CLASSICAL AND QUANTUM DYNAMICS FOR
2D-ELECTROMAGNETIC POTENTIALS ASYMPTOTICALLY
HOMOGENEOUS OF DEGREE ZERO

H. CORNEAN, I. HERBST, AND E. SKIBSTED

ABSTRACT. We consider a charged particle moving in the plane subject to
electromagnetic potentials with non-vanishing radial limits. We analyse the
classical and the quantum dynamics for large time in the case the angular part
of the (limiting) Lorentz force (defined for velocities that are purely radial) has
a finite number of zeros at fixed energy. Any such zero defines a channel, and
to the “stable” ones we associate quantum wave operators. Their completeness
is studied in the case of zero as well as nonzero magnetic flux. In the latter
case one needs possibly to incorporate a channel of spiraling states. These
states are similar to those studied recently in the sign-definite case in [CHS].
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1. INTRODUCTION AND RESULTS

In this paper we continue the study initiated in [CHS] of the dynamics of a
charge 1 particle moving in the plane subject to a very long-range magnetic field
B perpendicular to the plane. More precisely we assume B = (0,0, 1b(z)) where
x is the position in the plane and r = |z|, and that b(f) := lim, . b(x) is a
non-vanishing smooth function on the unit-circle.

The classical Hamiltonian may be put in the form

h=h(r,§) =27} (¢ — a)?, (L1)

with a(z) = fol
be 1.
In the bulk of this paper we shall consider the more general symbol

h=hz,&) =27 —a)?+V, (1.2)

where V() = lim,_,o, V(x) similarly defines a smooth function on the unit-circle.
From this point of view the present paper may be seen as a natural continua-
tion/generalization (in the 2-dimensional framework) of the previous works [CHS],
[He], [HMV], [HS1] and [HS2].

To simplify the presentation let us assume throughout this introduction that
V' =0, and that (using polar coordinates) a(xz) = a(f) = (—sin 6, cos§)b(d). In the
context of quantum mechanics discussed below we take a(x) to be regularized at
the (singular) origin, but keep the above form outside a compact set. Let us denote
by H the corresponding quantization which is a self-adjoint operator on L?(R2).
It is a general fact that the spectrum is given by o(H) = oess(H) = [0,00); see
[CFKS, Theorem 6.1].

In [CHS] we studied the case where b(f) < 0 for all angles. In outline we
showed that above a certain energy E; > 0 all classical scattering orbits will go to
infinity along logarithmic spirals, and an analogous result was proved for scattering
quantum states localized in (Eg, 00). In this energy regime the singular continuous
spectrum and the pure point spectrum are empty and discrete, respectively. At
the particular energy FE, there exists a one-parameter family of closed classical
orbits. Below E; the classical orbits have infinitely many “loops”. The nature of
the spectrum of H in this regime is not known except in the constant b case where
it is pure point, cf. [CFKS, Theorem 6.2].

Now we shall study the case where b(¢) has a finite number of non-degenerate
zeros. We group those zeros into the “stable” ones where b'(f;) > 0 and the
“unstable” ones where b'(0;) < 0. In either case there is a channel associated to 6;.
More precisely there are classical scattering orbits with 0(t) — 6; as t — co. (Here
and henceforth ¢ — oo means ¢ — 4o00.) However they are of a different nature

r~1b(sz)(—x2,z1)ds where x = (x1,2). Here the mass is taken to
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in the following sense: There is a reduced phase space in which the stable 6;’s
correspond to stable fixed points, while the unstable ;’s correspond to unstable
fixed points (motivating their names). This means that the orbits asssociated to an
unstable 6; are “rare” (by the stable manifold theorem in the theory of dynamical
systems), while the orbits associated with a stable #; fill out a continuum. The
unstable channels do not exist in quantum mechanics.

For other works on quantum scattering theory for magnetic Hamiltonians we
refer to [H62], [LT1], [LT2], [E], [NR], [R] and [RY]. All these works require decay
of the magnetic vector potential (see [CHS] for a more detailed account). In the case
of periodic fields it was shown in [BS] and [S] that the spectrum of the Hamiltonian is
purely absolutely continuous. There are other works on 2D-magnetic Hamiltonians
with continuous spectrum, [Iw], [MP], [BP] and [FGW]. Those do in fact deal
with more “long-range” vector potentials than considered in this paper (although
strictly disjoint from our class). The books [CFKS], [DG2] and [RS] contain further
background information.

1.1. Results in classical mechanics. For simplicity we take henceforth V = 0.
We distinguish between the two cases 1) the flux fo% b(0)do

= 0, and 2) the flux OQW b(0)df < 0. Partly motivated by the fact that there are
collapsing orbits, r(t) = |x(¢)| — 0 in finite time, let us define a “classical scattering
orbit” to be a solution to Hamilton’s (or Newton’s) equations with r(t) — oo for

t — o0.

1.1.1. Zero fluxz. In this case any scattering orbit approaches one of the zeros,
b(f;) = 0, meaning §(t) — 6;. Moreover there exists the limit lim; . t~1r(t) =
V2E, where E > 0 denotes the energy of the orbit.

1.1.2. Negative flur. We are interested in 27-periodic solutions p = pg to the sys-

tem
d
{TZ:H" . (1.3)

n=\2E—=p*>0, [["2d)>0

Here p and 7 represent the radial and angular part of the velocity, respectively. We
know from [CHS] that if b < 0, then there exists exactly one such solution for all
high enough energies and it defines a logarithmic spiral.

We show in the present case where b has zeros:
i) There is at most one positive 2m-periodic solution pg to (1.3) for fixed E. If the
set £ of energies where the solution exists is non-empty, then it is an open bounded
interval (Eg4, E.).
ii) If pg exists, then for any scattering orbit with energy E, either it behaves as
described in the zero flux case, or

Tim p(t) — p(6(1))] = lim [5(t) — np(6(2))] = 0. (1.4)

The interpretation of (1.4) is attraction to a spiral.
iii) Above E., or for high enough energies if £ = (), all scattering orbits behave as
described in the zero flux case.

Our knowledge about the low-energy region, £ < E, if £ # (), is rather sparse.
(This is also true for the case b < 0 of [CHS].)

The positive flux case may be reduced to the negative flux case by permutation
symmetry.
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1.2. Wave operators for a stable zero in quantum mechanics. Let us fix a
stable zero, b(6;) = 0, ¥/(8;) > 0. We construct two types of wave operators 1)
one for high energies, and 2) one for small energies. To define the relevant energy
regimes we introduce the quantities
1 1 b(0;) = 1 1 b'(6;)
=4y 1—4—L =2 14— 1.5
f=-5+3 e P =737 3 55 (1.5)
Those numbers arise as eigenvalues for a linearized reduced flow, cf. [HS2]. Now
“high” means 4b'(0;) < V2F, while “small” means R3 < —371; in particular
the two regimes fixed by these requirements, say I; = (E;,00) and I; = (0, E;)
respectively, overlap.

1.2.1. High energy regime. We consider the equation for n from (1.3) (assuming

p>0)
d b
b s
n
now as a singular equation with § nearby 6; and the initial value n(6;) = 0. Away
from a discrete set of “resonances” there are smooth solutions ng with the asymp-
totics ng =< V2EB(E)(8 — 0;) as § — 60;. Based on these functions one may

construct local solutions S = S(t,r,0) = S(t,z) to the Hamilton-Jacobi equation
h(z,V;S) = —08,5.

By “local” we mean here that |0 — 6] is small and that 27! (¢7'r)? (or equivalently
E = —0,5) is well-localized (in particular bounded away from resonances) on the
support of any such S.

We also need a quantity w = w(¢,r, §) which is defined as follows: First we notice
that for any classical scattering orbit attracted to 6; there exists the limit

w= tli)rgo r(t)"P(0(t) — 6;).

We use this formula for the orbit that at time ¢ goes through (r, #) on the Lagrangian
manifold associated with an S (in particular its energy is F = —9;5).

Now the wave operator is given in terms of the family of local comparison dy-
namics

Uj(t) : L*(I x R) — L*(R2) = L*(R; x T; rdrdf)

given as
[U;(t)](r, 0) ="SEm0p=1/2 112 (1 )1, 4 (r, 0) (1.6)
o (E(t,r,0),w(t,r0)).
Here I ranges over small intervals free from resonances, I 3 E(¢,r,0) = —0;S(¢,r,0),

J; is the Jacobian determinant arising from the change of variables which makes
U;(t) isometric and 1.3 projects to the region where S(t,-) is defined. In terms of a
suitable (regularized) quantization H of the symbol h the wave operator is specified
by its value at given ¢ € L?(I x R) as

Q¢ = lim " HUL(t)g.
We may view §2; as a uniquely defined (global) operator Q; : L?(I; x R) — L?(R2),
see Remark 10.2 for details. Interpreted this way
HQ; = Q;M(E), Ran(Q;) C 17, (H)L*(R2);

here M (FE) denotes multiplication by E.

The above wave operator is closely related to the one at high energies for the
potential model constructed recently in [HS1]. For earlier works on a somewhat
similar “z-space modifier” we refer to [Y] and [DG1].
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1.2.2. Small energy regime. We may assume that §; = 0. We use rectangular

coordinates © = (z1,x2), and similarly for the dual variable & = (&1,&2). We

substitute in the expression (1.1), Taylor expand up to second order in z5/x; and
&9, and replace z; by t£;. The result reads

o1z U(0) m2 b’(9j)( b’((%-)) (@)2

h(t)=27"¢ 6 t§2+ 3 1+ 2%, 7 )

Next we quantize this expression and obtain a family of self-adjoint operators

H(t), t > 0, which generates an explicit propagator

i0,0(t) = HOU(t); U1) = 1.

Let J; = {51 1 & >0, % € I_j} and p; = —ia%l. We prove the existence of the
limit B -
Q)= s~ lim & 0(1) : 15, (p) L2(E2) — L*(E2).
Again the wave operator diagonalizes the free energy
5. _0.0—1.2 3 . B 22
HQ, = 0,278, Ran(Q) C 1y, (H)L(R2).

A similar “Dollard-type” wave operator was considered at low energies for the
potential model in [HS1].

1.3. Wave operator for spirals. Here we recall the construction of [CHS] adapted

to the present case where the interval £ = (Ey, E.) of energies possessing solutions
to (1.3) is bounded (assuming &€ # 0). Let

f(0) = lim (Oppe(0)~",

E1E.
and ,
D =Uso{t} X Dy; Dy ={(r,0) e Ry xT| 0 < n < f(O}. (1.7)
We define on D
S(t,r,0) =rpp@re(0) —tE(tr,0), (1.8)

where the “energy function” E(t,-,0) is the inverse of the function £ 5 F — r =
t/(0pp5)(0) € (0,LF()).

Now we take as approximate dynamics the expression (1.6) modified as follows:
Take ¢ € L*(€ x T). Replace on the right hand side {-} by D;, and take w(t,r, )
to be the uniquely defined initial angle, say 61, for the orbit that at time ¢ goes
through (r,6) € D; on the Lagrangian manifold associated with S. More precisely
given such pair (r,60) there is a uniquely defined pair (r1,601) € Dy such that the
direct flow (see (10.8)) starting at (r1,61) at time ¢ = 1 ends up at (r,6) at time t.

Let us denote this expression by [Usp(t)$](r,0). We can then define Qgp¢p =
limy o €7 Uy, (t)¢. The range of the wave operator (X, is a closed subspace of
L?(R?) of states whose large time behaviour is “spiraling”, see [CHS] for further
discussion. Let Py, denote the orthogonal projection onto this subspace. The wave
operator diagonalizes the free energy

HQyp = Qo M(E), Ran(Qyp) C 1¢(H)L*(R2).

1.4. Asymptotic completeness in quantum mechanics. We would like to as-
sociate a quantum channel to each zero, b(¢;) = 0. Suppose C C (0,00) is an
open set containing no eigenvalues of H. Then we would like to make sense of an
expression like
P.=Pic=lim lim lim ey e "7 f(H), 1.9

! ’ fTle xjllge;y t—o0 X J(H) (1.9)
where f denotes a net of Cj°-functions, and similarly x; is a net of operators given
by multiplication by functions in C°°(T). All limits are taken in the strong sense. If
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it exists, P; should project to a subspace P;L?(R2) C 1¢(H)L?(R2). In the case of
a stable zero, one would then ask for asymptotic completeness of the wave operators
considered in Subsection 1.2, which for example for the entire high energy regime
would mean that

Ran(Q;) = Pj 1\0,, () L*(R2). (1.10)

We shall justify the definition (1.9) and results like (1.10) in various cases.

1.4.1. Completeness for the flux zero case. Indeed if C = C'\ o,p(H) C (0,00)
is any open set of energies the definition (1.9) can be justified, and we show the
decomposition into channels formula

le(H) =Y &P, (1.11)

cf. [He]. In (1.11) only those projections which correspond to classically stable
zeros are nonzero, cf. [HS2].

Moreover, high energy asymptotic completeness holds in the sense that for each
stable zero

le/(H)Ran(Q;) = PjcL*(R2); C' C I;. (1.12)
Thus in particular (1.10) follows.

Finally we show that the singular continuous spectrum is empty, and that the
pure point spectrum is discrete in (0,00) \ Eexe. Here Eoxc is either empty, finite
or at most discrete in (0, 00); at those “exceptional” energies there exists a certain
heteroclinic orbit for a reduced classical dynamics. We show

05 9
SUP Eexe < 871 (sup/ bd@) ;
01
whence 0 is actually the only possible accumulation point. The (local) absence of
“exceptional” orbits (see Condition 2.4 for definition, and Example 2.5 and Remark
2.6 for discussion) is used in our proof of the limiting absorption principle LAP in
the zero flux case. Our proof relies on a partial differential equations scheme with
a long history (and not Mourre theory, [Mo]). It is an open problem whether there
is a Mourre estimate for small energies so that LAP would follow without need of
Condition 2.4. If such an estimate exists, the conjugate operator would need to be
somewhat sophisticated, cf. [ACH] and [CHS].

1.4.2. Completeness for the general high energy region. Without any condition on
the flux nor existence of periodic solutions (i.e. £ # (}) the results mentioned above
for the flux zero case hold provided ¢’ = (E’,00) N I; with E’ taken large enough.
This number may be given in terms of a condition on a reduced classical flow, see
Condition 13.1. In the set (E’, 00) the singular continuous spectrum is empty and
the pure point spectrum is discrete. For the case £ # () we may take B’ = E,, cf.
the discussion below.

1.4.3. Completeness above Eg for £ # (). We show that in (Eg4,0c0) the singular
continuous spectrum is empty and that the eigenvalues may only accumulate at Ey4
or 0o. There are two regions 1) above E. and 2) in €. As for 1) the previous results
hold with ' = (E., 00) NI, (and similarly for ¢’ = (Ee, 00) N1 if B, < E;). As for
2) we take C’ = £. Again we can justify (1.9). As for (1.11) we have the substitute

Ic(H) = Pp® Y &P, (1.13)
J

where as above only stable zeros contribute to the second summation. In an obvious
way the ranges of the projections Pj¢ of (1.13) may be identified in terms of the
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ranges of the wave operators, cf. (1.12) (hence completeness holds). Here we need
to use both of the wave operators €); and 2; unless either £ C I; or £ C I;.

1.5. Organization of paper. The paper is organized as follows: We include
throughout the paper a possibly non-trivial scalar potential depending only on
the angle. We could also have included faster decaying fields possibly with local
singularities, but for simplicity of presentation we have put the discussion on such
rather trivial inclusions in a remark, see Remark 6.6.

In Section 2 we introduce notation, basic equations and assumptions, and two
conditions. We state a basic result for the classical system under the zero flux
condition, Condition 2.1. Further details and study of the classical system with or
without zero flux are deferred to Section 12.

The wave operators of Subsection 1.2 are explained in more detail in Section 10.
As for the one in Subsection 1.3 we refer to [CHS] for a thorough account.

In Section 3 we introduce the Hamiltonian, and we study various preliminaries
for LAP in particular a version of Hérmander’s propagation of singularities theorem
[H62, Proposition 3.5.1]. (To our knowledge Melrose was the first who applied this
theorem in scattering theory, see [Melr] and [HMV].)

All of the sections, Sections 4-9 and Section 11, are devoted to quantum mechan-
ics under Condition 2.1. In Sections 4-6 we prove LAP. In Section 7 we use LAP
to show various other basic estimates all of which have a clear classical interpreta-
tion. In Section 8 we introduce a channel projection P; for any given fixed point
(stable or unstable), cf. (1.9). (It is slightly more complicated due to a possible
energy-dependence of the fixed point angle in the general case.) We show some ba-
sic estimates for states associated to such a channel. In Section 9 we show that the
projections for the unstable fixed points do not contribute to the decomposition of
channels formula, cf. (1.11). Finally, Section 11 is devoted to showing asymptotic
completeness for the wave operators of Section 10.

In Section 13 we study LAP and completeness in the case of negative flux. We
give an outline of how the methods used in the zero flux case may be modified
under some conditions stated in this section. To keep this paper “short” we leave
out most details, in particular those that are closely related to [CHS].

In Appendix A we introduce collapsing classical orbits which correspond to orbits
in the configuration space with a singularity at x = 0. We investigate the smallness
and general nature of the set of collapsing orbits. Our results are not needed in
our treatment of the quantum model, however they are a natural supplement to
Section 12 with some interest of their own. The last part of Appendix A is devoted
to proving discreteness of the set E.x. of exceptional energies.

In Section B we shall briefly discuss another model exhibiting similar properties
as the ones for the model of the paper. This model is from Riemannian geometry.

2. ASSUMPTIONS, CLASSICAL MECHANICS AND THE ZERO FLUX CASE
We shall study symbols of the form
h=2"Y¢—a—as)*+V+ Vs, (2.1)

where a = a(z) = a(f) = (—sinf,cos0)b(0), V = V(z) = V(0), and a5 = as(x)
and Vj(z) have decay (measured by some ¢ > 0). For convenience we assume below
that as = 0 and V5 = 0, and devote Remark 6.6 to a discussion on inclusion of
non-trivial perturbations. We assume that b and V are real-valued, smooth and
27-periodic functions of the angle 6.

We may write

h=2"1p*+n")+V,
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where
p=1=1-& &= (cosb,sinf) =z/r, r=|z|, (2.2)
n = (—sinfb,cosh) - & —b.
Let us fix an open interval I C (min V, 00) free from critical values, i.e.
V@)=Eel=V0)+#0. (2.4)

The equations of motion in the “new time”

T= /r‘ldt, (2.5)

read
a0 =n
En=—m+bp-V" . (2.6)
dwp=(1+0)
We notice that this system is complete in the sense that the maximal solutions

are defined for all 7 € R. Clearly the energy h is a preserved observable.
Obviously the fixed points are given by the two systems of equations

n=bp+V' =0, (2.7)
p=+v2(h—=V)orp=—/2(h-V). (2.8)

The set of fixed points z+ = z = (6,7, p) for which p > 0 and h € I will be
denoted by F+. The set of fixed points 2~ = (6,7, p) for which p < 0 and h € I will
be denoted by F~. Let F = FtUF~. For E € I we put FT(F) =Ftn{h=E},
and introduce similarly sets 7~ (F) and F(E). With the conditions

n*:7%®M%E—VU+VQ#OaMMZ+efﬂEL (2.9)
and
nf:7%@$M%E—VW+VU¢OaMMZ7EfTEL (2.10)

there is at most a finite number of points in F(E). Moreover they depend smoothly
on E.
For simplicity of presentation we shall tacitly assume (2.4), (2.9) and (2.10)
throughout the paper unless otherwise stated (there are exceptions in Section 12).
For any given 2™ = (0;,0,p;) € FT(F) we may eliminate p in the second
equation of (2.6) near z* (by the energy relation) and obtain an autonomous system
whose linearization at the fixed point (¢,n) = (6;,0) takes the following form: For

y=(0—-0;n"

d 0 1
O At AT —
= A4 ( —wt —2AE-V) )
Here A" is evaluated at (E,6,(E)), that is AT = AT(E, 0;(E)).
The eigenvalues of AT are given by

A =271 2(E - V) + (-)27"V2(E - V) — 4k . (2.11)

We proceed similarly at 2= € F~(FE); the eigenvalues of the corresponding
matrix A~ are given by

AN =2"Y2AE - V) 4+ (-)27V2AE - V) — 4k (2.12)
We assume for convenience that for z € F(E)

2E — V) # 4rF. (2.13)
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With (2.13) the matrix A* is diagonalized by the matrix

A = ()

where f refers to either plus or minus and the subscript refers to an arbitrary
numbering of the two eigenvalues in question at z# = z#(E). The observable

l=lp=|T(B,2(E)""2[8; 2= (0 - 0}(E),n)", (2.14)

is a “Liapunov-function” near z*(E) if the fixed point is a sink (where [ is decreasing)
or a source (where [ is increasing); that is, if the real part of the two eigenvalues
has the same sign. If (2.13) is violated one may still construct a similar smooth
function I = Ig(6,7n), see [HS2], and this would be a substitute for (2.14) in our
applications.

We denote by F the set of saddle points in F1 (corresponding to having k* < 0
in (2.11)). Similarly F} = F* \ Ff, Fo is the set of saddle points in F~ and

si

Foo = F \ F. Furthermore we put F..(FE) = F;. N {h = E}, etc.

Condition 2.1 (Zero flux condition).

2
/ b(6)d6 = 0. (2.15)
0
We introduce ;
5(0) = / bp)dp, 0€R. (2.16)
0
With (2.15) the function b is 27-periodic.

Lemma 2.2. Suppose E € I obeys E < maxV, then F*(E) and F~(E) are
non-empty.

Suppose Condition 2.1 and E € I obeys E > maxV, then all of the sets F(F),
FI(E), Fo(E) and Foo(E) are non-empty.

Proof. As for the first part of the lemma we pick 6; such that V(6;) = minV and a
maximal interval J = (0] ,6;) 3 6, such that V() < E for @ € J. Look at f: J —
R given by f = b\/2(F — V) + V’. Since limg_ - f(0) <0 and limy_ 5+ f(@) >0
there exists 6 € J such that f(#) = 0. This shows that F*(E) # (). We may argue
similarly for F~(E).

As for the second part of the lemma we prove that F1(FE) has at least two
elements for £ > max V. We need to show that b(0)+/2(E — V(0)) + V'(0) has at
least two zeroes on the torus. But this is the same as showing that

v’ = !
+—:(b~ ~V2E—V({ )

s~ (PO~ VATV

has at least two zeroes, which is implied by the fact that this function is periodic
and its integral on the torus is zero. Clearly by (2.9) one of the zeros obeys k™ > 0
while another one obeys k™ < 0. We may argue similarly for 7~ (E). O

We notice that the second part of Lemma 2.2 is in agreement with the Poincére-
Hopf theorem since for £ > max V the corresponding energy surface is topological
a torus. Below maxV the situation is different, in fact there might be no saddle
points at all.

Proposition 2.3. Suppose Condition 2.1. Then every integral curve y(1) =
O(1),n(1), p(7)) of the system (2.6) with energy h = E € I has the property that
there exist 21,22 € F(E) such that

lim (1) = 21. (2.17)

T—+00
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and
lim ~(7) = 22. (2.18)

T——00

Proof. Lety = (bp+V’,n)*. Using (2.6) we compute for any classical orbit y = y(7)

d 2
o7y = Ay +00r), (2.19)
where
( 0 b/p+b2+v//>
A= .
-1 —p
Also we introduce
ai(r) = p(r) = b(8(r))
az(7) = Cas (1) — 2y1(7)y2(7). (2.20)
We differentiate a; and ag using (2.6) and (2.19) and get

ay =1°, (a3 —Car) > q+O(*); ¢ =y>. (2.21)
Taking C' > 0 large enough we deduce that
d
—ag > q. (2.22)
dr

Notice that a; is always bounded due to the zero flux condition. This implies
that as is also bounded. Whence by integrating af, we infer that

/000 q(r)dr < 0. (2.23)

By the finiteness of the integral in (2.23) there exists a sequence 7,, — 400 such
that ¢(r,,) — 0. Hence if we prove that lim,_ . q(7) exists, it must be zero.
In order to achive this, we employ a Cook-type argument, that is, we prove that
q'(-) € L*(]0,00)). The verification is obvious since from (2.19) we get

|¢'(7)| < const - q(1), T>0,

so using again (2.23) we get the result.
We can therefore conclude that
liIJIrl (b(0(T))p(T) + V' (6())] = 0 and liIJIrl n(t) = 0. (2.24)
From this and compactness we conclude that along some sequence 7, — +00,

0— 0, n—0, p— p1. (2.25)
Here either, p; = \/2(E —V(61)) or p1 = —/2(E —V(6;1)). In particular z; =
(61,0,p1) € F(E). Using (2.9) and (2.10) we see that the convergence z — z1 of

(2.25) in fact holds for 7 — +oo rather than along the sequence 7, — +oc.
We may argue similarly for 7 — —oo. O

For a generalization of Proposition 2.3 we refer to Proposition 12.2.
To deal with quantum mechanis we shall need the following condition.

Condition 2.4 (No exceptional orbits condition). An energy E € R is said to be
exceptional if there exists an (exceptional) integral curve v(-) of the system (2.6)
with h = E such that simultaneously

lim v(r) € F, and lim ~(7) € Fi. (2.26)

T—+00
Denoting by Eexc the set of exceptional energies, Eqxe NI = ().

We remark that Condition 2.4 is fulfilled if b = 0, since in this case the observable
ef Pp is increasing in 7.
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Example 2.5 (Criterion at high energies). Suppose V = 0. For all integral curves
~ with energy E > 0 we may pick € = ¢(E) > 0 such that along ~

d
Zan > (i + ), (2.27)
dr 2

cf. (2.20) and (2.22). Let C(E) = ¢ 1C. We claim that (2.26) is not possible for

E>g! ((1 - C(E)_l)Sup[EDQ; [b]g2 = /:2 b(6)do. (2.28)

To see this let us assume that there is an exceptional orbit starting at § = 6; and
ending at § = #5. Then we may use
- o0
—[b]gf = —/ bndr
— 00

and (2.27) to estimate
—[bli; < € Maalyt = C(E)(=2V2E - [BI3),

yielding
2V2E < —(1 - C(E)")[b]g2.

We remark that the observable a = r(p— I;—i—c), c= 2_1(maxl~)+min I;), provides
a Mourre estimate for energies £ > 8 1(sup[b])? in this case. Thus the bound
(2.28) is a slight improvement.

Remark 2.6. One obtains “r” from the system (2.6) by the formula r = ro exp([ pdr).
In particular any exceptional orbit defines a one-parameter family of classical or-
bits in the full phase space. This may also be seen from the invariance of Newton’s
equation, x(t) — cz(c't) for ¢ > 0. The configuration part x(t) of any solution
associated with an exceptional orbit has the peculiar property that it collapses at
the origin both backwards and forwards in finite “physical” time ¢. (In other words
any maximal solution is only defined on a bounded interval.) In Appendix A we
show that Eexe N (maxV, 00) is discrete in (max V, 00).

For a more general discussion of collapsing orbits we also refer the reader to
Appendix A.

Throughout the paper the notation F'(z > €) denotes a smooth increasing func-
tion=1forz>3cand =0forz < 1 F(-<e):=1—F(->e).

3. PROPAGATION OF SINGULARITIES

For the results of this section, Conditions 2.1 and 2.4 are not used.

Let L?* = X °L%(R2), X = () = (1 + |z[*)"/2. Introduce L*~>° = U,erL>*
and L*® = NgerL?*. We define the wave front set WF?®(u) of a distribution
u € L>~ to be the subset of T x Rg whose complement is given by

(00, &0) = 20 & WF*(u)
PN (3.1)
3 neighborhoods Ny, 3 6o, Ne, 3 EoVxa, € CF(Na,), Xeo € CFF(Ne,)
Xoo (0)Xe (P)u € L*°.
Here p =p = —iV.
For z € T x R?
L% ={ue L |z ¢ WF*(u)}.
Obviously
WES(u)=0<VzeTxR*: ue L>
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and

u€ L** = WF(u) = 0.
Conversely (by a compactness argument), if for some x € C§°(R?)

u— x(p)u € L**,

then

WF(u) =0 = ue L*.

We recall the continuous inclusions for Besov spaces
L2 Y2 c By c B* c L> V%75 >0, (3.2)

cf. [H61, Section 14.1]. The norm on B* may be taken as

lull3 = sup R~ / fuf?de,
R>1 |lz|<R

and v € B§ if and only if also

lim Rfl/ |u|*dx = 0.
R—oo |z|<R
We shall use the standard metric
g = (x)"2dz? + d&?,
and standard Weyl quantization Op*(a) of symbols a € S(m, g). Here we shall use
m of the form m = (z)%(£)t.

Now let us look at the quantization H of (2.1). We shall essentially assume that
as = 0 and V5 = 0 (see Remark 6.6 for an extension), but for convenience we cut
off the singularity at the origin. Whence we consider the symbol A obtained by
replacing a and V' in the expression h by F(r > 1)a and F(r > 1)V, respectively.
A small computation shows that

H:=0p"(h) =2"*(p— F(r>1)a)®+ F(r > 1)V. (3.3)
We shall prove a propagation of singularity result using (2.2) and (2.3) to identify
T x R as
* L 2
T*:=T xRy, ,-
Thus T* is the phase space of the system (2.6) (and not the cotangent bundle of T

nor the phase space of the full Hamiltonian system T*R?).
If (H—E)u=vfor E €I and v € L**, then (by ellipticity)

WEF(u) C Ty = {z € T*| h(z) = E}. (3.4)

The maximal solution of the system (2.6) that passes z at 7 = 0 is denoted by
¥(T, 2) or ¢, (2).

Proposition 3.1. Suppose u € L?* ! v € L E €I and (H — E)u = v.
Then
YR x (T*\ WF*(u))) CT*\ WF?*(u). (3.5)

Proof. Our proof is a modification of that of [H62, Proposition 3.5.1], see also
[Melr] and [HMV]. Suppose u € L2 for some z € T*. Then we need to show that

»S

u € Li(T) along the integral curve y(-) = 7(-, z). Consider
7o = sup{7 > Olu € L,Qy’(i) for all 7 € [0, 7]}. (3.6)
We need to show that 79 = oco. (Similar arguments will work in the backward
direction.)
Suppose on the contrary that 7o is finite. Then ~(79) is not a fixed point.
Consequently we may pick a slightly smaller 7) < 79 and a transversal 2-dimensional
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submanifold at v(73), say M, such that with I = (—e + 74,70 + ¢€) for some € > 0
the map
IxM>3 (r,m) — ¥(r,m) =~(r — 15,m) € T*,

is a diffeomorphism onto its range.

We pick x € C5°(M) supported near (7)) such that

x(v(79)) = 1.
Since u € L,QY’(ST(,)) we can find a non-positive function f € C§°(I) such that f/ >0
on a neighborhood of [7], 70 + €), f(70) < 0 and the set
U((—€+ 74, 7] X supp x) N WEF*(u) = 0. (3.7)

Let fx(7) = exp(—=K7)f(7) for K > 0, and X,, = (1 + &r?)/2 for x € (0,1).
We consider the classical observable

be = XY2a,; ap = X°X732F(r > 1)(fx @ x) 0 UL, (3.8)
First we fix K: A part of the Poisson bracket with b2 is
{h, X2 FIXP) = X1 (Yup) X2HX D, (3.9)

where Y,; = Y, (r) is uniformly bounded in k. We fix K such that 2K > |Y,.p| + 2
on supp by.
By the system (2.6)

_ 14 d _
{h: (fx @x) 0 U1} =r N[ fx] @ x) 0 W1, (3.10)
(From (3.9) and (3.10), and by the choice of f and K, we conclude that
{h,b2} < —2a2 at P (3.11)

given by
P = [1,00) x ¥({7|f'(1) = 0} x supp x}),
and therefore in particular

{h, b2} (r,7(10)) < 0. (3.12)
Next we introduce A, = Op*(a,) and B,, = Op"(b,;). We write
(ilH, B])u = —23(v, BRu), (3.13)

and estimate the right hand side using the calculus of pseudodifferential operators
[H61, Theorems 18.5.4, 18.6.3] and the Cauchy-Schwarz inequality to obtain the
uniform bound

|[(G[H, BR])ul < CillollssallAull + C2 < [[Agull* + Cs. (3.14)

On the other hand using (3.3), (3.7), (3.11) and the calculus [H61, Theorems
18.5.4, 18.6.3, 18.6.8] we infer that

(i[H, By < —2||Acul|® + C4. (3.15)
Combining (3.14) and (3.15) yields
[Axul|? < Cs = C3 + Cu,
which in combination with (3.12) in turn yields a uniform bound
1X 5 X oyl < . (3.16)

Here x(r,) signifies a non-trivial phase-space localization factor of the form entering
in (3.1) centered at the point v(7) (using polar coordinates).

We let k — 0 in (3.16) and infer that u € L?Y’(STD), which is a contradiction. 0

Remark 3.2. The assumption v € L?*~! of Proposition 3.1 is not needed. This
may be shown by iterating the method of proof, cf. [H62, Proposition 3.5.1].
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An elaboration of the above proof gives the following result, cf. [H62, Proposition
3.5.1]. For z € T* we use the notation N, to denote a neighborhood of z, and for
X € C§°(N;) the notation Op*(x) for the operator Op*(a) with symbol a(z,£) =
F(r > 1)x as defined by the identification (2.2) and (2.3).

Proposition 3.3. Supposeu € L**71 v e L2t RC €I, 3¢C >0 and (H—)u =
v. Suppose z1,z9 € T* are linked as y(10,21) = 22 for a positive 79. Then

VNzl HNZZVXQ S CSO(NZZ)Hxl S Cgo(./\/zl) : (317)
109" (x2)ull? < C (lulli—y + 108" (xa )ullZ + [lvliZ1a) -
The bound (3.17) is uniform in ¢ in a bounded set.

Remark 3.4. Under the condition of Proposition 3.1 the sign condition in Propo-
sition 3.3 is redundant. Thus for ¢ real the wave front bound (3.17) is valid in both
directions of the flow.

Proposition 3.5. Suppose u € L>7!, E € I and (H — E)u = 0. Suppose
WF~2(u) CT% = {z € T*|p > 0}. Then
ue B (3.18)

Proof. We follow the proof of [H61, Theorem 30.2.6]. Pick a real-valued decreasing
1 € C§°([0,00)) such that ¢(r) = 1 in a small neighborhood of 0 and ¥'(r) = —1
for 1/2 <r < 1. Let ¢Ygr(z) =¢(r/R) for R > 1.

0= (i[H — B,¢r])u = 27'"R7'R((@ - p + p- )¢ (r/R))u- (3.19)

We use (3.2) and the assumption of the proposition to bound the right hand side
of (3.19) as
c SRV (r/R))u + T
where
lim TR =0.
R—o0

We conclude (3.18). O

4. MICROLOCAL BOUNDS

In this section Condition 2.1 (but not Condition 2.4) is imposed. Suppose we
have given u € L? and v € L*? such that (H — {)u = v, where t € (1/2,1), R¢ € I
and &¢ > 0, cf. Proposition 3.3.

4.1. Bounds at F_. We shall prove microlocal bounds of u at F_, (the set of
“sources”) somewhat along the line of the proof of Proposition 3.1. Consider a
branch z~ () € F,. Instead of the observable (3.8) we now consider

be = X2a,; a, = (Xﬁ)t—lx,;WF(r > 1) f(h)F(l <e), (4.1)

where f € C§°(I), f real-valued, and | = [,(0,n) is the “Liapunov-function” as
defined in (2.14), in the present context in terms of z~.

Picking € > 0 small enough in (4.1) we may estimate part of the Poisson bracket
with b2 as

o An Fl<e)}y <or'F'(l <e), (4.2)

for some positive § (which essentially is determined as a uniform lower bound of
the real part of the eigenvalues (2.12)).

Obviously on the support of b2

(h, (X%)?tfl} — (1= )2t 1)TX*1X;3p(X%)2t*2 <0, (4.3)
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We quantize (4.1) writing A, = Op*(a,) and B, = Op“(b,). Using (4.2) and
(4.3) we may estimate
(i[H, BR])u < —20(X%) 4,0 + Chl|ull,;. (4.4)
On the other hand since (S¢)B2 > 0
(i[H — ¢, Bi])u = 23(BZu, v)
> —o|| X327 Agu]® = Collu2y — Cslll?. (4.5)
We combine (4.4) and (4.5) to obtain
201X, Al — ol| X3P Agul® < (C1+ Co)Jull2y + Calloll?, (4.6)
from which we conclude by letting x — 0 (and dividing by o) that
[Au]|f_y < CallullZy + Cs|vllF; (4.7)
A= Op(F(r > ) f(R)F(L <€),

with constants independent of ¢ in a bounded set.
We notice that a similar bound at F_, would require an extra input. We will
come back to that point in Section 5.

4.2. Bounds away from F. Consider the quantization A2 = Op¥(az) of the sym-
bol ag = F(r > 1)f(h)az where ay is given by (2.20) and the other factors are as
in (4.1). Introduce

e=r"'F(r>1)f(h)((bp+V')* +n?) (€ S(a) ™", 9)). (4.8)
We compute

i[H, As] = Op*(e) + Op'(r-s), (4.9)

where 7_3 € S((x) 73, g). Since Az is bounded we may pick a constant Cy such that
Co — Ay > 0. Using the scheme of (4.4) and (4.5) with B2 replaced by Co — A
(and using (4.9) of course) we obtain the estimate

(0P"(e))u < Cillull2y + ollull2, + C2o™ |jv[l7; o > 0. (4.10)
4.3. Bounds at F*. Let 27 (-) € . We use the following construction, cf. (4.1),
with [ defined in terms of z*:

b=XY%a; a = X'F(r > 1)f(h)F(l < ¢).

Mimicking the proof of (4.7) with the quantization of this symbol and using (4.10)
we derive the bound

[ Au2, < Cillull2y + Callvl|} + ollull%; (4.11)

A=Op'(F(r>1)f(h)F( <€), 0 >0, C; =Cji(0).

5. BOUNDS AT F_,

In this and the following section we shall need Conditions 2.1 and 2.4. Let u and
v be given as in Section 4. We shall prove

| Aull?_y < Callull?y + Calloll?: (5.1)
A= Op'(F(r > Df(W)F(1 <)),

where [ = I, is the function associated to a given branch z~(-) € F,, cf. (2.14).
Using the observable az of (2.20) we introduce the following equivalence relation

on the set F (E): z ~ % for 2,2 € F_(E) if and only if az(z) = a2(2). On the set

Fo(E)/ ~ we have the following partial ordering: z < Z for 2,z € F(E) if and

only if az(z) < az(2).
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We have the important property that for z < Z any incoming orbit at the rep-
resentative z can not emanate from the representative Z. In particular if z(F) €
F.(E) belongs to a minimal class then by Condition 2.4 the two incoming orbits at
the representative z(F) will come from F(E), cf. Proposition 2.3 and Condition
24.

Suppose first that z(E) € Fg (E) belongs to a minimal class at a fixed energy
E = Ep € I. As a preliminary step we are interested in quantizing the symbols
(4.1) with f supported in an interval [Ey — d, Ey + d] with 6 << e. The unstable
manifold at neighboring E’s is denoted by M. We introduce T* = {z € T*|p < 0},
and define for € > 0

€

K= {z eT| z <lpg, <2 h = Fy, dist(z, M£) > 5}.

If € is small enough, then for all z € K we have ¢,(z) — Z € F, for 7 — —oc.
This means that ¢,(z) in the far past will belong to a set where we have a good
wave front set bound due to the result of Subsection 4.1. Since K is compact we
may choose 19 << —1 such that we have a good wave front set bound of an open
neighborhood U,, C T* of the compact set ¢, (K). Define Uy = ¢_,,(Ur, ). By
Proposition 3.3 there are good bounds on compact subsets of U;. Fix such € > 0
and such open set Uj.
Next we define

US = {2 €T i < < 2¢, |h— Bo| < 26, dist(z, M) < €}; § > 0,
and also

K“:{zemggzhge, \h — Eo| <6, dist(z, M) > ¢}; 5 > 0.

Lemma 5.1. For all § > 0 small enough, K9 CU;.

Proof. Clearly K C U;. Using that Vh(z(Ep)) # 0 and the fact that |h(z) — Eg| <
§ for any given z € K° we may choose a neighboring 2 with h(Z) = Ey; |z — 2| < C6.
Asssuming § << e we see that Z € K. We may assume that dist(K, T*\ U1) > C6.
Whence z € U;. ([

Due to the lemma we may choose § > 0 such that
K:={zeT| % <lp<e |h—EBo| <8y CULUUL.

Next pick non—negative 11,19 € C°(T*) subordinate to this covering, that is
supp ey C Uy, supp ¢y C US and 1 + o = 1 on K.

For any f supported in an interval [Ey — §, Ey + ] we may decompose F'(l;, <
e)f(h) = (WY1 + Y2)F'(In, < €)f(h). In agreement with the discussion above the
contribution from the term involving 1; may be treated by (4.7) and Propositions
2.3 and 3.3 yielding a bound of the type (4.7). The contribution from the term
involving 9 has the right sign (more precisely, ¥2{h,lr} > 0). We conclude (5.1)
for z= for which az(z~ (Fp)) is minimal under the additional condition that f is
supported near the fixed Ey € I.

By repeating these arguments for the other 2~ € F_, in the order of increasing
as, measured at E = Ej, we conclude (5.1) for all 2~ € F,.

Now by letting Ey € I vary, the bound for any f € C§°(I) finally follows by a
compactness argument.

6. LIMITING ABSORPTION PRINCIPLE

Let us define u = R(()v = (H — ¢)~ v for v € L>* t € (1/2,1), and ¢ with
RC¢ € [a,b] C I and ¢ > 0. We aim at the following limiting absorption principle
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bound,
[ul - < Cllv]e. (6.1)
Suppose (6.1) is not true. Then
[[tn |- > nllon]l: (6.2)

for sequences (u,) and (v,) of functions of this type and with {,, — E € I. We
normalize u,, in L?~t. The resulting new sequence (whose elements are also denoted
by u,) has a weak limit, say u, in L?~t. Clearly (H — E)u = 0 in the distributional
sense.

6.1. u not zero. We combine the bounds (4.7), (4.10), (4.11) and (5.1) to one
estimate

lunll®s < Cullunl|®y + Coll(H = Gu)uall?- (6.3)
Letting n — oo using a compactness argument yields
1< Cuflull2y.
Clearly it follows that
uw#0in L> 1 (6.4)

Remark 6.1. One may also derive (6.3) using the observable
az=Clglp—b) —20bp+ V)0 ge(r) =7 —r'7¢ e >0.
This is done by showing that
{h,F(r > 1)f(h)as} > or ' F(r > 1)f(h) + O(r—172)

for F'(r > 1)f(h) as in (4.1) and for a small o > 0; and similarly for a quantization,
cf. Subsection 4.2.

Here Condition 2.4 is not used. However we will need Condition 2.4 for the
bound (6.5) stated below.

6.2. Weak decay. We shall show that

u € By. (6.5)
First we apply (4.7), (4.10) and (5.1) to u, and let n — co. The result reads
WF= ) nF~ =0, (6.6)
and
WF~3(u) C F. (6.7)

In particular
WF~3(u) C Ft,

which in conjunction with Proposition 3.5 yields (6.5).

6.3. Strong decay. In this section we shall improve (6.5) along the line of the
proof of [H61, Theorem 30.2.9].

Proposition 6.2. The function u is in L*' and obeys
[ully < Cllul|-1, (6.8)
where C' is independent of E € [a, b].
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Proof. First we shall prove that
WE™(u) = 0. (6.9)

For any 2+ € F1 we may use the construction (4.1) with [ defined in terms of
2T to show that indeed
2t ¢ WF™ (). (6.10)
In fact we may follow the scheme of Subsection 4.1 with ¢, v and v = (H — {)u
replaced by E € I, ur = Yyru and vg = (H — E)ug, respectively. Here ¢p(x) =
(r/R) is given as in the proof of Proposition 3.5. Notice that for this choice of b,
the Poisson bracket is now non-negative (this would not allow us to have a complex
¢). Using the estimate (6.5) allows us to take R — oo in the commutator of (4.5)

gm@H—EBmwzu
Consequently (4.4) leads to the following bound (given in terms of the new )
X Agull® < Cllul?y,

from which we in turn obtain (6.10) by letting x — 0.
Thus
WF (w)nFl =0. (6.11)
Next we repeat the above arguments as well as those of Section 5 for the fixed
points z+ € F now arranged in the order of decreasing as; here we use the bound
(6.11) and Proposition 3.1 (for the state u) in the backward direction of the flow,
cf. Remark 3.4. This leads to

WFES ()N FL = 0. (6.12)

In combination with Proposition 3.1 the estimates (6.6), (6.11) and (6.12) yield
(6.9).

Next we notice that the above regularization procedure in conjunction with (6.9)
and Section 5 may work to improve (6.6) by one power, t — 1 — ¢. The arguments
above yield an improvement of (6.11) and (6.12) by one power. Whence we obtain
(6.9) with t — 1 — t. By bootstrapping we conclude that in fact u € L?°°, in
particular we infer that u € L.

The estimate (6.8) follows by keeping track of bounding constants, cf. Remark
3.4. O

Remark 6.3. It follows from the above proof that in fact Proposition 6.2 holds
for all u € Bf such that (H — E)u = 0 with E € [a, b].

6.4. Completing the proof of LAP. In this section we complete the proof of
limiting absorption principle. We mimic the proof of [H61, Theorem 30.2.10].

It follows from (6.4) and Proposition 6.2 that u is an L?-eigenfunction, and
from the uniformity in E € [a,b] and a compactness argument that the set of E’s
constructed as above must be finite in [a,b]. Thus for R¢ staying away from a
finite set (by a positive distance) we deduce (6.1) which in turn implies absence of
eigenvalues. Thus we have shown that o,,(H) is discrete in I. (Alternatively we
may invoke Remark 6.3 to show this.)

If [a, b] does not contain eigenvalues of H the bound (6.2) lead to a contradiction
and therefore (6.1) holds with a constant independent of (. We have shown:

Theorem 6.4. With the assumptions from Section 2 (including Conditions 2.1 and
2.4) opp(H) is discrete in I. Moreover for any subinterval [a,b] C I\ op,(H) and
t > 1/2 there is a constant C > 0 such that

||R(E + Z’E)||B(L2,t7L2,—t) <C; Ee [a,b], e > 0. (613)
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Corollary 6.5. Suppose the conditions of Theorem 6.4 and
INoy,,(H) = 0. (6.14)
Then for all s > 271 and f € C§°(I) there exists a constant C > 0 such that

|1 gy e < ol (6.15

oo

Remark 6.6. We introduce a class of perturbations, cf. (2.1), for which small
modifications of the methods of this paper may yield generalizations of our results.
In this sense it is not an “optimal” class of perturbations, but for convenience let
us assume:

The scalar potential Vs = V! + V2 where V? is real-valued, compactly supported
and Laplacian bounded with norm less than 1. The potentials as and Vj' are smooth
(with values in R? and R, respectively) and obey the bounds

92 as = O(J2| 1) and 92V} = O(fe| =211, (6.16)

for some 4 > 0.
Upon adding such perturbations to the expression (3.3), § > 0 suffices for Sec-
tions 3-8. For Sections 9-11 and Section 13 one would need § > 1.

7. PRELIMINARY ESTIMATES

We impose in this and in the following two sections Conditions 2.1 and 2.4. As
in the previous sections I refers to an open interval obeying (2.4). We shall also
assume (6.14) in this and the following sections. Our bounds involve functions
f,f € C°(I) such that 0 < f < 1 and f = 1 in a neighborhood of supp f.
Moreover e refers to the symbol (4.8) with f replaced by f, and the subscript ¢
indicates “expectation” in the state

U(t) = e M F(H)p; viz. (A)e = ((t), Ap(1)).
For convenience let us in the following assume that there exists ¢y > 0 such that
V() el= |V (0) > 2e, (7.1)

cf. (2.4). (Obviously this may be achieved possibly by a slight shrinking of I.) Let
€1 > 0 obey

2¢1 max |b| < €, 265 < dist(supp f, R\ I). (7.2)
Lemma 7.1. For all functions f, f, constants €1 > 0 and states ¥(t) as above
| Kowe, e < clol, (7.3
/ e E (L >0)),dt < Ol (7.4)
1

C > 2\/2(sup(supp f) —min V),

AmthﬂmeSOWW; (7.5)
by = F(r > 1)f(h)F(; <C)F(p < &),
[WFmewxwzcww; (7.6)

by = F(r > 1)f~(h)F(¥ < 5)F(p > €p).
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Proof. The bound (7.3) follows from (4.9) and Corollary 6.5.

The maximal velocity bound (7.4) is rather standard, see for example [CHS,
Lemma 6.4] or [HS2, Lemma 8.1].

As for the bound (7.5) we first show that

/ O et < O, (7.7)

where

r _
g =F(r> 1)f(h)F(¥ < CYE(|p| < 2¢€1).
For that we notice that for ¢ > 0 small enough
F(r>1)f(h)F(lp| <2e)F((bp+ V)2 +n* <€) =0. (7.8)

Here we used (7.1) and (7.2).
We infer (7.7) from Corollary 6.5, (7.3) and (7.8).
To show (7.5) we introduce the family of “propagation observables”

r
(I)(t) = OpW(CQ); Coy = ;bl

We consider the expectation of the Heisenberg derivative D®(t) = i[H, ®(t)] +
4 ¢(t) in the state 1(t). We shall henceforth denote by da = {h,a} + 4a the
classical Heisenberg derivative of an observable a. For the first factor we may use

that
r

d(t7'r) =t (p— ;) (7.9)

Clearly
(0= 2)F(p < e1)(1 = Fllp| < 261))
< —eF(p <e)(1—F(lp| < 2e)). (7.10)

We obtain (7.5) using Corollary 6.5, (7.4), (7.7), (7.9), (7.10) and the fact that
®(t) is uniformly bounded.
The bound (7.6) follows similarly, cf. [HS2, Lemma 8.1].
O

Lemma 7.2. With functions f, f, constants e¢;,C > 0, states ¥(t) and symbols
b1,bo as in Lemma 7.1

Jim [E(3 > C)v)] =0, (7.11)
Jim (OB'(b1)): =0, (712)
Jim (OB'(b2)): =0, (713)
lim (Op*(bs))¢ = 0; (7.14)

by =re=F(r>1)f(h)((bp+V")? +n?).

Proof. The maximal velocity bound (7.11) is standard, see for example [CHS,
Proposition 6.8]. The bound (7.12) follows from (7.5) and the fact that % (Op¥(by)),
is integrable, cf. the proof of Lemma 7.1. We argue similarly for (7.13). For (7.14)
we may proceed as follows: By (7.3) and (7.11) it suffices to show that the time-
derivative of (Op“(bs)): is integrable. For that we use Corollary 6.5, (2.19) and
(7.3). O
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8. PROJECTIONS P;

Motivated by Lemma 7.2 we shall for all branches z; = z,;(E) € F, E € I,
associate a projection P; : Ran(1;(H)) — Ran(17(H)). It is characterized in terms
of the strong limit

Pif(H) = s — lim e"TOp"(x; fe " f(H). (8.1)

Here f € C§°(I) is arbitrary and the symbol x; f is given in terms of any function
f € C§°(I) such that 0 < f < 1 and f = 1 in a neighborhood of supp f, and in
terms of any small € > 0, as

X;f = F(r > 1) J(R)F(16 — 6;(h)| < o). (82)
(We have suppressed a trivial periodization in the variable 6.)

Proposition 8.1. Given (6.14), the expression (8.1) is well-defined and indepen-
dent of the choices of f and small € in (8.2). Taking f 1 11 the resulting limit P; =
s—=limysy1, P;f(H) is indeed an orthogonal projection with Ran(P;) C Ran(1;(H)).
Moreover, P; reduces H.

Proof. We introduce an “intermediate” f;, that is f; = 1 in a neighborhood of
supp f and f = 1 in a neighborhood of supp f1. To show the existence of the limit
on the right hand side of (8.1) it suffices by commutation, Corollary 6.5 and Lemma
7.2 to prove the existence of
Py =s— lim A(H) 00 (G FF (5 > DYF(S <€) )e ™ f(1).

For that we differentiate and need to verify integrability. Clearly the contribution
to the Heisenberg derivative from the factor F(% > < )F(% < C) may be treated
by (7.4)—(7.6).

The Poisson bracket with the factor F(|6 —6,(h)| < €) is obviously proportional
to r~1F’(|6 — 6,(h)| < €). This term is treated as follows: Let ¢; > 0 be given as
in Lemma 7.1. Then for a sufficiently small ¢’ > 0 (in particular ¢’ << ¢)

F'(10 = 6;(h)] <€) = F'()F(p < e1)
+F'()F(p>e)F(* + (bp+ V')* > €). (8.3)
Here we used (2.9).
The contribution from the first term on the right hand side of (8.3) is treated
using (7.5); the second term by (7.3).
We conclude that the limit on the right hand side of (8.1) exists. Clearly P; ¢
is independent of the choices of f1, f and ¢, c¢f. (8.3). In particular there is a

unique orthogonal projection P; (given by extension by continuity using the spectral
theorem) such that

ij =0 for d) S Ran(lR\[(H))
Pjf(H)Yp = Pj sy for f € C§°(I) and for arbitrary ¢ =

Notice the formula P; ,f(H) = P; s which holds when g = 1 on the support of f
for f,g € C§°(I). This shows that P;f(H)y = P; ,f(H)y and hence in particular
that P; is well-defined. Obviously P; reduces H. O

It follows from Lemma 7.2 and Proposition 8.1 that the projections span the
spectral subspace for the interval I.

Proposition 8.2. Given (6.14),

1(H)=> P (8.4)
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We may supplement the list of “global” estimates in Lemma 7.2 by the following
ones for states associated to P;. Let

pi(E) = \/2(E -V (8,(E)): E€ L. (8.5)

Lemma 8.3. For all small € > 0, functions f,f as above and ¢ = f(H)W €
Ran(P;)

10P"(d1)y(#)|| — 0 as ¢ — oo; (8.6)
di = F(r > 1)f()F(|p — p;(h)| > &),
10P"(d2)¢ () || — 0 as £ — oo; (8.7)

dy = F(r > 1)f(h)F(|g —p;(h)| > @).

Proof. The bound (8.6) follows from the energy relation p? + 7% = 2(h — V) and
Lemma 7.2.
As for the bound (8.7) we introduce the observable ®(t) = Op*(c;) with

c1 = F(r>1)f(R)F (|6 —0;(h)| < €)x
F(E> ) F(E < C)F (o= )| < )F((bp+ V) 407 < ')
= = o MIE(|5 = ps()] > 7).

t 4
We choose 0 < €,/ << €. Then the contribution to the expectation of the
Heisenberg derivative of ®(t) in the state ¢(t) from differentiating the factor F(|p—
p;(h)] < €') vanishes (by the energy relation). As for the contribution from the last
factor we write, cf. (7.9),

() =7 (0= ps(h) = (5 = ps(0) ) (8.8)

The first term on the right hand side of (8.8) is bounded by €. Hence (given
that 2¢’ is smaller that €) the second term “dominates”. This fact and previously
used estimates yields an integral estimate for a symbol cy given by omitting the
outer factor |§ — p;(h)| in the expression ¢;. By the standard method, see the proof
of (7.12), we readily obtain from this bound that indeed (8.7) holds.

O

9. P =0 AT F,

In this section we shall invoke [HS2] to show that there are no states associated
to any branch z; = z;(-) € Fd.

As in [HS1] and [HS2] we linearize the equations of motion nearby any z;(-) € F*
as follows: Write for E € I

w1(E) = (cos§;(E),sinb;(E)), wa(F) = (—sinb;(E), cosb;(E)),
and introduce new coordinates
= z1(w1(F) + uws(E)), £ =&(F) + pwi (E) + vwa (E),
where (with p(E) = p;(E) given by (8.5))
§(E) = p(B)w1 (B) + b(0; (E)wa(B).
Notice that
x1 =2 wi(E) anduzi—?; 2o = x - wa(E). (9.1)

We may express p as a function of u,v and E (for small v and v) using the
energy relation. Introducing the “time” 7 = Inx;(¢) we obtain an autonomous
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system whose linearization at the fixed point (u,v) = 0 takes the following form:
For w = (u,v)"

d Y —
= = Bu; sz_1< b_d” bl, );d:b2+b’2+2b’p+V”.

Here B is evaluated at (E,0;(E)). We used [HS2, (1.7)] and the leading asymptotics
(Ll Lo 3
w=—p idu —bvu+§v + O(Jw|?).

The eigenvalues of B are given by dividing those of (2.11) by p, that is

1

4 [1—4—. 9.2

2 p2 ( )
To apply [HS2] we need to verify various conditions. As for the non-resonance

condition [HS2, (H8)] we consider

Condition 9.1 (Few resonances condition). At the branch z;(-) € F* there is a
discrete set D C I such that

(5N Lot B\ D (9.3)
— | = or . .
dE \ p?

With Condition 9.1 imposed for a branch z;(-) € F* it is easy to see that the
resonances of fixed order can accumulate at most at a discrete set of energies in I.
We recall that F € [ is resonance of order m > 2 if we may write

B = ma B+ maf, (9.4)

where 37 signifies either 3 or 3 and the coefficients to the right are non-negative
integers with mq + me = m.

For the case of z;(-) € F, that we address in this section it is enough to avoid
(9.4) with only 3% = £ to the left and for all orders m < my, where my is sufficiently
large, see [HS2, (H8)]. Under Condition 9.1 the “bad” subset of I (where (9.4) holds
for some m < mg) can be “reached” using the spectral theorem. (Here we use the
fact that its set of accumulation points is at most discrete.)

For completeness of presentation we notice that in the case of z;(-) € FJ, the
union of resonances of all orders is dense.

Since the other conditions [HS2, (H1)—(H7)] are readily verified using Lemmas
7.1, 7.2 and 8.3 we conclude from [HS2, Theorem 1.1]:

Theorem 9.2. Suppose Condition 9.1 for a branch z;(-) € F.. Then
Pi(H) = 0. (9.5)

We notice that Condition 9.1 is trivially fulfilled in the case V' = 0.

10. WAVE OPERATORS AT F.b

In this section we shall consider two types of wave operators at any branch
z;(-) € FI. We construct one for high energies, cf. [HS1, Theorem 1.2], and with a
further assumption one for small energies, cf. [HS1, Theorem 1.1]. With this extra
assumption there will be an interval of overlap, so that for this energy regime both
wave operators exist. The constructions do not need Conditions 2.1, 2.4 nor (6.14).
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10.1. Wave operator at high energies. We assume that for all £ € T
0 < 4rt < p? at z;(E); (10.1)

or alternatively that both eigenvalues in (9.2) are negative reals thoughout F € I.
Let us look at the initial value problem

% _ _% [+ )VaE-V) =+ V'), n(;) =0, (10.2)

nearby 6; where z;(-) = (0;(-),0,p;(:)) € Fi. Formally the differential equation
arises from eliminating p and 6 in the system (2.6). Obviously it is a singular
ordinary differential equation. We can solve it away from resonances as follows.
Let us denote by A the biggest of the two eigenvalues in (2.11) and X the smallest
one (cf. the notation (9.2)). Away from resonances the Sternberg diffeomorphism
provides integral curves for the system (2.6) (with p eliminated) of the form

(0(7) = 0;,0(r)) = W(+(=)eX7 (1, %)); 7 large. (10.3)
We use (10.3) with A\* = X and look at the parametrized curve
(0 —0;,n) =T(s(1,X)); |s| small.
Using # as a new parameter we obtain a solution 7 = ng(6) to (10.2) with
n=X0-0;)+0(0 - 0;%). (10.4)

We notice that this 7 is smooth as a function of (E,#) (away from resonances),
see [HS1, Appendix]. Also we remark that although it is not unique as a solution

to the initial value problem (10.2) and subject to (10.4) (there is a one-parameter

family of C'-solutions), all derivatives ng) (6;) are uniquely determined by these

requirements; for this assertion F needs to be non-resonance. Following [CHS,
Subsection 3.5] we introduce

Sg =rpp; pr = pr(0) = \/2(E — V) —np. (10.5)

This function, Sg = Sg(r,0) = Sg(z), solves the eikonal equation
h(z,V3Sg) =0.
Using the formulas
Oppe = p. ', Oppe = —(1+ (ppdene)?)p.®; at 0 = 05, (10.6)
we may use a Legendre transformation to obtain a smooth solution S = S(¢,r,0) =
S(t,z) for t > 0 to the Hamilton-Jacobi equation
h(z,V.S) = -85,

cf. [CHS]. Assuming that I = (E—, E™) is small centered around, say E°, and
does not contain resonances, cf. Condition 9.1, S is defined in a region D, =
Ui>o0{t} X D, where x € D, (with € > 0 taken small) if and only if

10— 0,(E%)| < e, (Opp) “(E=E",0) < % < (9ep)~Y(E = E*,0).

It is given explicitly as S = rpp — tE where E € I is determined by
T
7 (OepE)~(0), (10.7)

and possesses the homogeneity property

S(t,r,0) = tS(1, g,e).



ZERO 25

Following [CHS] we define the “direct” flow

B (1) = i~ [0S (,7,0) ~ b(B) 105)
&8 (t) = 0,5(t,7,0)
The domain D, is preserved under the forward direct flow, and there is energy
conservation
—0:S(t,7(t),0(t)) = const,
cf. [CHS, Lemma 3.11].
Using the “time” 7 of (2.5) we may rewrite (10.8) as the following system of

equations
dF (Y — =0 (Y :
7 (1) = 7pu(0)
Let us find the asymptotics of the quantity (6 —6;)7? (with § given as in (9.2))

for the solution to (10.9) starting at time 7 = 0 at (g, 7). By integrating the first
equation in (10.9) we obtain

0(1) = 0; = (60 — 6;)e™ (1 4 o(1)). (10.10)
Clearly the solution to the second equation is
7(r) = Foels PO (10.11)
We write
pe(0) = pe(0;)(1+ (a(0)n:(0)), (10.12)

where we have introduced the smooth function
\/1+2V‘9) 2V (0)—nr(6)? —-1

pE(05)2
ne(0)
Using (10.12) and the first equation of (10.9) we may write (10.11) as

’I:(T) = 7 epE(9 )(T-‘rfe CE 9)d9) 7:OepE(ej)(7'4"[9'90]‘ CE(e)d9+0(1)). (1013)

Clearly we obtain from (10.10) and (10.13) the asymptotics

(6 6,)70 — (G — ;)7 % My 2O
Motivated by these considerations we introduce a smooth observable w = w(t, r, §)

on D, as follows:

Step I. Define for given (¢,7,0) € D,

for 7 — oo. (10.14)

E=-0,5(t,r0) (e I). (10.15)
Step II. Introduce
0; =0;(E), 8= B(E), A= XE) = pr(0;)5. (10.16)
Step III. Put
w=(0-6,)r B2y Cu(0)a0’, (10.17)
(From the very construction we see that
w=w(t,r0) =t uw(l, ; 9), (10.18)

and that w specifies asymptotics of the solution to (10.8) that at time ¢ passes
through (r,0).
We can now define a comparison dynamics

U(t) = Uj(t) : L*(I x R) — L*(R}) = L*(Ry. x T; rdrdf)
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as follows:

[U(6)g)(r, 0) =e'SErOp=12 112 0)1p_, (r, ) (10.19)
6 (E(t,r,0),w(t,r,0)),

where E(t,r,0) = —9;5(t,r,0), and J, = t77~1J(%,0) is the Jacobian determinant
arising from the change of variables which makes U(t) asymptotically isometric.
Notice that we may use (10.6) and (10.17) to show that indeed the map D.; >
(£,0) — (E,w)(1,%,0) is a diffcomorphism onto its range. Hence by also using
(10.18) we have lim;_. |U(¢)¢|| = ||¢|| for all ¢ € L*(I x R).

Formally the “generator” of U(t) is

H—-2"'4% y=p—-V,S. (10.20)

If ¢ € C§°(I xR) the right hand side of (10.19) is smooth for ¢ large enough, and
we may use the Cook method as in [HS1] to obtain the following wave operator.
Let H; = 1;(H)L?*(R2), and let M (E) denote multiplication by E on L?(I x R).

Theorem 10.1. Suppose there are no resonances (of any order) in I. Suppose
(10.1). Then there exists

Q; =s— lim e™U,(t) : L*(I x R) — L*(R2), (10.21)

t—o0
with Ran(QY;) C Hy. Moreover HQY; = Q; M (E).

Remark 10.2. The smallness assumption on I and the choice of E € [ for defining
the domain of S above and hence the comparison dynamics Uj(t) are not important.
In fact our construction is asymptotically canonical. This means that if we cover
a given “large” I free from resonances by “smaller” pieces say I = Ul and choose
arbitrarily energies Eg € Iy, then the corresponding dynamics Uj x(t) glue in the
following sense: Decompose any given ¢ € L%(I x R) as ¢ = > ¢y, where ¢, €
L3(Iy x R). Then asymptotically as ¢ — oo the state U;(t)¢ = Y U, (t)¢x is
independent of the covering and cutting procedures. In particular the definition
Q¢ = limy— 00 e U; (1) = > limy 00 € U; 1 (t) P = D Qj kPx is canonical.

This procedure may be pushed further. Suppose a given open set C C R has a
countable covering C = UI}, where each interval meets the requirements of Theorem
10.1. Then we decompose any ¢ € L*(C x R) as above and define Q¢ = >~ Q; rdx.

An alternative procedure of defining a “global” wave operator would be the one
of [HS1]. This amounts to introducing the wave operator in terms of an .S obtained
by gluing the various local pieces considered above together, cf. [HS1, Appendix];
the domain of this S is complicated.

10.2. Wave operator at small energies. We need the condition
b(0;) =V'(6;) = 0. (10.22)

Notice that this means that 6; does not depend on E € I. Clearly the case b =0
covered by [HS1, Theorem 1.1] is a particular example. The case V = 0 is an
example that has not been treated before.

With (10.22) the coordinates x1, x5 of (9.1) are independent of F and similarly
for the dual coordinates £1,&2 given by writing £ = & w1 + Lwoe. We substitute in
the expression for the symbol h, Taylor expand up to second order in z3/x1 and
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&, and replace x1 by t&;. The result is the expression

h(t) =27€F + ha(t) + V(8)); (10.23)
ha(t) = hate, (%752) =27'G+ o %52 + 042(%)2;
v'(6;)

yoy o)y, V0D

& & &
We denote for fixed & > 0 the Weyl-quantization of hy2¢, by Ha(t), and by
Us(t) the corresponding dynamics

It way be written explicitly in terms of

(2+

T + pox a 1
He, = 271]9% +o Tob2 T Patn (—1 - <+ a2)w2a
2 2 8
as )
Ua(t) = Ung, (1) = S,y o n0Mer o=
where S’t, 1 is the scale transformation

_1 L2
S’t,%g(:vl,xg) =1{"ig (wl, %> )
The quantum dynamics corresponding to the expression (10.23) is given on the
space L?(R2) as

V)

_ . itp? i
U(t) = e_l(t_l)v(ef)e_%Uzp1 (t)e £ (10.24)
To get a wave operator with this comparison dynamics we need a small energy
assumption. This may be given in terms of the 3 of (9.2); recall that the quantity
p~2kT depends on E. We shall need the condition

1
Ri< —gforEel. (10.25)

Clearly the inequality (10.25) is fulfilled for 4s* > p? in which case 8 and 3 are
complex with real part equal to —271.
In Subsection 11.2 we shall need the condition that

B # (for E € I\ D, where D C I is discrete, (10.26)

cf. Condition 9.1. For convenience (although not needed) we shall also impose
(10.26) in the theorem stated below.

Let J = {51 161 >0, % € I}, and let H; be given as in Theorem 10.1.

Theorem 10.3. Suppose (10.25) and (10.26). Then there exists
Q;=s5— Jim e™MU(t) - 1;(p1)L*(R2) — L3(R2), (10.27)
with Ran(Q;) € H;. Moreover HQj = Q;271p3.

One may prove Theorem 10.3 along the lines of the proof for the potential case
of [HS1]. For reference in Subsection 11.2 let us notice the following ingredient of
the proof: Let

T . ~ x
”y:pg—(5+a1)?2 and’y:pg—(5+o¢1)72, (10.28)

where 3, § and a; are evaluated at 2~ p? and p, respectively. Then

Y(t) = T)* U (t) = t Py and 5(t) == U(t)*3U(t) = t 4. (10.29)
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Due to (10.26) the equations (10.29) can trivially be solved for the quantities pa(t)
and t~1z4(t) for energies 27 1p? ¢ D.

Remarks 10.4. In Theorem 10.3 the interval I is not needed to be “small” (ex-
cept for the requirement (10.25)). With (10.25) the condition of no resonances of
Theorem 10.1 is fulfilled. Under the conditions (10.1), (10.22), (10.25) and (10.26)
one can compute explicitly

s— lim U@)*U(t) : 15(p1)L*(R2) — L*(I x R),

t—o0

linking the wave operators of Theorems 10.1 and 10.3.

11. ASYMPTOTIC COMPLETENESS

In this section we discuss asymptotic completeness of the wave operators intro-
duced in Section 10. Now we impose Conditions 2.1 and 2.4, and (6.14).

11.1. Completeness at high energies. With the above assumption we have the
following result.

Theorem 11.1. Under the conditions of Theorem 10.1
Ran(Q);) = PyH;. (11.1)

We shall outline a proof of this theorem using weak propagation estimates similar
in spirit to [CHS] and [HS2]. (The proof in the potential case given in [HS1] uses
strong propagation estimates.)

Clearly Ran(€2;) € P;H;. We split the proof of the opposite inclusion into four
steps:

I) Preliminary preparation of a state ¥(t) = e ®H f(H)y; f € C§°(I) and
v € PyH.

II) Strong localization for the observable 2.

III) Propagation estimates for Uj(t).

IV) Verification of the Cauchy condition.

Step I. We may summarize the estimates of Lemmas 7.2 and 8.3 as follows: Let
L1 (t) be the operator with symbol I;(¢) given in terms of small €;,...,e4 > 0 as

L(t)=f(h)Fy - Fy
= r
= FWF (|5 = ps ()| < 1) Fllp = ps(0)] < 2)
F(10 —0;(h)] < e3)F((bp+ V)2 +1* < e4).
Then
Y(t) = Li(t)v(t), (11.2)
meaning that ||¢(t) — L1(t)(t)|| — 0 for t — oo.
It will be important to control the Heisenberg derivative of L. For that purpose
we need to replace the last factor F; by an equivalent localization described as

follows. Let y = (bp + V', n)'". Instead of taking Fy = Fy(y?) as above we choose
Fy = Fy(|T] *y|?), where Ty is the matrix

kT kT
=5 %)
given in terms of k™ = T (h) and the two eigenvalues A\; and Ay in (2.11) (arbitrarily
labelled and with E = h). This matrix diagonalizes

0 &kt
Ay = ,
' ( -1 —p )
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which arises in the equation

P (A1 +o(1))y

valid for any orbit approaching z;(h) (in particular having energy E = h). We used
(2.19). See (2.14) for a similar construction.

Since the eigenvalues of this A; coincides with those of (2.11), we see that clas-
sical

d . . -
e P <2(p8 +0(1)) IT7 'yl (11.3)

in particular [T} 'y|? is decreasing.
Clearly there is an analogue of (11.3) for the Poisson bracket. We have the
estimate
{h, By (IT7 'yl < €a) } = —€eF4(-)p/r >0 (11.4)
for a small € > 0.
Next, we fix the order of scale

€4 << e (11.14)psilons << €3 << €1, (11.5)
for the “new” Li(t) with symbol
L(t) = f(h)F - Fy (11.6)

= FWF(|5 = (0)| < &) Fllp = ps(h)] < e2)
F(|6 = 6;(h)| < e3) F(ITy 'yl? < ea).

To see how (11.5) comes in we look at the contribution to the classical Heisenberg
derivative from the factor Fy. From the proof of (8.7) we learn that

f(h) (dFl(E —pj(h)‘ <a)) B By
> —et (W F(VFy---F; >0 1L

for e2 < €1/2 and for € > 0 sufficently small.
We also learn from the proof of (8.7) that the contribution from the Poisson
bracket from the factor F; is negligible

F(WF1 (dFx(Ip = pj(h)] < e2])) F3Fy = O(t™?) (11.8)
for €3, €4 << €9.
Finally, the contribution from the Poisson bracket from the factor Fj is negligible
F(h)FLF; (dF5(10 — 0;(h)| < €3)) Fy = O(t™2) (11.9)
for e4 << €3, see (8.3).
We conclude that

DL (t) > O(t™?), (11.10)
and the estimates
/ =M (OPY(b1)), |dt < Cl[||%; by = —=f(h)F{(-)Fy -+ Fy, (11.11)
1
and -
/ tH(OP (b)), ldt < Cl|¥|I*; by = —f(h)Fy - F3Fj(:). (11.12)
1

We used (11.7) an (11.4).

Step II. Classically v = £ — V.S vanishes along any orbit x(¢) associated with the
channel we study. Here S = S(t,r,0) is defined in a domain D, as described in
Subsection 10.1. We compute

d

=== (0:0¢h + V2SS +o(t™1)) 7.
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Notice that this follows from a classical analogue of (11.2) since (recall that d is
the classical Heisenberg derivative)

Li(t)dy = =11 (t) (020ch + VS + 171 0(e1)) 7. (11.13)

Here |O(e1)| < Ce; uniformly in t.
We are motivated to calculate the matrix

Ay = —t (0,0¢h + V3SE) (11.14)
at the particular energy
I>E=h=-0,5(tr0).

Represented in the coordinates x1,z9 of (9.1) with E = h we may compute using
(10.4) and (10.7)

(1+0%)™t o(l4+0?) 1 +bp!

A2 = — 2\ —1 2 2 2\—1
o(l1+0%) —B+0%(1+40?)

Here the various quantities are computed at (E, 8) = (h,0;(h)).

The eigenvalues of As are —1 and (. Let T denote a real 2 x 2—matrix that
diagonalizes As. We obtain

LTy ? < 2671 (B4 O(er)) ()| T3 [ (11.15)
Clearly (11.15) yields the decay

) ;o= pBb(rT) 7"

y(t) = O *); ¢ >0, (11.16)

along the orbit z(t).

We aim at a similar statement in quantum mechanics. (Notice that by (11.16)
4?2 is integrable.) For that we pick f € C5°(I) such that 0 < f <1 and f =1 in
a neighborhood of supp f. Let I5(t) be given as in (11.6) with f and €, replaced

by f and 2e; k = 1,...,4, respectively. We consider localization in terms of the
operator P = P(t) = Op"(p(t)) where
p(t) = 12(t)(T5 ') (t). (11.17)

Notice that, for example (1 — I2(t))l1(t) = 0.

Using (11.2) and the above calculations for the classical case we may mimic
the proof of [HS2, Proposition 5.1] (see also the one of [CHS, Proposition 7.1]).
We obtain the following strong localization statement. Fix ¢ > 0 such that ¢ <
—2B(E) — 1 for all E € supp f. Then for ¢; small enough

G(t) = F(EFC P(t) < 1) L1 (t)(t). (11.18)
The proof yields the integral estimate

/°° (L) (P < 1)L1>tdt < Cll9lP?, (11.19)
1

in agreement with (11.15).
Step III. Recall that U;(t) is defined in terms of (a small) ¢ > 0, I and the
corresponding domain D, ;. We let €1,...,€4 and € > 0 be given in agreement with
Step II.

The integral estimates (11.11), (11.12) and (11.19) remain true upon replacing
¢ and ¥(t) = e *H f(H)y by ¢ € C5°(I x R) and U;(t)9¢, respectively.

To see this we introduce a smooth function g € C§°(D. 1) such that with
gi(r,0) = g(§,0) the following support property holds for all multi-indices |a| > 0:

()0, (1 — g¢) = 0. (11.20)
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We consider the expectation of the family of uniformly bounded operators
®(t) = g: L1 () F (P(t)t*+ < 1) L1 (t)gs (11.21)

in the states U;(t)¢. We compute using (11.20) and the expression (10.20) for the
“generator” (notice that g € C§°(De,t))

Li()idygeU;j (1) = La(t) (H — 27 P(t)) 9:U;(t)¢ + O(t™),
and from the derivation of the bounds for ¢ we see that indeed
d /
—®(t) +ilH - 271P(t), (t)] > Ot 1),
expressing the “attractiveness” of all localizations. Since the right hand side is
integrable we obtain the integral estimates for g:U;(t)¢ and hence for U;(t)¢.
Step IV. We need to verify the existence of the limit

Jim U (1) s (1) = e f(H ).

As in Step IIT we consider ¢ € C§°(I x R) and its approximate evolution U, (t)¢.
We may compute the derivative

d
< w00, 2000).
where ®(t) is given by (11.21), as before. Using the integral estimates (11.11),
(11.12) and (11.19) for ¢(¢) and the similar bounds for U;(t)$, we obtain the
estimate © g
| 15U meamu)lar < or)ol,
as T' — oo.
The proof is complete.

11.2. Completeness at low energies. With the same assumptions as those of
Subsection 10.2 we have the following result.

Theorem 11.2. Under the conditions of Theorem 10.3
Ran(Q);) = PyH;. (11.22)

We shall outline a proof of this result using weak propagation estimates. (The
one for the potential case in [HS1] uses strong propagation estimates.) Since we
may follow the scheme of the proof of Theorem 11.1 we shall be brief.

Due to the discreteness assumption of the D in (10.26) we may assume that
IND=0.

Clearly Ran(f2;) C PjH;. For the opposite inclusion, we follow Step I literally;
the function 1 (¢) given by (11.6) will be used below. Step II is different. (Notice
that the « of (10.28) differs from the ~y of the proof of Theorem 11.1.) We introduce
the symbol I5(t) as before, but instead of (11.17) we define

p(t) = 120 (7?52 + (€ =t 01)? ) a(0), (11.23)
where v and 4 are given by (10.28).
Fix € € (0, 3) such that
3RB(E) < =1 — ¢ for E € supp f. (11.24)
We notice that
304D () € Sunir(1, 3¢ 3 da? 4+ ¢34 ge2), (11.25)

using here a uniform symbol class; see [HS2, Definition 3.1] and the discussion after
the definition.
1 2 7
The “Planck’s constant” t~373¢ — 0.
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We may mimic the proof of [HS2, Lemma 4.4] to obtain the following analogue
of (11.18):
() ~ Op (PR 0)p(t) < 1)) L () (2). (11.26)
The analogue of (11.19) reads:

/ t~(L,Op"(F’ (t%(1+€')p(t) <1))Ly),ldt < Cly|%. (11.27)
1

For completeness of presentation we remark that one may also derive statements
like (11.26) and (11.27) using the functional calculus as done for (11.18) and (11.19).
We find the pseudodifferential approach somewhat simpler; the reader might not.
In any case a pseudodifferential approach does not work for (11.18) and (11.19), cf.
a discussion in [HS2].

Now returning to the remaining steps, we need in Step III to show similar integral
estimates as those from Step I and (11.27) for U(t)¢ where ¢ € 1;(p;)L%(R2). In
fact it suffices to have these estimates for ¢ € g(p1)S(R2), where g € C§°(J) and
S(-) denotes the Schwartz space. For such states we have i0;U ()¢ = H(t)U(t)¢
and we may use that the difference between the generators, H(t) — H, is integrable
in combination with the localization (11.26).

For Step IV we proceed as before.

The outline of proof is complete.

12. THE GENERAL CLASSICAL CASE

We shall look at a periodic b with f027r b dA< 0. (Possibly by replacing b(0) —
—b(§ — 0) this assumption is for free.)
We impose the following condition for a given open interval I of energies.

Condition 12.1 (Torus).
inf I > max V. (12.1)

With this assumption the reduced phase space T}, := {z € T*| h(z) = E} is a
torus. The case of energies E' < maxV is somewhat easier to treat, see Remark
12.5.

We have the following result on the classical dynamics for 7 — +o00. A similar
result holds for 7 — —o0.

Let for E e 1

T+ (E) = {z €Ty p> —/2(E — V(e))}, (12.2)

and
T (E) = {z €Ty p< 2B - V(o))}. (12.3)

Clearly the topological structure of both of the sets T**(F) and T*~(F) is an
annulus.

The following result involves the notion of regular solutions p = p,(0) of the
equation p’ = b+ n which may exist for fOQ "bdfh< 0. For later purposes let us also
introduce the set

&= {E > max V| a 27 — periodic solution pg exists,
2w

PE
0o V2(E-V)-p%

Here by definition the function pg solves

P =b+ng; ne=\/2(E-V) - pk; (12.5)

2(E V) > ph,

do >0}. (12.4)
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it is called an upper regular solution. If we drop the sign condition of the integral
of (12.4) and only require that 2(E — V') > p% for a solution of (12.5), then we say
that it is a regular solution.

The result stated below also involves the notion of singular solutions/cycles p =
pr(0) of the equation p’ = b+ n. Let us introduce the set F1(E) = {0 € T|3z €
F(E):z=(0,0,p)}.

We shall discuss two types of singular cycles which we call upper and lower
singular cycles, respectively.

A 27-periodic C'-solution pg to (12.5) is called an upper singular cycle if
St = {0 € Fi(E)| ne(d) = 0} # 0 and this set ST = {0 € Fi(E)| pe(d) =
V2(E —V(0)}. With the latter assumption and (2.9), 1 (6p) < 0 for all §, € S
(thus saddles).

A 27—periodic C'-solution pg of (12.5) is called a lower singular cycle if S~ :=
{60 € Fi(E)| ng(0) = 0} # 0 and S— = {0 € Fi(E)| pe(d \/ (E-V(0)}.
Clearly with (2.10), k= (6y) < 0 for all 6y € S~ (thus saddles again).

If ST (or S7) only consists of one point for a given singular cycle, then the cycle
corresponds to a homoclinic orbit for the dynamics (2.6).

Proposition 12.2. Suppose Condition 12.1, (2.9) and (2.10) at some E € I, and
that v = (0,7, p) is an arbitrary classical orbit with energy E. Then one of the
following cases occurs:

i) There exist sequences T, — 400 and 7,7 — +00 such that

plr) = —\J2(E ~ V(O(r))), (12.6)

and

p(r) = +\/2(E — V(6(r:})), (12.7)
il) The set F(E) # 0, and there exists z € F(E) such that v(1) — z for T — 400.
iii) There exists a regqular solution p = p,(0) to the equation p’ = b+, such that

lim_Jo(r) = pr(6(r) = 0: i [n(r) — (0 =0, (128)
iv) There exists a singular cycle ps such that (ns = \/2(E = V) — p2)
Ll Jo(r) = (6] = 0:_lim_|n(r) —m@(r)| =0 (129)

Proof. Using that %(p — l;) = n? (cf. the proof of Proposition 2.3) we have two
possibilities, either 1) lim,_ 4 6(7) = +o0, or 2) 0(7) stays bounded near +oc.
(Notice that 1) occurs precisely if fooo n? dr = oo. To show these assertions it is
convenient to distinguish between the case where the flux is zero and the case where
it is nonzero.) In the case of 2) we may show that ii) occurs by mimicking the proof
of Proposition 2.3. So we can assume 1).

Suppose also that (12.6) is false for all sequences 7,, — +o0o. Then (1) takes
values in the set T*F(E) given by (12.2) for all large 7’s. The topological structure
of T**(FE) is an annulus and therefore we deduce (using 1)) that n > 0 eventually.
Next we may write 7 = 7(6) using the equation 6/ = n, and thus p = p(0). Let

pp(0) = lim p(6 + 27n); (12.10)

notice that the sequence is monotone. Clearly p = p, is a periodic solution to
P =b+mnp; np=+/2(E—V)—p2 If n, does not have zeroes, iii) occurs. If n, has
a zero, then iv) occurs.

If (12.7) is false for all sequences 7,7 — +o00 we look at the “annulus” T*~(E)
given by (12.3) and argue similarly. d
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Remark 12.3. There is a version of Proposition 12.2 for negative times; it is given
by replacing +oo by —oo at all occurrences. The proof is similar.

Remark 12.4. In the case of zero flux, Proposition 12.2 iii) and iv) do not occur
(seen by integrating (12.5)). Moreover it follows from Proposition 2.3 that i) does
not occur in this case. Whence ii) and only ii) occurs in this case.

Remark 12.5. Suppose the non-critical condition (2.4), (2.9) and (2.10) for an
energy £ < max V. Then for all classical orbits with this energy Proposition 12.2
ii) occurs. This follows readily from the proof of Proposition 12.2.

12.1. The set £. Motivated by Proposition 12.2 iii) we shall in this subsection
study the set £. The analysis does not use (2.9) nor (2.10).

Let us show that the periodic orbit pg in the definition of £ is unique: Suppose
p1 and p2 are two solutions obeying the above conditions for the same E. Let
6> be a solution to 05 = n2(02). Let r2(0) = exp([ p2/n2 df). Look at Aa(f2) =
r2(02)(p1—p2)(02). We compute and estimate Ay = ry(p2(p1—p2)+1n2(m —12)) < 0.
Thus As is bounded from above. Since r2(f2) — 400 and the p’s are periodic we
conclude that p; < ps. By symmetry we see that p; = po.

Proposition 12.6. Suppose V =0 and £ # 0. We have

1) & is an open interval € = (Eq, E.), Eq > 0.

2) limE_)Ed 6€pE(9) = +00.

3) limp—p, [y 22d6=0.

4) (9EpE(9) > 1/\/ 2F.

5) 0%05(8) < 0.

6) 8EZ—E >0

7) The function E — pgp(0) — V2E is increasing.

8) limp_p, [y 22 df = +oc.

9) ne(0) < max|b|.
10) Suppose 2F := 2F —maxb? > 0. Then PE >V 2F and

Orpr(0) <1/V 2F. In particular limg_. g, Orpr(0) =0 if E. = co.
Proof. As in the proof of [CHS, Proposition 2.4] we see that £ is open. Take for
the moment a maximal subinterval (Eq, E.) C €. By integrating (12.5) we see that
V2E; > (2m)~t 027r —b(6) do > 0; in particular Eg4 > 0.

We have the formula

0 ’ _
aEp(e):/ n(le,)efee 40 qg. (12.11)

In particular
0
1 o' V2E 47 1
Orp(0 >/ e L 12.12
ze(6) —oo N(0") V2E (12.12)
showing 4).

Rewriting 4) as g (pe(0) — V2E) > 0 yields 7).

As for 6) we compute 022 = (2E0ppp —pE)/n3. Using (12.12) again this leads
to 8Ef7—§ > (V2E — pg)/n® > 0.

As for 5) we refer to the proof of [CHS, (2.19)].

By monotonicity, cf. (12.12), there exist

pa(f) = Elg%d pe(9), n4(0) = Elg%d ne(0),

and if £, < co

pe(0) = Jim pp(0), ne(0) = lim ng(0).
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Let n; denote either 74 or 7. (assuming E. < oo for the latter). Suppose n;(6y) =0
for some 0. Then by (12.5), b(fy) = 0. We claim that

2T 1
/ — df = . (12.13)
0

Suppose not, then we learn from writing n? = (vV2E — p)(V2E + p) near 0 = 6,
(with n =n; and E = E;) and using (12.5) that

0
it < C((0 - 00)? +]/ n(¢') do’
0o
Let us look at g(6) to the right of ;. We have

g <2C(0—6y)+C\/g.
Let f(0) = K(0 — 00)* with K > 0 taken such that

f'=2C0—60) +C\/f.

(f— ) > C(/F - va) = ﬁ%ﬁu—g»

Since fﬂ%\/@ df < oo we conclude that VKI|0 — 6| > F > V9 > n. This
contradicts the finiteness assumption, and therefore (12.13) holds.

Let us show 2) and 3). We first show that for pq(0) # +/2E4 for all 0. Indeed if
pd(0) = v/2E, then b(8) =0, and by 7) for E' < E

0> pE(H) - \/ﬁ > pE/(H) - \/ﬁ,

yielding a contradiction by letting E' — Ey.
If pa() = —/2E, for some 6, then limp_p, [" 22 df = —oco by (12.13) and

ne
Fatou’s Lemma, which conflicts the fact that f027r Z—i do > 0.

But then

) —: ¢(6). (12.14)

Then

2w

/ Pd 46 = 0, (12.15)
o "d

since the integral exists and Fy is a positive endpoint of the maximal interval. This

shows 3), and 2) follows from (12.11), 3) and Fatou’s Lemma.

We can now prove that € is an interval. Let E} and E32 be the left endpoints
of two maximal intervals. Similar notation is used for the corresponding periodic
functions p and 7). Let 6 be a solution to 05 = n2(02). Let r2(0) = exp( [ p2/n2 db).
Look at A2(f2) = r2(02)(p1 — p2)(f2). We compute A, = ro (pg(pl —p2) +n2(m —
n2)). If E} < E% we see that A, < —e contradicting that A, is bounded. Thus (by
symmetry) E} = E%. This shows that £ is an interval.

The statement 9) follows readily using (12.5) and the periodicity, and 10) from
9) and by estimating (12.11), cf. (12.12).

Finally, to show 8) we can assume that E, is finite, cf. 9) and 10). By 6) the
limit

2w
lim PE 49 € (0, ]
E=FEe. Jo MNE
exists. Suppose it is finite. Then by the Lebesgue monotone convergence theorem
and (12.13) we see that n.(0) > 0 for all 8, contradicting the maximality of E.. 0O

Small modifications of the above proof yield the following results in the general
case.

Proposition 12.7. Suppose £ # (). We have
1) € is an open set with Eq :=1inf £ > min V.
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2) Ogpr(0) >1/\/2(F —minV).

3) 0205(0) < 0.

4) The function E — pg(0) — \/2(F —minV) is increasing.
5) Suppose I = (Eq, E,) is a mazimal subinterval of £. Then

27
lim PE 4h = +o.
E—(E.)~Jo NE
6) ne(f) < max|b|.
7) Suppose 2E := 2(FE — max V) — maxb?® > 0. Then pg > V2E and dgpp(f) <

1/V2E.

Under the conditions of Proposition 12.7 it is an open problem whether £ is an
interval.

We notice that in the case b < 0 and V' = 0 studied in [CHS] the set £ = (Ey4, 0).
As the following example shows there are other cases where £ # ().

Example 12.8. Take V =0, b(d) := —c < 0,if 0 < 0 <27 —¢, and —c < b(#) < c.
Whence we do not have a sign assumption on the interval (2m — ¢, 27). In particular
F(E) # 0 is allowed. For this class of examples:

For all E > ¢?/2 we can find € = e > 0 small enough such that F € .

This may be proved by elementary differential inequality techniques.

On the other hand, if V' = 0 and b(8) > 0 in an interval I = [0, 02] of length |I| =
7 (no sign assumption outside I), then indeed £ = §: Suppose on the contrary that

E € & exists. Then the corresponding periodic solution obeys p’ > n = /2F — p?
on /. Hence

1 TR
r=|I g/id :/ ——dp
1V2E—p? o) 2B —p?
.y (p(6h) .y (p(02)
= sin ———= ) —sin — ) <. 12.16
(\/QE) (\/2E) " (12.16)

Furthermore in the more general situation, V' = 0 and b(f) > 0 in an interval
I = [01,05]; 01 < B2, the same estimation as above leads to

o 61) ()
I| <sin~! (L) —gin~? (—) 12.17

! ViE V2E (12.17)
Since p(f;) > V2E — maxb?, cf. Proposition 12.6 10), the right hand side is close
to & — % = 0 for E large, in particular < |I|. So p does not exist for E large.

Remark 12.9. For E > E; in the case where £ # () one easily verify that Propo-

sition 12.2 i) does not occur by checking that efp(p — pg) is increasing in 7 for
E' <FEiné&.

12.2. Singular cycles. Motivated by Proposition 12.2 iv) and Proposition 12.6 8)
(notice that p. = limg_. g, pp indeed is an upper singular cycle) we shall in this
subsection study singular cycles under slightly more restrictive conditions than in
Proposition 12.6.

12.2.1. Uniqueness of the upper singular cycle.

Proposition 12.10. Suppose V =0, Condition 12.1 and (2.9) for all E € I. Then
there is at most one energy in I for which an upper singular cycle exists, and this
solution is uniquely determined.
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Proof. Let p1 = pg, and ps = pg, be two given upper singular cycles. We need
to show that p1 = pe. Let n;(0) = /2E; — p? be the corresponding transversal

velocity and S; := {0 € F1(E;)| n;(0) = 0}. We consider three cases.
Case I Suppose F; < Fy and that

S1N 82 #0.
We introduce o; = p; — \/2E;, and obtain from (12.5) that
0 =b+ fi(0;); fi(0) =\/—2y/2Ejo — o2. (12.18)

We notice the following formulas near any 6y € 51 N Ss.
V2E; 41 (0o) (0 — 6p)*
(0) =<V (0 -1 1— 12.19

+0((6 — 6)?) for 0 | 6y,

V2E; 4b'(60) \ | (6 — 60)?
(0) = b/ (6o) — 14 /11— 12.2
am{(o) 2<+ )| (1220
+O0((0 — 60)*) for 0 T 6p.
We deduce from (12.19) and (12.20) that for some € > 0

{> 01(8) provided 0 < § — 6y < €
0'2(

) (12.21)
< o01(0) provided 0 > 6 — 0y > —e
Let us also notice that away from joint zeros of the o;’s, that is away from the
set Sl N SQ,

- 2\/2E2 + 092 + 01

(02 _ Ul)/ > —ho(o9 — 01); ho = h2(9) = fa(o1) + fa(o2) '

(12.22)

We learn from (12.22) that the function
0 — eJi 12 4(gy — 01)(0)

is non-decreasing on any interval [f, 6] disjoint from S; N S, in particular on some
set of the form (90,50), where 6y,0) € Sy N S,. Here we use the periodicity of
the n;’s. (If S1 N S2 C T only consists of one point #y this amounts to looking
at one entire revolution, 6y = 6y + 27.) By combining this monotonicity with the
upper part of (12.21) at the angle 6y and the lower part at 8y — 6y we arrive at a
contradiction.

Case II Suppose E; < E5 and that
S1NSy=0.

Introduce again o; = p; — \/2F;. Pick arbitrary §; € S; and 6, € S;. We may
assume that 0 < 6, (otherwise replace ; — 61 +2m). Clearly o2(62) > 01(f2) and
02(61) < 01(01). By using (12.22) to the interval [0, 61] as before we conclude that
o2(01) > 01(01), a contradiction.

Case III Suppose E; = Fy. We modify the arguments for uniqueness of outgoing
spirals given before Proposition 12.6: Let 6, ,605 € So be given such that 6, < 65
and (05 ,05) N Sy =0 (possibly 05 = 65 + 27). We solve 05 = n2(02) on (65 ,05),
and let 7o (0) = exp([ p2/n2 df). As before we look at As(62) = r2(62)(p1 — p2)(62).
Since As is non-increasing (same estimate) and r2(f2(7)) — 0 for 7 — —o0 we
deduce that p; < ps on (65 ,05). By using this argument for all possible intervals
of this form, as well as continuity at S5, we finally see that p; < po for all angles,
and then by symmetry that p; = po. ([
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12.2.2. Uniqueness of the lower singular cycle.

Proposition 12.11. Suppose V. = 0, Condition 12.1 and (2.10) for all E € I.
Then there is at most one energy in I for which a lower singular cycle exists, and
this solution is uniquely determined.

Proof. We define b1(0) = b(—0). The transformation p(f) — —p(—0) turns a lower
singular cycle for b to an upper singular cycle for by, cf. [CHS, Section 9]. Hence
we can invoke Proposition 12.10 with b — b;. (|

12.3. Incoming spirals. We work in the remaining part of this section under the
conditions of Subsection 12.1 (i.e. (2.9) and (2.10) are not used). Let us denote the
set € in (12.4) by £, and introduce

& = {E > max V| a 27 — periodic solution pg exists,
2m
PE
20E V) > p%, dg <0}.
0z | g Y

Here pg solves (12.5) (as before).

The transformation p(6) — —p(—6) turns a solution pg corresponding to E € £~
to a solution to (12.5) with b(0) — b1(0) = b(—0) and V(0) — V1(0) = V(—0) but
reverses the sign of the integral and hence F € £t = €1 (b1, V}), and vice versa. We
previously studied £1; whence we may deduce for instance that £ is an interval
& =(E;,E;)if V=0, possibly empty.

In the case b < 0 we showed in [CHS] that £t = £~ # 0.

For a € (—\/ﬁ , \/ﬁ) and E > 0 we consider the initial value problem

pp=b+ne; np = /2(E—-V)—pg; >0
pe(@=0)=a

If there is a solution on the interval [0, 27r] we denote it by p = p(6, a, E). Clearly
p extends to a 2r—periodic solution if p(27,a, F) = a.

(12.23)

Lemma 12.12. Assume there exists a periodic solution pgq to (12.23) at an energy

E = FE4, such that
27

pd 6 =0
o V2E-V)-—p?
Then ET and £~ are not empty, and E; = E;‘ = E; . In particular for V. =0, if
the set ET # 0 then £~ # 0 (and vice versa).

Proof. Let us introduce ag = pq(6 = 0). We look at the equation f(a,E) :=
p(2m,a,E) —a = 0 for |a — a4| and |E — E,4| small. By ODE techniques we find
that f is smooth in its variables. We compute

27

Ouf(a, E)=e Jo 54 _ 1, = \/2(E—V) = p2 (12.24)
2
T p g’ 20E — 2 ip’
02f(a, E) = —e Jo 546 / %& o 740" gp. (12.25)
0 n
Next we evaluate (12.24) and (12.25) at (a, E) = (a4, E4) and conclude that as

a function of a, f vanishes to second order at (aq, Eq).
Another straightforward computation gives:

2m
aEf(a,E):e—ff"%dG'/ n~lelo T gg
0

27 o ,
Op faq, Eq) :/ n7lels 5 % g > 0. (12.26)
0
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Using the third order Taylor expansion for f(-, E) in a neighborhood of (a4, Ey),
we have that f(a, E) =0 iff

f(CL, E) - f(av Ed) (1227)
R a z y
= -0z B - [ an [ ay [ iz,
Recall that (8§f)(ad, E;) <0, (0ef)(aq, Eq) >0, and f(aq, E) — f(aq, Eq) > 0 for

E > E, close to E;. Now choose ¢ > 0 and § > 0 small enough and define (here
Eq<E<E;+)9)

Fy :lag—€,aq0+€] = R, (12.28)
Fi(a) = Qq
. f(a, Ba) — /@, E)
102 1)(aa, Ba) + =z Jo da [ dy [ dt(D2F)(t, Ea)’

If § is chosen small enough, we see that F. leave their domains invariant, and
moreover, they are contractions; more precisely, one can prove the estimate

sup |Fi.(a)| < C\/E — Ejy.

a€lag—e,aq+te]

The two fixed points will in fact be the two possible solutions of f(a, E) = 0
near (aq, Eq), with the extra condition E > E,;. Therefore:

Using the mean value theorem for d, f we obtain
(0uf)(a=(E), E) = (0 f)(a=(E), B) — (0 f)(aa, Ea) (12.30)
= TV =2(E — Ea)(0e)(ad, Eq) - (02f)(as, Eq) + O(E — Ey).

Then (12.24) gives that

+O(E — Ey). (12.29)

’r P+
i/ —df >0
o N+

and we are done. O

Lemma 12.13. Suppose ET € £, E= € £ and ET < E~. Denoting the
corresponding solutions by pE+ and py_, respectively, we have

pgy-(0) < pli(0) for all 6. (12.31)

Proof. We modify the last part of the proof of Proposition 12.10 introducing A(6) =
r(0)(pt — p7)(0) where r = exp([ p~/n~ df) and §' = n~(0). As before we verify
that A’ < 0. Whence, since r — 0 for 7 — 400, p~ < pt. O

12.4. Completeness in £1, classical case. The purpose of this subsection is to
outline a proof of asymptotic completeness in the set £ = £T, cf. Remark 12.9,
that is generalizable to quantum mechanics. The one of Proposition 12.2 is not
generalizable since it relies on topological arguments.

Fix F € £. We shall prove classical completeness for orbits with energy E. By a
scattering orbit we mean below a classical orbit moving to infinity in configuration
space, that is r(t) = |z(t)] — oo for t — oo (= 400). Since the case where
FT(E) = () essentially was treated in [CHS] let us assume that F+(E) # 0.

We define E .y € £ as the smallest energy E.,y = E’ > E for which the equation

per(0) = V2(E -V (0)) (12.32)
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has a solution # € T. Due to Proposition 12.7 this is a good definition. Let Te.¢
denote the set of all solutions 6 € T for this particular energy. From the definition
of E.t and (12.5) it follows that

!/

b4 Nerg = — at all angles 0 € Tey. (12.33)
PEcrt
Whence ,
€1:=— rITlifc{b—i- . b= I 5, 6) > 0. (12.34)

In particular T N F; (E) = 0.
Let T,, = {0|pg...(0) > \/2(E —V(0) — k}; k > 0. By continuity, for x taken
small enough
V/ €1
b(0) + —= < ——for all § € T}. (12.35)
2(E -V (0)) 2
Proposition 12.14. Let E, E.,, be given as above. Fiz Fy € (E, Ecy,). Then there
exists € > 0 small enough such that the following bounds hold for all scattering
orbits with energy E:
1) [T F(p = ppo. <O)F(p—pp, >e)r~ " dt < oc.
2) F(p = pe., <€)F(p—pp, >€) — 0 fort— oo.

Proof. As in [CHS] we introduce the observable Bg: = p — pg/(0) (for any E' € &)
and compute

dBE,:(n—nqu. (12.36)
For E' < E in £ (12.36) leads to the Mourre estimate
d{rBg/} > ¢ for some § > 0. (12.37)

In particular we learn from (12.37) that for any given E’ < E in &, p(t) >
pr (0(t)) > —/2(E' =V (6(t))) for all ¢ large enough.

Using the Mourre estimate and a maximal velocity bound, cf. (7.11), we see that
the factor r—! in 1) may be replaced by t~1. Hence the statement 2) follows from
the subsequence argument, cf. the proof of Proposition 2.3 (or for example [CHS]),
and 1).

If n # —ng, we may rewrite (12.36) as

2E — E' ,
4By = 2 )N _PEPE N 1T, (12.38)
ntne v n+npr

With these preliminaries we can start proving 1).
Step I We shall prove the bound

crt

/ F(Bg,, <&)F(—n>)r tdt <oo; € >0. (12.39)
1

For E’ € (E4, Ecrt] N E consider
® = F(Bp <26)F(—n>¢€)=FF,.
In the arguments below we assume that € > 0is “small”. We compute using (12.36)

b+np+V’
T’ 9

d® = F'(Bg < 2¢)(n— nE/)Fgg + B F'(—n>¢€) (12.40)

leading to

€ minng
2r ’

Here we used that the second term in (12.40) is non-positive due to the fact that

on the support of Fy F'(—n > €'), p is positive, and 7 and bp + V' are negative, cf.

(12.35).

dd < F'(Bp: < 2¢)F, (12.41)
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Clearly (12.41) yields
/ \F'(Bar < 20)|F(=n > €)r' dt < oo, (12.42)
1

Taking the freedom of varying E’ € (Eg4, Ec;t) N € and the monotonicity in pp
into account we conclude (12.39) from (12.42), cf. the proof of [CHS, Proposition
3.5].

Step II For any sufficiently small € > 0 we shall prove the bound

/ F(Bg,, < €)F(Bg, > e¢)F(n>¢)r tdt <oo; ¢ >0. (12.43)
1

Consider for E’ € [Ey, E.4) the observable
P = F(BE/ < E)F(’I] > 6/) =IF; e [6/2,26].
As before we may assume that € > 0 is “small”. We compute using (12.38)

b 1%
d® = F'(Bp < €)(Th + T2)F> — 1 F'(n > 6')%,

" (12.44)
Now we may bound the term with 77 from below as
F'(Bp < €TV Fy > |F'(Br < €)|F2w (12.45)
for some ¢ > 0. For the term with T5 we have for some C' > 0
F'(Bg: < €\ ToFy > —|F'(Bp < €)|F2?. (12.46)

Finally the last term on the right hand side of (12.44) is non-negative, cf. (12.35).
We conclude that for € ~ e << (E; — E) there is a 6 > 0 such that

/

d® > |F'(Bp < €)|F25—6. (12.47)
T

From this we conclude (12.43) by varying E’ € [E1, E¢yt] and € € [e/2, 2¢].
Step III By combining (12.39) and (12.43) with energy conservation we obtain
that for all sufficiently small € ¢ > 0

/ F(Bg,, +e¢+&<e)F(Bg, >e)r ' dt < . (12.48)
1
Step IV It remains to establish an estimate for the region —2¢ < Bg,,, < e. For
that we introduce the observable
P = nF(BEcrt < E)F(BEm + 2e > 6) =nF1 Fs.
We compute
b v’
do = _%FlFQ +nFyF'(Bg,,, <e€)dBg,,, +nFidF;. (12.49)
r

By Step III the last term is integrable. We insert for each of the other two terms
I=F(—n>¢€)+F(n>¢)+ R. The contributions from F'(—n > ¢') and F(n > €’)
are integrable due to Step I and IT (with e — 2¢). But for the contributions from
R we use (12.38) to conclude that for some positive §

b 1%
_%FlFQR‘FnF/(BE

, < 6)(T1 +T2)F2R

) )

here we used again (12.35) and the arguments in Step II. By replacing R — I (by
the same arguments as before) we conclude that

§
d® > Fy F>— + integrable terms. (12.51)
r
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(From (12.51) we obtain
/ F(Bg,,, < ¢)F(Bg,, +2¢>¢e)r *dt < cc. (12.52)
1
Clearly 1) follows from the bounds (12.48) and (12.52). O

Corollary 12.15. For all scattering orbits with energy E € £ one of the following
two possibilities occur:

() timi—oc [o(8) = pe(8(2))| = limi—oc n(2) ~ e (6(1))] = 0.
(i) Timy oo {12(8) + (BOW)p(1) + V'(0(1))) "} = 0.

Proof. From Proposition 12.14 we learn that either

1) lims o0 |p(t) — pe(0(t))] =0, or

2) liminf, .o (p(t) — pEe... (0(t))) > 0.

In the case of 1) we have (i). In the case of 2) we change b — b in a small
neighborhood of some 0.,y € T, such that f02 "bdf = 0. We can then proceed as

in the proof of Proposition 2.3 with b — b using Proposition 12.14 to treat errors
involving the expression b — b. (I

13. QUANTUM MECHANICS IN THE GENERAL SETTING

We shall outline how the methods used in the zero flux case to prove asymptotic
completeness may be modified using now the classical theory of Section 12.

In addition to Condition 12.1 we shall in this section impose the following con-
dition.

Condition 13.1 (No large oscillation). For all orbits in the reduced phase space
T4 = {z € T*| h(z) = E} with energy E € I,

inf {(V2E=VOm) +p(r))
+ (V2(E - V(0(n))) — p(ﬁ))} > 0. (13.1)

We remark that Condition 13.1 is fulfilled 1) for E > EJ in the case where
E* # 0 (proved by checking that e/ ?(p — pf,) is increasing in 7 for E' < E in £1),
2) in general for all high enough energies or if b = 0 (proved by using that el pis
increasing in 7).

Clearly Condition 13.1 excludes Proposition 12.2 i). Consequently, under the
conditions of Lemma 12.12; the condition (13.1) is false for all orbits with energy
E < EJ = Ej such that F(E) = (. Notice that in this case indeed Proposition
12.2 i) occurs. An example is the case, V = 0 and b < 0, treated in [CHS]. We
remark that Condition 13.1 implies Condition 2.4.

Due to the discreteness of Eexc, cf. Appendix A, Condition 13.1 may be relaxed:
For this section it would suffice to impose the condition that Proposition 12.2 i) as
well as its negative time version, cf. Remark 12.3, do not occur.

Condition 13.2 (No singular cycles). The interval I does not contain an energy
at which there exists a singular cycle.

Notice that by Propositions 12.10 and 12.11 singular cycles may occur at most
at two energies in the case V = 0.
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13.1. A partial ordering. With Conditions 12.1, 13.1 and 13.2, and (2.9) and
(2.10) at all E € I, we can order the set F. (F) for any such E as follows: We write
z <z for z,z € FL(E) if and only if, either z = Z, or there exists a chain of orbits
V1,59, 1 € N, each orbit solving (2.6) and possessing energy E, such that

HIJP Y1(7) =2, lim_ 7,(7) = 2, (13.2)
lim v;(7) = hIJIrl Yj+1(T) € FHL(E); 1< j <n (for 1 <n). (13.3)

We claim that this recipe is a partial ordering of F;-(E): The only non-trivial
property to check is anti-symmetry. So suppose z < Z and Z < z, then we need to
verify that z = Z, which in turn amounts to showing that there are no loops. A loop
is given by a chain 71, ..., v, n € N, such that the two limits in (13.2) are replaced
by the same value z = z € F(F) (while (13.3) is left unchanged). Suppose first
n = 1, so that we look at a homoclinic orbit . Since d%(p —b) = n? there exists
m € N such that

[O(7)] 2m. (13.4)

Now, due to Conditions 12.1 and 13.1, p(7) > —+/2(E — V(6(7))) for all 7. This
means that y(7) € T**(F) (see (12.2) for definition).

The topological structure of T* T (E) is an annulus; thus v is a non-self-intersecting
closed orbit in an annulus. The equation of motion for the angle is / = r. Under
these circumstances the only possibility for angular increment along the orbit is
m = 1 in (13.4), cf. [F, Proposition 5.20], and n(7) > 0 for all 7. (Notice that
{n = 0} divides T**(F) into two separate annuli with opposite direction of flow,
and that 7(7) < 0 is excluded by the flux-condition b(27) < 0.) The existence of
such orbit is not consistent with Condition 13.2.

In the case n > 1 the total angular increment for the loop is again given by 27mm
for some m € N, and we may argue as above. It does not exist.

The partial ordering defines the order of any given z € Fi(F) as the largest
possible n for which there exists z € F (F) and a chain of orbits 1, ...,7, such
that (13.2) and (13.3) hold. If Z is minimal the order is by definition n = 0.

We order F_, (F) in the same way as done above for 7 (FE) (replacing F. (E) in
(13.3) by F..(E)). The arguments for anti-symmetry are similar. Instead of (12.2)
we consider the set T*~(E) of (12.3).

13.2. The case £T UE™ = (. Suppose the conditions of Subsection 13.1. Using
Proposition 12.2 and the orderings of Subsection 13.1 we shall outline a proof of
the limiting absorption principle and asymptotic completeness in the case where
ET UE™ = D along the lines of Sections 3-9 and 11. Notice that Subsection 4.1
generalizes verbum verbatim, and that Proposition 12.2 ii) (and its negative time
version, cf. Remark 12.3) occurs for all orbits with energy E € I.

13.2.1. Bounds at F_ . We shall modify Section 5 using now the more refined or-
dering at F (E) introduced above.

So suppose first that z(E) € Fg (E) is minimal at energy E = Ey € I in the
sense of Subsection 13.1. Then we use the same contructions as in Section 5: We
aim again at proving (5.1) by using the quantizations of the symbols in (4.1) with
f supported in an interval [Ey — 8, Ey + d] with § << e. We define for € > 0

K={2eT"| & <lp, <26, h=Fo, dist(z,Mp,) = £},

If € is small enough, then for all z € K we cannot have ¢.(2) — zZ € F, for
T — —o0, due to the fact that z(Ep) is minimal. Here we used Proposition 12.2.
In fact, since Proposition 12.2 ii) and its negative time version are valid, in the far
past ¢-(z) will be close to F (Ep). Notice that also Condition 2.4 is used here
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(recall that it is a consequence of Condition 13.1). We choose 79 << —1 such that
we have a good wave front set bound of an open neighborhood U,, C T* of the
compact set ¢, (K). Define Uy = ¢_r(Us,),

US = {zeT"| i <lp < 2¢, |h— Eo| <26, dist(z, M}") < e}; 6 > 0,

and
KS={zeT"| % <lh<e |h—Eo| <6, dist(z, M) > €}; 6 > 0.

Due to Lemma 5.1
Ko={reT| % <l <e |h— By <8} C U UUL.

Next pick non—negative 11,19 € C°(T*) subordinate to this covering, that is
supp 1 C Uy, supp o C U and 91 + b = 1 on K.

We decompose F'(l;, < €)f(h) = (1 + ¥2)F'(In < €)f(h). The propagation of
singularity theorem applies to the contribution from the term involving ;. Again
the contribution from the term involving 15 has the right sign. We conclude (5.1)
if the order of z(Fy) is zero.

We repeat the analysis at elements z € F_ (E) of positive order measured at
E = Ey, proving “good” bounds there too. As in Subsection 5 this is done by
grouping the elements according to their order and treat recursively the groups one
by one in increasing order. Finally we vary Ey € I and conclude (5.1) for any
f e Cgol).

13.2.2. Bounds at F;,. We may mimic the analysis of the previous subsubsection
at elements z € F(F) starting again at elements of order zero measured at £ =
Ey and treating elements of higher order recursively. We use the observable of
Subsection 4.3, and we may obtain (4.11), in fact without the last term to the
right. Notice at this point that we do not have (4.10); we use at each step a
stronger local version derived by propagation of the established bounds at F~ and
at the saddles in FJ(E) of lower order.

13.2.3. Bounds at F} and away from F. We may obtain (4.11) at F by using
the propagation of singularity result. Similarly we may prove (4.11) away from F.

However we shall also need a stronger type of bound like (4.10) for the limiting
absorption principle, cf. (6.7). The idea of the proof is to look at the construction
(4.1) with ¢t = § rather than t > § as above, first at points in FJ, (treated in
increasing order) and then at points in ]—:iL . Whence by repeating the analysis above
we may obtain WF~1/2-bounds in deleted neighborhoods of F*. Using again the
propagation of singularity result and the (strong) bounds at F~ we consequently

obtain the bound
0P (X)ull2 1/ < Cillull2y + allull2, + Coo ™ o]7; (13.5)
suppx C T*\ F', o >0, t € (1/2,1).

13.2.4. Limiting absorption principle. We may now mimic Section 6 to show the
analogue of Theorem 6.4.

13.2.5. Preliminary estimates. Using (6.13) and (13.5) we obtain the following
bound away from eigenvalues:

WF~2(R(E + i0)v) C F* for all v € L>'; ¢ > 1/2. (13.6)

Given (13.6) we may obtain (by the Fourier transform) a version of (7.3); to the
left we have the expectation of Op*(y) with y as in (13.5), however ||¢|| to the right
needs to be replaced by [[¢||; with ¢ > 1. Since (7.3) is used to derive the integral
estimates (7.5) and (7.6) the right hand side of those needs to be changed similarly.
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Whence we have a slightly weaker version of Lemma 7.1. We may verify Lemma
7.2 as before for ¢ € L?* and hence for 1 € L2.

13.2.6. Decomposition into channels formula. As for Section 8 we need to proceed
differently; it is not possible to show the existence of the projections P; along the
same line. This is due to the fact that we only have integral bounds with ||¢]];
appearing to the right.

Instead we may start by defining P; at the stable fixed points. We define in this
case, in terms of the operator L;(t) = Op¥(l1(¢)) with [1(¢) specified in (11.6),

Pif(H)p = lim 'Ly ()™ f(H)Y, (13.7)

for ¢ € L%t t > % Here we impose (11.5); consequently due to Lemma 7.2 and

the proof of Lemma 8.3 the right hand side is independent of the €’s. By definition

P;j is the smallest orthogonal projection obeying (13.7). We notice that indeed the

limit exists, cf. (11.4) and (11.7)—(11.12) (notice that ||¢|| appears in the integral

bounds). Whence (by Lemma 7.2 and the proof of Lemma 8.3) P; is well-defined.
We are left with proving the formula

Lu(H)=P:= Y P (13.8)
z(VEFS

This may by done by looking at the evolution of states of the form
1Z)cxc = (1I(H) - Pf)f(H)w7 Y e L27ta t> %

We may decompose

Yexe(t) = e Mipoe ~ > 0P (xz)e ™" f(H)y, (13.9)
() EFL
where x; is a symbol localized near z;(-).
At this stage we can show that indeed

Jim [l Op(x;)e ™" F(H)Y = 0
by invoking [HS2, Theorem 1.2].

13.2.7. Completeness. Given (13.8) we may proceed as in the case of zero flux in
Section 11, in particular we may obtain analogues of Theorems 11.1 and 11.2.

13.3. The case £ # ). Suppose the conditions of Subsection 13.1. In the case
ET # () we shall discuss quantum completeness above Ej. The limiting absorption
principle follows from quantizing (12.37), cf. [CHS]. For completeness in £T we
refer to Subsection 12.4 and [CHS]. Notice that the arguments given in Subsection
12.4 generalize to quantum mechanics. Consequently the outcome is analogues of
Theorems 11.1 and 11.2 for the part of the wave packets at fixed points and spiraling
behaviour as in [CHS] for another part, cf. (1.12) and (1.13).

So we focus on the case where INET = ). (Notice that this amounts to looking
at I C (EX,00)if V=0.)

Suppose first that also I N~ = (. Then again Proposition 12.2 ii) and its
negative time version hold, and we obtain the wave front set bound (13.6) and
completeness as before.

If INE™ # O the incoming spiral may seem to cause problems in establish-
ing (13.6). However the Mourre estimate gives a good bound of Au where A =
Op¥(F(r > 1)f(h)F(p — pg < €)) for some € > 0 and u = R(E + i0)v, due to the
(classical) inequalities

p—€>ph > pp E'<Ein &' and e = ¢(E') > 0. (13.10)
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Here we assume that p belongs to an orbit with energy E € I. The first inequality
is due to the Mourre estimate while the second follows from Lemma 12.13. By a
“good” bound we mean the statement WF~*(Au) = () for some s < 3. Technically
the implementation of (13.10) for this purpose may be done by considering the
symbol

1-2s
F(r>1)f(h)(r(3e—p+pg)) ~ Flp—ph < 2e);
we skip the details. See [GIS] for a somewhat similar construction and procedure.
The outcome is again analogues of Theorems 11.1 and 11.2.

Remark 13.3. Quantum mechanics for energies below maxV is easier to deal
with, cf. Remark 12.5, and will not be discussed.

APPENDIX A. COLLAPSING AND EXCEPTIONAL CLASSICAL ORBITS

Under Condition 12.1 we shall study the collapsing orbits with energy E € I
in the “torus” T} = {z € T*| h(z) = E}. By definition a collapsing orbit is an
integral curve of the system (2.6) for which the quantity r = exp(fy p dr) — 0 for
T — +00. We encountered such an example in Remark 2.6. The set of 2's in T%
in the range of a collapsing orbit is denoted by Ac¢o1(E).

We introduce a new independent variable v by

o ()
(cosv,siny) = m, (A1)

and compute

r_ — v’ . _.
' =+/2(FE V)cosw+b+7ms1m/) : Fy. (A.2)

Combining (A.2) and

0= /2(E—V)costp =: Fy (A.3)
leads to the following formula for the Jacobian of the flow ¢, = (6(7), 1(0)) for the
vector field F' = (Fy, F») on T,

exp(/OTV-FdT)=exp(/07—pd7'>=r1. (A4)

Hence for any measurable set A C T},

/) sz/}maw*ww. (A.5)
¢+ (A) A

Lemma A.1. The set Acoi(E) C T has (relative) measure zero.

Proof. We combine (A.5) and the Fatou Lemma. O

Under more conditions the structure of A.o(E) can be specified further. For
example under the conditions of Proposition 2.3, Ao (E) is the union of stable
manifolds/curves at F~(E). A less obvious example is provided by the following
result.

Lemma A.2. Suppose fozﬂb dd < 0 and E= # 0. Then for any E € £~ the
associated orbit 0= — vy~ (07) = (67,07 (07),p (07)) is collapsing, and if v =
(0,m, p) is another collapsing orbit with energy E then

p(7) < p~(6(1))). (A.6)
Suppose in addition that F~(E) =0 then
Acol(B) ={77(67)|0” € R}. (A.7)
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Proof. As for 4~ we have r = exp( [, p dr) = exp(; Z—: df~) — 0 for 7 — +o0.

Next we look at A(1) = A =r(p~(0) — p) defined in terms of p~ and the given
collapsing orbit . We compute A’ < 0, and since A — 0 for 7 — +o00 we conclude
that A > 0. Whence (A.6) holds.

Finally under the additional condition F~(E) = § the function f(0) = f =
b\/2(E — V) — V' has a definite sign. As in the proof of Proposition 12.2 we see
that 6(1) — +o0o. We distinguish between the cases 1) n(7,) = 0 along a sequence
Tn — +00, 2) n > 0 for all 7 large enough.

We show that 1) does not occur: Since 17’ = —bp — V' at any crossing given by
n = 0 and the sign of 7’ must alternate for two consequtive crossings, we conclude
from the fact that f has a definite sign that the sign of p cannot be negative for
two consequtive crossings. In particular p = /2(E — V') occurs, which contradicts
(A.6).

In the case 2) we consider A(1) = A = {exp(f:;—: dd)(p — p~)}(0~) where

0=" = n=(07) and p is considered as a function 0. The latter is legitimate since
6 = [ n dr increases monotonely to co; in particular we may consider 7 as a function
of the angle. Again we have A’ < 0 and A — 0 for 7 — +o00, whence A > 0. In
combination with (A.6) we conclude that

p(T) = p~(6(7))) for all large 7. (A.B)
From (A.8) we obtain (A.7) by noting that a similar relation holds for n and 7~
(since n > 0 eventually). O

We complete the appendix by showing discreteness of the exceptional set of
energies Eqxe of Condition 2.4 (under Condition 12.1), cf. Remark 2.6.

Lemma A.3. The set Eoxe is discrete in I.

Proof. Suppose E; € Eoxe. Let v be a corresponding heteroclinic orbit and z; =
~(0). All that needs to be checked is that « splits at z; under perturbation with
respect to variation of the energy. More precisely we may introduce a (fixed)
transversal curve at z; and look at its intersection with the unstable orbit from
one of the saddles (as a function of the energy-parameter) and similarly look at
its intersection with the stable orbit from the other saddle. The homoclinic orbit
splits if for all energies in a small deleted neighborhood of F; the two points of
intersection are different. There is a criterion for splitting due to Melnikov [Meln].
Here we refer the reader to [C, Section 6.1]. It suffices to check that the “Melnikov
integral” [C, (6.12)] (with A; = E — E4) is nonzero. Due to (A.4) this amounts in
our case to checking that

/ 7(2V'w ™2 cos Y siny) + bw ™! cosp)dr # 0;
here w = y/2(F — V) and the integrand is evaluated at the unperturbed heteroclinic
orbit T — (7).

This integral may be computed as follows: We express the last term as

d
bw L costp = w_Qd—Tp —w 2,

and treat the first term to the right after substitution by integrating by parts. Since
r — 0 for |7| — oo boundary terms disappear. After a cancellation the integrand
simplifies yielding the following expression
o0 o0
—/ rw 2 (772 + p2)dT = —/ rdr
— 00 —0o0

for the above integral. Obviously it is negative. O



48 H. CORNEAN, I. HERBST, AND E. SKIBSTED

Remark A.4. For the case V = 0 one can construct examples of b’s for which
Eexc # 0 as follows: Fix any non-constant b with f02 "b df = 0, and consider
by, = b+ k with k € (—2max|b[,0). Claim: There exist k9 € (—2max|b|,0),
Ey > 0, and angles 6; and 62 such that upon replacing b — b., and £ — Ej in
(12.5) indeed the equation has a periodic solution p = pg obeying p(61) = 2Ey
and p(f2) = —v/2Ey. Given this claim we solve %6‘ = /2Ey — p?2 =: 1 to obtain
an exceptional orbit.

To outline a proof of the claim we introduce f(E,k) = fo% Z?N df for k <

—max |b| and sufficiently large E’s. We look at the condition f(E,x) = 1, for
example, starting from a fixed solution pg . and then trace the dependence of k
using the implicit function theorem. Notice here the properties Proposition 12.6
3), 6) and 8. We may in fact compute using Proposition 12.6 6), E' = %E =
—0xf/Orf < 0. Let us denote by kg the right endpoint of the maximal k—interval
legitimate for this procedure. We may use the Arzela—Ascoli theorem to define
a limiting solution p = limﬁﬁ,{g PE If kg = 0 we integrate (12.5) yielding

2m

(K)h
o 1 d¥ = 0, which means that p is constant, and therefore in turn b = 0. By
assumption this cannot be. Consequently, indeed g < 0.
It is an open problem whether Eey. # 0 may occur for the zero flux case.

APPENDIX B. A SIMILAR MODEL
Consider the symbol h on (R?\ {0}) x R?

h=h(z,€) =397,

where the conformal (inverse) metric factor is specified in polar coordinates x =
(rcos,rsinf) as g~' =ef; f = f(6 —clnr). We assume f is a given smooth non-
constant 27—periodic function and that ¢ > 0. We introduce v = (21 — cx2)0y, +
(cx1 + 22)0g, — c€20¢, + c€10¢,. Computations show that v and the Hamitonian
vector field vy, fulfill the conditions of [HS2, Appendix A] along the positive orbit
of v originating at (rg,0; po, cpo); here pg = 1/2E(1 + ¢2)~te—fo where fo = f(6)
is given in terms of any o > 0 satisfying the equation

—f'(6) = 2c¢(1+c*)7Y; 6y = —clnrg, (B.1)

and E = h > 0 is arbitrary. (Notice that there are at least two solutions to (B.1)
for all small as well as for all large values of ¢.) The z—space part of the orbit (a
geodesic) is the logarithmic spiral given by the equation 6§ — clnr = 6. We take
S C {(x,&)| z2 = 0}, cf. [HS2, Appendix A], and compute the eigenvalues for the
linearized reduced flow to be given by

—po%{lj: 1—2(1+ )2 6’}; 7= (). (B.2)

For f{/ < 0 the family of fixed points consists of saddles. There are no resonances
for “generic” values of ¢, and we also notice that taking ¢ — 0 in (B.1) and (B.2)
yields the formulas for the corresponding homogeneous model (here the equations
are considered to be equations in ¢ and 6).

Finally, using the new angle 0 = 0 — clnr one may conjugate to a homoge-
neous model. More precisely the relevant symplectic change of variables is in-
duced (expressed here in terms of rectangular coordinates) by the map x — & =
(191 + ®2g2, T2g1 — T192), where g1 = cos(cln |z]) and g2 = sin(cIn |z|). One may
check that v — 0 := Y x;0,,, and that h — h given by

ho= 1ef® ({(csin9 +cos0)&; + (sin 6 — ccos0)&; ) + {— sin6¢; + cos 952}2);
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we changed notation back to the old one, 2 = (r cosd, r sin §) for position and & for
momentum.

Introducing dual polar variables p and [ for r and 6, respectively, the expression
for this Hamiltonian simplifies as

h= %ef(e)((p —cl/r)* + (U/r)?).
Let us introduce a new angle 1 by the relations
p=V2E(1+c)e T cosy),
(1+)/r—cp=2E(1+ c2)e IO/ 2sinep.
The equations of motion are reduced in the variables 6 and :
{%9 = sinlz/J o ; (B.3)
1 = —59(0) costp — Tioz siny

here g(6) = f'(0) + 2¢/(1 + ¢?) and 7 represents a “new time”.

Notice that the fixed points are given by ¢g(f) = 0 and ¢ € 7Z, in agreement
with (B.1).

To study (B.3) it is useful to observe that the observable a; = exp (—3 foe gdb) cosvp

obeys
d 1 0 sin? ¢
If sin® # 0 for all 7 we may consider v as a function of 8 and look at
d
@1/1: —%g(@)cotz/}— H% (B.5)

Equipped with (B.4) and (B.5) we can prove the following analogue of Propo-
sition 12.2. If ¥(0) is a 2w-periodic solution to (B.5) with sint)(#) # 0 for all ¢
then we say ¢ = 1, is regular. If 1)(6) is a continuous 27-periodic function solving
(B.5) away from the zero set of g and obeying 1) sin () = 0 for at least one zero
6 of g, and 2) either sin(f) > 0 or siny () < 0 (for all §), then we call ¥ = 9,
singular. We suppose that g has at most a finite number of zeros, all of which are
non-degenerate.

Proposition B.1. Let v = (0,¢) be an arbitrary solution of (B.3). Then one of
the following cases occurs:

i) The set of fized points F for (B.3) is non-empty, and there exists z € F such
that ¥(1) — z for T — +o0.
ii) There exists a regular solution v, = 1, (0) to the equation (B.5), such that

lim [ (7) — 4 (6(7))] = 0. (B.6)

T—+00

iii) There exists a singular solution v, = 1s(0) to the equation (B.5), such that
lim [3(7) = 9s(6(7))] = 0. (B.7)

T

Proof. Using (B.4) we have two possibilities, either 1) 6(7) stays bounded near +oo,

or 2) (1) is not bounded near +oco. In the case of 1) we introduce the observable
d 0
7702 = Cay — exp (—%/ gd@)g(@) sinty; C' >> 1. (B.8)
T 0

We may show that

4> Lex (—l/e d@)(sin21/1+ 6)?) (B.9)
52z (- | 9(0)%). :
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Since ag(7) by assumption is bounded we obtain an integral estimate which in turn,
as in the proof of Proposition 2.3, may be used to conclude that sin? ) + g(6)? — 0
yielding Proposition B.1 i).

As for the case 2) we notice that if cost(m) > 0 for some 7y then the same
relation holds for all 7 > 79, cf. (B.4). Consequently, either cos(7) < 0 for
all 7’s or cost(r) > 0 for all sufficiently large values of 7. Let us introduce the
sets T* = T2\ {cost¢) # F1}. Then, either y(7) € T** or y(r) € T*~ for all
sufficiently large 7’s. Let us for convenience in the following assume v(7) € T*T.
We claim that eventually either sin¢) > 0 or siny < 0. This statement follows
from the assumption 2) and (B.3) using the topological structure of T** (it is an
annulus). Let us for convenience in the following assume siny < 0. We may write
1 = 1(0) and use (B.5). Next we consider the quantity A(0) = (0 — 2w) — 1(0).
If A(0) = 0 we have a regular solution to (B.5). If not we can construct a solution
as

4y(6) = lim b0 — 2m); (B.10)

notice that this sequence is either monotone increasing for all § or monotone de-
creasing for all 6 (depending on the sign of A(6)). If the sequence is decreasing we
have that ¢,(§) > —n/2 and therefore that 1, is regular (this is due to the fact
that a; is increasing). So let us look at the case where the sequence is increasing.
It is readily seen (using this monotonicity) that if 1,(0g) = 0 at some 6y then
g(6p) = 0. We can now prove that 1, is continuous, in fact absolutely continuous:
Let I = [f1,02] be such that g(8) # 0 on either [f1,602) or (01,05]. Let us only
consider the first case. We write

’lﬁ(@z - 27TTL) - 2/1(6‘1 - 27T7’L)
02
=— | {39(0)coty(0 —2mn) + (1 +c*) ' }db. (B.11)
01
Using the monotone convergence theorem we may take n — oo in (B.11) yielding

02
Gp(62) — tp(61) = —/0 h(0)db, (B.12)
1

where h(0) = 2g(6) cot 1, (0) + (1 4 ¢*)~* for  # 6,. In particular h is integrable.
By “gluing” these formulas together we obtain a representation of the form (B.12)
without any restriction on the interval I. This shows absolute continuity of ;.
Furthermore we obtain from these arguments that the limit (B.10) is attain locally
uniformly in #. Using these facts we deduce the conclusion ii) or iii).

For the other cases (assuming 2)) we may argue similarly. O

Proposition B.2. For any solution 1, as considered in Proposition B.1 its range
is an interval of length < /2.

Proof. As in the previous proof we concentrate on the case sin () < 0. It suffices
to show that cost > 0. For that we introduce a;(f) by substituting () in the
argument for ¢ in the defining expression for a;. Differentiating using (B.5) yields

d Lt sin ¢

Upon integrating (B.13) (splitting the interval of integration at possible zeros of
g to deal with singular solutions) we see that a1(8) < a1(6 — 27), but this means

that )
(exp (—%/ gd@) - 1) cos(9) < 0,
0—27
from which we see, using g(6) = f’(0) + 2¢/(1 + ¢?), that indeed cos(6) > 0. O
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Corollary B.3. Suppose g(0) = f'(0) + 2¢(1 + )~ < 0 on an interval of length
(1+ ¢®)m/2, then only i) of Proposition B.1 occurs.

Proof. We need to exclude the existence of solutions 1, as considered in Proposition
B.1. Suppose I = [f1,05] is an interval of length (1 + ¢®)7/2 on which g(8) < 0.
Again we consider only the case sin () < 0. Upon integrating (B.5) we learn from
the proof of Proposition B.2 that ¢(63) — ¥(01) < —|I|(1 + ¢*)~! = —m/2, which
contradicts Proposition B.2. Here we have again split the interval of integration at
possible zeros of g in I (to deal with singular solutions). ([l

For the limiting case, ¢ = 0, we have the same conclusion as in Corollary B.3
(seen by using (B.9); this is similar to the zero flux case). We remark that i) of
Proposition B.1 obviously does not occur if g is strictly positive. For some models
both of i) and ii) may occur. Presumable iii) may only occur at a finite numbers
of ¢’s. If iii) does not occur then presumable LAP would follow by the methods
of this paper. The case of Corollary B.3 would be “easy”. The quantum channel
corresponding to ii) seems to be similar to the one considered in [CHS].
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