy),iA]B’ coincides, modulo
a bounded form on L2(R?), with the form associated to a pseudodifferential
operator ¢ w.r.t. the metric gy (cf. (A.2)), the symbol of which, ¢, is not
bounded. By (A.5), ¢ is not bounded and we arrive at the desired contradic-
tion.

Let f, g be functions in the Schwartz space .7 (R%; C) on R?. We write

(f,Cg) = (f,[p(H)—¢(Ho),iAlg)
= ((eH)" —@(Ho)*)f,iAg) — (Af,i(p(H) — (Ho))g) .

Now, we use (C.5) with k& = 0 and the resolvent formula to get
i, Co) / 0% (){ (= 1) 'V(Q)(z — Ho)™'f , iAg)

- <Af, i(z— H)"'V(Q)(= — Ho)~'g) pdz A dz.

Recall that V = Vi, + W with W = Vj,, + Wiz. Using (C.12), we can find a
bounded operator B; such that

(f, (C— By)g / 0:0°(){((z — ) W(Q)(2 — Ho) "' f , iAg)

- <Af, i(z— H)7'W(Q)(z — Ho)flg>}dz NdZ.

Using again the resolvent formula and (C.12) and the fact that 25, > 1, we
can find another bounded operator Bs such that

(. (C — Ba)g / 0:4°(:){ (2 — Ho) ' W(Q)(z — Ho) ™' f , iAg)

(3.8) —(Af,i(z — Ho) " 'W(Q)(z — HO)*lg>}dz Adz.

Since the form [V},.(Q),iA] is bounded from H? to H~2, Hy := Ho+ V;,-(Q) has
the C'(A) regularity. Therefore, we can redo the above computation with H
replaced by H; to see that the contribution of V. in (3.8) is actually bounded.
Thus, for some bounded operator Bs,

(f, (C— By)g / 0:¢°(){ (2~ Ho) " Wis(Q)(z ~ Ho)™' f . ig)

—(Af,i(z — Ho) " "Wis(Q)(z — HO)_lg>}dz Ads.

Recall that Wig = w(2i)"!(e+ — e_), where ex = €% is given by (2.1) with
a = 1. Let Xg : [0; +00[— R be a smooth function such that Xz = 0 near 0
and X(t) = t~” when ¢ belongs to the support of 1 — x. Thus, (f, (C — B3)g)
is

= -5 Y o [0t {(erl@z - Ho) S Xs1QN(: — Ho) )

Ue{il}

— (X6 (1QN(z ~ Ho) ' AF , e (Q)(= — Ho) "' g) }d= .
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Now, we use the arguments of the proof of Lemma 5.5 in [GJ2] to find a symbol
b € S(1;go) such that, for B’ = e*IQl for all f,g € .7(R%C), (f, b¥(C —
B3)B'g) = (f, c"g), where ¢ is unbounded. Actually, there exist £ € R,
R >0 and C > 0 such that |c(z; €)| > Clx|*~?, for |z| > R. a

4. THE MOURRE ESTIMATE.

In this section, we establish a Mourre estimate for the operator H near ap-
propriate positive energies. In the spirit of [FH], we deduce from it spacial
decaying, polynomial bounds on the possible eigenvectors of H at that ener-
gies. Since H does not have a good regularity w.r.t. the conjugate operator A
(cf. Section 3), the abstract setting of Mourre theory does not help much and
we have to look more precisely at the structure of H. The properties derived
in Section 2 play a key role in the result.

Still working under Assumption 1.1, we shall modify, only in the case a = 1,
Assumption 1.5 by requiring the following

AsSsuMPTION 4.1. Let o, 8 > 0. Recall that 8, = min(f; py). Unless |a —
1+ 8 > 1, we take « > 1 and we take § and py, such that §+ B > 1 or,
equivalently, 8 > 1/2 and p; > 1— . We consider a compact interval J such
that J C|0;+oo[, except when o = 1 and B €]1/2;1], and, in the latter case,
we consider a small enough, compact interval J such that J C|0;k?/4].

Remark 4.2. Assumption 4.1 is identical to Assumption 1.5, except for the
change of the name of the interval and for the smallness requirement when
a =1 and 8 €]1/2;1]. We actually need to work in a slightly larger interval
J than the interval Z considered in Theorem 1.8. In the case a« = 1 and
B €]1/2;1], the smallness of J (and thus of the above 7) is the one that
matches the smallness required in Proposition 2.1. It depends only on the
distance of the middle point of J to k?/4.

As pointed out in Section 3, the form [H, A] does not extend to a bounded form
from H? to H 2 for a certain range of the parameters a and 3. Thus, given a
function 0 € C°(R;C), we do not know a priori if the forms 0(H)[H,iA]0(H)
and 0(H)[H,iA)'0(H) extend to a bounded one on L2, Recall that [H,iA] is
defined in (3.2). Nethertheless these two forms are well defined and coincide
on D({(®)), by Lemma 3.1. By Section 3 again, we know that the difficulty is
concentrate in the contribution of the oscillating potential Wz, namely (3.6).
Thanks to the interaction between the oscillations and the kinetic operator, we
are able to show the following

PROPOSITION 4.3. Under Assumptions 1.1 and 4.1, let § € C°(R;R) with
support inside J, the interior of J, the form 0(H)[Was(Q),iA|0(H) extends
to a bounded form on L2(RY) that is associated to a compact operator.

Remark 4.4. In dimension d = 1 with a = 1, the result still holds true if the
function @ is supported inside ]0; +-00[\{k?/4}.

Our proof of Proposition 4.3 relies on Propositions 2.1, 2.4, and on the following
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LEMMA 4.5. Assume Assumptions 1.1 and 1.5 satisfied. Let 0 € C°(R;C).
Then (Q)P (0(H)—0(Hy)) and (Q)* P(0(H)—0(Hy)) are bounded on L?(R?).
]

Proof. See Lemma C.5.

Proof of Proposition 4.5. It suffices to study the form 6(H)[Wap(Q), 1 A)'0(H),
where [Wop(Q),iA] is defined in (3.6).

Consider first the case where |« — 1] + 8 > 1. By Remark 1.6, the form
(Was(Q),iA4]" is of one of the types [Vi(Q),74], (3.3), and (3.5). It is
thus compact from H? to H~2. Since (P)?0(H) is bounded, the form
O(H)[Wap(Q),iA]'0(H) extends to a bounded one on L2(R?), that is asso-
ciated to a compact operator on L?(R9).

We assume now that | — 1|+ 8 < 1. Since 5 > 0, the form 0(H)W,z(Q)0(H)
extends to a bounded form associated to a compact operator. We study the
form (f,g) — (PO(H)f, Wap(Q)QO(H)g), the remainding term being treated
in a similar way. We write this form as

O(H)P - QWap(Q)0(H) = (0(H) — 0(Ho))P - QWas(Q)(0(H) — 0(Ho))

+(0(H) = 0(Ho)) P - QWap(Q)0(Ho)

(4.1) +0(Ho)P - QWap(Q)(0(H) — 0(Ho))
+ 0(Ho)P - QWap(Q)0(Ho) .

Using Lemma 4.5 and the fact that g+ 5 — 1 > 0, we see that the first three
terms on the r.h.s. of (4.1) extends to a compact operator. So does also the
last term, by Proposition 2.1 with e =1 — 3, if & = 1, and by Proposition 2.4
withp=1-p4,if a > 1. O
Now, we are in position to prove the Mourre estimate.

PROPOSITION 4.6. Under Assumptions 1.1 and 4.1, let § € C®(R,R) with

support inside the interior J of the interval J. Denote by ¢ > 0 the infimum
of J. Then the form 0(H)[H,iAl0(H) extends to a bounded one on L?(R9)
and there exists a compact operator K on L2(RY) such that

(4.2) O(H)[H,iAld(H) > 2c¢0(H)? + K.
Proof. Let K be the operator associated with the form

0(H)[Ver(Q),iAJ0(H) + 0(H)[(v - VVir)(Q),iA] 0(H)
+O(H)[Vir (Q),iAJ0(H) + 0(H)[V.(Q),iAl0(H)
+O(H)[Wags(Q), iAJ0(H) .

It is compact by Section 3 and Proposition 4.3. Thus, as forms,
O(H)[H,iAl0(H) = 0(H)[Hp,iAl0(H) + K.
Since [Hy,iA] = 2H), the form
(G(H) — 0(Ho))[Ho,iA|0(H) + 0(Ho)[Ho,iA] (G(H) — 6(Hy))

DOCUMENTA MATHEMATICA 22 (2017) 727-776



OSCILLATING POTENTIALS 745

is associated to a compact operator K, by Lemma 4.5, and
O(H)[H,iA)0(H) 0(Ho)[Ho,1A|0(Hy) + Ko + K3
2¢0(Ho)* + Ko + K
2c0(H)* + Ko + K1 + K3,
with compact K3 = 2¢(0(Hp)? — 0(H)?). O

>
2

5. POLYNOMIAL BOUNDS ON POSSIBLE EIGENFUNCTIONS WITH POSITIVE
ENERGY.

In this section, we shall show a polynomially decaying bound on the possible
eigenfunctions of H with positive energy. Because of the oscillating behaviour
of the potential W,gs, the corresponding result in [FH] does not apply (cf.
Section 3) but it turns out that one can adapt the arguments from [FH] to
the present situation. We note further that the abstract results in [Ca, CGH]
cannot be applied here because of the lack of regularity w.r.t. the generator of
dilations (cf. Section 3).

PROPOSITION 5.1. Under Assumptions 1.1 and 4.1, let E € J and 1 € D(H)
such that Hvy = Evp. Then, for all X\ >0, ¢ € D((Q)*) and Vi € D((Q)).

COROLLARY 5.2. Under Assumptions 1.1 and 4.1, for E € j, Ker(H — F) C
D(A).

Proof. Let ¢ € Ker(H — E). By Proposition 5.1, Vi € D({(Q)) thus ¢ €
D(A). O
Proof of Proposition 5.1.  We take a function 6 € C°(R;R) with support
inside J such that (E) = 1. By Proposition 4.6, the Mourre estimate (4.2)
holds true.

Now we follow the beginning of the proof of Theorem 2.1 in [FH], making
appropriate adaptations. For A\ > 0 and € > 0, we consider the function
F:R? — R defined by F(z) = AIn((z)(1 + e(z))~!). For all x € RY, VF(z) =
g(z)z with g(z) = Maz)72(1 + €(z))~!. Let H(F) be the operator defined on
the domain D(H(F)) := D(Hy) = H*(R?) by

(5.1) HF) = ' @HeFQ = g |VF*Q)+(iP-VF(Q)+VF(Q)-iP).

Setting ¢ = e @4, one has ¢p € D(Hy), H(F)Yr = FEip, and
(Yp, HYp) = (VF, (IVF*(Q) + E)YF).

Note that, since e does not contain decay in (), we a priori need some ar-
gument to give a meaning to (¢Yp,[H,iA]Yr) when S < 1, because of the
contribution of Wy in (3.2).

Let X € C°(R;R) with X = 1 near 0 and, for R > 1, let Xz (t) = X(¢t/R). To
replace Equation (2.9) in [FH], we claim that

(52) lim (Xa((@)vr, [H, iAXr(@)r) = —4- 19(Q)/2 Ay ||
+(Yr, GQ)Vr),
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where G : R? 2> 2 — ((z-V)2g)(x) — (z-V|VF|?)(z). Notice that Xg({(Q))¢r €
D({Q)(P)), so the bracket on the Lh.s. of (5.2) is well defined. Since, for
r € R [g(z)| < Ma)™! and |G(z)| = O({z)~?), so is the r.h.s. By a direct
computation,

2R(AXR((Q))r . i(H(F) — E)Xr((Q))r)
= —(Xr(Q)vr, H, iAXR(Q)¥r) — 4-[g(Q)>AXr((Q))0r |
(5.3)  +(Xr((@)vr, GQ)XRU(Q)VF).

Note that the commutator [H(F), Xr(Q)]o is well-defined since Xr(Q) pre-
serves the domain of H(F). Furthermore [H(F), Xgr(Q)]o = [Ho(F), Xr(Q)]o,
where Hy(F) = eF(@ Hye F(@ is a pseudodifferential operator. Notice that
the Lh.s of (5.3) is given by

WR(AXR(Q) o , i[H(F) , Xr(Q)lotr).

Using an explicit expression for the commutator and the fact that the family
of functions = +— (z)X;z((z)) is bounded, uniformly w.r.t. R, and converges
pointwise to 0, as R — 400, we apply the the dominated convergence theorem
to see that the Lh.s. of (5.3) tends to 0 and that the last two terms in (5.3)
converge to the r.h.s. of (5.2). Thus the limit in (5.2) exists and (5.2) holds
true.

Next we claim that

Jim (@ (H . ANR(Q)r) = (8(H)be, [H iAJ0(H)wr)
(5.4) + <7/)F , (K1By e + Bz,eK2)1/1F> )

where, on L2(R?), Ky, K; are e-independent compact operators and B ., Ba .
are bounded operators satisfying ||By || + || B2.cl| = O(e”). Notice that, by
Proposition 4.6, the first term on the r.h.s of (5.4) is well defined and equal to

Jim (O(XR((Q)ir, [H iAIB(H)Xn((@))0r).

Writing each Xz ({Q))¢r as Xr({(Q))Yr = 0(H)Xr(Q)+ (1 —-0(H))Xr((Q))VF,
we split (Xr((Q)Yr, [H, iA]XR(<Q>)1/JF> into four terms, one of them tending

to the first term on the r.h.s of (5.4). We focus on the others. Since (1 —
0(H))y =0,
(1= 0 XR(@)Yr = —I[0(H),Xr((@))]o¥
(5.5) _XR(< NIOCH), F(Q)]
P(1-0(H))Xr((Q)vr = —PO(H),Xr(Q))]ovr
—[PXRU(@)IO(H), " D]y
(5.6) ~Xr((@)PO(H),e" Doy

LEMMA 5.3. Recall that B = min(8; p.) < 1. For intergers 1 < i,j < d, let
7(P)=1, or7(P) = P;, or 7(P) = P, P;.
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(1) For o € [0;1], the operators
(@) 777 (P)[0(H),e" D] e F(D(Q)”

are bounded on L2(R?), uniformly w.r.t. € €]0;1].
(2) For R > 1, the operators

(@) P (P)[0(H), Xr((Q))],
are bounded on L*(R?) and their norm are O(R™Pw).

Proof. For the result (2), see the proof of Lemma C.6.
Let us prove (1). Making use of Helffer-Sjéstrand formula (C.5) and of (C.12),
for H' = H, we can show by induction that, for all j € N*,

(5.7) (@)'7 - adjg, (0(H)) - (Q)°

is bounded on L2(R%). Note that the function ef” can be written as . ({-)),
where ¢, stays in a bounded set in S*, when € varies in ]0;1]. Since 0(H) €
C>*({(Q)) (cf. Lemma 3.1), we can apply Propositions C.3 with B = §(H) and
k> A+ 1. By (5.7), the first terms are all bounded on L2(R9). Let us focus on
the last one, that contains an integral. Exploiting (C.2) with ¢ =k + 1, (C.3),
(C.7), (5.7), and the fact that ¢.((-)) is bounded below by 1/2 for € €]0; 1], we
see that the last term is also bounded on L?(R%). O
Proof of Proposition 5.1 continued. Using Lemma 5.3 and (5.5), we get that

LJm (OCDXR(Q)r . P - QWap(Q)(1— 0(H))XR((Q))br)
= —(K¢r, Was(Q)(@Q)QQ) ™ - (Q)O(H), e D]oe D)

where K is an e-independent vector of compact operators and the bounded
operator acting on the right ¢ p is uniformly bounded w.r.t. €. Similarly, using
Lemma 5.3 and (5.6), we see that

Rl (OXR(Q)vr , Wan(Q)Q - P(1 = 0(H))Xn((Q))wr)
= —(K'{r, Was(@Q)PQ(Q)™" - (Q)PIO(H), " D] oe T Dy

with K’ compact and an uniformly bounded operator acting on the right .
Using again (5.5) and (5.6), we also get

lim (1 —0(H)Xr((@)¥r , Was(Q)Q - P(1— 0(H))Xr((Q)¥F)

R—+o00
= <(Q)_ﬂ/2[9(H), eF(Q)]Oe—F(Q) <Q>ﬂ/2<P>K”¢F ,

Was(@)(Q)PQ(Q) P2 PO(H), " (@) oeF Do)

with compact K” = (P)~'(Q)~#/? and uniformly bounded operators acting on
the right ¥ and on K" p.

In a similar way, we can treat the last term in the contribution of [Wys(Q), i 4]’
and the contribution of the forms [Hg,iA]', [Vir(Q),iA], [Vir(Q),7A],
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Vo(Q),iA], and [(v- VVi)(Q),iA4]" (cf. (3.2), (3.3), (3.4), (3.5)). This ends

the proof of (5.4), yielding, together with (5.2),

(5.8)(0(H)yr, [H, iAO(H)r) = —4-[lg(@)"2Ayr|” + (yr, GQ)¢r)
— (YF, (KiBic + B [Ko)Yr) .

Assume that, for some A > 0, ¢ € D((Q)*). We define ¥, = |[¢p| " 1ep. As
in [FH], (Hp + 1)¥, and thus ¥, both go to 0, weakly in L%(R%), as ¢ — 0.
Therefore || K1 W ||+ ||K2P || — 0, as € — 0. Since G(Q)(Hy+ 1)~ is compact,
|G(Q)W.| — 0. Since (1 — 6(H))y =0,

(1= 0(H)) Ve = [0(H), " D] e FQUQ)NQ) " (Ho + 1)~ (Ho + 1) ¥
Since [0(H), e @],e~F(@)(Q) is uniformly bounded w.r.t. €, by Lemma 5.3,
and (Q)~'(Hp + 1)~! is compact, the weak convergence to 0 of (Hg + 1)V,

implies the norm convergence to 0 of (1—60(H))¥.. Thus lim_, ||0(H)T || = 1.
Dividing by ||¢r||? in (5.8) and then taking the “liminf_o", we get

N . AT 1/2 2 <
11?1351f<9(H)‘I’6, (H, ZA]G(H)\I/€> 4 hrg;lglf”g(@) AW€|| <0.
Now, we apply the Mourre estimate (4.2) to ¥, yielding
. , > o 2 _
liminf (0(H) W, [H, iAJ0(H)¥e) > 2climinf |0(H)T[* + 0 = 2¢ > 0

and a contradiction. Therefore ¢ € D((Q)?*), for all A > 0.
Take A > 0. Since V(Q) is Hyp-bounded with relative bound 0, we can find, for
any d €]0; 1], some Cs > 0 such that, for all € > 0,

[(Wr, VQ)Yr)| < 6(wr, Hovr) + Cllvrl* = olVerl® + Cllvrl®.

Using the equality (Y p, HYp) = (Yr, ([VF|*(Q)+E)¢r), we can find C’,C" >
0 such that, for all ¢ > 0,

(5.9) IVer|? < Cllvel® < CI{@7MI? = (€)%
Now, Vior = (VF)(Q)r + X' @V, yielding, for all € > 0,
" @Vl < " + Jer| < " + (@) -
This shows that V) belongs to D((Q)*). O

6. LOCAL FINITNESS OF THE POINT SPECTRUM.

In the usual Mourre theory, one easily deduces from a Mourre estimate on
some compact interval J the finitness of the point spectrum in any compact
interval Z C J , the interior of J, thanks to the virial Theorem. In the present
situation, for some values of the parameters o and 3, we do not have the
required regularity of H w.r.t. A (cf. Section 3) to apply the abstract virial
Theorem. But, thanks to Corollary 5.2, we are able to get it in a trivial way.

PROPOSITION 6.1. Under Assumptions 1.1 and 4.1, let E € J and 1 € D(H)
such that Hy = Ev. Then (¢, [H, Aly)) = 0.
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Proof. Since ¢ € D(A) by Corollary 5.2, (v, [H, AJY) is well defined and

because F is real and A is self-adjoint. O
Now, the Mourre estimate in Proposition 4.6 gives the

COROLLARY 6.2. Under Assumptions 1.1 and 4.1, for any compact interval
T C J, the point spectrum of H inside T is finite (counted with multiplicity).

Proof. One can follow the usual proof. See [ABG] p. 295 or [Mo], for instance.
|
Thanks to Corollaries 5.2 and 6.2, we are able to prove the following regularity

result. The precise definition of the mentioned regularity is given in Appen-
dix B.

COROLLARY 6.3. Under Assumptions 1.1 and 4.1, for any 6 € C°(R;C) with
support included in J, O(H)IT € C*(A) and O(H)IT € C*((Q)).

Proof. For ¢ € D(A), the projector (1, )7 belongs to C1(A) since the form,
defined on D(A)? by

(¢1302) = (o1, [(0, ), A]pa) = (b, 1) (A, p2) — (¥, 02) (o1, AY),

extends to a bounded one. By Corollary 6.2, the point spectrum of H inside
the support of € is some {A1;--- ;A\, } and there exist ¢y, -+ , 1, € D(H) such
that He; = A\j;, for all j. By Corollary 5.2, 1; € D(A), for all j. Since

(6.1) O(H)TL = 3 00\) (U509,
j=1
O(H)IL € CL(A).
Similarly, we show 0(H)II € C*°((Q)) using (6.1) and Proposition 5.1. O

7. EXPONENTIAL BOUNDS ON POSSIBLE EIGENFUNCTIONS WITH POSITIVE
ENERGY.

In this section, unless |a — 1| + 8 > 1, we impose « > 1. We consider positive
energies and show that, a possible eigenfunction of H, associated to such en-
ergies, must satisfy some exponential bound in the L2-norm. The result and
the proof are almost identical to Theorem 2.1 in [FH] and its proof. We only
change some argument to take into account the influence of our oscillating po-
tential. We try to explain in Remark 7.2 below why we do not treat here the
case @« = 1. However, we have some information at high energy in the case

a = =1 (see Remark 7.3).

PROPOSITION 7.1. Under Assumptions 1.1 and 1.5 with o > 1 when |ao — 1| +
B<1,let E>0 and € D(H) such that Hy = Ev. Let

- sup{t2+E;t€ [0;+oo[ and et<Q>weL2(Rd)} > B.
Then r = +o0.
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Proof. We exactly follow the lines of the last part of Theorem 2.1 in [FH], ex-
cept for one important argument and some details. Just after formula (2.35) in
[FH], the authors use the boundedness of (Ho+ 1)~ *[H,iA](Ho+1)~! to show
that the Lh.s. of this formula (2.35) is bounded w.r.t. A. Here we cannot do so
(the previous form is actually unbounded, by Section 3) but provide another
argument (see (7.4)) to get the same conclusion. For completeness, we recall
the main lines of this last part of the proof of Theorem 2.1 in [FH].

Assume that the result is false. Then r is finite. By Proposition 4.6, the Mourre
estimate (4.2) holds true for any 6 € C2°(R) with small enough support around
r. Let us take such a function 6 that is also identically 1 on some open interval
T’ centered at r. If r = E, let rg = r = E, else let ro < r such that rg € Z'. We
set ro = t2 + E with ¢y > 0. We take t; > 0 such that r; := (to +t1)> + E > r
and r; € Z’. We may assume that ¢; < 1.

For A > 0, let F': R — R be defined by F(z) = to(z) +AIn(1+t; A" z)). By
the definition of 7, we know that (Q)*e"{@y) € L2(RY) (if r = E i.e. tg = 0,
this follows from Proposition 5.1). Thus ¢ belongs to the domain of the multi-
plication operator e¥'(@), We define ¢ = e (@) and ¥y = ||¢p| =" r. By the
end of the proof of Proposition 5.1, we can show that Vi belongs to the do-
main of (Q). Thus ¢p € D(A), therefore the expectation value (Y, [H,iAJYr)
is well defined, and a direct computation gives

. 2

(7.1) (Yp,[H,iAlYr) = —4-|g(Q)'?Avr|” + (¥r, G(Q)¥r),
where g is defined by F(z) = g(z)z and G(z) = ((Q.P)%*g)(x)—(Q.P|VF|?*)(z).
Uniformly w.rt. A > 1, |[VE(z)] = O((z)°) and the matrix norm |(V ®
V)F(z)| = O({x)~1). Notice that eto+t)(@)y) ¢ L2(RY). As in [FH], we can
show that A\ + Wy, A — VW, and X\ — HyW¥, are bounded for the L2(R%)-
norm and tend to 0 weakly in L2(R?), as A — +o0. This implies, in particular,
that, for any ¢ > 0,

2 li 0, = li VL = 0.
(72)  lim (@70 = 0 and  lim [(@)7°VEL[| =0
Since |G(x)| = O((z)~1) + t1(to + t1), uniformly w.r.t. A > 1, we derive from
(7.1) and (7.2) that
(7.3) limsup (¥, [H,iA]Ty) < t1(to +1t1).

A——+oo

Now, we claim that

(7.4) sup [(Wy, [H,iA]¥))| < +4oo.

A>1
Thanks to (7.4), we can follow the arguments of [FH] to get the desired con-
tradiction for small enough ¢;.
We are left with the proof of (7.4). The form (P)™2[H — Wap5(Q),iA|(P)~>
extends to a bounded one, by Section 3. Since the family ((P)?W))x>1 is
bounded, so is also (|[(¥x, [H — Waps(Q), tAJTA)]))a>1.
In the case |a — 1| + 8 > 1, the form (P)~2[H,iA](P)~? also extends to a
bounded one, by Section 3 and Remark 1.6. Thus we get the bound (7.4).
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Now assume that |o — 1] + 8 < 1 and @ > 1. In this case, the form
(f,9) = (Was(Q)f,iAg) is not bounded from H? to H~? (cf. Section 3).
To get the result, we shall use the fact that v is localised w.r.t. H at energy
E and “move” this property through the e”'(?) factors appearing in (7.4).
To get the boundedness of (|[(¥x, [Was(Q), AT x)|)a>1, it suffices to show

(7.5) sup |(Wap(Q)Tx, Q- PT,)| < +00.

Since V(Q) is Hyp-compact, there exists some ¢o > 0 such that H > —¢y. For
m > ¢o, m+ H is invertible with bounded inverse. Recall that H(F') is defined
in (5.1). Let Ho(F) = eF @ Hye F(@). Since |VF(x)| = O((z)?), uniformly
w.r.t. A > 1, we can find m > 0 large enough such that, for all A > 1, m+ H(F)
and m + Hy(F') are invertible with uniformly bounded inverse. Moreover, we
see that V(Q)(m+ H(F))~! and V(Q)(m + Ho(F))~! are uniformly bounded.
For A > 1, F stays in a bounded set of the symbol class S(1;g) (see Appen-
dix A for details). Thus, by pseudodifferential calculus, (P)2(m + Ho(F))~! is
uniformly bounded. By the resolvent formula, so is also (P)?(m + H(F))~1.
Since Hy € C'({Q)) and H € C'((Q)) by Lemma 3.1, since F is smooth,
Ho(F) € C*({Q)) and H(F) € C'({Q)). Using Propositions C.3 and C.4, we
see that, for € € [0;1], (Q)¢(m + Ho(F))~HQ) ¢ and (Q)¢(m + H(F))~1{Q) ¢
are bounded, uniformly w.r.t. A > 1.

For ¢ € N, we can write ¢ = (m + E)‘(m + H)~%). By a direct computation,

eFQ@(m 4+ H) e FQ = (m+ H(F))™'.
Thus, for ¢1,¢5 € N,
(Wap(Q)¥A, Q- PVy)
(7.6) = (m+ E)" 2 (QW,as(Q)(m + H(F)) "Wy, P(m+ H(F)) ?0,).

In (7.6), we write
£y

(m+H(F) ™ = ((m+Ho(F) ™ = (m+Ho(F) " V(@Q(m+HE) ),
(m+H(F) " = ((m+HO(F))*1+(m+H(F>)*1V(Q>(m+H0(F))*1)€2,

and expand the products. The expansion contains, up to the factor (m +
E)“1+% terms of the form

(7.7) (QWas(Q) (m + Ho(F)) "' V(Q)(m + H(F)) "' Bi¥y, Bo¥y),

where B and Bs are uniformly bounded operators. By Assumption 1.5,
(Q)1=F=Frr is bounded. For W = Vg, W =V, and W = Wog, (Q)PW(Q)
is bounded. Since, by the resolvent formula,

(@) Ve(Q)(m + H(F)) ™
=(Q)"xe(Q)Ve(Q)(P)*(P)*(m + Ho(F)) ™"
— Q)7 xe(Q)Ve(Q)(P)"2(P)* (m + Ho(F)) ™'V (m + H(F)) ™",
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the operator (Q)%V.(Q)(m + H(F))~" is uniformly bounded. Furthermore,
VVer)(Q)

)
(Q)Pr (m+ Ho(F)) (v (@Q)(m+H(F))™
=(Q)P (m + Ho(F)) ™' (0(Q) - iP)(Q) ™ - (Q)" Ver (@) (m + H(F)) ™
— (@) (m + Ho(F))"HQ) ™ (@) Vir (Q) - (v(Q) - iP) (m + H(F)) ™",
so it is also uniformly bounded. Therefore all the terms of the form (7.7) are
bounded, uniformly w.r.t. A > 1. Up to the factor (m + E)“**2 the previous
expansion contains also terms of the form

-1

(7.8)  (Q@Wap(Q)B1¥x, P(m+ H(F)) V(Q)(m+ Ho(F)) By¥x),
for uniformly bounded operators B and Bj. We note that
(@)% P(Q)~P(P)~! is bounded and that (Q)%r(P)'(m + H(F))~{Q) %~
is uniformly bounded, use again the above arguments to conclude that all the
terms of the form (7.8) are bounded functions of \. We are left with the term
(m -+ B)* 4 (QWop(Q) (m + Ho(F)) " Wx, P(m+ Ho(F)) ™"

By pseudodifferential calculus,

(PY*'(m + Ho(F))™" and (P)**7'P(m+ Ho(F))~*

are uniformly bounded. Thus, by Proposition 2.4, this last term is bounded, if
we choose £; and ¢5 large enough. This proves (7.5) and therefore (7.4). O

—1

).

Remark 7.2. In the second part of the above proof, we used the assumption
a > 1 to get (7.5). Indeed, we managed to move a "localisation” (m + H)~*
through the multiplication operator ef (@) creating in this way the factors
(P)=% and (P)~*2. Then we applied Proposition 2.4 that only holds true for
a > 1 (see Remark 2.5). In the case o = 1, it is natural to try to move an
appropriate localisation §(H) through ef’ () and then use Proposition 2.1. We
do not know how to bound the operator e (@ @(H)e~ (@) uniformly w.r.t. A,
when 6 is smooth and compactly supported. Formally, e"(@@(H)e F(@ =
O(H(F)) where H(F) = e (@ He F(@ but the latter is not self-adjoint (see

(5.1)).

Remark 7.3. In the case « = 8 = 1, the Mourre estimate is valid at high
energy, say on any compact interval included in some [a; +oo[ with a > 0 (cf.
the proof of Proposition 4.6). Take an energy F > a and ¢ € D(H) such that
H+vy = Ev. The proof of Theorem 2.1 in [FH] works in this situation and yields
the conclusion of Proposition 7.1, namely r = 4oc.

8. EIGENFUNCTIONS CANNOT SATISFY UNLIMITED EXPONENTIAL BOUNDS.

In this section, we work under Assumption 1.1 with | — 1|+ > 1 or with
8 >1/2 and |a — 1|+ 8 < 1, but, in contrast to Section 7, we impose some
lower bound on the form [V(Q),iA]. Again, we study the states ¢ € D(H)
such that HYy = Ev, for some E € R, but also assume that ¢ belongs to
the domain of the multiplication operator €¥{?), for all v > 0. We shall show
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that such ¥ must be zero. Our proof is inspired by the corresponding result in
[FHHH2] (see also Theorem 4.18 in [CFKS]). In fact, when |a — 1| + 5 > 1,
we just apply [FHHH2]. Our new contribution concerns the case where o > 1,
1>p5>1/2, and a4+ 8 < 2. In that case, that is not covered by the result
in [FHHHZ2], we still arrive at the same conclusion using an appropriate bound
on the contribution of the oscillating potential W, to the commutator form
[H,iA]. This provides in particular a proof of Theorem 1.14.

Under Assumption 1.1, we demand, unless |a — 1| + 3 > 1, that g > 1/2.
We require further, as in [FHHH2], that the form [(V. + v - VV,,)(Q),i4] is
Hy-form-lower-bounded with relative bound less than 2. Precisely, we demand
that

(8.1) Je. >0, IN. > 0; Yo € D(H)ND(A),

(@, [(Ve+0-VVi)(@),iA]p) > (ec — 2){p, Hop) — Acllep]l®
We shall need the following known
LEMMA 8.1. Under the previous assumptions,

V8 €]0;1[, Jus > 0; Yo € D(H)ND(A),

(8.2) (o, Hop) > 6(p, Hy) — psllel®.
Ve >0, I\ > 0; Vo € D(H) N D(A),
(8.3) (0, [H = Wap(Q),iAlp) > (ec — €)(p, Hop) — Aclleoll®.

Proof. Since V(Q) is Hp-compact, it is Hyo-bounded with relative bound 0. This
implies (8.2) (see [K]). Recall that the form [V;-(Q) + Vi-(Q),4A4] is compact
from H! to H™! (cf . (cf. (3.3), (3.4), (3.5)). Thus it is Hy form bounded
with relative bound 0. Take ¢ > 0. There exists g > 0 such that, for all
w € D(H)ND(A),

(@, Var(Q) + Vir (@), iAlg)| < elp, How) + piclloll®-
Therefore, for such ¢, the Lh.s. of (8.3) is

> (2_€+66_2)<903H0(10> - ()‘C+IU/€)||SD||23

by (8.1). This yieds (8.3) with Ac = Ac + pe. O
As in Section 7, we shall use a conjugaison by an appropriate ef(?). For v > 0,
let F: R? — R be the smooth function defined by F(x) = ~(x). Setting
g9(z) = ~(z)~", VF(z) = g(z)x and

2 _
(8.4) |[VE(2)]” = v*(1 = (2)7?).
A direct computation gives
(8.5) ((Q-P)*g) () )TN = (@) ) (1 - 3(x)77)
(86)  —(@QPNVFP)@) = —292a)"2(1 - (@)7?) < 0.

PROPOSITION 8.2. Assume Assumption 1.1 and (8.1). Unless |a — 1|+ > 1,
take B > 1/2. Unless a+ 3 < 2 or B > 1/2, take |w| small enough. Let
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¥ € D(H) and E € R such that HY = Ev. Assume further that, for all v > 0,
¥ belongs to the domain of the multiplication operator €¥{Q). Then ) = 0.

Remark 8.3. Note that Proposition 8.2 applies under (8.1) and Assumptions 1.1
and 1.5. In particular, the case o = 1 is allowed.

Proof of Proposition 8.2.  First of all, we focus on the cases where a result
in [FHHH?2] applies. Assume that § > 1 or o < 8 < 1. We use Remark 1.6
to derive, thanks to (8.3), the following property: for any ¢ > 0, there exists
Ae > 0, such that, for all ¢ € D(H) N D(A),

(8.7) (0, [V,iAlp) > (ec —€){w, Hop) — Aol

Therefore [FHHH2] applies.

Assume now that o + 8 > 2 and 8 < 1. Again by Remark 1.6, we know that
the form [W,z(Q),iA] extends to a bounded one from H? to #~2. Thus, for
|w| small enough, (8.7) still holds true and [FHHH2]| applies.

Now, we treat the last case: |a — 1|+ 8 < 1 and 8 > 1/2. We always consider
~v > 1. By assumption, ¢ belongs to the domain of the multiplication operator
ef'(@ Setting ¢ = e (@), we claim that

(88)  |(¥r, [Was(Q)iAlur)| < [l9(@)"2App|” + [wy~ e

JFrom the definition of the form [W,5(Q), 4], we observe that

[(Yr, Was(Q),iAlvr)| < 2w [|g(@)2App|| - [|9(@Q)~*(Q)Pyvr||
< 2wl ||g(@) 2 App|| - 42 (@)Y Py
< 2. |g(@) 2 Apr || -y 2w - |[vr|

since we assumed that 8 > 1/2. Now (8.8) follows from the use of the inequality
2ab < a® + b2, for a,b > 0.

Now, we essentially follows the argument in the proof of Theorem 4.18 in
[CFKS] and prove the result by contradiction. Assume that ¢ # 0. Let ¢p =
eF(@)g). The formula (7.1) is valid with the new function F. As in the proof
of Proposition 5.1, we also have

(8.9) (Wr, Hor) = ($r, (VFP(Q)+ E)yr).

Combining (7.1) and (8.8), we get, for v > 1,

IN

~3- [|g(@)V2Aup||” + [wl*ylwr?
+(Yr, G(Q)Yr)
(8.10) (vp, [H — Wap(Q),iAlvr) < (vr, GQ)Yr) + |wl*y Hvr|?,

where G(Q) = (Q.P)%g — (Q.P)(|VF|?). Next we deduce from (8.3) and (8.2)
in Lemma 8.1, and (8.9), that, for all § €]0; .[, there exist some p;s, p§ > 0 such

(Yr, [H— Wap(Q),iAlpr)

A
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that, for all v > 1,

(Vr, [H = Wap(Q),iAlYr) §(r, Hovr) — pslvrl?

270 ((Yr, HYp) — 2p172) — psllvor|?
2710y, (H = E)Yr) — psll¢rl®

271 5(yr, IVFI2(Q)r) — pillvr]?.

In view of (8.4), we introduce the function f : [0; +oo[— [0; +00[ given by

(8.12) f) = e, (1 = (@7 )vr) = v (r, [VF(Q)r) -
Since 1) # 0, we can find € > 0 such that [|1}.;>2.(Q)¥|| > 0. For all v > 0,

AV AVARRAVARRLY,

(8.11)

N o e TR ) ) P ]
[ev(@p||” T e |1 (@ [1}1>2:(@)2||?
and
) = (1= @)z @ur|”
> (1= (@7 (Il = [1<(@e @)
> (1= (@72 furl?- (1 - Cee®r (=D,

where Ce := [|9[|* - |1].12(Q)%[| 2. Thus, there exist C' > 0 and I' > 1 such
that, for v > T,

(8.13) f@) = Clyel* = Clyl* > 0.
We derive from (8.10) and (8.11), thanks to (8.12) and (8.6), that, for all v > 1,
2716v*f(7) = (o5 + [Py ) [vr)?
By (8.5), ((Q.P)%g)(z) < ~v(1 — (x)~2), for all x € R?, yielding, for all v > T,
27167°f(7) = (o5 + [Py D llwrl* < vf()
and  (27197° — v = (5 + [w[*yTHCTY) - f(v) < 0,
by (8.13). We get a contradiction for v large enough. O

9. LAP AT SUITABLE ENERGIES.

In this section, we prove the limiting absorption principle for H for appropriate
energy regions. As already pointed out in [GJ2] and in Section 3, one cannot
use the usual Mourre theory w.r.t. the generator of dilations A, since the
Hamiltonian is not regular enough w.r.t. A. For the same reason, one cannot
follow the lines in [Gé]. As explained in Remark 3.3, we were not able to apply
the “weighted Mourre theory” developed in [GJ2], which is inspired by [Gé]
and is a kind of “localised” Putnam argument. Instead, we follow the more
complicated path introduced in [GJ1].
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To prepare our result, we need some notation. For § > 0 and y € R, we set

(9.1) g() = 2 - W) 'y.

Let X € C2°(R) with X(¢) = 1 if and only if |[¢] < 1 and suppX C [—2;2]. Let
X=1-X. For R>1andt € R, weset Xg(t) = X(t/R) and Xg(t) = X(t/R).
We also set g5 r(y) = Xr((y))%gs(y). Recall that we set ;. = min(py,., 3).
First, we show a kind of weighted Mourre estimate at infinity for the position
operators () (meaning for large |@|), which can be seen as an energy localised
(i.e. localised in H) Putnam positivity, that is also localised in |Q| at infinity.
It should be compared with Section 2 in [Lal].

ProOPOSITION 9.1. Assume Assumption 1.1. Under Assumption 4.1, take any
compact interval T' C j, the interior of J. Let § be a small enough positive
number (depending only on the potential) and s = (1+9)/2. There exist ¢; > 0
and Ry > 1 such that, for R > Ry, there exists a bounded, self-adjoint operator
Bpg such that, for f € L2(RY) with Ez/(H)f = f, we have the estimate:

(f, HiBRlf) > e [Xe(@)@f]" = O(R™) | Xa((@)(Q)f]
(92> 7O(R_’y_1)7

withy=1-=6>1/2,ifla—1|+8>1, else y=05—38 > 1/2. Here

Br = gsr(Q)-P + P-g5r(Q).

The 707 terms in the estimate can be chosen independent of [ when [ stays
in a bounded set for the norm ||(Q)~* - |.

Remark 9.2. In fact, we can give a precise upper bound on § in Proposition 9.1.
We demand that 6 < min(8; psr; pj,; 1/2). In the case where > 1 and a+ 5 <
2, we know that 8+ 8, > 1 and 8 > 1/2, by Assumption 4.1, and we further
require that 6 < min(S8 + 8, — 1; 8 — 1/2).

Denoting by ¢ the infimum of 7, one can take ¢; = d¢/2 in (9.2).

Proof. We choose § according to Remark 9.2. We take f satisfying Bz, (H)f =
f and belonging to some fix bounded set for the norm [[{(Q)~° - ||. Let 6 €
C°(R;R) such that @ = 1 on 7’ and supp C J. We have O(H)f = f. Take
R; large enough such that, for R > Ry, XzV,. = 0. In particular,

(f,[Ve(Q),iBrlf) = 2(Ve(Q)f,95,r(Q) - iPf) +2(g5,r(Q) - iP f,Ve(Q) )
= 0.

The other contributions of the potential are given by

(fs Vir(Q),iBrlf) = —(f, (9s.r- VVir)(Q)f)
<fﬂ [KT(Q)’ZBR]JC> = 2§}%<in, VST(Q)gé,R(Q)f>?
<f’ [Waﬂ(Q)’iBR]f> = 2§}%<in, Waﬂ(Q)Qé,R(Q)f)a
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Q)f)

(0 VVar)(@)g5.r(Q)S)
, (@Q)F)

R
‘;;T Q)]gé,R(
T(Q)gé,R Q)

(9:3) — (0(Q)- PP Ve Qs @)
+2R((V - 0)(Q)PF . iVer(Q)gs r(Q)S)

—2R(Vr(Q)PS, 95.r(Q)(v(Q) - P)f)

+2R(Ver(Q)PF , i(v - Vs r)(Q)F) -

Note that the term (f, (g5s.r - VVir)(Q)f) is O(R™) || Xr((Q))(Q)~* ||, for
€ = p;,. — 0 > 0. We shall evaluate the size of the other terms. To this end, we
shall repeatedly make use of Lemma C.5, of Lemma C.6 and of the fact that
the term |[{(Q)~* f| stays in a bounded region, for the considered f. Note that
those lemmata follow from the regularity of H w.r.t. (Q).

Writing
(Vargs,r)(Q)f , iPf)
(Vsrgs,r)(Q)f , iPO(H) f)
= Q) (Vargs)@Xr((@)(Q)°f, [Xr((Q)), iPOH)|(Q)* - (Q)°F)
+ (@)% (Vargs) (@XR((@)Q) £, (@)~ zP@( Q) Xr(Q)Q)™F)

@
IXe((Q))(Q)~*f|| and the second term is at
)~

X
WQ)~*f|I?>, by Lemma C.6. Notice that
t 9 — psr < 0.

the first term is O(RO~1=rsr)
most of size O(R~P+)||Xr((
O(R°~1=Psr) = O(R™") and tha
Using that
Xr((Q)Pf Xr((Q)PO(H)f
(9-4) = [Xr((Q)), POH)Q)* - (@)~ f
+(Q)" - (@) POH)(Q)* - Xr((Q)(@)°f,

we see that the second term in (9.3) is

O(R1P)IXR((@)(Q) ™ fII + O(R ) IXr((@))(Q)* fII?

and the fourth term is even better. For the third term, we use (9.4) twice to
see that it is

O(R*™27Pr) 4+ O(R ™' 7o") [Xr((Q))(Q)* £
FO(RTP) [X((QN(Q) > fII.

Note that O(R°=27rsr) = O(R™7~1).

To evaluate the contribution of W, 3, we use Remark 1.6. If 1 < /3, then we can
treat this contribution as the one of Vj,.. If § < 1 and o < 3, then it is treated
as the one of Vj,.. If § < 1 and a+ 8 > 2, we follow the above treatment of
the contribution of v - VVi,.. Thus, we are left with the case a > 1 > 8 and

DOCUMENTA MATHEMATICA 22 (2017) 727-776



758 TH. JECKO, A. MBAREK

a+ 8 < 2. By Assymption 4.1, 3+ 3, > 1 and, by Remark 9.2, 3+ §;, > 1+9.
Shortening Wo3(Q) as Wy, we write

< aﬂgéR( )f 'LPf>
= (Xr((Q)*Wapgs(Q)O(H)f , iPO(H)f)
(Xr/2((Q)Wapgs(Q)0

= (H)XR((Q))f . iPOH)XR((Q))])
+ (Xr/2((Q)Wasgs(QO(H)Xr((@Q)f . Xr((@)),iPO(H)]f)
+ (Xr2((Q)Wapgs(Q)Xr((Q)), 0(H)]f , iPO(H)Xr((Q)) )
+ (Xr2((Q)Wapgs (@)X r((Q)), 0(H)If , Xr((Q)), iPO(H)]f) .

The second and third terms are O(R™P)[|Xz((Q)){Q)~* || and the last term
is O(R°~'=#), by Lemma C.6.
We now focus on the first term. We write

(9.5) (Xr/2((Q)Wapgs(Q)O(H)Xr((Q)) [, iPO(H)Xr((Q))f)
= (Xp2((Q)Wapgs(Q)0(Ho)Xr((Q)) f 'LPG(HO)XR(< Nf)
+ (Xr2((Q)Wapgs(Q) (0(H) — 0(Ho) ) Xr((Q)) f (HO) rRUQ)) S >
+ (Xr2((Q)Wapgs(Q)0(Ho)Xr((Q))f , iP (6 (H Ho))Xr({Q))f
+ (Xrp2((Q)Wapgs(Q)(0(H) — 6

(Ho))X (< DIE
iP(0(H) — 0(Ho))Xr((Q))f) -

By Lemma C.5, the second and third terms on the r.h.s. of (9.5) are at most
of size O(ROT1=F=Ar)IXr((Q))(Q)~* f||?, whereas the fourth one is seen to be
O(RITI=B=28) X ((Q))(Q) ™% f||?. We write the first one as
(Xr/2((Q)Wapgs(Q)0(Ho)Xr((Q))f , iPO(Ho)Xr((Q))f)
= (Wap [Xr/2((Q))gs(Q), 0(Ho) | Xr((Q)) f , iPO(Ho)Xr((Q))f)
+ (Wap0(Ho)gs(@)Xr((Q))f , iPO(Ho)Xr((@))f) -

By the above arguments, the first term on the r.h.s is

O(R ) IXr({@))(@)~* fI1*.

So is also the last term by Propositions 2.1 and 2.4.

We are left with the contribution of Hy in the Lh.s. of (9.2). A direct computa-
tion gives [Ho,iBgr] = PT-Gs g+ P — hs r where the entries of the d x d-matrix
valued function Gs r on R% are given by

O (Xr(())*(95);) (W) -

Here gs(y) = ((95)1(y), -+, (95)a(y))T and T denotes the transposition. The
real valued function hs p on R? is given by

ho,r(y) = Z Fioes (Xr(())*(95)5) () -

1<j,k<d
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The contribution of hs g to (9.2) is seen to be O(R°~2) = O(R™?~!). Since

A (Xr(()*(94))(v)
= Xr((0))05 ((95)3) () + 202 = () ™)X () X)) 7

2(2 - ()*5)5(3(0)5(;%(0) > 0, and the matrix (y;yx(y)~2)1<jk<a is nonnega-
tive,

(f, PT-Gsr-Pfy > (f, PT-Xgr((Q))*Gs(Q) - P )

where the entries of the d x d-matrix valued function Gs on R¢ are given by
O ((96)7)(y). Fory € RY, Gs(y) is the sum of two nonnegative matrices, namely

2= ik 5 Yy
9o) = (5 = G i T G (G acinsa
d YUk 0 (YiYk
= <y>1+‘5( " W)lsjykgd * <y>1+5(<y>2)13j,kgd
1)
> (y)—1+5]d’

where I is the d x d identity matrix. This yields
(f, PT-Gsn-Pf) = 6(f, PT-Xr((Q)(Q)*Pf).

We write

(f, PT-Xa((@)(Q)>Pf)

= (0(H)f, PT -Xr((Q)*Q)"*Po(H)f)

= (f. [0(H)PT, Xp((Q))(Q)~*] - [X (< Q)% PO(H)] f)
+(f, [0(H)PT Xr((Q)(Q)~*] - P 5<(>)<>S>
+(X (<>)<>Sf0HP[R<> H)] f)
+ (Xr((@)(Q)*f, 6(H)Hob(H) Xr((Q) >

By Lemma C.6, the first term is O(R™ 3 =O0R~ ) the second and third
ones are O(R~)[Xn((Q))(Q)~* ], thus also O(R~)|[Xa((Q))(Q)~*f]. Wait-
ing Hy = H — V in the last term and using the fact that 0(H)V(Q)%r is
bounded, this last term is

> c|l0H)XR(QNQ) I = OR™7) [Xr((@)(@) I,

where ¢ is the infimum of J. Now, we write

10(H)Xr(Q))(@) " fII”

= <[9(H),>?R(<Q>)<Q>_8Jf [0(H), Xr({@)(@) "] f)
+([0(H), Xa((Q)){Q) ] £, Xr((@)(Q)*f)
+{(Xr((@)(Q)" [(H Xr({@)Q)~°]f)
+[Xr({@)(@)~ ‘5f||2
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By Lemma C.6 again, the first term is O(R™?) = O(R™77!), the second and
third ones are O(R™1)[Xr((Q))(Q)~*fIl = O(R™")[Xr((Q))(Q)~*f||. Gath-
ering all the previous estimates and taking R; large enough, we get (9.2) with
c1 = dc/2. O
Now we are in position to prove our first main result, namely Theorem 1.8. To
this end, we use the characterization of the LAP in terms of so called “special
sequences”, that was introduced in [GJ1].

Proof of Theorem 1.8. Without loss of generality, the length of Z may be as-
sumed small enough. In particular, we can find a compact interval 7 satisfying
Assumption 4.1 such that Z C J. Since the validity of (1.4) for some s > 1/2
implies the validity of (1.4) for any s’ > s, we may choose s > 1/2 as close
to 1/2 as we want. Let § € C2°(R;R) such that @ = 1 on Z and suppf C J.
By Proposition 4.6, (4.2) holds true. Multiplying each term on both sides by
X(H)IT+, with X = X, and shriking the size of the support of X so much
that || KX(H)IT|| < ¢, we get (4.2) with 2c replaced by ¢, §(H) replaced by
X(H)IT*, and K = 0. This can be done with the requirement that X = 1 on
a small compact interval. Therefore we may assume that, for Z, J, and 0, as
above, we have the following strict, projected Mourre estimate

(9.6) I 0(H)[H,iAJ0(H)IY > cO(H)>TT+.

Recall that 0(H) € C>*((Q)) and O(H)II € C>*((Q)), by Lemma 3.1 and by
Corollary 6.3, respectively. Thus 0(H)IT+ € C*({Q)) and we can apply Propo-
sition 3.2 in [GJ2]. Therefore the LAP (1.4) is equivalent to the following
statement:

Take a sequence (fn,zn)nen such that, for all n, z, € C, Rz, € Z, Sz, # 0,
fn € DH), It f,, = fn, O(H)fn = fn, and (H — 2,,)f, € D((Q)*). Assume
further that Sz, — 0, |[(Q)*(H — z,)fn]l — 0, and that (|[{Q)° fu|l)nen con-
verges to some real number 7. Then n = 0.

We shall prove this statement. Let us consider such a sequence (fn, 2n)nen-
Take R > 1. Notice that Xz((Q)) f, actually belongs to D(H) N D({Q)). Note
also that the operator A+ := II0(H)AO(H)IT+ is well-defined on D({Q)), since
PO(H) is bounded and preserves, together with #(H) and IT*, the set D((Q)).
Since H commutes with §(H)II+, we derive from (9.6) applied to Xz((Q)) fn
that

1) (XR(Q)fa. [HAAXR(QDS) > e|0EIT XR(@) ]
Since §(H)I* is smooth w.r.t. (Q),

OHXR(Q)fn = Xr((@)fn + [0H)IT X(Q)(Q)* - (Q)" fa
Xr((@)fn + O(RTY),
thanks to Lemma C.6. The above O(R*7!) and the following ”O” are all
independent of n. Inserting this information in (9.7), we get
RUQ) fu s [HAATXR(Q) ) = el[Xa((@)ful|”

(9:8) +O(B) [Xe(@)fall + O(R*T?).
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Now, we need information on the f,, for "large (Q)”. Let Z' a compact inter-
val such that suppd C 7’ C J. Since fn = 0(H)fn and Ex0 = 0, Ep f, =
Ez(H)0(H)f, = 0(H)fn, = fn. Furthermore, the sequence (||[{(Q) ™ fn|)n is
bounded since it converges to 7, by assumption. Therefore we can apply Propo-
sition 9.1 to f = f,, (choosing s close enough to 1/2, requiring in particular that
s < ), yielding (9.2) with f replaced by f,, and with n-independent ”O’s”. As
in [GJ1] (cf. Corollary 3.2), we deduce from this that, for R > Ry,

(9.9) lim:upH)N(R((Q»(QYanH = O(R™) + O(R"0OV/2) = O(R™).
We rewrite the Lh.s of (9.8) as

(XrUQ) fn, [H, iAT XR((@) fn)

= (fa, [H,iXr(Q)AXR(Q)] fn)

+ 2R([H, Xr((Q)] fr s iAXRUQ)) fn) -
Since, as form,
[H,Xr((Q))] = [Ho,Xr((Q))], =

= =29 (V(Xa(()))(@ + (A(a()))(@),
and since (Q) "'V A~ is bounded, we obtain, using (9.9),
2R([H,Xr((Q))] fn, iAXR((Q)) fa) = O(R*)|[Xr((Q)fa] -
Therefore (9.8) yields
(o [HAXR(@QDAXR(@)]fn) > e[ Xr(@)fa]” + O(B*?)

(9.10) +O(RT)|IXr(Q) ful| -
Expanding the commutator as in [GJ1] (cf. Proposition 2.15), we see that
(9-11) lim(fo, [H,iXr((Q)AXR(Q))] fa) = 0.

Using (9.11) in (9.10), we deduce that
limsupHXR(<Q>)an = O(RS*'V) ,

with s — v < 0. It follows from this and (9.9) that n = 0. O

10. SYMBOL-LIKE LONG RANGE POTENTIALS.

This section is devoted to the

Proof of Theorem 1.18. Let Hj be the self-adjoint operator Hy + Vi,-(Q) on
D(Hp). Thanks to the assumption on V., H; is actually the Weyl quantiza-
tion p® of the symbol p € S((£)?,g) defined by p(z;&) = [£]? + Vir(x) (see
Appendix A for details). Now we redo the proofs of Theorems 1.8 and 1.14,
replacing Hy by H; at some appropriate places. More precisely, we perform
this replacement exactly when the original proofs use the “decay” in (@) of
0(H) — 6(Hyp).
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First, we claim that the last statement in Proposition 2.1 is valid if Hy is re-
placed by H;. Indeed we can follow the proof of Lemma 4.3 in [GJ2] and arrive
at (4.7) with 6(1¢]*)0(|¢ F k[?) replaced by 0(|¢|* + Vir (2))0(|€ F k[ + Vi (2)).
Since the latter also vanishes for small enough support of 8, we conclude as in
[GJ2].

For any ¢ > 0 and any 6 € C°R;C), (P)‘0(H,) is bounded by pseudodifferen-
tial calculus (cf. Appendix A). Therefore, the last statement in Proposition 2.4
holds true with Hy is replaced by H;.

We can check that the result in Lemma 4.5 holds true with Hy replaced by Hj.
Thus, performing the same replacement in (4.1), we get the result of Proposi-
tion 4.3. We derive the Mourre estimate of Proposition 4.6 by the same proof.
Also with the same proofs, we get the results of Proposition 5.1, Corollary 5.2,
Proposition 6.1, Corollary 6.2, and Corollary 6.3.

In the proof of Proposition 7.1, we modify the argument leading to the bound
(7.5). Again, we replace Hy by H;. We notice that Hy(F) = eF (@ H e F(Q)
is also a pseudodifferential operator in C'((Q)) such that, for ¢ € [0;1], the
operator (Q)¢(m + Hy(F))~1(Q)~¢ is bounded, uniformly w.r.t. A > 1. Then,
we can follow the end of the proof of Proposition 7.1 with ;. replaced by 3,
Hy(F) by Hi(F), and V by V = V.

Next, we redo the proof of Proposition 8.2 without change. In the proof of
Proposition 9.1, we only change the treatment of (9.5) in the following way.
We can check that the results in Lemma C.5 are valid with Hy replaced by H;
and G- by 5. Concerning the first term on the r.h.s of (9.5), we only need to
point out that (P)‘0(H;) is bounded for any ¢, by pseudodifferential calculus.
We thus obtain the result of Proposition 9.1. Finally, we recover the result of
Theorem 1.8 by the same proof. (|

APPENDIX A. STANDARD PSEUDODIFFERENTIAL CALCULUS.

In this appendix, we briefly review some basic facts about pseudodifferential
calculus. We refer to [Ho][Chapters 18.1, 18.4, 18.5, and 18.6] for a traditional
study of the subject but also to [Bea, Bol, Bo2, BC, Le] for a modern and
powerful version.

Denote by (M) the Schwartz space on the space M and by F the Fourier
transform on R given by

Fu() := (27r)_d/ e Sy(z) dr

Rd

for ¢ € R? and u € . (R%). For test functions u,v € .#(R%), let Q(u,v) and
' (u,v) be the functions in .7 (R??) defined by

Qu,v)(x, &) = E(J:)]:u(f)ei:”'5 ,

(u0)(o.€) = (2r) [ uta /(o + y/2e < dy.
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respectively. Given a distribution b € .%/(T*R%), the formal quantities

)t [ e b, olouty) dedyds.

(27r)—d /RM ei(z_y)'gb((x +1)/2, & u(r)u(y) dedydé

are defined by the duality brackets (b, Q(u,v)) and (b, (u,v)), respectively.
They define continuous operators from .7 (R9) to .#/(R¢) that we denote by
Opb(z,D,) and b*¥(x, D,) respectively. Sometimes we simply write Op b and
b, respectively.

Choosing on the phase space T*R?% a metric ¢ and a weight function m with
appropriate properties (cf., admissible metric and weight in [Le]), let S(m, g)
be the space of smooth functions on T*R? such that, for all k € N, there exists
cx > 0 so that, for all x* = (z,¢) € T*RY, all (t1,--- ,tx) € (T*RY)F,

(A1) | (") - (b1, )] < ewml@®)gor (8)2 - gon (0) 2

Here, a'®) denotes the k-th derivative of the function a. We equip the vector
space S(m, g) with the semi-norms || - ||z s(m,g) defined by maxo<x<e cx, where
the ¢, are the best constants in (A.1). S(m, g) is a Fréchet space. The space of
operators Op b(x, D,,) (resp. b*(x, D,)) when b € S(m, g) has nice properties
(cf., [HB, Le]). Defining x* = (z,€) € T*R?, we stick here to the following
metrics

dz?  d¢? dx? de?
A2 x* = —= + —= d a)xt (= e + —=,
( ) (90) <$>2 + <£>2 an (g ) <.’L'>2(1_O‘) + <€>2
for 0 < a < 1, and to weights of the form, for p,q € R,
(A.3) m(x*) = (z)?(§)7.

The gain of the calculus associated to each metric in (A.2) is given respectively
by

(A.4) ho(x*) = (2)7HE) ™" and  ha(x") = () 7€)

Take weights m1, ms as in (A.3), let g be go or g4, and denote by h the gain of g.
For any a € S(m1,g) and b € S(mq, g), there are a symbol a#,b € S(mima, g)
and a symbol a#b € S(mima, g) such that OpaOp b = Op (a#,b) and a™b™ =
(a#b)™. The maps (a,b) — a#,b and (a,b) — a#b are continuous and so are
also (a,b) — a#,.b —ab € S(mimah, g) and (a,b) — a#b — ab € S(mimah, g).
If a € S(mq,g), there exists ¢ € S(my, g) such that a® = Opc. The maps a — ¢
and a — ¢ —a € S(mimah, g) are continuous. If a € S({(£)™, g) for m € N, a¥
and Op a are bounded from H™(R?) to L2(R¢) and the corresponding operator
norms are controlled above by some appropriate semi-norm of a in S(({)™, g).
In particular, they are bounded on L2(R%), if a € S(1,g). Futhermore, for
a€ S(m,g),

(A.5) Opa is bounded <= " is bounded <= a € S(1,9) .
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For a € S(1, g),
(A.6) Opa is compact <= a" is compact < | li‘m a(x*)=0.

x*|—00
Finally, we recall the following result on some smooth functional calculus for
pseudodifferential operators associated to some admissible metric g. This result
is essentially contained in [Bol] (see [GJ2, Le], for details). We also use it for
g =90 0T § = ga-
For p € R, we denote by &7 the set of smooth functions ¢ : R — C such that,
for all k € N, sup,cr(t)*?|0Fp(t)| < oo. If we take a real symbol a € S(m, g),
then the operator a is self-adjoint on the domain D(a™) = {u € L2(R%); a%u €
L2(R4)}. In particular, the operator ¢(a®) is well defined by the functional
calculus if ¢ is a borelean function on R. We assume that m > 1. A real
symbol a € S(m,g) is said elliptic if (i —a)~! belongs to S(m~1,g). Recall
that h denotes the gain of the symbolic calculus in S(m, g).

THEOREM A.l. Letm > 1 and a € S(m, g) be real and elliptic. Take a function
w € S8P. Then p(a) € S(mP,g) and there exists b € S(hm?,g) such that

(A7) ¢(a”(z,D)) = (p(a))" (z, D) + b*(x, D).
APPENDIX B. REGULARITY W.R.T. AN OPERATOR.

For sake of completness, we recall here important facts on the regularity w.r.t.
to a self-adjoint operator. Further details can be found in [ABG, DG, GJ2,
GGM, GG¢].

Let 5 be a complex Hilbert space. The scalar product (-,-) in S is right
linear and || - || denotes the corresponding norm and also the norm in B(J¢),
the space of bounded operators on J#. Let M be a self-adjoint operator in
. Let T be a closed operator in s#. The form [T, M] is defined on (D(M)N
D(T)) x (D(M) 1 D(T)) by

(B.1) (f,[T,M]g) := (T"f, Mg) — (Mf,Tg).

If T is a bounded operator on . and k € N, we say that T € C*(M) if, for all

f €A, themap R >t e™Te M f ¢ # has the usual C* regularity. The
following characterization is available.

PROPOSITION B.1. [ABG, p. 250]. Let T € B(). Are equivalent:
(1) T eCH(M).
(2) The form [T, M| defined on D(M) x D(M) extends to a bounded form
on A x A associated to a bounded operator denoted by ad}, (T) :=
[T, M],.
(3) T preserves D(M) and the operator TM — MT, defined on D(M),
extends to a bounded operator on J.

It immediately follows that T' € C*(M) if and only if the iterated commutators
ad? (T) := [ad% "(T), M], are bounded for p < k.

It turns out that 7' € C*(M) if and only if, for a z outside o(T’), the spectrum
of T, (T — z)~' € C*(M). Now, let N be a self-adjoint operator in J#. It is
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natural to say that N € C¥(M) if (N — z)~! € C*(M) for some z ¢ o(N). In
that case, (N —z)~! € C*(M), for all z ¢ R. Lemma 6.2.9 and Theorem 6.2.10
in [ABG] gives the following characterization of this regularity:

THEOREM B.2. [ABG, p. 251]. Let M and N be two self-adjoint operators in
the Hilbert space 5. For z ¢ o(N), set R(z) := (N — 2)~'. The following
points are equivalent:

(1) N ecY(M).

(2) For one (then for all) z ¢ o(N), there is a finite ¢ such that
(B.2) (M, R(2)f) = (R(2)f, M f)| < ¢||f|]?, for all f € D(M).
(3) a. There is a finite ¢ such that for all f € D(M)ND(N):

3) (M NF) = (NF M < c(INFI?+ 1LFIP).

b. The set {f € D(M); R(z)f € D(M)and R(Z)f € D(M)} is a core
for M, for some (then for all) z ¢ o(N).

(B.

Note that the condition (3.b) could be uneasy to check, see [GGé]. We mention
[GM][Lemma A.2] to overcome this subtlety. Note that (B.2) yields that the
commutator [M, R(z)] extends to a bounded operator, in the form sense. We
shall denote the extension by [M, R(z)]o. In the same way, from (B.3), the
commutator [N, M] extends to a unique element of B(D(NN), D(N)*) denoted
by [N, M],. Moreover, if N € C}(M) and z ¢ o(N),
(B4) [M,(N—-2)""]. = (N-2)"" [N,M], (N —2z)""'.
—— —— ———
HeD(N)* D(N)*D(N) DNt
Here we used the Riesz lemma to identify 7 with its anti-dual #7*. It turns
out that an easier characterization is available if the domain of IV is conserved
under the action of the unitary group generated by M.

THEOREM B.3. [ABG, p. 258]. Let M and N be two self-adjoint operators
in the Hilbert space H such that e D(N) C D(N), for all t € R. Then
N € CYH(M) if and only if (B.3) holds true.

APPENDIX C. COMMUTATOR EXPANSIONS.

In this appendix, we recall known results on functional calculus and on com-
mutator expansions. Details can be found in [DG, GJ1, GJ2, Mg]. We then
apply these results to get several facts used in the main part of the text. We
make use of pseudodifferential calculus (cf. Appendix A) and of the regularity
w.r.t. an operator, recalled in Appendix B.
As in Appendix A, we counsider, for p € R, the set S” of functions ¢ € C*(R;C)
such that
(C.1) Vk €N, Ci(p) :=sup &) "T*|0Fp(t)] < 0.

teR
Equipped with the semi-norms defined by (C.1), §” is a Fréchet space. We
recall the following result from [DG] on almost analytic extension.
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ProproSITION C.1. [DG]. Let ¢ € 8 with p € R. There is a smooth function
¢ : C — C, called an almost analytic extension of ¢, such that, for all | € N,

(C.2) ¢Cle =9, [0:0%(2)| < c1(Re(2))? ' HIm(z)[",
(C.3) supp o© C {z +iy; [y < c2(z)},
(C4) 0% (x +1iy) =0, if v & supp ¢,

for constants ¢1, co only depending on the semi-norms (C.1) of ¢ in SP.

Next we recall Helffer-Sjostrand’s functional calculus (cf., [HeS, DG]). As in
Appendix B, we consider a self-adjoint operator M acting in some complex
Hilbert space . For p < 0, k € N, and ¢ € §”, the bounded operators
(0F¢)(M) can be recovered by

. I P Py s .
(C.5) (0%p)(M) = 5 Oz~ (2)(z — M) dz N dz,

T Jc

where the integral exists in the norm topology, by (C.2) with [ = 1. For p > 0,
we rely on the following approximation:

PROPOSITION C.2. [GJ1]. Let p >0 and p € S§”. Let X € C°(R) with X =1
near 0 and 0 < X <1, and, for R > 0, let Xg(t) = X(t/R). For f € D((M)")
and k € N, there exists

(COXO (M) = lim /C 0= ($XR)C(2) (2 — M)~k f dz p d.

The 1.h.s. converges for the norm in €. It is independent of the choise of X.

Notice that, for some ¢ > 0 and s € [0; 1], there exists some C' > 0 such that,
forall z=z+iy € {a+ib|0 < |b| < c(a)} (like in (C.3)),

(C.7) [(M)* (M = 2)7H| < Cla)* - [y~

Observing that the self-adjointness assumption on B is useless, we pick from
[GJ1] the following result in two parts.

ProposITION C.3. [BG, DG, GJ1, Mg]. Let k € N*, p <k, p € §”, and B be
a bounded operator on S such that B € C*(M). As forms on D({(M)*~1) x
D((M)*1),

(©8)  [p(M). B = X (07 )(M)ad (B)
(C.9) + % : 9:0%(2)(z — M)~ *adh, (B)(z — M)~ 'dz A dz.

In particular, if p < 1, then B € Ct(¢(M)).

The rest of the previous expansion is estimated in
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ProrosiTION C.4. [BG, GJ1, Mg|. Let B be a bounded operator on € such
that B € C*(M). Let ¢ € SP, with p < k. Let I1.(¢) be the rest of the
development of order k (C.8) of [p(M), B], namely (C.9). Let s,s" > 0 such
that s' <1, s <k, and p+s+s' <k. Then, for ¢ staying in a bounded subset
of 82, (M)*I1:(o)(M)* is bounded and there exists a M and ¢ independent
constant C' > 0 such that ||(M)*I,(0)(M)*" || < C|ladk, (B)]|.

Now, we show a serie of results needed in the main text. Most of them are
more or less known. We provide proofs for completeness.

Proof of Lemma 3.1.  The assumptions 1.1 and 1.5 are not required for the
proof of (1). We note that (1 + Hp)™! = a* and (Q) = b*, where a(x,§) =
(1+|¢*) 7! and b(x, &) = (x), Since a € S((£)72,g0) and b € S({x), go), where
the metric g defined in (A.2), the form [(1 + H)~ 1, (Q)] is associated to c¢v
with ¢ € S(h{(£)~2(x), g0) = S((£)73, g0), by pseudodifferential calculus. Since
S((€)73,90) € S(1,90), the form [(1 + Hp)™t,(Q)] extends to bounded one
on L2(R%). Similarly, we can show that the iterated commutators adig@ ((1+

Hp)™!) all extend to bounded operator on L2(R%). By the comment just after
Proposition B.1, (1+Hp) ™! € C**((Q)) and Hy € C*((Q)), by definition. Since
(P) = d¥ with d(z,€&) = (14 |£]>)'/2, we can follow the same lines to prove
that (P)~! € C*((Q)) and thus (P) € C>*((Q)). Similarly, P;, P,P;, (P)* €
C>°((@)). Since the form [(P), (Q)] is associated to bounded pseudodifferential
operator, we see that D((Q)(P)) = D({P){(Q)).

By a direct computation, we see that the group e™{?) (for ¢t € R) preserves
the Sobolev space H2(R9), which is the domain of H. Furthermore the form
[H,(Q)] coincide on D(H) N D({(Q)) with [Hy, (Q)]. The latter is associated,
by pseudodifferential calculus, to a pseudodifferential operator that is bounded
from H!(R?) to LQ(Rd) By Theorem B.3, H € C*((Q)) and, for z € C\ R,

(C.10) (= L@, = -H)7 [HAQ)], (= - H).

On D(( ) x D((Q)), we can write the form [[(z — H)™1,(Q)]o] as

[(2 —H)7 Q)] [HAQ)] (e = H)™" + (e = H) ' [H(Q)], [(z = H)7",(Q)]
+ H) ' [[HAQ)],, Q)] (z—H)™".

Since [[H, ()]0, (@)] = [[Ho, (Q)]o, ()] is associated to a bounded pseudo-
differential operator, H € C%({Q)) by Proposition B.1. Now we conclude the
proof of (2) by induction, making use of (C.10) and the fact that the form
adfy, (H) = aude> (Hp) extends to a bounded one, if p > 2.

Let N = H or Hy. For z € C\ R, we have (C.10) with H replaced by
N, thanks to (1) and (2). Using the resolvent equality for the difference

(z— N)=!' — (i — N)~!, we see that

(C.11) li-ML @)l < o1+ <§RZ>).

R

where C' only depends on the operator norm of [N, (@)]o. Now we use (C.5) with
© = 6 to express the form [#(H), ()] and see that it extends to a bounded one,
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thanks to (C.11). This shows that 6(N) € C}((Q)). In a similar way, we can
show by induction that 0(N) € C*((Q)). The above arguments actually show
that P;[0(N), (Q)]o is a bounded operator on L2(R%). So is also [P;0(N), (Q)]o
and, since P;0(N) is bounded, P;#(N) € C'((Q)). Again we can derive by
induction that P,0(N) € C>*((Q)). Similarly we can verify that P,P;0(N) €
C*((Q)).

Note that 0(H)D((Q)) C D(H) = D(Hyp). Let z € C\R. By (2), (z — H)™!
preserves D((Q)) and, on D((Q)),
(2

(@ (—H)™" = (- H)7HQ) + [(@), (= = H)7'] .
Thus (Q) (z — H)~1{Q) ™! is bounded and
@G- = - + [(Q).-H)7] (@7
By (C.10), we see that (P)(Q) (z — H)~ Q)™ !
= (P)(z = H)™' + (P)(z — H)"" [{Q), H], (= = H)"H{Q)™"
is bounded and, for some z-independent C’ > 0,
[tP@ - 1@ < (1 + S5

Therefore, (P){(Q)0(H)(Q)~" is bounded, by (C.5) with k¥ = 0. This implies
that 6(H)D((Q)) < D({(P)(Q))- 0

LEMmMA C.5. Assume Assumptions 1.1 and 1.5. For integers 1 < i,j < d, let
the operator T(P) be either 1, or P;, or PiP;. Then, for any 8 € C*®(R;C)
and any o > 0, (Q)Pr=o7(P)(0(H) — 6(Ho)){Q)?, (Q)~7(P)O(H){(Q)°, and
(Q)~7(P)0(Ho)(Q)? are bounded on L?(R?).

Proof. We first note that, for § € [—1;1], the form [H,(Q)°] = [Ho, (Q)%]
extends to a bounded one from H!(R?) to L2(RY). Thus, as in the previous
proof (the one of Lemma 3.1), for H' = H and H' = Hy, there exists C' > 0,
such that, z € C\ R,

01 et mer] < (1 B

Since, for § € [0;1], we can write
@G -HYHQ™ = (@7°G-H)HQ)
+(Q)T (- H)THH (@Q)o(2 - H)HQ)’

with [H', (Q)]o = [Ho, (@)]o, (C.12) implies (C.12) with ¢ replaced by §+1. By
induction, we get (C.12) for all § > 0. For ¢ € [—1;0], we can similarly show
(C.12) with 6 replaced by § — 1 and then, by induction, (C.12) for all § < 0.
For z € C\ R,

Q)P =7Ve(Q) (2 — Ho) Q)7
= (Q)""Xe(Q) - Ve(Q)(P) 2 - (P)X(Q) 7 (2 — Ho) Q)"
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and, for W =W, + Vi + Vg,

(@7 TW(Q)(=z — Ho)"HQ)™ = (Q)""W(Q) (Q)™7 (= — Ho) Q)"
and, using P - v(Q) = (V- v)(Q) +v(Q) - iP,
(@7 (2= H) ™M (v VVir)(Q)(z — Ho) Q)7
= (@7 (z = H)7 ((Q) - zP)V @z - Ho) 1<Q>°’

— Q)7 (2 = H) W (@) (v(Q) - iP) (= — Ho) ™"
= (@) (= = H)"HiP(Q)" "1 - ( N Vr(@)(Q) ™ (2 — Ho)HQ)”
— (@) (2 = H)"HQ)T (V- 0)(QNQ)" Var(@)(Q) 7 (2 — Ho)~H(Q)”
— (@) (2 = H)"HQ)T (@) Ver (Qu(Q) - (Q)7iP (2 — Ho)~H{Q)7 .
By (C.12) for H' = H and 6 = 0 — B, (C.12) for H' = Hy and 6 = o, and by
the resolvent formula, we see that the operator
(PYQYP (= = )™ = (2 = Ho) ™) (Q)7

is bounded and its norm is dominated by some z-independent C’ times the
r.hus. of (C.12) squared. Now, we use (C.5) with k£ = 0 to get the boundedness
of (P)2(Q)P+=7(0(H) —0(Hy))(Q)?. This shows the desired result for the first
considered operator.

The result for the last two operators follows from (C.12) and (C.5) with k =
0. O

LEMMA C.6. Assume Assumptions 1.1 and 1.5 satisfied. Let 0 € C°(R;C).
Let X € C°(R;R) with X = 1 near 0 and, for R > 1, let Xgr(t) = X(t/R) and
Xgr(t) =1—Xg(t). Let 7(P) be either 1, or P;, or P,P;, for 1 <i,j <d.
(1) For o € [0;1] and € > 0, the operators
(@) [r(P)O(H), Xr((QN)]o(@)7  and (@)~ “r(P)[0(H), Xr((Q))]-(@)”

are bounded on L2(R?) and their norm are O(R2°~1¢).
(2) The operators

(@' [r(P)OCH), XR(@))],  and (Q)'Prr(P)[0(H), Xr((Q))],
are bounded on L*(R?) and their norm are O(R™Pw).

Proof. We only prove (1). The proof of (2) is similar since [0(H),Xr((Q))] =

—[0(H), Xr((Q))] and [r(P)0(H), Xr(Q))] = —[7(P)0(H), Xr((Q))]-
Note that, on D((Q)?),

where [0(H),Xr((Q))], is explicit and satisfies
Q)7 (0(H), xr((@N)] (Q)7]| = O(rR*717).
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Thus, it suffices to study the second operator in (1).
The form [H, Xz ((Q))] = [Ho, Xr({Q))] extends to a bounded one from H*!(R?)
to L2(R9). Furthermore,

[H Xr((@)]e = [Ho, Xr((@)]e = —XR(Q)(@Q)™'Q- P + Br,

with bounded Bg such that ||Bg|| = O(R~?). Using the proofs of Lemma 3.1
and of Lemma C.5, we get, for z € C\ R, the operator

(@7 l(z = H) "L Xr((Q)]o(@)7 ~
= Q)7 (2 = H)"'[HXr((@)]o (> — H)"HQ)"
is bounded and, there exist C' > 0 such that, for all z € C\ R and all R > 1,

J@7 (=~ ) XR(Q)](Q)7 ]| < B (1+ <Rz>)2,

|3z R

Using (C.5) with k = 0, we get the boundedness of (Q)?~[0(H ), Xr((Q))]-(Q)°
and the desired upper bound on its norm. Similarly, we can treat the operators
(@) PR0(H), Xr((Q))]o(Q)7 and (Q) P P;[0(H), Xr((@))]o (@) 0
LEMMA C.7. Let (o; B) such that |a—1|4+5 < 1. Let e €)2|a—1];1—B+|a—1]|].
Then the integral (3.7) is infinite.

Proof. Denote by I this integral (3.7). Note that its integrand is nonnegative.
Using spherical coordinates,

+oo
I = cd/ (1- K(T))3T17ﬁ+|a71|7(d+6)+d71 sin® (kr®) dr
0

where c¢q > 0 is the mesure of the unit sphere in R%. For n € N, let
1/m ™

T
anfE(EquLer) and bnfanJrQ—k.

For 7 € [a/*;by/®], sin? (kr®) > 1/2. Let N be a large enough integer such
that, for n > N, a/® lies outside the support of k(] - ]). Thus,

b/

2I oo
- —B+|a—1|—€
> g /l/a r dr .
n=N"%

Cd n

The general term in the above serie is bounded below by ¢-n®  (1=A+la=1l-0 -1
for some ¢ > 0. By assumption, 1 — 3 + |a — 1| — € > 0, therefore the serie
diverges, showing that I is infinite. O

APPENDIX D. STRONGLY OSCILLATING TERM.

In this section, we focus on the case a > 1 and prove the key result on oscilla-
tions, namely Proposition 2.4. To this end, we recall the following well-known
result.

DOCUMENTA MATHEMATICA 22 (2017) 727-776



OSCILLATING POTENTIALS 771

LEMMA D.1. Schur’s lemma.
Let (nym) € (N*)2. Let K : R® x R™ — C be a measurable function such
that, there exists C > 0 such that

sup/ |K(x;y)|dy < C  and sup/ |K(x;y)|de < C.

zER™ yER™

Then the operator A : L2(R™) — L2(R"™), that maps f € L2(R™) to the
function
T = K(zyy) - f(y)dy,
]Rm,
is well-defined, bounded and its operator norm is bounded above by C'.

Proof of Proposition 2.4. Recall that, by (2.1), denoting 1 — x by X,
e2(Q) = (1= k(IQI))e= MO = x(j@l)e*Hal",

where x € C2°(R; R) is identically 1 near 0. Note that, for €,d > 0, (Q)~(P)™°
is compact on L#(R% C). By pseudodifferential calculus (or commutator ex-
pansions, cf. [GJ1]), (Q)~¢(P)~*(Q)¢ is bounded on L%(R%; C) for any ¢ > 0.
Thus, the desired result follows from the boundedness on L2(R¢;C) for all
p >0 of (P)~(Q)Pe(Q)(P)~*2, for appropriate ¢; and fy. Given p, we seek
for £1,05 > 0 and C > 0 such that, for all function f € .#(R%; C), the Schwartz
space on R?,

[(P) =" (Q)Pe(Q)(P) " f||”
= ((P)7 f, (Q)Pe(Q)(P) "> (Q)Pet (Q)(P) " f)
is bounded above by C|| f||*.
Given f € .7(R% C), we set g = (P)~*2f € . (R%;C) and write
file) = ((@Pes(Q)P)*H{Q)"ed (Q)g) (x)
D) = () [ O )€ )X () dy

where ¢, 1+ (2;9;€) = (z —y) - € F k(|z|* — |y|*) and the integral converges
absolutely, if ¢4 > d/2. Take 0 €]0;1/2[ and 7 € C°(R) such that 7(¢) = 1
if [t] < 1 —2§ and 7(¢t) = 01if |t > 1 — 4. On the support of (z;y) —
X(@2)X(y)7(|z —y| - |2|71), |z —y| < (1 — &)|x|. In particular, on this support,
0 does not belong the segment [z;y] and, for all ¢ € [0; 1],

(D.2) 2=0)z[ = ftz+(1-t)yl = |z|- (1A —-t)y—2| = dla|.

We write f1(z) = fa(z) + f3(z) where fa (resp. f3) is given by (D.1) with g(y)
replaced by (1—7(|z—yl-|z|~"))g(y) (vesp. 7(lz—yl-|z|~")g(y)). On the support
of the function (z;y) — X(2)X(y)(1—7(|z —y|-|z|~1)), ]z —y| > (1—-25)|z| >0
and |z — y| > Csly|, for some (z;y)-independent, positive constant Cs. Since

(Ll7y7D§_1)ei(z—y)fiFik(\m\“—\y\“) =0 for Lm,y,DE = |$—y|_2($_y)D§’
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we get, by integration by parts, that, for all n € N,

fo(x) = (27r)*d/eiapa,i(z;y;£) <$>px(x)<y>p)((y)g(y)(1 — (| — y|<z>71))
(L) (1)) dyds.

Choosing n large enough, we can apply Lemma D.1 to show that the map
f = f2 is bounded on L2(R%).

On the support of the function (x;y) — X(2)X(y)7(|z —y| - |2|~1), we can write
Po+(T3y;8) = (2 —y) - (£ F kwa(z;y)) where

we(z3y) = 04/0 ltx + (1 ft)y|a72(tx + (1—t)y)dt.

Setting, for j € {0;1},

A = /1 lte + (1—t)y|" ¢ dt,
0
Ao > A1 > 0and o twa (z3y) = Mz+(Mo—A1)y = Ao (A1 /Ao)z+(1—=X1/Xo)y).
By (D.2),
Ao > A > 27 (8)2)
and |we (z;y)| > aXod|z|. Furthermore |wq, (z;9)] < a((2 — 6)|x[)*~1, thus
(D.3) 27167 < a7 Mol Jwa(zsy)| < (2-0)07,
(D4) 271077120 < a7y fwalay)] < 52 -0

In the integral defining f3, we make the change of variables ¢ — 1 = £ F
kwe (z;y) and obtain

fs(x) = (27T)7d/61'(%1“')'"<~’C>px($)<y>px(y)g(y)7(|z =yl la|™h)
(D.5) - (n + kwg (z; y)>_2e1 dydn .

We write f5(z) = fa(x) + f5(x) where f4 (resp. f5) is given by (D.5) with g(y)
replaced by 7(|n| - [kwa (z;y)|~)g(y) (vesp. (1—7(|n|-[kwa(z;y)[7"))g(y)). On
the support of the integrand of f4, |n| < (1 — §)|kwq (x;y)| which implies that
In £ kwa (z5y)| > 0lkwa(x;y)|. Take €1 > (o — 1)"(p + d). By (D.3), (D.4),
and Lemma D.1, the map f ~ f; is bounded on L2(R9).

On the support of the integrand of fs5, || > (1 — 20)|kwq (x;y)| > 0. Since

M,

mDmei(zfy).n — ile—y)n _ _MmDyei(xfy)ﬂ for M,p. = |n|"%n-D.,

n,z

we get, by integration by parts, that, for all n € N,
(g fa) = 20 [ @@y M )" (0PN @@ X W)

7o =yl 2l ™) (1= (] - fewa(a5y) 7)) ] dadyds
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Choosing the integer n such that n(a — 1) > p+ d, using (D.3) and (D.4), we
can apply Lemma D.1 to get some f-independent constant Cyy > 0 such that

g, fo] < Co sup (llgl* + [P7g]).
0<|v[<n

Now the r.h.s. is bounded above by C| f]|? if ¢ is greater than 1 plus the
integer part of (o — 1)~ (p + d). a

[A]

[ABC]

[Bea
[Ben]

[BD]
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