Semiclassical resolvent estimates for Schrodinger
operators with Coulomb singularities.

Francois Castella * Thierry Jecko | Andreas Knauf !

28-02-2008

Abstract

Consider the Schrodinger operator with semiclassical parameter ki, in the limit where
h goes to zero. When the involved long-range potential is smooth, it is well known that
the boundary values of the operator’s resolvent at a positive energy A are bounded by
O(h™1) if and only if the associated Hamilton flow is non-trapping at energy A. In
the present paper, we extend this result to the case where the potential may possess
Coulomb singularities. Since the Hamilton flow then is not complete in general, our
analysis requires the use of an appropriate regularization.
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1 Introduction.

In the late eighties and the beginning of the nineties, many semiclassical results were obtained
in stationary scattering theory. In this setting, the long time evolution of a system is studied via
the resolvent, which appears in representation formulae for the main scattering objects. One
can distinguish two complementary domains: on the one hand semiclassical results concerning
scattering objects at non-trapping energies (when resonances are negligible), and on the other
hand studies of resonances and of their influence on scattering objects. We refer to [GM2,
HS, KMW, Ma2, RT] and also to [R2] for an overview of the subject. These results often
show a Bohr correspondence principle for the scattering states.

Many studies treat (non-relativistic) molecular systems described by a (many body) Schrodin-
ger operator. From a physical point of view, it is natural to let the potential admit Coulomb
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singularities in that context. In the spectral analysis of the operator, these singularities do not
produce difficulties in dimension > 3, thanks to Hardy's inequality (cf. (2.9)).

In the semiclassical regime however, little is known when Coulomb singularities occur. We point
out the propagation results in [GK, Ke, Kn2]. In the above mentioned domains of stationary
scattering theory, we do not know of any semiclassical result, except that of [KMW, W3|.
We think that the main obstacle stems from the difficulty to develop a semiclassical version
of Mourre's theory (cf. [GM1, M, RT]) in this situation. This task is performed in [KMW]|
when all singularities are repulsive, a situation where the associated classical Hamilton flow
is complete. Recently semiclassical resolvent estimates (and further interesting results) were
obtained by Wang in [W3] but in a non optimal framework (see comments below). When
attractive singularities occur, the classical flow is not complete anymore, while it can be
regularized (cf. [GK, Ke, Kn2]).

The aim of this article is to contribute to the development of such a semiclassical analysis of
molecular scattering. In [J1, J2], the author faced similar difficulties in the study of a matricial
Schrodinger operator. He adapted in [J3, J4] an alternative approach, previously used in [B].
We here follow the same approach, combined with ideas from [CJ, GK, Kn2, W2], in order to
extend, in the case of potentials with arbitrary Coulomb singularities, a result established in
[KMW, RT].

We now introduce some notation and present the main results of this paper.

1.1 The Schrodinger operators.
Let d € N:={0,1,2,...} with d > 2. For z € R? we denote by |z| the usual norm of x and
we set (x) := (1 4+ |z|?)'/2. We denote by A, the Laplacian in R?. We consider a long-range
potential V' which is smooth except at N’ Coulomb singularities (N’ € N*) located at the
sites s; where j € {1,2,...,N'}. Let

M:=RIN\S ,with S:={s;;1<j<N'}

and Ry := max{|s;| + 1;1 < j < N’}. Technically, we take V € C°°(M;R) such that

3p>0;Va e N Ve e R [z > Ry, [05V(2)] = Oa((z)7 ). (11)
Furthermore, we assume that for all j € {1,2,..., N'}, we can find smooth functions f;, W,
in C3°(R% R) such that f;(s;) # 0 and, near s;,

Vi) = B9 . (1.2)
|z — s

If f;(s;) <O (resp. f;(s;) > 0), we say that s; is an attractive (resp. a repulsive) Coulomb
singularity. Let N > 0 be the number of attractive singularities. We may assume that they
are labelled by {1,2,..., N}.

Given some h, €]0;1[, we introduce a semiclassical parameter h €]0; h.]. The semiclassical
Schrodinger operator is given by P(h) := —h%?A, +V, acting in L?(RY).

Under the previous assumptions, it is well known that P(h) is self-adjoint (see [CFKS, K, RS2]).
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When d > 3, this fact follows from Hardy's inequality (cf. (2.9)) and from Kato's theorem on
relative boundedness. The domain of P(h) then is the Sobolev space H?(IRY), i.e. the domain
of the Laplacian. When d = 2, self-adjointness follows when considering the quadratic form
associated with P(h) and using Kato's theorem on relative boundedness for forms: the form
is seen to be closable and bounded below, and the associated self-adjoint operator is P(h)
[Ch, Kn3]. The situation is rather different for d = 1 (see Section I.1 in [RS2]), which is the
reason why we exclude this dimension here.

1.2 The function spaces and main notation.

For z belonging to the resolvent set p(P(h)) of P(h), we set R(z;h) := (P(h) — 2z)~!. We
are interested in the size of the resolvent R(z;h) as a bounded operator from some space S

into its dual S*, i.e. as an element of the space £(S;S*). We denote by || - ||ss+ the usual
operator norm on £(S;S*). If S = L%(R?), we also use the notation || - || in place of || - ||s.s+
The relevant spaces S are introduced below.

If a is a measurable subset of R¢, we denote by || - |, (resp. (-,-)s) the usual norm (resp.

the right linear scalar product) of 1.?(a) (and we skip the subscript a if a = R?). For s € R,
we denote by L? the weighted L?-space of measurable functions f such that x — (x)°f(z)
belongs to L2(RY). Its dual space is identified with L2 _. For j € Z, we set

cji={r eR% 2 < 2] <2} and c={reR%|z| <1} (1.3)

Let B (resp. its homogeneous version B) be the space of functions f locally in L?(R?) (resp.
L2(R?\ {0})) such that

SURIfL) (1)

JET

£l = Iflle + > 221 f e, (resp- [ flle =
j=1
is finite. Its dual B* (resp. B*) is equipped with
7 = wax(I7le; sup2 0 fll,) (resp. 17l = swp22)7,) . (15)
7>1 JEZ

One can easily check that the embeddings L2 C B C Lf/z, for any s > 1/2, and B C B, are
all continuous. Notice that, for S = L2, B, and B,

VfeS,VgeS, fgeL' and \<f, g)‘ < Iflls - lglls - (1.6)
For z € p(P(h)), R(z;h) can be viewed as a bounded operator from L? to L%, for s > 0,
and from B to B*, being a bounded operator on L2(R?). When d > 3, one can show using
Hardy's inequality (2.9) that, for z € p(P(h)), R(z;h) can even be viewed as a bounded
operator from B to B* (cf. [WZ]), a stronger result.

Let I be a compact interval included in ]|0; +00[ and d > 3. By [FH], we know that I contains
no eigenvalue of P(h). By Mourre's commutator theory (cf. [ABG, M]), we also know that
for fixed h, | R(-; h)||s s+ is bounded on {z € C; Rz € I,Jz # 0} whenever S =12 (s > 1/2)
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or S = B. Adapting an argument by [WZ], the above norm is even seen bounded when S = B.
Summarizing, for s > 1/2 and any given h > 0, the following chain of inequalities holds true

sup [|[R(z;h)l[zp2, < sup [R(z;h)l[gpe < sup [[R(zh)[pg. < oo (L7)
Rzel Rzel Rzel
Sz#£0 Sz#£0 Sz#£0

1.3 The Non-Trapping Condition.
We now estimate the terms involved in (1.7) as h — 0. When V' =0, it is known that

sup [[R(z;h)llss- = O(1/h), (1.8)
Rzel
Jz#£0

whenever S = L? (s > 1/2), or S = B. Our aim is to characterize those potential V' for which
(1.8) holds true with S = B.

If V € C°(R% R) and satisfies (1.1), then a characterization of those V's such that (1.8)
holds true is well known, at least in the case S = LZ (s > 1/2) or S = B, as we now describe.
Let T*R? > (x,€) — p(z, &) := |£]* + V(z) be the symbol of P(h). Since the potential V' is
bounded below, for all energies A on p~()\) the speed [£| is bounded above. Thus the particle
cannot escape to infinity in finite time and p defines a complete smooth Hamilton flow (¢");cr
on T*R?. The symbol p is said non-trapping at the energy A whenever

V(.0 €p (V). Jim [¢(x.6)] = tooand lim |¢(z.8)] = oo  (19)
In many cases it is easy to show trapping by topological criteria, see [KK1].

Let S = L2 with s > 1/2, or S = B. Then (1.8) holds true if and only if any energy A € I is
non-trapping for p (cf. [GM1, J3, Ma2, RT, VZ, W2]). This statement has been extended to
the homogeneous space S = B (d > 3) by [CJ], for V's of class C? only.

First note that such a characterization is a Bohr correspondence principle: in the limit h — 0,
a qualitative property of the classical flow (the non-trapping condition) is connected to a
propagation property of the quantum evolution operator U(t; h) = exp(—ih~'tP(h)). Indeed
the propagation estimate (3.11) turns out to be equivalent to the above estimate (1.8).
Second, it is also useful to develop a semiclassical, stationary scattering theory (the case
S = L? actually suffices). If the non-trapping condition is true, one expects to deduce from
(1.8) bounds on several scattering objects (as is done when V € C*(RY), cf. [R2, RT]). If
trapping occurs, one expects that the resonant phenomena have a leading order influence on
the scattering objects (cf. [GM2, R2]).

Of course, these two motivations are still present if Coulomb singularities are allowed.

When only repulsive Coulomb singularities occur, it was proved in [KMW] that the non-trapping
condition implies that (1.8) is true with S = L2 (s > 1/2). If at least one attractive Coulomb
singularity is present, the flow is not complete anymore and the previous non-trapping condition
does not even make sense. However, it is known that one can "regularize the flow” (see [Kn2]
and references therein), and it turns out the regularization is easier to deal with in dimension
d=2and d=3.

In the present paper, we choose to focus on the case d = 3, which is the physically important
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situation. Our study is devoted to generalizing the previous characterization, in a case where
the potential admits arbitrary Coulomb singularities. Note that we do expect our results extend
to the case d = 2.

Let d = 3 and assume that S contains an attractive singularity. Let (z,&) € T*M =
T*(R3\ S). As we shall see in Subsection 2.2, there exists some at most countable subset
coll(z,€) C R and a smooth function ¢(-;x, &) : R\ coll(x, &) — T*M such that ¢(-;z,£)
solves the Hamilton equations generated by the symbol p of P(h) with initial value (x, &) (see
(2.15) and (2.14) below). Furthermore, for all t € R\ coll(z, &), p(é(t;z,€)) = p(x, ). The
function ¢ replaces the usual flow. It is thus natural to say that p is non-trapping at energy
A whenever

V(e €p (V). Jim |ma(tie )] = tooand lim |mo(tn,6) = +oo, (L10)

~

where m,0(t; x, &) denotes the configuration or base component of ¢(t;z,§) € T*M.

1.4 Survey.

In view of (1.7) and (1.10), we can now state our main result.

Theorem 1.1. Let V' be a potential satisfying the assumptions (1.1) and (1.2). If there are
no attractive singularities (N = 0), let d > 3 else let d = 3. Let Iy be an open interval
included in |0; +00[. The following properties are equivalent.

1. For all X\ € Iy, p is non-trapping at energy .
2. For any compact interval I C I, there exists C' > 0 such that, for h €)0; h.],

sup ||R(z;h)|gp- < Ch™t. (1.11)
Rzel
SJz#£0

In [W3], the point 2 of Theorem 1.1 is derived from a virial-like assumption, which is stronger
than the non-trapping condition. It is assumed there that only one singularity occurs and that
(1.2) holds true for a constant f;. The statement “1 == 2" of Theorem 1.1 is proved in
[KMW] when N = 0. Theorem 1.1 provides the converse. More importantly, it extends the
result to the delicate case N > 0.

To complete the picture given by Theorem 1.1, we study in Section 5 the non-trapping condi-
tion. In the case of a single Coulomb singularity, we show that it is always satisfied when the
energy A is large enough, as in the case of a smooth potential (see Remark 5.5). The classically
forbidden region in configuration space then is a point (for attracting Coulomb potential), or
it is diffeomorphic to a ball (in the repelling case). Conversely Proposition 5.1 says that —
irrespective of the number of singularities and the energy — only for the case of a single point
or ball trapping does not need to occur. In particular, Corollary 5.2 states that trapping always
occurs for two or more singularities at large enough energies.

We point out that our proof of Theorem 1.1 gives some additional insight about the case when
the non-trapping condition fails at some energy A > 0 (cf. Proposition 4.9). In such a situa-
tion, “semiclassical trapping” occurs, as described by (4.1) and (4.2). Notice that a resonance
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phenomenon (cf. [HS, LM]) is a particular case of the quasi-resonance phenomenon defined
in [GS], the latter being a particular case of our “semiclassical trapping” criterion. Propo-
sitions 4.5 and 4.9 show that the “semiclassical trapping” is microlocalized near “trapped
trajectories” (see (4.10) for a precise definition). It would be interesting to check whether a
(quasi-)resonance phenomenon is related to our “semiclassical trapping” (cf. Remark 4.6). A
traditional study of the resonances “created” by a bounded trajectory (see [GS] and references
therein) would also be of interest. We do hope that the present paper may help to overcome
the difficulties due to the singularities.

While the proof of “2 = 1" in Theorem 1.1 follows the strategy developed by [W2] for
smooth potentials, we use a rather different argument compared to [RT, GM1, KMW] when
showing “1 = 2". In these papers, a semiclassical version of Mourre's commutator theory is
used (cf. [ABG, M]), and the Besov-like space B is replaced by the weaker L2 (s > 1/2). An
alternative approach is given in [B] for compactly supported perturbations of the Laplacian,
using a contradiction argument due to G. Lebeau in [L]. This method was adapted in [J3]
to include long-range, smooth perturbations, the study still being carried out in the space L2
(s > 1/2). This technique was further developed in [CJ] to tackle the estimates in the optimal
homogeneous space B, by combining and adapting an original estimate derived in [PV]. Note
that both works [PV] and [CJ] only require C' resp. C? smoothness on the potential. Note
also that the extension of Theorem 1.1 to the homogeneous estimate in B still is open. Now,
the contradiction argument of [J3, CJ] is a key ingredient of the present study. Concerning
the treatment of the singularities, we stress that our study uses many results from [GK], the
propagation results being here crucial. The main features we need on the regularization of the
classical flow are provided by [GK, Kn2]. Our main new contributions are given in Proposi-
tion 3.6 and in Section 4.3.

Finally, we give some nonrelativistic, physical situations for which our result applies. In both
examples below, we may add to the operator a smooth exterior potential satisfying (1.1).

Example 1.2. The behaviour of a particle with charge ey in the presence of fixed, pointlike

ions, with nonzero charges zy, ..., zy/, is governed by the operator (here d = 3)
2 N €p<j
Pi(h) = —BA,+ > — (1.12)
j=1 |z — s

The hydrogen atom corresponds to N' =1, z; > 0, and ey < 0. Clearly (1.1) and (1.2) hold
true. If charges have different sign, the model has attractive and repulsive singularities.

Example 1.3. Consider a molecule with N’ nuclei having positive charges z1, . .., zy:, binding
K > 0 electrons with charge —1. We assume the nuclei are fixed (Born-Oppenheimer ideal-
ization), and we neglect electron-electron repulsion. The behaviour of each electron is then
governed by Py(h) in (1.12). Let hg > 0 be fixed. Let 1)), be the normalized wavefunction of
Py(ho) of electron number k. Let p, = |1bx|? be its charge density. Consider another, much
heavier particle with charge eq. Its scattering by the molecule can be described by P(h) where

N/
<j

V(z) := e ( + i Wk(x)) , with Wi(z) = —/ Pla) dq (1.13)

j=1 lz— s o Re g — x|
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As we show in Section 6, it turns out that the 1 's are “nice enough” to make W), well defined,
smooth away from the singularities sy, ..., sy, and to make Wy, satisfy (1.1). Though (1.2)
does not hold, we show the proof of our result applies in this case.

2 Preliminaries.

We shall often use well known facts concerning h-pseudodifferential calculus, functional calcu-
lus, and semiclassical measures in the sequel. For sake of completeness, we recall here the main
results we need, referring to [DG, G, GL, H, Ke, LP, Mal, N, R1] for further details. Since
our Schrodinger operator has Coulomb singularities, it does not define a pseudodifferential
operator yet. For this reason, we also explain here how we can use pseudodifferential calculus
“away from the singularities”: the required results are essentially contained in [GK]; notice
however that we do not need the results in the appendix of [KMW], which are, by the way,
not known if an attractive Coulomb singularity is present. Last, we also recall basic results on
the regularization of the Hamilton flow when an attractive singularity is present, refering to
[GK, Ke, Kn2] for details.

2.1 Symbolic calculus with singularities.
Let d € N*. For (r,m) € R?, we consider the vector space (space of symbols)
Yrm = {a € C®(T*RY) ; ¥y = (72,7) € N** , 3C, > 0; (2.1)

sup () (€| @a) 6] <

(z,6)€T*RY

If r,m <0, then X,, is contained in the vector space of bounded symbols, which are smooth
functions a : T*R? — C such that

Vy e N2 iC, > 0; sup
(z,£)eT*R

(0a)(x,)| < C. (2.2)

For a larger class of symbols a, one can define the Weyl h-quantization of a, denoted by a}’.
It acts on u € C°(RY) as follows (cf. [DG, Mal, N, R1]).

(afu)(z) = (2mh)™ /

Rd

e/ ((z +y)/2,€)uly) dy dE . (23)

If a is a bounded symbol, then a! extends to a bounded operator on L2(IR%), uniformly with
respect to h, by Calderén-Vaillancourt’s theorem (cf. [DG, Mal, R1]). We shall also use the
following functional calculus of Helffer-Sjostrand, which can be found in [DG, Mal]. Given
6 € C°(R), one can construct an almost analytic extension §° € C5°(C) (with 90(2) =
O(3(2))). Let H be a self-adjoint operator in some Hilbert space. The bounded operator
O(H), defined by the functional calculus of self-adjoint operators, can be written as

-1 pde°

0(H) = (2) - (2 — H) ™ dLs(2) - (2.4)

T Jo dz
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where L, denotes the Lebesgue mass on C.

Let us now recall some well known facts about semiclassical measures, which can be found in
[G, GL, Ke, LP]. Let (u,), be a bounded sequence in L?(R?). Up to extracting a subsequence,
we may assume that it is pure, i.e. it has a unique semiclassical measure ;. By definition p is
a finite, nonnegative Radon measure on the cotangent space T*R?. Furthermore, there exists
a sequence h,, — 0 such that, for any a € C5°(T*R?),

lim <un, a}‘b’nun> = /T*Rd a(z, &) p(dedf) =: ula). (2.5)

n—oo

One may relate the total mass of ;i to the L%-norm of the u,'s (see [GL], or [Ke, LP]), through
the following

Proposition 2.1 ([GL]). Let (u,), be a pure bounded sequence in L*(R?) such that

lim i ) Pdr = 0, 2.6
im limsup |%‘ZRIU (2)|” d (2.6)
lim limsup | Fu, (z)Pd¢ = 0, (2.7)

R—+00 n—oo JIE[>R/hy

where Fu,, denotes the Fourier transform of u,. Then the sequence (||u,||?), converges to
the total mass j(T*RY) of its semiclassical measure .

Proof: See the proof of Proposition 1.6 in [GL]. O
Besides, transformation of the semiclassical measure upon composition of the u,'s with a

diffeomorphism is described in the

Proposition 2.2 ([GL]). Let & : U — V be a C* diffeomorphism between two open subsets
of RP (p > 1). Let &, : T*U — T*V be the symplectomorphism

(,m) = (2(); (@' ()") ™). (2:8)

Here ®'(y)T denotes the transpose of ®'(y). Given a € C(T*V), let b € C§(T*U) be
defined by b = a o ®.. Then, for every compact subset K of V,
lim sup H(a}fu) od — b}’j(uoq))H =0.

h=0" <1
supp uC K

Let K be a compact subset of V and (uy,,),, be a pure bounded sequence in L*(V') such that,
for all n, supp u,, C K. Denote by y its semiclassical measure. Then the sequence (u,o®),, is
bounded in L2(U), its semiclassical measure ji is given by |Det®|~'® (), and p(a) = i(b).

Proof: See the proof of Lemma 1.10 in [GL]. O

We now focus on the treatment of Coulomb singularities in dimension d > 3, in combination
with the h-pseudodifferential framework. To begin with, let us recall Hardy's inequality.

x)|? 4
Vf € C(RY) /Rd |f|i|3| <

4
IV fII? = h2(d— 2y IRV fII?,  (2.9)
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where the last bound is relevant in the present, semiclassical regime.

We next discuss how one can use h-pseudodifferential calculus "away from the singularities”.
Recall that M = R4\ S. Let y € C°(R%) with y = 1 near the set S of all singularities .
Define the (truncated) h-pseudodifferential operator

Py(h) == —R*A, +(1—x)V. (2.10)
Its symbol
TR S (2,€) = py(2,€) = ¢ + (1 - x(2)) V(@) (2.11)
belongs to ¥y, (cf. (2.1)). The following lemma is essentially proved in [GK].

Lemma 2.3. Letd > 3. Let x € Cg°(R?) with x = 1 near S and 0 € C°(R). Let P, (h)
be given by (2.10). Let T > 0, k,k' € R, rym € R, and [-T;T] 5t — a(t) € 3,., be a
continuous function such that, for all t € [=T; T, a(t) = 0 near supp x.
Then, in C°([=T;T); L(L}; 13)),
(P~ P () = 00, (2.12)
and, if m <2, (0(P(h)) — 0(P(h)))(a() = O(K?). (2.13)

Proof: Let r,m, k, k' € R. Fora € ,., and f € S(R?), the Schwartz space on R,
(O (P(h) = Py(h))ag (Ve f = V(=h2A+1)71 - (=R A+ Dx (W ap (Vo f

where V(—h?A +1)7! € £(L?;1?) has norm O(1/h?) by (2.9). Now, if a is replaced by a
continuous map ¢ +— a(t) with a(t) = 0 near supp x for all ¢, then, for all N € N,

(=h2A+ )x ()W a()p ()F = O(h")

in C°([—T;T); £L(L?* 1?)), by the usual h-pseudodifferential calculus. This yields (2.12). On
the other hand it is known that, for all k& € R, the resolvents (P(h) +4)~! and (P, (h) +1i)~"
are bounded from L3 to L7 (see [RS4], Sect. XIII.8), and, by (2.9), there exists some a(k) > 0
such that

H(P(h) + z’)*lu - O(h*“(’“)) ,

L(LZ;L2) (PX(h) +Z’>71H£(Li;Li) - O<h0) :

Besides, there is a x; € C*°(R?) with xyx; = 0, x1 = 1 at infinity, and xja(t) = a(t) for all .
Hence, for all N € N, (1 — x1)a(*)?{-)* = O(hY) in C’O([—T; T];ﬁ(LQ;LQ)). We may now
adapt the arguments in the proof of Lemma 3.1 in [GK] to get (2.13). O

2.2 Extension of the flow.

Here we explain how the usual flow can be extended when attractive singularities occur (more
details are given in [Ke, Kn2]).
Let d = 3. We still denote by p the smooth function defined by

~ ~

p: P—R | (2.8~ ¢+ V(z) where P:=T"M. (2.14)
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Let 7, (resp. m¢) be the projection T*R? — R defined by 7, (z,&) :=  (resp. m¢(x,&) =
€). As for any smooth dynamical system, the hamiltonian initial value problem,

B0 = Ve (X0 20)) , = (1) = ~V.p (X (0 2(0)),
(X(0):2(0)) = x" = (z,6) € P (2.15)

has a unique maximal solution ¢ : D — P with

~

D={(tx)eRxP;te |l (x),T"(x")},

where the functions 7% : P — R satisfy 7~ < 0 < T and are lower resp. upper semi-
continuous with respect to the natural topology on the extended line R := {—oo}URU{+o00}.
In particular, the set DCRxPis open.

If no attractive singularity is present (i.e. N = 0 in the notation of Paragraph 1.1), then
D =R x P. Otherwise a maximal solution can fall on an attractive singularity s at finite time
T*(x*) > 0. Such a time is called a collision time. In that case, it turns out that, setting

0 if T7(x*) = —o0, TT(x*) = o0

(T+(x*)} if T-(x*) = —00, TH(x*) < 50

coll(x*) = {T~(x*)} if T (x*) > —o0, TT(x*) =
(T+(x*)} + Z<T+(x*) - T(x*)) if T-(x") > —00, TH(x") < 0o

and D := {(t,x*) ERXP;t¢ collx) } ,

the map ¢ can be uniquely extended to a smooth map D — P, still denoted by ¢. Even more,
when Tt (x*) < oo, backscattering occurs, that is, for 0 <t < T+ (x*) — T~ (x*), we have

T (T (x*) + 1x") = mo(T7(x*) — t;x"),
Tep(TT(xX") +1x7) = —mep(TT(x7) — t;x7), (2.16)

and one may set m,¢(T"(x*);x*) = s. We mention that the momentum 7¢¢(-;x*) however
blows up at 7" (x*), in the following sense:

t. * t. *
Tep(t;x")| = 00, whilev:= lim THXT). =— lim TeHXT). exists .
mep(txt)| TG [med(t; X))

For any x* € P, we obtain in this way a configuration trajectory (m,@(t; x*))ser, which has a
countable set coll(x*) of collision times ¢, for which

lim
1T (x7) t /Ty (x7)

lim 0t x") € {s;,1 <j <N} and lim [Tep(t;x7)| = 00 (2.17)
—10 —t0

Although ¢ is not a complete flow on P, the broken trajectory (¢(t; X*))ier\coli(x+) is a solution
of (2.15) on R\ coll(x*). Its values lie in the energy shell p~*(p(x*)). Note that no collision
with the repulsive singularities can occur.

For t € R, it is convenient to introduce ¢' : D, — P defined by

Dy = {xePitg collx’) } and ¢(x) = o(tx"). (2.18)



Coulomb singularities, 28-02-2008 12

Note further that the Hamiltonian system (p,wo,p) with canonical symplectic form wy can
be uniquely extended to a smooth Hamiltonian system with a complete flow (see Section 5).
An important feature to analyse the pseudo-flow ¢ is the Kustaanheimo-Stiefel transformation
(KS-transform for short). We briefly describe it here and refer to [GK, Ke, Kn2, SS], for
further details. For z = (2q, 21, 22, 23) € R, let

R0 —R1 —Rk2 3
A(Z) = 21 20 —Z3 —RZ2 .
V) zZ3 20 21

Let K : R* — R3 be defined by

ZS*Z%*Z%‘FZ% 4 - . 2
> For all z € R" it satisfies |KC(2)| = |2|°. (2.19)

K(z) == A(z)- 2= ( 22021 —22923

220220+22123

We call it the Hopf map. See the Appendix for more information.

Let RE := {(z1,22,73) € R3+x; > 0} and 2 € R*. It turns out (see [GK]) that, if
= K(z) € R, Ay (2) == V2(zy + |2])7Y2(20 + iz3) € S* and, if z := K(2) € R?,
A_(2) := V2(=z1 + |2|)7"?(21 + iz) € S'. Furthermore, one can explicitly construct
smooth maps J4 : R} x S' — R* such that, locally,

(K,A)oJy = Id in RE x S' and Jio (K, Ax) = Id in Jo(R3 x SY). (2.20)

For 2 = J.(z;0), for x € R and 6 € S', we have dz = C|x|~'dz df for some constant
C > 0. In particular, there exists C’ > 0 such that, for all f, g : R® — C measurable,

L2l 1 @g@)lda = ¢ [ [foK(z)g0 K(2)|dz. (2:21)

It is useful to consider the following extension to phase space. For z* = (z;¢) € TR,
we set as usual m,z* = z and wz* = (. If (1;€) € T*(R?\ {0}), let z € R* such that
r =K(2) = A(z) - z (2 is not unique). Then, we define

20 21 22 ¢

._ Te —Z1 20 <3 !
¢ = 2M(=)Te=2| 7 & | (2.22)

zZ9 Z3 20 ¢

z3 —Z2 21 3

which is a solution of the equation 2|z|{ = A(z)(. The KS-transform is defined by
1
TR0 — TR0 K0 = (M) 2 550 ). (229

Assume that an attractive singularity sits at 0. Recall that, by (1.2), V(z) = f(z)/|z|+ W (2)
on Q\ {0} , where Q := {z € R% [z < r} for some r > 0, with f, W € C5°(R%R). Let
Q=K Q). Let x}; = (z0;&) € P be such that the first collision of (m,¢(t;x}}))ser takes
place at 0 at time ¢ (xg) > 0. Let 7 be the connected component of {t € R; mo(t;x5) € Q}
containing t,(x}). Let zp € R* be such that zp = K(z) and let (, be the { given by
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(2.22) with (2;€) = (20;&). For t* = (t;7) € T*R, z* = (2;¢) € T*R?, let p(t*;2*) :=
IC? + foK(2) + |2]2(W o K(2) — 7). Since p is smooth on T*R x T*R* = T*(R; x
R?), independent of ¢, and since its Hamilton vector field at point (¢,7;2,() is given by
(—|z]%,0;2¢, 272) outside a compact region in (z, (), there exists a unique maximal solution
R>s+— (t(s); 7(s); 2(s); C(s)) = (t*(s);z*(s)) to the Hamilton equations associated with p

((dZ/dS)(S) = Vep(t°(s);2°(s)) (d¢/ds)(s) = —Vzﬁ(t*(S);Z*(S))> (2.24)
(dt/ds)(s) = V.p(t(s);7(s)) (dr/ds)(s) = —=Vup(t*(s);z(s)) )7

with initial condition (t*(0);z*(0)) = (t};z}). We denote it by

O(sitsz) = (V55202 (it ) = (B(s5 53 20) m(si b3 23); 2 (5 655 20); Csi b 2) ).
Let (t§;25) = (0; p(x4); 20; Co)- It turns out that, for all ¢; € 7y, there exists a unique s € R
such that t; = t(s;tg; z5). Furthermore, if t1 # t,(x§), 2(s; t§;z4) # 0 and

o(tixy) = o(Hsits7m)ixg) = K (7' (s;t5:7)) - (2.25)

3 Towards the non-trapping condition.

The aim of this section is to prove the implication “2 = 1" of Theorem 1.1. We thus assume
that 2 holds true and we want to show that p is non-trapping at energy A, for all A € I,. Let
Ao be such an energy. We can find a compact interval I C I such that Ay belongs to the
interior of /. By assumption, (1.11) holds true for I. This implies, by (1.7), that (1.8) holds
true for S = L2, for any s > 1/2. As in [J4], we follow the strategy in [W2]. We translate the
bound on the resolvent into a bound on a time integral of the associated propagator

U(t;h) = exp(—ih 'tP(h)). (3.1)

If an attractive singularity is present (and d = 3), we need some information on the time-
dependent microlocalization of U (t; h)uy, for some family (uy), of L*(R?) functions. Most
of it is already available in [GK]. We also need some well-known facts on the classical flow,
which we borrow from [Kn2]. In Subsection 3.1, we shall recall results from [GK, Kn2] and
extend them a little bit. Then we proceed with the announced proof in Subsection 3.2. In
the repulsive case (N = 0 and d > 3), we show in Subsection 3.3 that Wang's proof may be
carried over with minor changes.

3.1 Coherent states evolution.

In this subsection we are interested in the case where an attractive singularity occurs (i.e.
N > 0) but the results hold true for N = 0. Better results in the latter case are given in
Subsection 3.3. Proposition 3.6 is the main result of the subsection.

Before considering the time evolution of coherent states, we recall some basic facts on the
classical dynamics, in particular on the dilation function

ag: T*RY — R |, ag(z,&) =z -€.
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Lemma 3.1. Consider a dimension d > 2 and energies \ > 0.

1. Then for some Ry = Ry(\) > Ry and all x}, := (z¢,&) € p~1(JA\/2; o0[)

lzo| > R = {p,a0}(x5) > A/2 , and (3.2)
lim inf [T p(t;x5)] > Ry = Jim [T (t;x5)| = +00 . (3.3)

2. ForanyT,R > 0, there is some Ry > R, such that, for allx§; = (x0,&) € p~ (JA/2;2)])

(lzol > R2) = (Imeo(t;x5)| > R for all t € [~T:T1) . (3.4)

Proof: We shortly recall the standard arguments. Thanks to the decay properties (1.1) of V/,
{p,ao}(x5) = 2(p(x) = V(20)) — (w0, VV (z0)) > A/2

for large |zo|, implying (3.2). As the dilation function qy is the time derivative of the phase
space function |z|?/2, composed with ¢, the second time derivative of the latter function is
eventually bounded below by \/2 > 0, if the l.h.s. of (3.3) is satisfied. Thus ¢t — |m,é(t;x3)|?
goes to infinity, showing (3.3). Let 1 = inf; >z, V(2). Relation (3.4) follows, since the
speed is bounded by || < (4\ — 2Vp)'/? < oo. O

For h €]0; h,] the dilation operator E, on L2(R?), given by E}(f)(z) := h=¥*f(h~/22), is
unitary, as are the Weyl operators

w(xg; h) = exp(ih_l/Q(xo cx—E& - Dm)> for x3, == (20, &) € T*RY,
(cf. [H], p. 151, [Fo]). The coherent states operators, microlocalized at x, are
c(xp;h) = Ep - w(xg;h) (3.5)
A direct computation gives that
Epail By = (a(h'xh71%0)) "
el b ape(xsih) = (alzo + B 2% € + h7%)) ",
where b(%; *) denotes the symbol (x;&) — b(x;&). It is known (cf. [W1]) that
Va € Yoo ,Yf € S(RY), e(xf; h)*ale(xs; h) f = a(x)f + O(h), (3.6)
where S(R?) denotes the Schwartz space on R?. Let u;, be the function given by
up = c(xgh) 7 exp(—| - 2/2) . (3.7)

Then (uy)y is a family of L?(R%)-normalized coherent states microlocalized at x;. We collect
properties of the family (U(-; h)uy), of the propagated states.
In the remainder part of Subsection 3.1 we consider initial conditions in phase space

Xt = (10, &) € P with energy X := p(x}) >0

and the associated coherent states (uy,), microlocalized at xj.
In [GK] the following energy localization of (uy); is obtained. We give a short proof using
Lemma 2.3.
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Lemma 3.2 ([GK]). Let d > 3 and 0 € C°(R) such that = 1 near \. Then, in L*(R%),
(1 =0(P(h)))un = O(h).

Proof: Let y,x € C°(R?) with x, ¥ = 1 near S, x, X = 0 near 7y = m,x}, and xY = X.
From (3.7), we see that xYu;, = O(h) in L?(R?). By Lemma 2.3,

(1=0(P(R))un = (1=0(P(h)) (1= X)un + O(h) = (1=0(Py(R)))(1=X)u, + O(h),
in L2(R?), where P, (h) is as in (2.10). Besides, thanks to (3.6) and using (2.11),

(1=0(P(h))un = (1=0(P(h))un + O(h) = (1= 0(py(x5)))un + O(h)
= 04+ 0(h). O

From [GK] we pick the following localization away from singularities

Lemma 3.3 ([GK]). Let d = 3. Let K be a compact subset of R such that K Ncoll(x}) = ()
(cf. (2.17)). If o € C5°(R?) has small enough a support near the set S of singularities, then

K >t oU(t; h)uy is of order O(h) in C° (K; LQ(RS)).
Proof: See the proof of Theorem 1, p. 25 in [GK]. ]

A careful inspection of the result in [GK] on the frequency set shows that even after a collision,
we have the following localization along our broken trajectories:

Lemma 3.4. Let d = 3. Let K be a compact subset of R such that K N coll(xp) =
(cf. (2.17)). Let e > 0 and K > t — a(t;x) € C5°(P) be continuous functions such tha

alt; 2,€) = 0 if |2 — mod(t:x3)| < . Then (al)EU (5 hyun = O(h) in CO(K; L(RY)).
Proof: See the proof of Theorem 1, p. 25 in [GK]. O

We also need to complete Lemma 3.4 with a bound on (U(-; h)uy,), near infinity in position
space and, since the singularities are far away, we can assume d > 3. This is the purpose of
the following

Lemma 3.5. Letd > 3. Let T > 0 and R := max(Ry; 1 + |xo|}. Let Ry > Ry large enough
such that (3.4) holds true. Let R3 > Ry + 1 and k € C°°(R%; R) such that suppk C {y €
R% |yl > Ry + 1} and s =1 on {y € RY; |y| > Rs}. Then

KU R)un = O(h) in C°([=T;T]; LA(R?)).

Proof: The proof is based on an Egorov type estimate which is valid although P(h) is not a
pseudodifferential operator.
o Let 7 € C5°(RY) such that 7 =1 on {y € R% |y| < Ry} and 7 = 0 near the set

e U (T (M220) o' ({(2.6); 2] > Ra})) -

te[-T5T]

This is well-defined by (2.18), (3.4), and the choice of R. Let p, be defined as in (2.11). Let
6 € C§°(R) with supp 6 CJ\/2;2)\[ such that § = 1 near \. Set

a:TR*— C , a(z,&) = k() 0(p,(2,8)). (3.8)
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Thanks to (3.4), [-T;T) 3 t — ao ¢’ is a Xy-valued, C'-function. Therefore, by Calderén-
Vaillancourt (a o ¢')¥ is h—uniformly bounded, and for ¢ € [—T'; T}, strongly in H2(IR¢),

Uy aUEh) ~ (a08)) = [ t i(U(s R (a0 s =) Us ) ds (39)
= /Ot U(s;h)* (2[P(h), (aogbt_s)h} + ((d/ds)aogbt_s):) U(s;h)ds .

The support properties of a and the choice of 7 ensure that, for all » € [-T; T}, (d/dr)ac¢™ =
{p,aod"} ={p;,ao0¢"}. Thus, (3.9) equals

/Ot U(s; h)* (2[P(h),<ao¢ts)ﬂ _ ({pT,aoqth}):) Ulsih) ds.

By Lemma 2.3, (3.9) equals

[ oty (5 [P, (006)"] = (prao 012 ) Ulsih)ds + hiue)

where [=T;T] > t — By(t) € L(L?(R%) is bounded, uniformly with respect to h. By the
usual pseudodifferential calculus,

~T:T] 3 r 2[P7(h),(ao¢r):} ~ ({praod})! € LIARY)

is O(h) in C°([=T;TT; L(LA(R?))). Thus, so is (3.9).

e Since a o ¢' vanishes near zg, for t € [-T;T], t — (a0 ¢")¥uy is O(h) in CO([—T; T); LQ),
by (3.6). Thus sois U(-;h) (a0 ¢'), up

e Using the previous points, the Lemmata 3.2 and 2.3, the fact that §(P(h)) and U(t, h)
commute, and the usual pseudodifferential calculus,

KUt D, = &U(ER)OP(R))un + O(h) = k0(P(h)U(t; h)u, + O(h)
= RO(P-(R)U(t; hyun + O(h) = (k0(p-))y U(t; h)up + O(h)
= U(t:h) (0(ps) 0 ¢') wn + O(h) = O(h). O (3.10)

From these lemmata, we can deduce the following information on the time evolution of the
coherent states uy,.

Proposition 3.6. Let N > 0 and d = 3. Let K be a compact subset of R such that
K necoll(x}) =0 (cf. (2.17)). Let 7 € C°(R?) with 7 = 1 near 0. Fort € R and x € R?,
set Ty(x) := 7(x — m,P(t;x5)). Take the support of T small enough such that, for all t € K,
supp (1) NS = 0. Then, for any a € Xo and any t € K,

ay Ult;h)up, = (ra)y U(t; h)uy, + e(t)

where K >t s e(t) is O(h) in C°(K; L*(R%)).
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Proof: Let T' > 0 such that K C [-T;T]. Let kg, k1 € C®(R3;R) such that kg + r; = 1
and k := k; satisfies the assumptions of Lemma 3.5. Then, by Lemma 3.5,

apy U(t;h)up, = ap koU(t; h)u, + O(h),

in CY%(K) := C°%K;L*(R%)). Now let oy € C5°(R3;R) such that op = 1 near s; for any
1<j <N, and, forallt € K, suppoyNsupp; = . Upon possibly decreasing the support
of oy, we may apply Lemma 3.3. This yields

ay U(t; h)up, = ay ko (1 —00)U(t;h)uy, + O(h),

in C°(K). Let o € C§°(R* R) such that o = 1 near each singularity s; and oog = 0. For an
energy cutoff # as in Lemma 3.2, we obtain, as in the proof of Lemma 3.5 (see (3.10)),

ay ko (1 —o0) U(t; h)up, = ay) ko (1 — 00) 8(P,(h)) U(t; h)up, + O(h) ,
in C°(K), since 1 — oy is localized away from the singularities. By pseudodifferential calculus,
ay U(t; h)up, = by U(t; h)u, + O(h),
in C°(K), where b := 0(p,) (1 —00) kpa € C°(P). Applying Lemma 3.4 to a(t) = (1—7)b,
ap Ut hyun = (mb)RU(t hyw, + O(h) = ((1=00) koma), U(t; hyu, + O(h)

in C°(K). Since 7; (1 — 0¢) kg = 7, for all t € K, we obtain the desired result. O

3.2 Necessity of the non-trapping condition.

Assuming N > 0 and d = 3, we want to show that (1.11) implies the non-trapping condition,
yielding the proof of “2 = 1". The proof below actually works if N = 0, but a more
straightforward and easier proof is provided in Subsection 3.3.

In view of (1.7), we assume (1.8) for S = L2 with s > 1/2. This means that, for any
0 € C°(1p;R), (-)7*0(P(h)) is Kato smooth with respect to P(h) (by Theorem XIII.30 in
[RS4]). This can be formulated in the following way (cf. Theorem XII1.25 in [RS4]). There
exists Cs > 0 such that for any 0§ € C§°(Io; R),

vu € L*(RY) / 1)U h) 0P (R))ul*dt < Cy - lull*. (3.11)

R
uniformly in h €]0; h.]. Take A € Iy and a function 6 € C§°(Ip; R) such that 6 = 1 near \.
Let x§ := (%0,&) € p~*(\) and consider the coherent states uy, given by (3.7). Let (¢;);e,

with J C N*, be the set of collision times of the broken trajectory (¢(¢;x))ier (cf. (2.17)).
Eq. (3.11) implies that, for all 7" > 0 and all h €]0; h,],

[ 6 U B m)u e < C.
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We know from Subsection 2.2 that the collision times in coll(x}) have positive minimal distance
TH(x5) — T~ (x5). Thus we can choose € > 0 smaller than one fourth of that distance, and
define for T' > 0 the compact sets

K(T) := {t € [T, TJ; dist (¢, coll(xg)) > €} .
Notice that the length of K (T') goes to infinity when 7" — oo, while
[ e U el < C,.
K(T)
By energy localization of the coherent state (Lemma 3.2) and Pythagoras’ theorem,
NSU(t h 2dt + Op(h) < 204, 3.12
Sy 107" U D) il dt + Or(h) < (3.12)

where Or(h) is a T-dependent O(h). We apply Proposition 3.6 for the bounded symbol
(,€) — a(z,£) = (x)~* and the compact K (T') introduced above. This yields

[ Am() UG R wl?dt + Or(h) < 20,
K(T)

We can require that the support of the function 7 is so small that, for all t € K(7T'), supp (1) N
S =0and 72(-)7% > (1/2)73(m&(t; x5)) 2. Therefore,

| maots i) (U hyun, 72Ut RYun) b+ Or(R) < 4C, .
K(T)
Now, we apply Proposition 3.6 again for the bounded symbol (z,¢) — a(z,£) = 1, yielding
| Amao(txg) > dt + Or(h) < 4C, . (3.13)
K(T)
since the uy, are normalized. Letting h tend to 0, we obtain, for all 7" > 0,
| Ameoltsg) > dt < 4G, (3.14)
K(T)
Assume semi-boundedness of the trajectory, that is, for some t; € R,
{meo(t;x), £t >t} C {y € R |yl < Ry}, (3.15)
then, by (3.14), 4C, is larger than R;>* times the length of

KM\ {teR; £t <to} = [-T5T]\ {t € R; £t < ty and dist(¢, coll(xp)) < e} .

This is a contradiction since the latter tends to co as 7' — oo. Thus (3.15) is false and we
can apply (3.3), yielding the non-trapping condition (1.10).
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3.3 The repulsive case.

Here we consider the case where any singularity is repulsive (i.e. N =0) and d > 3. We want
to show that (1.11) implies the non-trapping condition. Thanks to Proposition 3.7 below, we
show that Wang's proof can be followed in the present case, yielding a much simpler proof
than the one in Subsection 3.2.

First of all, we show that an important ingredient in Wang's proof is available, namely the
following weak version of Egorov's theorem.

Proposition 3.7. Let N =0andd > 3. Let T > 0 and a € Xgp. Let 0,y € C°(R) such
that v0 = 0. Then [—T;T] > t — ~(p)(a o ¢') is a Yoo-valued, C*-function. Furthermore,
there exists C' > 0, depending on 0 and a, such that, for any ¢ > 0, for any t € [-T; T},

Ut h) apU(th)O(P(h) = ((v(p)(ao d")i + r(t))0(P(h)),
where [~T;T] 5 t v 1(t) is bounded by Ce + Ocr(h) in C°([~T; T]; L(L*(R))).

Proof: Let € > 0. Since the singularities are repulsive, there exists some oy € C5°(R%, [0, 1])

which equals 1 near each singularity, such that, €2V > 1 on the support of o and (cgom,)(yo
p) = 0. Thus, for g € L*(R?) and f = (P (h))U(t; h)g,

looflI* < (f, 06V ) + €(oof , =h*Aoof)

< 62<U§f7 P(h)f> + €2<0-0f7 [_hQAao-O]f> < 002€2||f||2 + E2<0-0f7 [_h2A700]f> )
where Cj depends only on 6. Since [—h2A, 0p]0(P(h)) = O.(h) in L(L*(R?)),
|loo@(P(h))U(t; h)|| < Cope + Oc(h) (3.16)

in C’O([—T;T];E(LQ(RCI))). Let o € C3°(RY) with 0 = 1 near each singularity such that
ooy = 0. Using (3.16), Lemma 2.3, and pseudodifferential calculus,

U(t: h)'ap Ut h)O(P(R)) = Ut h)*(a(l = 0v)) y(Po(R)) U(t; )O(P(R)) + 11(t)

= U(t:h)" (al = 00)v(p)), Ut R)O(P(h)) + ralt)

where the r; are bounded by C'e + O.(h) in C’O([—T; T};E(LQ(Rd))). By the choice of oy,
a(l — 09)y(p) = ay(p) =: a,. Furthermore, for all t € [-T;T], a, o ¢' = y(p)(a o ¢') and
(d/dt)ayo¢" = {p,a,0¢'} = {py, ay0p'}. This allows us to follow the arguments in the proof
of Lemma 3.5 showing that (3.9) with a = a, is Oz (h) in CO([=T; T); L(LA(RY)). O

Let A € Iy. As in Subsection 3.2, (1.11) implies the existence of some constant Cs > 0 such
that (3.11) holds true, for € C§°(Iy; R) with () = 1. Since no collision occurs, we choose
K(T) = [-T;T], take a : (z,&) — (z)7%, and write (3.12) as

/ (Ut hywn , afUt: hywy ) dt + Op(h) < 20, (3.17)
(=TT
By Lemma 3.2, Proposition 3.7 with e = C, and (3.6),

(Ut Ryun, aUEs ) = (e, (100)(ao d) ) + bit) = (me(tsxi)) ™ + balt)

where the b; are bounded by CC +O(h) in C°([—T,T]). This yields (3.13), with bound 4C}
replaced by (2 4+ C)C5, and the non-trapping condition as in Subsection 3.2.
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4 Semiclassical trapping.

This section is devoted to the proof of the implication “1 = 2" of Theorem 1.1. We assume
the non-trapping condition true on Iy and we want to prove the bound (1.11), for any compact
interval I C Ij. Here we follow the strategy in [B, J3]. We assume that the bound (1.11)
is false, for some I. This means precisely that the following situation occurs, which we call
“semiclassical trapping”. There exist a sequence (f,), of nonzero functions of H2(R%), a
sequence (hy,), €]0; ho]Y tending to zero, and a sequence (z,), € CY with R(z,) — X € [
and (z,)/h, — r >0, such that

Wl =1 and  [[(PO) = 200 = olha). (4.1)

As in [CJ], we shall see that "the (f,,),, has no B*-mass at infinity” (see Proposition 4.2 below).
This yields the existence of some large R} > 0, of a sequence (g,), of nonzero functions of
H2(R?), of a sequence (h,), €]0;ho]" tending to zero, and of a sequence (\,), € RY with
A, — A € 1, such that

suppg, C {z € R% [zl B}, gul = 1. and [[(P(n) = Au)gal| = olln). (42)

Possibly after extraction of a subsequence, we may assume that the sequence (g,), has a
unique semi-classical measure p, satisfying (2.5) with w,, replaced by g, (see Lemma 4.3).
Now, we look for a contradiction with the non-trapping condition. While, in the regular case,
it is quite easy to show the invariance of ;1 under the flow generated by p, this is not clear in
the present situation. We shall show the invariance for repulsive singularities in Subsection 4.2.
In Subsection 4.3 however, we only show a weaker form of invariance, if there is an attractive
singularity. This Subsection 4.3 contains the main novelty of the paper.

The other steps of the strategy are essentially the same as in [J3], as explained in Subsec-
tion 4.1. If the reader is only interested in the bound (1.11) with B replaced by some L?
(s > 1/2), we propose a simpler proof in Subsection 4.4.

4.1 Main lines of the proof.

In this subsection, we give the main steps leading to the contradiction between the "semi-
classical trapping” and the non-trapping condition. Here we focus on the steps which are
essentially proved as in [J3].

Lemma 4.1. The sequence (||fn||23(zn)/hn>n goes to 0 and lim (z,)/h, = 0.

Proof: We write || /,,>°S(2n) = S (fn, (P(hy) — 2,) fn), which is o(h,) by (1.6) and (4.1).
This gives the first result. Now, assume that > 0. Since || f,]|*(S(2,)/hn) goes to 0,
must go to 0, while || f,|| > || fullz- = 1. This is a contradiction.

ful
O]

Using (1.1), we can show as in [CJ] the following localization in position space

Proposition 4.2. There exists Ry > Ry such that lim,, ... [[1{.>r} fulz- = 0.
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Proof: Let a € Xg,. It is known that (a}’)ejo:. is uniformly bounded in £(L2; L?) for any
s € R. Even more, using a partition of unity adapted to the decomposition R% = cU (Uj>1¢5)
from (1.3), say 1 = 7(z) 4+ X;>1 7j(x), and writing, for any u € B*, the identity u =
Tu+3 ;1 Tj u, standard pseudodifferential calculus and almost orthogonality properties allow
to easily establish that (a})xcjo;n.) is uniformly bounded in £(B*; B*) (see [CJ] for a complete
proof). Now, let a, := (f,,ih,'[P(hy),a} ]fa). Expanding the commutator, using (1.6),
(4.1) and Lemma 4.1, we observe that o, — 0. For any s > 1/2, (f,), is bounded in L2,
since Li C B. Now, we assume that a vanishes near the set S of all singularities. We can
find x € C5°(R?%; R) such that ax = 0 and y = 1 near the singularities. By Lemma 2.3 with
k=k = —s,
an = (Fur i [P(ha)ap)fu) + Oha)

Let § € C°(R;R) with @ = 1 near I and 6 := 1—0. Since z, — A € I, (||0(P(hy))(P(hy) —
2,) " Y|)n is uniformly bounded. Thus there exists C' > 0 such that
6Pl < max([8(PR) fulle: sup 2 [6(P(Ra)) ol
J=Z

< ClP(hn) = zn) full = o(han) , (4.3)
since (4.1) implies that ||[(P(h,) — zn)fnll = o(hy,). Using further that, for s €]1/2;1],
(-Y*ihy, [Py(hy), @i ] is uniformly bounded,

O = (fus ihy ' [Py(hn), ay J0(P(hn)) fu) + O(hn) -

Since ih;l[PX(hn),a}fn} is a h-pseudodifferential operator, we may apply Lemma 2.3 with
k =k = —s, yielding

an = {(fn, ihgl[PxULn)vazjn]e(Px(hn))fn> + O(hn) -

Using similar arguments again, we arrive at
an = (O(P(hn))fu s ihyyt [Po(hn), iy, JO(Py(hn)) fu) + O(hn) - (4.4)

Now we specify the symbol a more carefully. By [CJ] (see Proposition 8 and the second step of
the proof of Proposition 7 therein), we can find ¢ > 0 and a function y; € C5°(R?) such that,
for all 3 = (B;) € ¢! with |8]n = 1, there exists a symbol a € ¥, satisfying the following
properties. The function x; = 1 on a large enough neighbourhood of 0 and of the support of
X. The semi-norms of a in Xy, are bounded independently of 3 and, uniformly with respect

to 3,

a, > c- + o(1).

> 8;277)|(1 = x1)0(Py(ha)) f

J

2
Cj
By the above arguments, «,, — 0, uniformly in 3. This implies that

sgp 2_jH(1 = Xx1)0(Py(hn)) fr

and therefore sup 2_j/2“(1 — x1)0(Py(hn)) fn

2
cj j cj

tend to 0. In other words, [[(1 — x1)0(Py(hn)) fnl
for any € > 0, we derive from Lemma 2.3 that

|1 =) (O () = 8(P(ha))) ]

g+ — 0. Since B C L}, , continuously,

— 0
B* ’
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yielding ||(1 — x1)fnl/s= — 0, thanks to (4.3). Now the desired result follows for R; large
enough such that |z| > R = xi1(x) = 0. O

Lemma 4.3. Let R} > R). There exist a sequence (g,), of nonzero functions of H?(R%),
bounded in L*(R%) and having a unique semiclassical measure y, a sequence (hy), €]0; h,|N
tending to zero, and a sequence (\,), € RY with \, — X\ € I, such that (4.2) holds true.

Proof: Let 7,k € C°(R% R) be such that supp7,suppx C {x € R%|z| < R,}, k =1 on
{z € R%|z| < Ry}, and 7k = k. The sequence (7f,), is bounded in L?(R?). Possibly after
extraction of a subsequence, we may assume that it has a unique semiclassical measure ;. We
shall show that

supp 11 C {(z,€) € T'R% |z| < R},
supp N TH(R?\ S) Cp~*(N).

By Proposition 4.2, | 1>z )7 full goes to 0. Using (2.5), this implies (4.5). Now let a €
Cs°(T*RY) be such that a = 0 near p~*(\) US. Since (||{-)~1f,||)» is bounded by (4.1),

(Tfos a,7fn) = (Tfn, (Ta)iy, fu) + O(hn)
= (7fa; (70);,0(P(hn)) fu) + O(hn)
Hrfas ()i O(P(ha))(P(hn) = 20) ™ (P(hn) = 20) fu) » (47)
where § € C3°(R;R) with = 1 near )\, such that #(p)a = 0, and § = 1 — 6. By (4.1),

| (P(hwn) = 24) full = 0(hy,) and the last term in (4.7) is a o(h,). We can find x € Cg°(R%; R)
such that axy = 0 and x = 1 near the singularities. By Lemma 2.3, we recover

(fos ai, mhn) = (Thu, (@), 0(Px(hn)) fn) + O(hn) = O(hn)

since af(p,) = 0. By (2.5), this yields (4.6).
The symbol of [—h2A, k] belongs to ¥_,; and is supported in {(z,&) € T*R% RYy < |z] <
R}}. Let 7 € C°(R?) such that 7 = 1 on supp V& and supp 7 C {z € R, R < |z| < R}}.
Then [—h2A, k| fn
= [=ha ki fe = [ShaA K] (Py(ha) +0)7 (Pe(ha) +14) 7 £
= 1A K] (Py(ha) + )7 [R0A 7] fo+ [0 A, K] (P(hn) +40) 7 7 (P(ha) = 2a) fr
+H[=h2A K] (Py(hy) +9) 7 (i + 20) Ff = 11+ T2+ 73

Standard pseudodifferential calculus together with Proposition 4.2 provide r; = o(h2), ry =
o(h?), and r3 = o(h,,) in L2(R%). Thus, setting g, := £ fn,

(P(hn) = 20)gn = K(P(hy) = 20) fa + o(hn) = o(hy)

in L2(R9). By Proposition 4.2 and (4.1), ||ga]| — ¢, with ¢ > 0, and $(2,)g, = o(h,) in
L2(R%), by Lemma 4.1. Setting \, := R(z,), we obtain ||(P(h,) — \.)gnl| = o(h,). Using
(2.5) and the previous arguments, p is the unique semiclassical measure of (g, ). O

We now collect properties of the g, and their semiclassical measure p, defined in Lemma 4.3.

Lemma 4.4. Let a € C°(T*R?) such that a = 0 near the set S of all singularities.
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1. Then p({p,a}) =0 (“u is invariant under the flow”).
2. Ifa =0 near p~'()\) or near {(x,€) € T*RY; |z| < R}} then p(a) = 0.
3. Let T € C®(R?) such that T = 0 near S. Then the sequence (||7ih,V g, ||)n is bounded.

Proof: 1) Let xy € C5°(R% R) such that ax = 0 and x = 1 near the set S of all singularities.
In particular, {p,a} = {py,a}. By Lemma 2.3,

- <g”’ ({vaa});LUngn> + O(hy,) . (4.9

By (2.5), the r.h.s. of (4.9) goes to p({py,a}), as n — oco. As in [J3], we replace P(h,)
by P(h,) — A, in the commutator on the I.h.s. of (4.8) and expand the commutator. Using
(4.2), we show that a,, = o(1), as n — oo, yielding u({p,a}) = 0.

2) The second assertion was established in the proof of Lemma 4.3.

3) Let 7 € C°°(R%) with support in M. Since supp g, C {|z| < R}},

(7200, 12009.)| < 1(7g0. (P(ha) = Nga)| + O(")

where O(n°) means O(1) as n — oo. Thus

)
)

<ithIgn, TQithxgn> < 2h, ‘<(V T)Gn s TthyV gn ’ + O(n
17ihn Vagnll? < O(hy) - |Tih,Vagall + O(n°),

yielding the boundedness of (||7ih,V gyl )n. O

We introduce
Bi(\) = {X* cpt(N\); 0< £t — mp(t;x*) s bounded} (4.10)

and B(\) := B (A)NB_(\). By (3.3), the non-trapping condition (1.10) exactly means that
B, ()) and B_(\) are empty.

Proposition 4.5. Letd > 3 if N =0 else let d = 3. The measure i is nonzero.

If N = 0, p vanishes near the (repulsive) singularities, is invariant under the complete flow
t — ¢!, and supp u C B(N).

If N > 0, then, outside the attractive singularities, i is supported in B()\) that is

suppuNT*(R*\S) C B()). (4.11)

Proof: For the case of purely repulsive singularities (i.e. N = 0) the proof is given in
Subsection 4.2. The other case appears in Subsection 4.3. [

Remark 4.6. If (1.11) is really false, one expects that the f, are “close to some resonant
state”. Proposition 4.5 and Proposition 4.9 below roughly say that this resonant state should
be microlocalized on trajectories in B()\). However, it does not give any information above
the attractive singularities. If the potential V' is smooth (ie. N = N’ = 0), the arguments
used in [J3] actually prove Proposition 4.5 in this case.
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Lemma 4.7. Let d > 3 if N = 0 else let d = 3. If p is non-trapping at energy A (cf. (1.10))
then p = 0.

Proof: Let N = 0. By Proposition 4.5, supp u C B(A), which is empty by the non-trapping
condition. Thus ;= 0. The other case is treated in Subsection 4.3. [

Now Proposition 4.5 and Lemma 4.7 produce the desired contradiction.

4.2 Repulsive singularities.

We show Proposition 4.5 for the case N = 0, d > 3, by first showing a decay estimate for the
Fourier transform of the g,,’s.

Since we only have repulsive singularities, there exists some positive ¢ such that

N/

(gns (=120 gu) + 3 (g (/] =50 ga) < clgn, (P(hn) = Nga) + O(n°) . (4.12)

Jj=1

By Lemma 4.3, ||(P(hy,) — A)gn|l — 0 and the r.h.s of (4.12) is bounded. Now, we show that
pu#0. Let y € C°(R% R) such that 0 < y < 1 and x = 1 near 0. Let us denote by Fg the
Fourier transform of g. Setting xr(£) = x(§/R), for R > 0 and & € R?, we observe that

<fgn, (1_|h)iR)|(2hn) |h - |2~7:9n> < O(RT; ) (gn s (=hnA)gn) -

The bracket on the r.h.s is bounded uniformly w.r.t. R. Thus

li}r{n limsup(Fg,, (1 = xgr)(hn)Fgn) = 0. (4.13)

Recall that, for all n, supp g, C {|z| < R}} (cf. Lemma 4.3). By Proposition 2.1, this implies
that ||g,||* — u(1), yielding 11 # 0. Now let 7 € C5°(R; R™) be supported on a neighborhood
of the singularities such that 7 = 1 near them. Since V' — X is large and positive near the
singularities, we can choose the support of 7 such that,

ITgall® < (7gn, (V = X)7gn) - (4.14)

Thus <Tgn, (—hiAx) Tgn> + HTgnH2 < 2(7gn, (P —N)7gn) = 0o(1), (4.15)

using Lemma 4.4. In particular, ||7g,||* — p(7?) (cf. Proposition 2.1) and ||7g,|| — 0. Thus
o is supported away from the (repulsive) singularities. By Lemma 4.4, we conclude that p
is invariant under the flow (¢')cr. If the trajectory ¢ — m,.¢'(z,£) goes to infinity when
+t — +00, then the invariance of 1 under the flow implies that p vanishes on this trajectory.
This shows that supp i C B(A) and finishes the proof of Proposition 4.5 in the case N =0

and d > 3.
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4.3 The general case in dimension 3.

In this subsection, we assume that N > 0 and d = 3 and we give successively the proofs
of Proposition 4.5 and Lemma 4.7 (at the end of the subsection). In view of (4.13) and
of Proposition 2.1, we want to show that (g,, (—h2A,)g,) is bounded to get u # 0. We
also need a kind of invariance of u under the pseudo-flow ¢' (cf. (2.18)). To realize this
programme, we want to use the KS-transform (2.23) to lift the property (4.2) in R, locally
near each attractive singularity.

Let (75)o<j<n € (C°(R%RT))N+! be such that
o YN 77 =1 near {x € RY|z| < R},
o for 1 <j < N, 7; =1 near s; and is supported away from the other singularities,

e 7o = 1 near the set of repulsive singularities and is supported away from the other singularities.

There exists ¢ > 0 such that

'_%: <7'0gn, (1/]z — s4]) Togn> < e(mogn, (V = AN)Togn) - (4.16)
T (mgn (A ) + 3 (. (1/]0 = 5 0)
< (14¢) (rogn, (P = N7ogn) + O(n°) = O(n") . (4.17)

Here we used the fact that (7g,, (P — A)70g,) — 0, by Lemma 4.3 and Lemma 4.4. Let
1 < j < N. For the same reason, (7;gn, (P — A)7;g,) — 0. Thus, since (V — f;/| - —s;|)7;
is bounded,

’<Tjgnu (_hiA:v) Tjgn> + <Tjgn7 (f]/’ ) _Sj’)Tjgn>‘ = O<n0>' (4.18)

We introduce the KS-transformation (cf. (2.23)) which is adapted to the singularity at s;:
r=K;(z) = s; + K(z;) (cf. (2.19)) and, for x # s;,

(z,8) = Kj(z¢) = (5;,0) + £*(20). (4.19)

For all n, let §,; := g.oK;. Let x; € Cs°(R3) such that X;Ti = Xj» Xj = 1 near s;, and
X;Te = 0, for k # j. Denote by x; the function x;0k;. For ' € R, we introduce the
differential operator in Rﬁj

Pi(h; X) == =h?A, + ((13V)oky = X) |- P, (4.20)
which can be seen as the Weyl h-quantization of the symbol
T'RYS (2,G) — Pin(2,G) = G+ (HVIK(z) = N) - [z (4.21)
Notice that p; » € Yo,o. We can write, for z; € supp x;,
2P (VI () = X) = fi(s5) + (£F05(2)) = FC0))) + [z (W5(K5(z)) = N)
= [i(s5) + Win(z) - (4.22)
So I/T/j,)\/ is a quadratic perturbation of the constant f;(s;), vanishing at s;, and

Byl N) = —h2A, + fy(s;) + Wy (4.23)
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Lemma 4.8. Let 1 < j < N. The sequence (Gn;)n = (9,9K;)s is bounded in L*(R*). Up
to subsequence, we may assume that it has a unique semiclassical measure [i;. Besides,

Vn €N, supp gn,; C {25312 < (Ro+ R'l)l/Q} , (4.24)
and X P;(hn; A)in; = o(hyn) in LA(RY) (4.25)

Let gzNSj = ¢;(s;-) be the Hamiltonian flow associated to (t, X, 2,() — pjx(2,C) by (2.24).
Let b € C°(T*R*) and Ty := {s > 0;Vt € [0; ] , (bo gzgz)(l —X;) =0}. Then, for s € Ty,
() = fij(bo &) . (4.26)

Proof: e Eq. (4.24) follows from the scaling |[KC(z)| = |z|? of the Hopf map (see (2.19)) and
the estimate (4.2) for the support of g, .

e Since (—h2A, +V — X\)gn = o(h,) and g, = O(n®) in L2(R?), we use (2.19), (2.21),
and the arguments of Proposition 2.1 in [GK] to get

| IR B (i A)Gng = o(hw) and | -]gn; = O(@") in L*R). (4.27)

This yields (4.25).

e Now, we show that y;g,; = O(n°) in L?(R*). Together with (4.27), this then will imply
the desired boundedness of (g, ;). in L*(R*).

Thanks to (2.19), (2.21), and to Part 3 of Lemma 4.4,

Mawpp 95,20V, Gnll = O(IlauppwnyhnVagnll) = O(n%) (4.28)
Mawppvs,dnil = O(IMwppwr,aull) = O(n°). (4.29)
Let A,; = (2 - hWV., +h, V., - 2;)/(2i) and
g = (Gngs b [Py (hs M) i3 An X | G )
Expanding the commutator and using (4.27), we see, on one hand, that

angl < 0(n”) - (hallloupp sl + %5680 Vo Gusll + O(%)
< o(n®) - %1V, Gugll + o(n?). (4.30)

thanks to (4.29). On the other hand, writing 2iA,, ; = 2z; - h, V., + 4hy,
g = (Gngs 2| =020 ) Gns) = 2R((25 - ha V)G s bt [—hEA, K G )
+ <>~(j§n,j ! {E(hn? An)s % - hnv%} ngn,j> :
By (4.28) and (4.29),
(g = (XiGng > b [P(hni An) i ] Xidng)| = O(°).

As a differential operator, Ay '[Pj(hn; A\n), 14, ] = 2(=h2A,,) —2;- V. W, (%) (cf. (4.23))
and, by (4.24), there exists some c; > 0 such that, for all n and for all z; € supp gy,
|2 Vo, Win, (7)1 < ¢51z; . By (4.27),

(g = (GGn s —2M2A5, Gidna)| = O().
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This, together with (4.30), implies that
0 < (Xjng» =220, XiGns) < 0o(n") - [%jihnVa,dn sl + O(0°) . (4.31)
Writing
(Kong s =Py Xibng) = X5 Ve, * + Ball(72%5)Gn 1
+ Zhnéﬁ«vz])zj)gn,] ) inhnvzjgn,j>
and using again (4.28) and (4.29), we arrive at
1X73ha Ve, Gugl* < 0(n®) - [X;ihn Ve, Gugll + O(n°) .
This yields
11V, Gnsll = OM®) and  (Xjdny, —h2As, Xidng) = O(n°). (4.32)
Now
(XiGng» Pi(hns M)XiGns) = (Ridng s P (hni A)ing) + (Rjing s [~hEA, X |Gns)
and is bounded by (4.27), (4.28), and (4.29). Thus
(Xjng» =P, Kdng) + L)%l + (Ring s WinaXiGng) = O(0°).  (4.33)

In (4.33), the first and third terms are O(n"), by (4.32) and by (4.27) respectively. Since
fi(sj) # 0, we conclude that (X;gn ;) is bounded in L2(R*).

e We now show the invariance (4.26). It suffices to show that, for all A € R and all b €
Ce°(T*R?) such that b(1 — ;) = 0, fi;({p;r, b}) = 0. Take such a b and A € R. Since b}’
is uniformly bounded,

(st [ Py (B3 M), B |G ) = 0(n?)

by expanding the commutator, using (4.25), and using the boundedness in L*(R*) of (g, j)n.-
Now we compute the leading term of the commutator and arrive at

0(n®) = (Gnjs {XiBine: DY) + Olhn) = (Gnjs {XsPins DY) + 0(n)
= (Gng {Bir D1 Gns) + 0(n°),

since ; = 1 on the support of b. Thus ji;({p;,0}) = 0. As in the proof of (4.6), we see
that supp fi; C (p;A)"'(0). Since the last two components of ®5(+, A, -, ) actually form the
flow generated by p; », we obtain (4.26). O

Proof of Proposition 4.5: Let 1 < j < N. The boundedness of the sequence (X;Gn j)n in
L?(R*) precisely means that ((X;gn, (1/]-—5;])X;jgn))n is bounded (cf. (2.21)) and so is also
({7jgn, (1/] - —8;1)7jgn))n- By (4.18), this implies that ((7;gn, —h2A.7;gn))n is bounded.
By the IMS localization formula (cf. Chapter 3.1 of [CFKS]),

N N
<gna _hiAxgn> = Z<Tj9na _hiAijgn> - hiZH(Vij)gnHZ = O(no)a (4-34)

j=0 7=0
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thanks to (4.17). As in Subsection 4.2, we can derive (4.13) and prove that u # 0.

Consider a trajectory (¢(;Xg))geol(xz)) Such that m,¢(t;x7) goes to infinity as t — +oo. If it
does hit a singularity then m,¢(t;x5) must come from infinity, hit the singularity and then go
back to infinity (coll(x{) contains one point). Since x vanishes on some {x* € T*R?; |z| > C'},
p vanishes near the tail(s) of (¢(;xg))sgzcon(xz)) Which is (are) inside this set. By invariance
(cf. Lemma 4.4), u vanishes near each ¢(t;xg), for t & coll(xf). This proves (4.11). O

Proof of Lemma 4.7: Let1 < j < N and 7 € C§°(R*) with 7(1—x;) = 0 and 7 = 0 near
zj = 0. Then |7|?[i; is the semiclassical measure of (7§, ;). (see [GL]). We may assume that
T = 7oJ; is well defined. By (2.21), ||7g,|-|"Y2||?> = |7Gn;]|>. By (2.19), 71 := 7|-|"/%is
smooth. Thus (71g,, (P —\)719,) — 0, by Lemma 4.3 and Lemma 4.4. This yields the bound
(4.34) and Eq. (4.13) with g, replaced by 71g,. By Proposition 2.1, ||71g,||* — |m|?u(1).
But the latter is zero since, by Proposition 4.5 and the non-trapping assumption, p may only
have mass above the attractive singularities. Thus lim ||7g, ;|| = 0. This implies that x,/i;
may only have mass above z; = 0.

Now let 7 € C¢°(R?) supported near s; and inside the set x;'(1), and set 7 = 70 K;. Let
¢ € C°(T*R*) such that ¢ = 1 on a neighborhood of (p;,)~'(0) N (supp x; x R*). Let
r € R. For n large enough, the well defined symbols 7(1 — ¢)(p;.,) " belong to %, 5 and
form a bounded sequence in this set. Writing 7(1 — @) = 7(1 — @) (Djn.) - XD, and using
pseudodifferential calculus and (4.25),

(F1=9)), dns = (FO =) B1a) "), GiPilhui Mo + O(hn) = O(ha)  (4.35)

in L2(R*). Notice that if (0,¢) € (p;)~"(0) then [¢]* = —f(s;) # 0 and ¢ # 0. Now, using
(2.19), we can choose the support of 7 small enough around z = 0 such that, for some s; > 0,

supp (7@) o ¢(s';+) C x; (1), for 0 < &' < s, and (7@) 0 p(s';-) = 0 near {0} x R* € T*R*.
Using (2.21), (4.35), and (2.5) applied to g, ; and fi;,

179all* = 1FGugl - [II* = 178Gugl - [ + O(hn) = @;(FE%] - *) + o(n®).
By (4.26), i;(73%| - ) = ;((723?| - |*) 0 d(sh;-)) = 0, by the choice of ). Therefore
lim ||7g,|> = 0, yielding 1 = 0 near s;. Thus p = 0. O

Actually, if trapping occurs, we have the following stronger result on the measure p.

Proposition 4.9. Let N >0 andd = 3. Ifx* € suppu NT*(R3\ S) and t & coll(x*) then
¢(t;x*) € supp p.

Proof: Let 1 < j < N. Let xj := (20,&) € p~*(\) such that x; = 1 near z. By the
properties of the KS-transform (4.19) (cf. (2.22)), there exists 7z} = (20,(y) € T*R?* such
that xj = KCj(z5). Let t5 = (0,p(x5)) = (0, \). We consider the trajectory {m,¢'(x),t € R}
and assume that it hits the singularity s; at time to. Let ¢’ > t, such that x,;(m,¢(t'; %)) = 1.
There exists some s’ € R such that ¢ = t;(s;t§, z5) (cf. (2.25)). Here t;(s;t*,2*) is the first
component of the flow ¢;(s; t*, z*) given by (2.25) with j replaced by (4.21). Let 7y € C3°(R?)
such that x; = 1 near supp 79, 7o = 1 near xy, and 79 = 0 near s;. The semiclassical measure
py of the sequence (70g, )., viewed as a bounded sequence in L2(R? x S1), is p® 1 ® &
on T*R? x T*S'. Let ¢ € C{°(R) such that ©» = 1 near 0 and K, CC R?® be a vicinity
of &. Let a € C§(T*R?) such that 7 = 1 near msuppa and mesuppa C Kj. For
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(x*;0%) = (1;&;0;0) € T*R? x T*S1, set ay(x*;0*) = ¥(0)a(x*). Let ¢y + 1y = 1 be a
smooth partition of unity on S!. Notice that

p(a) = mopla) = Top(ar) ZToul (a19) - (4.36)
k=1

For each k € {1;2}, we may apply Proposition 2.2 with u, = 7g,¢r € L*(R3 x S!)
and & = (K;, A;), since (K;, A;) is a local diffeomorphism near supp 7y x supp ¢, by
(2.20). Ths ((rotx) © (K, Ay ))iig(be) = mores(are), where b — (arthe) © (G, Aj 1),
since ((10¢x) o (Kj,.Aj+))fi; is the semiclassical measure of ((70g,v%) © (ICJ,A1+)) . Now
we can choose K and supp 79 small enough such that, for all £ € {1;2}, by, o gbs = 0 near

{0} x R* and (1 — ;)b o gbt =0, for 0 <t < s. Thus (4.26) holds true with s = ¢
and b = by.. Let 7 € C3°(R*) such that §; = 1 near supp 7, 7 = 1 near msupp by, o d)s

and 7 = 0 near z; = 0. We may assume that J;, is a local diffeomorphism with IocaI
inverse (K;,A; 1) near msupp by o 9255 (cf. (2.20)). Thus we can apply Proposition 2.2
with w, = 74g,; € L*(R*) and ® = J; . This yields %kﬂj(l;k o gﬁj/) = 7yp1(ay ), where
Ty =T o Jj+ and ay j = by, o gf;jl o (J;+)e- Now we see that, if i is zero near ¢(t';xf), then
we can choose K| and supp 7y small enough such that 7,p4(ay k) = 0, for k € {1;2}. By
(4.36), this implies that ;(a) = 0, for a with small enough support near xj. Since we can
reverse the time direction, we get the desired result. O]

4.4 A simpler proof for weighted L? estimates.

In Subsections 4.1, 4.2, and 4.3, we proved that the non-trapping condition implies the Besov
estimate (1.11). By (1.7), the latter implies the existence of some C' > 0 such that, for all
s>1/2,
sup |[R(z; 0|22, < C- ht, (4.37)
3250
a weighted L? estimate. This derivation of (4.37) from the non-trapping condition uses
Proposition 4.2, the proof of which is based on arguments borrowed from [CJ]. The latter are
rather involved since, in [CJ], the potential is assumed to be C? only. In particular, a special
pseudodifferential calculus, adapted to this low regularity, is used there. Since our potential
here is C'*° outside the singularities, we want to give a simpler proof of the following, slightly
weaker result.

Proposition 4.10. Under the assumptions of Theorem 1.1, we assume that p is non-trapping
at each energy \ € Iy. Then, for any compact interval I C Iy and any s > 1/2, there exists
Cs > 0 such that (4.37) holds true with C' = Cs.

Proof: Let d > 3. We can follow the arguments in Subsections 4.1, 4.2, and 4.3, if Proposi-
tion 4.2 is replaced by

E|R6 > Ry T}LHOlO ‘]I{|-\>R’0}fn L

— 0. (4.38)
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Indeed, for functions localized in {z € R%; |z| < R}, the norms |||z and || - |12 are equivalent
and so are the norms || - ||« and || - ||z . So we are left with the proof of (4.38). We follow
the proof of Proposition 4.2 and arrive at (4.4). Now, by [J3], we can find ¢ > 0, a function
X1 € C°(R?), and a symbol a € Y satisfying the following properties. The function x; = 1
on a large enough neighbourhood of 0 and of the support of x and

an = e ||(1=x0)0(P(hn)) fa

;5 + o(1) .

Following again the proof of Proposition 4.2, we get (4.38). O

5 On the validity of the non-trapping condition.

The aim of this last section is to provide examples both of validity and of invalidity of the non-
trapping condition (1.10). As we shall see in Corollary 5.2 below, the non-trapping property
is seldom fulfilled if there is some singularity (N’ > 0), even at positive energies. This is in
strong contrast to the smooth case, for which p is always non-trapping at large enough positive
energies.

To study the non-trapping condition (1.10) when an attractive singularity is present (and
d = 3), we need to review the regularization of the Hamilton flow of p, described in Section 2,
in a more sophisticated way. Recall that M =R3 \ S. Let wy be the natural symplectic
two-form on T*R3 given by Z?:1 dx; N\ d§; and also its restriction to P. It is well known
(see [Kn2], Thm. 5.1) that there exists an extension (M,w, m) of the Hamiltonian system
(ﬁ,wo,p), where as a set the six-dimensional smooth manifold M equals
N
M = PU[JRxS?.

=1

Here the ith copy R x S? parameterizes energy and direction of the particle colliding with
the attractive singularity s;. Using the symplectic form w on M, the Hamiltonian function
m € C°(M) generates a smooth complete flow

P:RxM—M , (tx)— Otx") = &' (x*). (5.1)

A collision time for x* € M is a time ¢, such that ®(t;x*) & P. If t is not a collision time
for x* € P then ®(t;x*) = ¢(t;x*), defined just before (2.17).

Proposition 5.1. Consider for d = 2 or 3 a regular value \ > 0 of V. If the set
Hy = {x cR%: V(z) > Norw € S}

is not homeomorphic to a d-dimensional ball or a point, then p is trapping at energy A, i.e.
(1.10) is false.

Proof: We write H, as the disjoint union 7:(,\0{51, ..., SN} with

Hy = {x cRL V(z) > Norx € {syy1,. .. 75N/}} :
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Then H,, is a d—dimensional manifold with boundary, since by assumption X is a regular value
of V. It is compact since by assumption lim, ., V(z) = 0 but A > 0. Notice that H, is a
neighbourhood of the repulsive singularities syy1, ..., Sy, but there exist neighbourhoods of
the attractive singularities sq,..., sy that are disjoint from H,. In the presence of repulsive
singularities H, is nonempty. In any case, H, is a nonempty compact set. We denote by
Int(H,) the interior of H,. Now we assume that H, is not homeomorphic to a d-dimensional
ball nor to a point, and we construct a periodic orbit, thus proving trapping. We discern two
cases.

First case: H ) has two or more connected components.

Here the idea is to construct a periodic orbit (using curve shortening), whose projection on
configuration space is a curve connecting two components of H,. Let gguciq denotes the
euclidean metric on R%. We now use the Jacobi metric gy, defined on R?\ H, by

9x(q) = (A = V(q))grucia- (5.2)

It is known (see e.g. [KK] and [BN]) that for regular curves c : [0,1] — R?\ Int(H,) with
c(1) = s; (i < N) the length

t
£(e) = Jim / \/gx(c(s))(c(s), i(s))ds
is finite. By compactness of H), the number ¢ of connected components of H) is finite.
Denoting them by Hy.q,..., Hyp for 1 <i < j < /¥

D)\<Z,j) = L(C) > 0,

inf
c:c(0)EH N, c(1)EH ;4
that is, the different components have positive geodesic distances.
Taking R large enough, we can ensure that these mutual distances are smaller than the
corresponding geodesic distance of the H,; to the region {z € R%; |z| > R}.
The (standard) approach is to consider the negative gradient flow of the energy functional

E(c) = /O 1 r(c(5))(é(5),é(s)) ds,  with  c(0) € Mg, and c(1) € Hag,

in order to approximate geodesic segments, which are then critical points of £ with respect to
these boundary conditions.

Due to the degeneracy of the Jacobi metric (5.2) at 9(R%\ H,) still no Palais—Smale condition
is satisfied for £, that is, a vanishing gradient of £ at ¢ does not ensure that ¢ is a geodesic
(see Klingenberg [KI], Chapter 2.4 for a discussion of the Palais—=Smale condition).

However, as A is assumed to be a regular value of V, the regularization technique devised by
Seifert in [S] and later by Gluck and Ziller in [GZ] can be applied to yield a geodesic segment
of length equal to D, (i, 1) = min;; Dy(4,j) > 0, with ¢(0) € Hy,;, and ¢(1) € Hy,, .

We denote the restriction of the flow ® to m~1()\) by ®. Away from the end points, and up
to time parameterization, the geodesic segment in the Jacobi metric corresponds to a segment
of a ®f—solution curve. See [AM], Thm. 3.7.7 for a proof.

This segment is part of a periodic orbit, whose period is twice the time needed to parametrize
the segment:
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o If V(c(ix)) = A, then (by our regularity assumption for the value \) VV(c(iy)) # 0.
Furthermore the geodesic segment at this point has a normalized tangent
lim [e(s) — e(ix) |~ (c(s) — e(ir))
s,/ ik
which is parallel to VV(c(ix)) (see [GZ], Sect. 6). Thus the solution curve can be
continued by time reversal (cf. (2.16))

cix + s) = c(ix — ) (s >0). (5.3)

e Similarly, if instead c(ix) € {s1,...,Sn}, that is, ¢(t) converges to an attracting sin-
gularity, then, time reversal (5.3) again continues the geodesic segment ¢ and thus the
! —solution curve as well.

In both cases we thus constructed a periodic ®-orbit.

Second case: H, has only one component, which however is not homeomorphic to a d-
dimensional ball nor a point. Thus it is a connected compact d—dimensional submanifold of
R? with boundary not homeomorphic to S~

o If R\ Int(H,) contains a compact connected component, then this arises as the projec-
tion on configuration space of a connected component of the regularized energy surface
m~Y()\). This flow-invariant component is compact too, and thus consists of trapped
orbits.

o If, however R? \ Int(#,) does not contain a compact component, it necessarily is con-
nected since d > 2 and H,, is compact. In this situation, the boundary OH consists of
one component, which is not homeomorphic to S*!. In this situation Corollary 3.3 of
[Kn1] ensures the existence of a periodic so—called brake orbit, that is a trapped orbit
in the terminology of our paper (although [Knl] treats smooth potentials, in the case
at hand all singularities of our potential are repelling. Thus the dynamics at energy A is
unaffected by the singularities.). O

A converse of Proposition 5.1 does not hold true in general. That is, there are potentials like
Yukawa's potential V' (z) = —e~1#l/|z| for which ) consists only of one point but still there
are trapped orbits for small A > 0, see [KK]. Yet Proposition 5.1 gives us the

Corollary 5.2. Consider for d = 2 or 3 a regular value A > 0 of V.
IfN >1orif N=1and N > N, then p is trapping at energy \.
If N' > 2 then p is trapping at energy X\, for A large enough.

Proof: In all cases, H, has several connected components. Thus Proposition 5.1 gives the
result. ]

However one can find non-trapping situations as in Examples 5.3 and 5.4 below.
Example 5.3. Let N’ € N*. Let V be defined on R4\ S by V(z) = Zj-vzll fi/lx — s;| with

fj >0, forany 1 < 5 < N'. It satisfies (1.2) with N = 0. For0 < X\ < (Zé\; Is;l/f;) "t p
Is non-trapping at energy .
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Proof: Recall that ag(z,&) = 2 - €. For (z,€) € p~L()),

{p.ao}(z,&) = 2/ + ng = &P+ X+ ijsg

Sglg | — 55

e
> )\_2|53|)‘ _ (1_)\2’53)
j=1 J

Here we used that 0 < f;/|z — s;| < A, for (z,£) € p~'(\). Now standard arguments yields
the result (see the proof of Lemma 3.1, for instance). O

Example 5.4. Let \,c,p > 0 and W € C°(R%; R) such that
Va e N? 3C, > 0; Yz e R?, [0°W (z)| < Co(x)=r7lol.

Let V € C°(R4\ {0};R) defined by V(x) = —c/|z| + W (x). Depending on ¢ and \, one
can find small enough (C,)jaj<1's such that p is non-trapping at energy .

Proof: The function p defined just before (2.24) takes the following form: p(t*;z*) =
pt,7m2,0) = |CP —c+ [2)2(W o K(2) — 7). Let by : T*R x T*R? — R be defined by
bo(t*;2*) = (- z. Then

{B, bo}(t5577) = 2p(t77) + 2¢ + 2P (47 =AW 0 K(2) — 2+ V. (W o K)(2)) . (5.4)

Thanks to (2.19), we can choose the (C,)|o<1's small enough such that, for 7 = A > 0, the
last term in (5.4) is everywhere non-negative. Thus, on p~!(] — ¢/2;¢/2[), {p, bo} > c. This
implies that, for any solution s — (£(s), \; 2(s), ((s)) of (2.24) leaving in p—1(0), the function
s+ |z(s)]? is strictly convex. It must go to infinity in both time s directions. By (2.25), this
implies that any broken trajectory (¢(t;x*))er\con(x+) With p(x*) = A goes to infinity in both
time ¢ directions. O

Remark 5.5. By inspection of (5.4) we see that, for a potential of the form V (z) = %ﬁ) +
W (x) with f(0) < 0 and meeting (1.1), no trapping occurs for high enough energies.

6 Scattering by a molecular potential.

We now show that our analysis can be applied to Example 1.3.

The potential @ — ; epz;le — ;|71 of Pi(hg) is smooth on M = R3\{sy,..., sy} and
satisfies (1.1). By local elliptic regularity (see [RS2], Thm. IX.26), the electronic eigenfunc-
tions 1, € L2(R®) of Py(hy) are smooth on M. Furthermore, they are continuous on R?
(see [CFKS], Thm. 2.4) and the corresponding eigenvalues Ej, are negative by [FH] (see also
[CFKS], Thm. 4.19). Using [Ag] outside the ball B := {z € R3;|z| < Ry} (cf. (1.1)), one
can show that the v;.'s decay exponentially. This means, for any k, that there exists ¢, Cx > 0
such that

t ¢ B = |p(z)] < Cre . (6.1)
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By (1.1), the result in [Ag] can be applied to the derivatives of the 1 outside B. Thus
(6.1) holds true for these derivatives with possibly different constants ¢, Cx. For any j €
{1,..., N}, it turns out that ¢y, : R* 3 2z — 9y (s; + K(2)), with K(2) defined in (2.19), is
smooth near z = 0. Indeed, we can show as in [GK] (see also the proof of (4.25) in Lemma 4.8)
that the equation P;(hg)v = Ejtby can be lifted to a Schrodinger equation in R* with smooth
potential solved by the function 1;;. Again, the elliptic regularity gives the desired result.
Therefore the charge densities py := [x|? are smooth on M and continuous on R%. The Pk
and their derivatives satisfy (6.1). Forany j € {1,...,N'}, pr; : R* 3 2 pi(s; + K(2)) is
smooth near z = 0. This allows us to obtain the following properties for the W.

Proposition 6.1. Let k € {1,..., K}. The potential W), is smooth on M, continuous on R3,
and satisfies (1.1). For any j € {1,...,N'}, the function Wy; : R* 3 2 — Wy(s; + K(2)),
with IC(z) defined in (2.19), is smooth near z = 0.

Proof: Since |- |7! € LY(R?) + L>®°(R?), pr € LY (R?), and py is continuous, W}, is well
defined and continuous on R?. Let j € {1,...,N'}, y € M, and consider a partition of unity
in R? of the form Z;VZ/O X; = L with x; € C§° and x; = 1 near s;, for j > 1, and xo = 1 near
y. Denoting by * the convolution product, we can write near y, for any k and any multiindex
a € N9,

N/

DW= DX(pr*|-17) = D (oxg) = Dgl - |71 + (DX (prxo)) * | - | (6.2)

j=1

(as distributions). This defines a continuous function near y. Using the exponential decay of
the functions pj, we can show that W satisfies (1.1).

Let j € {1,..., N'}. We want to show that the function R* 3 z — (p*|-| 1) (s; + K(2)) is a
constant times the function R* 5 z — (pg;*|-|7?)(2). Notice that, foran f € C(R*)NL!(R?),
f*|-|7?is a well defined continuous function since |- |72 € L}(R?) + L>°(R*). Now, it is
convenient to view R* as the quaternion space H and to use the representation of KC on this
space (see the appendix). In particular, one can use formula (3) from [GK], saying that for
r:=K(Y), Y eH, |Y?dY = ¢ dxdf for some constant ¢ > 0 (df is uniquely defined by
(2.20), compare also with the group action (A.4)). Then, using Lemma 6.2 below, we get

I e RY)) e pi(sj + )
('Ok] *|-| )(Z) o Y - ZP2 Y['dY = ¢ /]R3><Sl Y (x,0) — ZPdwd@
/ pk(‘Sj —i—CL‘) / pk(‘Sj —|—J,‘)
— ) LRI D de = - d
¢ /R e —K(2)" T ° /R s, +x—s; — K(2)]""

= (x| |75 +K(2)),

for Z € H, and ¢’ > 0. Now, since py; is smooth near 0 and | - | =1 is smooth away from 0, we
can use a formula similar to (6.2) to show that py; * | - |72 is smooth near 0. O

Lemma 6.2. For X, 7 € H with K(Z) # K(X)

2
/ lexp(L,0)Z — X|2d6 = 21 - |K(Z) — K(X)| .
0
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Proof: Assuming the condition, both sides are well-defined. Then, using the definition of the
real part of a quaternion (see appendix)

2
/ lexp(16)Z — X|~2d6
0

- /027r (|Z|2 + | X|* — 2Re((cos(0) + I Sin(g))ZX*))_l 40

-/ (12 + X2 - 2(Re(ZX) cos(8) + Re(1, ZX") sin(8))) " d8
_ /02” (|z|2 + X = 2\/(Re(ZX7))* + (Re(leX*))%osw))l dip
= 2 ((1ZP + X1 — 4(Re(ZX"))* — 4(Re(L2X7))?) "

= 0| Z° L Z - X*LX|TY = 21 - |K(Z) - K(X)|7!,

the last two equations being due to (A.5) and (A.3). O

Now we are able to explain why the proof of our results can be adapted to treat the potential V'
defined in (1.13). In the proof of the necessity of the non-trapping condition in Section 3, the
results away from the singularities work since V' satisfies (1.1). Since the W}, are smooth near
0, the results in [GK] (see Lemmata 3.3 and 3.4) are still valid. Since each W}, is bounded, it is
small compared to a repulsive potential +|-—s;| ™! near the corresponding repulsive singularity
5. So Section 3.3 is also valid. In the proof of the converse in Section 4, the results away from
the singularities hold true since (1.1) is still valid. The fact that the W}, is small compared to
the size of a singular potential £| - —s;|~* near the corresponding singularity s; explains why
Section 4.2 works and also the validity of (4.18). The fact that the 1, are smooth near 0,
ensures that Lemma 4.8 still works.

A The Hopf map.

We use the following notation for the quaternion algebra over R:

HZ:{(wl _w2)"LU17UJ2 E(C} gRél

with matrix multiplication, and basis
(o, I do ds) == ((49),(§2),(%8),(%7))-
The direct sum decomposition H = R - 1 & ImH with
ImH = {ZcH|Z?>= X -Twith A\ <0} = Spang (I3, I, I5)
into real and imaginary space is orthogonal w.r.t. the inner product

HxH—-R , (X,Y):=l(XY"),

— 2
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_ 1
X — X*:= X" being the conjugation. The norm | X| := (X, X)2 is multiplicative:
XY= X[|Y] (XY eH).

The real part of a quaternion equals Re(X) := $tr(X).
See, e.g., [EHKKMNPRE] for more information on H. The Hopf map equals

(A3)

K:H—ImH |, K(Z):=21LZ= (wlwl U_)QU_JQ j2U_J1U}2 i >
— 2w W3 Wollg — W1W1

which is a surjection R* — R? whose preimages are the orbits of the isometric group action
o : S — Aut(H), ag(0)(Z) :=exp(011)Z. (A.4)

This action is free on H \ {0}. We call K the Hopf map, since its restriction to S is the Hopf
fibration S® — S? with fibre S*.

Writing wy := 2o + @23, we := 23 + iz we get formula (2.19) in the basis (11, I5, I3) of ITmH.
Finally we prove the formula

Z*LZ — X*[,X| = \/(12\2 +[X[2)2 - 4((Re(2X"))? + (Re(1, ZX*))2)  (A5)

used in Section 6.
Notice that, for all A, B € H, Re(I;A*) = —Re(I;A), Re(A*) = Re(A), Re(A*A) = |A|?,
and

Re(AB) = Re(A Z Re(IyA)Re(IxB) . (A.6)
Setting A := 1 ZX* and B:= 1, XZ* in (A.6), we get

Re((LZX")(XZ")) = —(Re(X Z"))* = (Re(11 X Z"))* + (Re(1,X Z7))* + (Re(IsX Z7))

Similarly it follows from (A.6) that |A|? = S7_,(Re(IyA))?, so that for A := ZX*
1Z|? | X]? = |A]* = (Re(ZX™%))?* + (Re(LLZX™))? + (Re(I,X Z*))* + (Re(I3X Z*))%.

So

|Z*112 X'LX]*=(Z"1Z - X*LX)(-Z"1,Z + X", X)

= Z'I(-|ZPLZ + X' (- | X)X + (210 ZX LX) + (2L ZX [ X)*
= [Z]"+ X"+ 2Re(( ZX*) (11X Z"))
= 1Z"+ X" + 2(—=(Re(X Z%))? — (Re(L X Z*))* + (Re([,X Z*))* + (Re(I3X Z*))?
= (2P +|XP)? = 4((Re(ZX"))* + (Re(, ZX™))?)

This proves the claim. O
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