SCATTERING THEORY FOR RIEMANNIAN LAPLACIANS

K. ITO AND E. SKIBSTED

ABSTRACT. We introduce a notion of scattering theory for the Laplace-Beltrami
operator on non-compact, connected and complete Riemannian manifolds. A prin-
cipal condition is given by a certain positive lower bound of the second fundamental
form of angular submanifolds at infinity. Another condition is certain bounds of
derivatives up to order one of the trace of this quantity. These conditions are
shown to be optimal for existence and completeness of a wave operator. Our the-
ory does not involve prescribed asymptotic behavior of the metric at infinity (like
asymptotic Euclidean or hyperbolic metrics studied previously in the literature).
A consequence of the theory is spectral theory for the Laplace-Beltrami opera-
tor including identification of the continuous spectrum and absence of singular
continuous spectrum.
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In this paper we introduce a notion of scattering theory for the Laplace-Beltrami
operator on a rather general type of non-compact manifold. In particular we do not
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impose asymptotics of the metric at infinity. Immediate consequences include iden-
tification of the continuous spectrum and absence of singular continuous spectrum.
We also show that our wave operator implements a certain family of commuting
asymptotic observables. To our knowledge most previous works on spectral and
scattering theory for the Laplace-Beltrami operator on manifolds require asymp-
totics of the metric at infinity (or at least asymptotics of the large ball volume), see
for example [Bo, Do, FH, IN, Kul, Ku2, Me, MZ]. Among these works probably
[Do] is the closest to our setup. In fact Donnelly’s assumptions include the exis-
tence of a certain ezhaustion function b resembling the function r appearing in our
assumptions, see Conditions 1.2 and 1.3 below. However he needs asymptotics of
the Hessian of b? while our Condition 1.2 is a lower bound only of the Hessian of the
analogous function 72. Moreover the main issue of our paper is scattering theory
while [Do| only deals with spectral theory. In a companion paper [IS] we prove
absence of embedded eigenvalues under weaker conditions than considered in the
present paper. All of our results generalize to Schrodinger operators on manifolds
(with short-range potentials). We state and prove our results in this more general
context.

The comparison dynamics used to define our wave operator is constructed from a
certain family of geodesics for the (full) metric in the spirit of primarily [HS, CHS1].
In this sense it is non-perturbatively constructed. Nevertheless it provides a simple
explicit description of the large time behavior of continuous spectrum wave packets
which is a fundamental goal of scattering theory [DG1].

Let (M, g) be a connected complete d-dimensional Riemannian manifold, d > 2.
In the present paper we discuss the scattering theory for the Schrodinger operator

H=—-IA+V =Hy+V (1.1)

on the Hilbert space H = L?(M) = L*(M, (det g)/?dx). Here A is the Laplace-
Beltrami operator: In any local coordinates z, if g = g;;dz’ ® dz?, then

N 1/2 ij,, . 9.

A = p;gp; (detg>1/2pz(det 9)"°9"p;, pi = —i0;.
Note that indeed p; = (det g)~*/?p;(det g)'/? is the adjoint of p;. Since our conditions
will include that the potential V' = V(z) is bounded (Condition 1.4 given below
states that it is bounded and short-range) H = Hy+ V is essentially self-adjoint on
C®(M). Concerning geometric notions appearing below we refer to [Ch| (see also
[Jo] or [Mi]).
We first impose, cf. [Kul],

Condition 1.1. There exists a relatively compact open set O € M such that the
boundary JO is smooth and the exponential map restricted to outward normal
vectors: exp: NT00O — E := M \ O is diffeomorphic.

Then we call a component of E' an end and such M a manifold with ends.

The distance function r(z) = dist(x,00), z € E, belongs to C*(E). In a
neighborhood of 00, say O, we have an extension of r, say 7, with the property
7 € C*(0). In fact we can choose this extension as the “signed distance function”.
We can then construct an extension 7 € C'*°(M) for which we may assume (although
these requirements are not essential) —1 < 7 < 0 and |V7#| < 1 on O (this is by
considering a certain composition of functions). In the following we use the notation
r for this extended function. We point out that our main results will be independent
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of the extension procedure, however we prefer in proofs to work entirely with objects
defined on the whole of M (rather than with some defined on E only).

We denote the Levi-Civita connection on TM by V: I'(T'M) — I'(T'M @ T*M).
In general, the connection V extends naturally to

V:D(TM)®P @ (T*M)®1) — D((TM)®P @ (T*M)®@+D)
in the following way (cf. [Ch, p. 31]): For any
t= () € D(TM)™ @ (I"M)™")

Ji---Jq

Vt e T((TM)%P @ (T*M)®@+D) is given by

p
fdp g i1 G0 yi1eis_1kigg1o b i
(V) iima = Oiotirgy + Y Do o = T 00 o
s=1 s=1
where I'¥. = 271¢* (9,9, + O;91; — 01gi;) are the Christoffel symbols. For example,
% g g] J J
it follows that Vr? = dr? € T'(T*M) and V?*r? = VVr? € T(T*M @ T*M). The

operator V2 gives the geometric Hessian, and in local coordinates
(V22)i; = 0,00 — TX.0pr. (1.2)

We note that (V?r?);; are the coefficients of the principal part of a Mourre type
commutator, cf. Corollary 4.2 and Lemma 4.12 (for the analogous statement in
Classical Mechanics see the end of Subsection 2.3).

Condition 1.2 (Mourre type condition). There exist § € (0,1] and o > 0 such
that

V2r? > (1 +9)g for r > 1. (1.3)

Note that (1.3) is an inequality of quadratic forms on fibers of T'M. The condition
(1.3) can also be formulated in terms of the second fundamental form of the angular
manifolds S, = {x € E; r(z) = r} =2 00. We let ¢,: S, — M be the inclusion
and D = 15 oV (cf. [Ch, Proposition 2.3]). Then (1.3) is equivalent to the following
inequality in the sense of quadratic forms on TS,

1496
DVr > ( ;_ )Lig for r > . (1.4)
r
In fact, a computation in the geodesic spherical coordinates shows that
V%% = 2dr @ dr ® 2rDVr, g=dre@drdg. (1.5

Here the direct sum decompositions correspond to the orthogonal splitting 7'M, =
(NS,): ® (T'S,), at any point = € S,.

As we can see from (1.2) the inequality (1.3) is a condition on derivatives of the
metric tensor g up to first order (as well as on derivatives of the function r? of

course). The condition (1.6a) below is on derivatives up to second order.
Condition 1.3 (Quantum Mechanics bound). There exists x € (0,1/2) such that
[dAP?| < C(r) 2, (1.6a)

We used the standard notation (r) = (1 +72)"/2. Due to (1.11) given below we
have 9;/Ar? = ¢?%(V3r?),;x. We notice that it is a consequence of Condition 1.3 that

Ar = O Y27%) and |[dAr| = O(r—3/%7%), (1.6b)
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in fact (1.6a) and (1.6b) are equivalent for any x € (0,1/2). Whence yet another
equivalent condition (given in terms of the mean curvature) is

tr (DVr) = O(r~Y27%) and |d tr (DV7)| = O(r—3/27%). (1.6¢)

The first bound of (1.6¢) implies an upper bound of the ball volume growth of the
form exp(Cr'/?7%), C' > 0, and in general no better. Similarly Condition 1.2 implies
the power type lower bound of the ball volume growth ¢r? with o = (0+1)(d—1)/2+1
and ¢ > 0.

In the analysis of the Classical Mechanics in Subsection 2.3 we do not need Con-
dition 1.3.

Finally we impose a short-range condition on V':

Condition 1.4. The potential V' € L*(M;R) satisfies for some n € (0, 1]
V(x)] < C(r)y~tm. (1.7)

Under the above setting we prove the existence and the completeness of the wave
operator. Define the free propagator U(t), t > 0, by

U(t) = eK()e 154, (1.8a)
K(t,z) = "2 (1.8b)
A= i[HQ, 7’2] = %{(8i7’2)g”pj + p:g” (8j7’2)}. (18C)

Here e~'5*4 is called a dilation with respect to r. If we define a flow w = w(t, z),
(t,z) € (0,00) X M, by
O’ = — 59" (w)(957%) (W), w(l, z) =z, (1.9)

then for u € H

:Int d t t 1/4
(o) = St o) (UL e, a0
where J is the relevant Jacobian. In fact, using (1.9) and the relation
Au = tr (Vu) = ¢ (V?u);j, (1.11)

we can show

J(w(t, x))1/2<%) v = exp(/lt %S(—A'r’?)(w(s,x)) ds).

The right hand side of this identity is a geometric invariant, and indeed it shows
in combination with the group property w(t,w(s,z)) = w(ts, x) the formula (1.10).
Note, as a consequence of (1.10), that C°(M) is left invariant under dilations (in
particular the generator A is essentially self-adjoint on C°(M)). We also note that
w fixes 0O and, moreover,

w(t,z) = exp|n+ao[L(exp|n+a0) ' (z)] for (¢,z) € (0,00) x E. (1.12)

Hence e~'3*4 is unitary on Hauy := L2(E) C ‘H and (Haw)* = L2(0) C 'H, respec-
tively. By (1.12) e_ilnTtA|77(aux is the “geodesic dilation” on E (since the composition

i

part is given in geodesic spherical coordinates by r — r/t), while e~ 1%M|(HW)L does
not have a similar geometric meaning. Moreover, due to the eikonal equation

|grad r|2 = ¢"(0;r)(9;7) =1 on E (1.13)
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it follows that K is a solution to the Hamilton-Jacobi equation
0K = —1¢"(0;K)(9;K) on E. (1.14)

Theorem 1.5. Let (M, g) be a connected complete Riemannian manifold satisfy-
ing Conditions 1.1-1.83, and V' a potential satisfying Condition 1.4. Then, for the
Schréodinger propagator e *H for (1.1) and the free propagator (1.8a) there ewists
the wave operator

O =s— lim U (t) P,

t—+00

where Py 1s the projection onto Haux. Moreover there exists the limit

Q, = s—tliin Ut)e P,
where P, is the projection onto the continuous subspace Ho(H) = X(0,00)(H)H for
H

Finally Q4 is complete, i.e.
Qp =5, Q204 = Puye and Q. Q% = P, (1.15)

Here we used the notation yo to denote the characteristic function of a subset
O C R. Note that U(t)P.x and €24 are independent of the extension of r to
O. The fact that H does not have positive eigenvalues is proved under weaker
conditions in [IS] and will not be discussed in this paper. It follows by a standard
local compactness argument that the negative spectrum of H (if not empty) consists
of finite multiplicity eigenvalues accumulating at most at zero.

Note that t - r(w(t,z)) = r(x) for (t,x) € (0,00) x E. By this formula it follows
readily that

QLHQ = My P f=2""7(-)% (1.16)
Here M; means the operator given by multiplication by f (defined maximally on
H). Consequently we immediately deduce

Corollary 1.6 (Spectrum). The continuous spectrum o.(H) = o(H.) = [0,00) and
the singular continuous spectrum of H is absent (i.e. os.(H) =0).

Note that under Conditions 1.1 and 1.3 the essential spectrum oes(Hp) = [0, 00),
see [Kul, Theorem 1.2]. On the other hand the second part of the corollary on the
singular continuous spectrum of H is new.

As another corollary, the existence of “the asymptotic speed” follows (see for
example [DG1] for notation).

Corollary 1.7 (Asymptotic observables). In the space H.(H) there exists the *-
representation

wlh =s—C(M) — th-IEl eMy(t, e

In particular the asymptotic speed

T(w:o) =8 CC(R) — th.r|_n eitH # e—itH

exists as a self-adjoint operator on H.(H). This operator is positive with zero kernel.
Moreover, for all ¢ € C.(M)

p(wh) = Qy MpQ% and He = 27 'r(wh)?. (1.17)
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Remarks 1.8. 1) A principal virtue of the formula (1.8a) is its intrinsic “po-

sition space” nature. In Euclidean scattering such formula appeared first in
[Ya]; for later developments see [DG2, HS, CHS1]. It was conceived in [CHS2]
for a general geometric setting. Another virtue of (1.8a) is that time rever-
sal invariance applies yielding existence and completeness of a similar wave
operator _ (constructed by taking ¢ — —o0). Whence Theorem 1.5 defines
a scattering theory that includes a unitary scattering operator, however we
shall not elaborate here.

We note that Conditions 1.2-1.4 in some sense are optimal, see Subsection 2.2
for counter examples to Theorem 1.5 under the slight relaxation of conditions
given by allowing either § = 0 in (1.3), k =0 in (1.6a) or n = 0 in (1.7).

If we denote the time-dependent generator of U(t) by G(t) then in the geo-
desic spherical coordinates

. A% r
G(t) = %prpT - %(pr - ;) (pr — ;) on E; p.:= (0wr)g"pr.

By arguments motivated by Classical Mechanics the second term is short-
range. In fact we also have that G(t) = Hy — W (t) — «(t) where

W(t) = 3 (i — OK)" g (p; — 9,) and a(t) = (%K) + Lg¥(0,K)(0,K).

and we prove in this paper, more generally, that W (¢) is short-range. This is
in fact the heart of the proof of Theorem 1.5. Whence the generator of U(t)
differs from the one-dimensional radial Laplacian by a short-range term, see
[IN] for a similar relationship.

The subset O is not uniquely determined in Condition 1.1, but the wave
operator is nevertheless (at least partially) in some sense unique. We will
discuss this issue in Subsection 1.1. We show that there is an explicit depen-
dence on the one-parameter family of sets O, O O induced by the outward
geodesic flow (00, = {r = a}; a > 0). This idea is exploited in Subsection
1.2 where we introduce a stronger condition than Condition 1.1 (regularity
of the geodesic flow from a point rather than from a submanifold). Our main
results are easily implemented in this setting, although it is also possible (as
an alternative way of showing results in this setting) to mimic the procedure
in the bulk of the paper.

1.1. Uniqueness of the wave operator. Let us assume Conditions 1.1-1.4. We
set for a > 0

Oy ={z € E;r(x) <a}UO, ro(z) = r(z) — a,

and decorate various quantities defined previously with respect to O, and r, by the
subscript a. In particular we discuss the strong limits

aux’

Ve = ‘/Oa = S—thil’l Ua(t>*U(t>Paux.

V,=V0= 5=, lim U(t)*Ua(t) P

ForueH

o (1 Dl )\ /2 det gwa(t, o)) 11
Ua(t)u(z) = e @7/ (det - ) ( Lot (o) ) w(walt, )



SCATTERING THEORY FOR RIEMANNIAN LAPLACIANS 7

and since w(t, ) Hz) = w(1/t,z)

Citr ()2 Owa(1/t,2)\1/2 rdet g(wa(1/t,2))\1/4
* — itrq(z)</2 ) ) 1
Ua () ul) = e (det ! ) det (o) ) ulwa(1/t,2)).
We note that the flow w, satisfies
ro(wa(t, z)) = ro(x)/t for z € E,. (1.18)

Let u € H. Then for x € O,

U(t) Ua(t) Piku(z) = 0,

aux

and for x € K,

U(t) Ua(t) Piiu(x)

aux

2 . 1/2 1/2
— eima(w(1/t2))2/2t—itr (x)? (d tawg(;’ >(w(1/t,az))> (det 8w(git,x))

det g(wa(t, w(1/t,2)))\ V4 rdet g(w(1/t, x))\ /4
( det g(w(1/t,x)) ) ( det g(x) ) w(wa(t,w(l/t, 1))

— e—iar(w)+ia2/2t (det 87—‘1(1_1/75) (.T) ) 1/2 (det g(Ta(l_l/t) (.T)) ) 1/4
x det g(z)

where for the first factor we have used by (1.18)
ro(w(l/t,z)) = r(w(l/t,x)) — a = tr(z) — a,
and for the others we have set
wa(t,w(1/t,x)) = Ta-1/1) ().

In fact 7, is radial translation given in spherical coordinates by nz(r, o) = z(r+b, o)
for r > max(0, —b). Note r(w(1/t,z)) = tr, so that

ro(wa(t,w(l/t,2))) = (tr —a)/t =1, + a(l — 1/1).

Hence the limit V, exists, RanV, C H.u and for z € F

Vou(z) = 77 (det 87523 ))1/ 2(%)” Y@, (119)

u(Ta(1-1/1)(2)),

Using (1.19) we see that in fact V, is a unitary map H{ — Haue. From this
unitarity property it follows that also the limit V¢ exists, that V' is a unitary map
Haux — H'Y, and that Ve = V.

Thus we have the following relationship between the wave operators §2, and £:

Qo = QBVP V=V, (1.20)

In fact, more generally, the existence of €2, implies the existence of Q, and (1.20) is
then valid (here we use that the limits V* and V, exist and the intertwining rule for
wave operators).
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1.2. Manifold with a pole. Let us consider an “extreme case” of the previous
setting. We assume, instead of Condition 1.1:

Condition 1.9. The manifold M has a pole o, that is, there exists a point o € M
such that the exponential map: exp,: T'M, — M is diffeomorphic.

Note Condition 1.9 is indeed stronger than Condition 1.1, because under Condi-
tion 1.9 we can choose any geodesic ball for O.

We consider the distance function r(z) = dist(z, 0). It is not smooth at o, but r?
is. Hence Condition 1.2 makes sense with 7o = 0 for the function r?. Throughout
this subsection, when we refer to Condition 1.2 we mean Condition 1.2 with ro = 0.

Define the free propagator U(t), t > 0, by

U(t) _ eiK(t,~)e—il%’5A

with K and A given by (1.8b) and (1.8c), respectively, in terms of the above r?.
Then e 54 is the geodesic dilation with respect to o, and we have the formula

t
Ut)u(z) = eir(x)g/ztexp</ L(—Ar?)(w(s, x)) ds)u(w(t,a:)),

1

where
w(t, z) = exp,|(exp,) ()] for (t,z) € (0,00) x M.
Theorem 1.10. Suppose Conditions 1.9 and 1.2-1.4. Then there exist the strong
limits
Q= s—tliin U (1), and Q) = s—tli+m U(t)*e 1P,
where P, is the projection onto He(H) = X(0,00)(H)H, and the wave operator S is
complete, i.e. N
Q+ = Qj_, QiQ+ =1 and Q+Q*+ = PC'
The result follows by combining Theorem 1.5 and Subsection 1.1. In fact the ar-

guments in Subsection 1.1 extend and are valid including the “degenerate” situation

O = {0} (even though this set is not open).
Finally we write down the corresponding corollaries: Noting

QLHQ, = My f =27"r()?,
we have

Corollary 1.11 (Spectrum). The singular continuous spectrum of H is absent, i.e.
osc(H) =0, and the continuous spectrum o.(H) = o(H.) = [0, 00).

Corollary 1.12 (Asymptotic observables). In the space H.(H) there exists the *-
representation

wh =s—Cu(M) - Jim e (t, et

In particular the asymptotic speed

r(wh) =s—C(R) — thin oltH # omitH

exists as a self-adjoint operator on H.(H). This operator is positive with zero kernel.
Moreover, for all ¢ € C.(M)

p(wh) = Qy MpQ% and He = 27 'r(wh)?.
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Remark 1.13. Under Condition 1.9 a sufficient condition for Condition 1.2 is the
following: Suppose there exists § € (0,1) such that the radial curvature R =
R(z,-,&,-) satisfies the upper bound

R< 1%y (1.21)

This is along any unit-speed geodesic z(+) emanating from the pole o of Condition 1.9
and with 7 = (). (Alternatively R;; = (Vr)i(Vr)'RF;; in terms of the curvature
tensor as defined in [Jo, Mi].)

Then by a standard comparison argument, see for example [GLLT, Proof of The-
orem 4.1.1], indeed (1.4) holds true with this 6. In particular if M has non-positive
sectional curvatures (1.4) is valid for 6 = 1. For these considerations Condition 1.3
is irrelevant. Note that (1.21) involves second order derivatives of the metric. In
some principal examples, see Subsubsection 2.1.3, we shall use a different criterion
involving derivatives of the metric up to first order only.

2. GEOMETRIC SETTING CONSIDERATIONS

We shall explore the generality and limitations of our conditions in terms of various
examples. The fact that these conditions are invariant under change of variables will
facilitate the construction of examples. Secondly we shall explore the consequences
of our conditions in Classical Mechanics.

2.1. Examples. We give various examples. For convenience we assume Condi-
tion 1.9 instead of Condition 1.1, and take henceforth ro = 0 in Condition 1.2 and
V' =0 in Condition 1.4.

2.1.1. Warped product manifold. Under Condition 1.9 we can write

g=dr@dr+ gus(r,o)do* ® do”; gr =1, Gra = gar =0,
where o are local coordinates on the geodesic unit sphere S; and the Greek indices
run on 2,...,d. A warped product manifold is a connected complete Riemannian

manifold fulfilling Condition 1.9 with a Riemannian metric of the form
g=dr @dr+ f(r)hes(o)do® @ do”

in the geodesic spherical coordinates. Note that this in particular means (due to
a regularity consideration at the pole o) that h is the standard Euclidean metric
density of the unit sphere and that lim, o7 2f(r) = 1. In the framework of Condi-
tion 1.1 such restriction on h is not needed.

Let us assume (M? g) is a warped product manifold. Then, if we set f = e??,
(1.3) is equivalent to

2r¢' > 1+, (2.1)
and (1.6a) to
|(re')'| < C{r)2 . (2.2)
In fact, by direct computations,
(V2r?),, = 2, (V2r?) e = (V21r?)ar = 0, (V%) ag = 7 hag. (2.3)

Clearly the lower bound (2.1) results from (2.3). Similarly the bound (2.2) results
by taking the trace of (2.3), cf. (1.11), to obtain that Ar? = 2+ 2(d — 1)r¢’, and
then noting that this quantity is radially symmetric.
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We see that the inequalities (2.1) and (2.2) allow, for example,
fra(r) =) p > (6 —1)/2, fa,(r) =r’e2exp(2(r)”), 0 <v < 1/2 — k.
The Euclidean space corresponds to f10(r) = fao(r) = r?.

2.1.2. Ultra-long-range perturbation of Euclidean space. Though we have formulated
our conditions in a coordinate invariant way, our first motivation was the example
M = R? with a Riemannian metric ¢ satisfying Conditions 1.9, 1.2 and

Condition 2.1. There exists ¢ > 0 such that for the standard coordinates x
g= Céijdxi ® da’
and that for r = dist,(z,0)
10%g5;] < Co(x)™1 for |a| < 2,
102(V3r?) 5] < Colz)~1ol for |a] < 1.

Condition 2.1 is stronger than Condition 1.3. Note also that Condition 2.1 is
manifestly not coordinate invariant requiring ¢g to be comparable with the Euclidean
metric.

An example of a model satisfying Conditions 1.9, 1.2 and 2.1 is given as follows:
Let m be a real symmetric d x d-matrix-valued function on R?. Suppose in addition
that all entries m;; € C°°(R?) and obey

10%m;j| < Cylz)~1o for |a| < 3. (2.4)
Then for any € € R with |¢| being sufficiently small the metric g given as a matrix
by gij = 0ij + em;; fulfills Conditions 1.9, 1.2 and 2.1. We refer to [CS] for details.

In fact there is a more general example from [CS]: Take any “unperturbed” metric
g on R obeying

g > c0;:dat ® dxj, 0% < Colx “lod for lal < 3 2.5
J x J]

and identified in terms of the Euclidean metric on R¢ as a matrix of the form (for
x #0)

G(SC) = P—l—PlG(SC)Pl, 2.6)
where P denotes, in the Dirac notation, the orthogonal projection P = P(&) = |Z)(z]
parallel to & = z/|x| and P, = P, (%) = I — P the orthogonal projection onto {Z}*.
Suppose in addition that

P ((1-0)G(z)+z-VG(z))PL > 0. (2.7)

Then a computation shows that the conditions of [CS, Theorem 1.4 ii)] as well as
Condition 1.2 (with this § in Condition 1.2 and with ¢ := (1 +)/2 in [CS, (1.13)])
are fulfilled. In fact using (2.6) we compute

V22 (2)(y, y) = 2yG(x)y + yPLVG(x) - 2Py,

showing the equivalence of Condition 1.2 and (2.7) for a metric of the form (2.6).
(Note at this point the consistency with (2.1).)

If we again let m be given by (2.4) and similarly define (g.);; = ¢;; + em;; then a
computation using [CS, Theorems 1.4 ii) and 1.6] shows that indeed g, for any suffi-
ciently small |¢| fulfills Conditions 1.9, 1.2 and 2.1. For some examples constructed
in this way we refer to Subsubsection 2.1.3. As the reader will see the geometric
invariance is exploited explicitly.

:
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2.1.3. Conformally flat manifold. The Laplace-Beltrami operator, the comparison
dynamics (1.8a) and Conditions 1.1-1.3 (as well as Condition 1.4) are cleanly geo-
metrically invariant, while Condition 2.1 is not that appealing. One way to circum-
vent this for given (M, gpr), M being connected, complete and d-dimensional, is by
postulating the existence of a diffeomorphism W : M — R with the property that

g := (¥*) gy obeys Condition 2.1. (2.8)

Clearly Conditions 1.9, 1.2 and (2.8) constitutes an invariant theory.

We will in this subsubsection give an example of the how to use (2.8) concretely.
Our discussion is based on [CS, Section 7]. Consider a radial function V =V (z) =
V(|z]) of class C* on R d > 2, for which there are constants u € (—o0,2),
a,A,o0 >0 and ¢ € (0,1] such that

—A{) " < V(z) < —af2), (2.92)
z-VV(z)+ 2V(z) <aV(z), (2.9b)
*V(z) = O((z)”"HD) for |a| < 3, (2.9¢)

—rV/(r) / s
(1+6) < 712% h(r); h(r) = 2+ —Vr) zv( ) $)d , (2.9d)

Note that for any p € [0,1) obviously the function V(z) = —(z)7* is an example
in this class. A more careful (but elementary) consideration shows that this is the
case for any p € (—o00,4/3). It could be true for any p € (—o00,2) (note that
h(0) = h(oo) = 2). If W = W (z) is of class C* on R? possibly non-radial, we
are interested in studying the metric (conformally) generated by V. = V + eW for
le| > 0 sufficiently small, that is the metric

—2V, d2*. (2.10)
We shall impose a condition on W similar to (2.9¢),
W (2) = O({z)~ WD) for |a| < 3. (2.11)

Under the conditions (2.9a)—(2.9¢) and (2.11) a diffeomorphism ¥ as in (2.8) is
constructed in [CS, Subsections 7.1-7.2] so that in the new coordinates in fact Con-
ditions 1.9 and 2.1 (and therefore Conditions 1.9 and 1.3) are fulfilled. The new
condition (2.9d) is introduced, as we will show below, to verify the remaining Con-
dition 1.2 (in our discussion the potential in (1.1) is for simplicity taken absent).
Following [CS] we define ¥ by specifying its inverse,

U~ (z) = expy(z/(—2V(0))), (2.12)
where the exponential mapping is defined in terms of the unperturbed metric, i.e.
by (2.10) with € = 0. Concretely

x = W(z) = p(|z[) 7 where p(r / Vv —2V (s)ds. (2.13)
Letting r = r(p) denote the inverse of this function p we define

and we have

ge = (V) (=2V.d%) = P+ f?P, + O(e), (2.15)
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where P and P, are given as in (2.6). It remains (for Condition 1.2) to show that
indeed (2.7) holds for the unperturbed part, G := P + f2P,, given the condition
(2.9d): We compute

—rV'(r)

(=0 = (2 —y )1 5) = £2(h(r) ~ 1~ 9

whence indeed by (2.9d)
P ((1-0)G(z)+z-VG(z))PL >0,

and therefore Condition 1.2 holds for the metrics g. and —2V, dz? for any slightly
smaller ¢ > 0 provided |e| > 0 is taken small enough. In particular our results apply
to the metric —2V, dz? although this example from the outset does not conform with
Condition 2.1 (unless = 0).

We refer the reader to [CS, Subsection 7.3] for an example with g = 0 in the
previous scheme for which the geodesics of the perturbed metric emanating from
0 € R? are attracted to logarithmic spirals.

2.2. Counter examples, borderlines of conditions. We construct warped prod-
uct manifolds to illustrate the optimality of the conditions of Theorem 1.5.

Proposition 2.2. Suppose Condition 1.9. Suppose that exactly one of the conditions
0 >0,k >0 andn > 0 in Conditions 1.2-1.} is replaced by either 6 =0, kK = 0
or n = 0, respectively. Then the exists a warped product manifold fulfilling this
slightly more general set of conditions for which not all of the analogous conclusions
of Theorem 1.5 are true.

In the case of § = 0 we can choose the density factor f(r) = r*(r)~! in Subsubsec-

tion 2.1.1. In the case of K = 0 we can choose the density factor f(r) = r2e—2e2V ),
While for 7 = 0 we can choose the density factor f(r) = r? (Euclidean model) and
V=c(ry7t c#£0.

To see this we need some preparation. We introduce the Hilbert space H =
L*(Ry,G,dr) where G = L*(S1,do) where S; is the unit sphere in R? and do the
induced Euclidean measure. For any warped product model f = e?? we introduce a
unitary operator M : ' H — H by

U = Mu — f('r)%u — f(l)%ef{A’l‘dr/Qu.

We have the formula in spherical coordinates (r, o)

U(t)i = MU)M ™ i = 5t 124(7, o).

£

Note also the formula

Hi:= MHM o= (32 +V - L7104,
where

— _;d 7 1 2 1
Pr = —15, V=V + g(AT) + Z@Ar,
and A; denotes the Laplace-Beltrami operator on §.
The generator of U(t) is given by

Gt) = 3p? = 3(p. — )%,
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cf. Remark 1.8 3). Whence we have for all & € C°(R; x Sy)

7’2 ~
(H-GW)U)ya=t"2%w(—Lp2+V - 1f A1) a%,0).

Given Conditions 1.2-1.4 for the model, and therefore (1.6b), (2.1) and (2.2), the
Cook method and this computation yields the existence of the limit

Qi = lim U (t)i; @ € H. (2.16)
Moreover this argument does not work if § = 0 in Condition 1.2 (since then f~!
might not decay fast enough), or if x = 0 in Condition 1.3 (since then (Ar)? might
not decay fast enough) nor if n = 0 in Condition 1.4 (since then V' might not decay
fast enough). This provides some intuition about Proposition 2.2.

To come closer to a proof of Proposition 2.2 let us note that these borderline cases
can be “repaired” by modified evolutions in the spirit of the Dollard evolution for
Schrodinger operators. Thus, for the example f(r) = 72(r)~! the factor f~ ~ r=1,
and if we take @ = v(r)Y;(o) for a spherical harmonic Y; we have

—irt ok, ) mertalt, ) e=c(l) = -1+ d/2-1).

This motivates us to introduce

(st
U,(t)ii := o (3= 1“<’”>)t—1/2a(r o),

whose generator is

r 2 n(r T
Gi(t) = 30} — 5(pr — 7)" + R + e

t
Note that c% ~ cr~'. Whence, by the arguments above for this example, we obtain
the existence of the limit
Qi = lim ST ()T 1 e Hy = LA(R,) © V. (2.17)

We note the property
OrH, = My,
where M), denotes multiplication by the function r — r?/2, v(r)®Y; — %v('r) ®Y].

(The reader may at this point consult the proof of (3.3).) In particular RanM 1) C
H.(H).

Proof of Proposition 2.2. First we continue our discussion of the example f(r) =
r?(r)~! for which 6 = 0. Suppose on the contrary that the conclusions of Theorem
1.5 are all true for this example. Let €2, be given accordingly and Q be given by
(2.17). We derive a contradiction by taking an arbitrary nonzero © € L?(R, ), define
@ =0 ® Y, with any [ for which ¢ = ¢(I) # 0 and compute

O M0 = O PM T 0 = lim Ut MU (t)a

= M lim (77 ™M0) @ Vi di(r) = e M i(r).

t—o0
Since w # 0 and ¢ # 0 the factor e ™" does not have a limit when applied to 1,
cf. the Riemann-Lebesgue lemma [RS]. This is a contradiction.

For the example f(r) = r2e~2e2V{" for which x = 0, we proceed similarly. The
term %(Ar)Q ~ cr~! so we can repeat the above arguments.
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Finally the potential V' = ¢(r)~!, for which = 0, provides (with f = r?) a
counter example. The arguments are the same. 0

2.3. Classical Mechanics under Conditions 1.9 and 1.2. We outline proofs of
analogues of Theorem 1.10 and Corollary 1.12 in Classical Mechanics. As we pointed
out before the Classical Mechanics considerations only require Conditions 1.1 and
1.2. But, for convenience, we consider Conditions 1.9 and 1.2 with ry = 0, instead.
If we adopt Conditions 1.1 and 1.2 not necessarily with rq = 0, then all the geodesics
appearing below need to be non-trapped. Our proofs of Theorem 1.5 and Corollary
1.7 are strongly motivated by these considerations.

2.3.1. Regularity of classical dilation. First we prove an estimate for the geodesic
dilation w(t, z). Recall

w(t, ) = exp, [%expg_l(x)}, (t,x) € (0,00) x M.
In any local coordinates w satisfies, cf. (1.9),
o' = —%(gradr)(w) = — %97 (w)(9;r7) (w), w(l,x) = z. (2.18)
Lemma 2.3. For all (t,z) € (0,00) x M and independently of choice of coordinates
99 () g (w(t, ) [0 (t, 2)] [0, (t, )] < dt=1+9)., (2.19)

Proof. The left hand side of (2.19) is indeed independent of coordinates. Fix x € M
and choose coordinates such that g;;(z) = d;;. Consider the vector fields along
{w(t, x) }er given by Ojw*(t,z) and J;w*(t, ). Since the Levi-Civita connection V
is compatible with the metric,

51 (W) (01 ) (03w") = (0w, Ojw*) = (Vo 0w*, Qjw*) + (Biw*, Va,udjw®).
(The definition of V,, is given below.) From (2.18) it follows that
Vo0iw® = 0:0;w* + (0;wF)T5, 0,0
= — 5 (0iw") k(g™ 0r?) — 5: (6" Opr®) Ty 00"
= _Q%VBM(g.lalT2>
_ —%g.l(aiwk>(v27’2)kl-
Thus, taking summation in ¢, j, we obtain
597 (1) g (@) (0i") (9j0') < — 1127 (2) g (w) (0" ) (9j).
Noting g () gri(w)(9:w")(9;w')|,_, = d, we have (2.19). O
2.3.2. Propagation estimates. Set
K(tx) =%, ho(w,§) = 39768,  w(t,z,&) =497 (& — 0iK)(& — 0;K)
fort >0,z € M and (x,§) € T*M.

Lemma 2.4. For any Hamiltonian trajectory (z(t),&(t)) there exists C' > 0 such
that

w(t, z(t), (1)) < Ct= ), (2.20)
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Proof. We compute
Sw= 2w+ {ho,w — ho} = 2w+ g}gaaz(w ho) — %a%(w — hy).

By (1.14)
B = Lo (09" () () (& — 0,K).
Noting that by the compatibility condition (Vg)zj = 0, we have
0= 0kg" +Tig" +T9,9", (2.21)

so that

0ig" (OpK)(0,K) = 2(V*K)irg" (0,K). (2.22)
Thus

Gw = (1K) g™ (V?K)rig” (& — 9 K).
On the other hand, by (2.21) and (2.22) again we have
{ho,w — ho}
=g’ [—(@gkl)ék(@lf() — §"&(0,0K) + (V2K )ing™ (0 K) | + 3(0k9")6:9" (A K)
= g"¢&(0h, 0™ + T0,,9")E (D K) — 679" (8:0K) + ¢7&;(VPK)ig™ (O K)

— 5(Thng™ + T0,00"™&E19™ (DK
= ¢ "6 (K — 976,96 (0,0K) + 976 (VK )ig™ (O K)
=~ (V2 K) g™ (& — O K).
Hence, summing up and using Condition 1.2, we obtain
= —(& = 0K)g"(V?K)rig” (& — 0;K) < —Hw,

O]
Proposition 2.5. For any geodesic z(t) there exists the limit
Woo = tlim w(t, z(t)). (2.23)

Proof. Due to the flow equation (2.18) we have the group property w(t,w(s,z)) =
w(ts, z). Differentiate
wlts (s, 7)) = wis,w(t, 7))
in ¢, and use then (2.18) to obtain
Q' (t,w(s, x)) = — (0w’ (t, w(s, 2)) g™ (w(s, 2))(OK)(t, w(s, x)).
Putting s = 1, we obtain
o' (t, 1) = —g* () () (L, 2) () (t, ). (2.24)
By applying first (2.24), and then (2.19) and (2.20), we obtain
9i '’ = gij (0" + (9gho) (")) [0’ + (Dgho ) (Duw? )]
= 659" (") (& — OK)g"" (Ow”) (&0 — OuK)
< Ct_2(1+5),

and the assertion follows. O
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2.3.3. Mourre estimate. We also note that the classical Mourre estimate holds. Since
the geodesics equation is given by z* + I'}, @7 % = 0, the following result is true.

Lemma 2.6. For any geodesic x(t) the following inequality holds:
L2 > 2(1 4 6)ho.
3. REDUCTION OF THE PROOF OF THEOREM 1.5

3.1. Reduction to existence of localization operators. Since we do not have
enough regularities for the derivatives of g and V?r?, the Cook-Kuroda method does
not apply even for the existence part of Theorem 1.5. We shall prove Theorem 1.5 in
a symmetric manner for the existence and the completeness parts. In this subsection
we reduce the proof to the construction of Q¢(¢) and Q,(t) which are time-dependent
localization operators for the free and the perturbed dynamics, respectively.

We denote the time-dependent generator of U(t) by G(t), i.e

LU(t) = —iG)U(t).
It will not be important to known the domain of the generator but rather a con-

venient subspace. For that we observe that U(t) and U(t)~! preserve the subspace
C®(M) C H, and hence C*(M) C D(G(t)), and that the propagator acting on this

subspace is explicitly given as follows (recall Hy = —%A):
G(t) = =9, K + e £ Ae™ = Hy — W(t) — a(t); (3.1a)
W(t) = 3(pi — 0:K)*g” (p; — 0,K) = ' Hoe ™', (3.1b)
a(t) = 0K + $97(0;K)(0;K) (3.1c)
Note by (1.14) that «(t) = 0 on E, and thus
VneN:l|a| =0t *(r)™™) on M. (3.2)

For all practical purposes (in particular for stating Lemma 3.1 below) we can
consider (3.1a) as a definition of a symmetric operator G(t) on the domain D(Hy) N
D(Hpe ™) = D(Hy) N D(W (1)).

As shown at the end of the subsection Theorem 1.5 is a consequence of the fol-
lowing two lemmas:

Lemma 3.1. Let 0 < u < M < oo. Then there exists a weakly differentiable
Qs: [1,00) = Bsa(H) such that ||Q¢(t)|| sy < 1 and for some 6’ >0

i)
s i (1 = Qe(t)U ()45 01(r%) P = 0,

where X is the characteristic function for [p, M] and X (r?) denotes

the multiplier.
ii) The operators G(t)Q¢(t) and Q¢(t)G(t) are bounded, and the Heisenberg /de-
rivative of Q¢(t) with respect to G(t) is non-negative modulo Opge)(t™7):

3R() = Oso(t77) st Da@i(t) = $Qi(t) +ilG(0), Qe(8)] = R,
i) The operators (W (t)+a(t)+V)Q¢(t) and Q¢(t)(W (t)+a(t)+V) are Ogx) (t—1—5/>_

Lemma 3.2. Let E € (0,00). If e > 0 is sufficiently small, then there exists a
weakly differentiable Qy: [1,00) — Bsa(H) such that ||Qy(t)|lsry < 1 and for some
>0
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s— lim (I = Qplt))e™ X(p—copa(H) = 0,

t—o00

ii) The operators HQ,(t) and Q,(t)H are bounded, and

SR(1) = Oseo(t™7) st DQy(t) = $Qu(t) +ilH, Q)] = R(1),

iii) The operators (W(t) + a(t) + V)Qu(t) and Qp(t)(W(t) + a(t) + V) are
Osao(t7177).

Now we deduce Theorem 1.5 from Lemmas 3.1 and 3.2. The existence and the
completeness parts are completely the same and we discuss only the existence part.
From Lemma 3.1 ii) and iii) the following statement follows, which combined with
Lemma 3.1 i) and a density argument implies the existence of the wave operator.

Lemma 3.3. Let pu, M, Qs, 8" be as in Lemma 5.1, and u € X[, n (%) Haux NC™ (M).
Then for any € > 0 there exists to > 0 such that for any t,t' >ty and v € CX(M)

(v, Qi) U (t)u) — (v, T Qe(t)U(t)u)| < e]jo]].
In particular, e Q¢ (t)U (t)u is a Cauchy sequence as t — 00.

Proof. Let € > 0. For any ¢t > t' > 1 and v € C°(M) we compute, using Lemma 3.1
ii) and iii) and the Schwarz inequality,

(v, QU (t)u) — (v, " Qi) U(t)u)|

/t/ {(v, eiSHDG(S)Qf(S>U<S>U> +i{v, *H (W (s) + a(s) + V)Q:(s)U(s)u)} ds’

< (Lt<v,eisH<DG(s)Qf(S) — R(s))e Hy) ds) 1/2

t 1/2 t ,
< ([ U e@ils) = RN s) "+ Clolfull [ as
By Lemma 3.1 iii)
(v,e"" (D Qe(s) — R(s))e ™ v) = (v, Q¢(s)e™ M v) + O(s=7)||v]|?,
so that
t . . 1/2
( / (0,6 (D @i(s) — R0y ds) " < Oo].

Similarly, we have

(/.06 e @its) = RNV () ds) < Ol

which in particular implies that (u, U(s)* (D¢ @Qt(s)—R(s))U(s)u) > 0 is integrable.
Hence we obtain

(v, QU (t)u) — (v, e T Qe(t")U(t)u)|

< ol {00 (D @uls) = RN ds) -+ Clollful [ 57 s
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Since the integrands in the right hand side both are integrable, if we let t5 > 0 be
large enough, we have for ¢,t > t,

(v, Q1)U (t)u) — (v, " Qe(t")U(t')u)| < e]lv]].
Thus the lemma follows. O

For the existence of the limit §+ the following lemma is sufficient. We omit the
proof of the lemma.

Lemma 3.4. Let E,e,Qy, 0" be as in Lemma 3.2 and w € X[p—ec,p+e(H)C(M).
Then for any € > 0 there exists to > 0 such that for any t,t' >ty and v € C(M)

[0, U () Qp(t)e™ ) — (v, UX') Qp(t)e™ Mu)| < efo]|-
In particular, U(t)*Q,(t)e ™ u is a Cauchy sequence as t — oo.
Proof of (1.15), (1.16) and Corollary 1.6. It suffices to show the identity
HQy = QMg f(z) =27 r(2)2 (3.3)

Note that the operator My has purely continuous spectrum, given by [0, 00), so
indeed it is a consequence of (3.3) that RanQ; C H.(H). Note that we also have

Ran Q. C Haux. In fact, cf. the RAGE theorem [RS], for any u € Ho(H)

t——+00 T

T
lim L / 1(Pase ) -e |2 dt = 0,
1

so that in particular for some sequence t,
t, — oo and (Paux)le_it"Hu — 0

as n — oo. Then, since U(t) is unitary on (Hau )t and s—lim;_ 4 U(t)*e 4P,
exists, we can conclude

s— lim (Pt U(t)*e P, = 0.

t—o00

This implies the claim. Therefore (1.15) follows. Note also that given (3.3) the
statements (1.16) and Corollary 1.6 are immediate consequences of Theorem 1.5.
For (3.3) we compute for all s € R

. . N\ _:In(t4s)
1(t—i—s)Hell((t—i-57 )e i—s— APa

Qiu=lime uxt
t—o00
r? t2
. . . : ) iz (———t) _jlnt
— oi5H i et oK (t) 1272 (t+s )e APt
t—o00
is H itH K (t,) ,—iZt A if(‘)(i_t)
— e Jim et K(t)e=15 40 t+s ) PauxU
t—o00

= tlim MU () Puxe Oy

— eisHQ_’_e—isf(-)u.

Whence, cf. Stone’s theorem [RS], H2y D Q4 My, and therefore also (3.3) holds.
O]

We end this subsection by also proving Corollary 1.7.
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Proof of Corollary 1.7. We note RanQ; C H.(H). Then we compute for all ¢ €
Co(M) and v € H.(H)

lim e p(w(t,))e o = lim ™ U(t)d( MU (t) e o = QL dp( M) v,
t—o0 +

t—o00

showing the existence of ¢(wl) = s — limy_ eHP(w(t,))e ™ P, and the first
identity of (1.17).

The existence of the operator R := r(wl) follows from the fact that the mapping
Ce(R) 3¢ — ¢(wl) € B(H(H)), ¢ := 1 or, is a non-degenerate *-representation
and spectral theory [RS]. Clearly R > 0.

We take (using here notation from the next subsection) ¥y (s) = %X_@N(s),
N € N, and take the N-limit in the identity ¢¥n(R)Q4 = Q4 My, or. This leads to

R;QJF 2 0, M,2/5, and whence in combination with (1.16), the second identity of
(1.17). In particular the kernel of R is zero. O

3.2. Localization operators in explicit form. The rest of the paper concerns
the proofs of Lemmas 3.1 and 3.2. Since the proofs are fairly long, here we first
give the explicit forms of @ and @,. We also collect here some other (related)
constructions.

We denote by Yaped € CP(R), —00 < a < b < ¢ < d < 00, a smooth cutoff
function such that

0 < Xaped <1, Xaped=11inanbh. of [b,¢|, Xaped =0 in anbh. of R\ (a,d),
and that
! hea =0 b e <0 d e Wabed? € C=(R
Xa,b,c,d = U on [CL, ]7 Xa,b,c,d s~ uUon [67 ]? Xa,b,c,d7 |Xa,b,c,d| € ( )

We also assume that the family of these cutoff functions satisfies

Xa,b,c,d + Xede,f = Xab,e,fs HXS;LI)),C,dHLOO(R) < HXé?l),Q,SHL“’(R)<miH{b - a, d— C}>_n'

We let x_ _ .4 and xap++ be functions with similar properties as above formally
given by taking a = b = —oo and ¢ = d = +00, respectively. We abbreviate
Xeed = X——cd ad Xap+ = Xap++- Note that all the above functions may be
constructed from xo 1+ and x_ 1 by a simple translation and scaling procedure as
well as multiplication.

Then the localization operators () and (), are realized as the products

Qi(t) = (Q2(t)Q1(1))"Qa(t)Qu(2), (3.4)
@p(t) = (Q6(t)Q5(1)Qa(t))" Qs (£) Q5 (1) Qu(?), (3.5)
where we use quantities from the list
Q1(t) = Xpur a0,y (TQ/tQ)v
Qo(t) = ([ +t1+61W(t>)_1/27
Qs = XE—Qe,E—e,E+e,E+25(H),
Qat) = X—28,28, (1° /1),
Qs(t) = X(uras/2.0tan2m/2.4 (17 /17),
Qo(t) = Qalt) = (I + W (1)) 2.
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The parameters appearing above are chosen as follows: For given 0 < y < M < o0,
if we let p1, My, 01 be any constants such that

O<pr <pu<M<M < oo, 0 < 61 < min(d, 2K),

then Q¢ satisfies Lemma 3.1. For given F € (0,00) let E,, . be any constants such
that

E < E, < Es, 0 < d3 < 2 < &1 < min(6, 2k),

and e > 0 small enough accordingly, then (), satisfies Lemma 3.2.

We shall consider the following modification of 72 and corresponding quantities.
Pick a real-valued f € C*°(R,) with f(s) =1 for s < 1/2, f(s) = s for s > 2 and
f" > 0. Define for any € € (0,1) and all ¢t > 1

2 t2—2€f<t26—27,2>’

<
I

i
2t

i[Ho, 7] = 3{(f'(-)0:*)g"p; + ;9" (f'(-)0;*)},
G = 3pig"p; — t(pi — 0:K)"g" (p; — 0;K).
The latter constructions will be used in Subsection 4.4 to prove the following
localization for e > 0 chosen sufficiently small

s— lim (7 — Q3QuQ3QuQ3)e ™ X(p—e.pre (H) = 0, (3.6a)

D N*
I

For all u € X{g—e,pte(H)H :

oo i 3.6b
_ / <e—1tHu’ (X2_72E172E2)/(TQ/tQ)G_ItHU>t_1dt < 0, ( )
1

For all u € X{g—e,p4e(H)H :

> » B (3.6¢)
/1 (e, (X%1+63)2E/2,(1+52)2E/2,+)l(TQ/tQ)e Hu)t=ldt < oco.

As the reader will see, given (3.6a)—(3.6¢), the proofs of Lemmas 3.1 and 3.2 are
very similar.

Let T be a self-adjoint operator on a complex Hilbert space H and xy € C®(R).
We can choose an almost analytic extension x € C°(C), i.e.

X(x) = x(z) for x € R, 10%(2)| < Ck|Im 2|*; k € N.

Then the Helffer-Sjostrand representation formula reads

X(T) = /@(T— 2) 7 dp(2); du(z) = —%55((2)012015- (3.7)

1

If S is another operator on H we are thus lead to the formula

15, x(T)] = /@(T —2) 7T S|(T = 2) 7 dpa(2). (3.8)

Another well-known representation formula for 7" strictly positive reads:

T2 = 7r_1/ sTV2(T + 5)"ds. (3.9)
0
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4. VERIFICATION OF PROPERTIES OF LOCALIZATION OPERATORS

4.1. Commutator computations. We compute several commutators needed later.
We recall that two tensors are denoted by the same symbol if they are related by
the identification TM = T*M through the metric tensor, and distinguish them by
superscripts and subscripts, for example,

(V*r?)7) = (¢"¢" (V?*r*)w) € T(TM ® TM).

We recall from [Do, Lemma 2.5] (this formula can be proved by a straightforward,
although somewhat tedious, computation using the compatibility condition (2.21)).

Lemma 4.1. Let ¢ € C®°(M) be given, and define
Ay = i[Ho, ¢] = 5{(0:9)9"p; + 1797 (0;9)}-
Then, as an operator on C°(M),
i[Ho, Ag] = p} (V2¢)"p; — 10%¢.

Let A be the self-adjoint operator defined by (1.8c), i.e. we take ¢ = 72 above.
From Lemma 4.1 we thus obtain

Corollary 4.2. As a quadratic form on C°(M),

i[H, A] = p; (V2" p; + 797 0; + 07 g7 v; + o; (4.1a)
vi = (0*)V + 2(8:007), (4.1b)
Y0 = (Ar?)V. (4.1c)

In particular, for any & > 0 there exists 7. = 7. (x) = O(r~™™201426}) sych that
i[H, A] > pi{(V*r*)" — g }p; + 7 (42)
>2(1+8—¢e)Hy— CH,, + 7,
where Hy, = 1piX— o0 (1) g7 Dj, 71 > T0.
Proof. The equations (4.1a)—(4.1c) follow from Lemma 4.1 and
i[V, A] = V(9;7%)g" 0; + 0; g (0;7*)V + (Ar*)V.

If we use (1.13) and

%97 0; + 07975 + Y0 = —£0; g7 0; + e e = —e g + 0,

then the latter assertion of the corollary follows. Note that indeed since |9,Ar?| <
C(r)~Y/27% we obtain by integrating in r that Ar? = O(r'/2=%), O

Corollary 4.3. As a quadratic form on C®(M),
DW= = 5;(pi = BiK)"(V*r*)" (p; — 0;K) + 379" (p; — 0;K) + (pi — iK)" 9"y
Yi = £(8:01%) — 3(8ia).
Proof. We have
Dy, W = SW +i[Hy, W]. (4.3)
For the first term substitute
W = Hy — 5(0:K)g"p; — 507 9" (0;K) + 59" (0:K)(0;K),
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and then we obtain
%W = 1(0ig" (O K)(0K)) g p; + 17 9" (039" (OF) (A K))
L Q) 0,6 )AL — 3(Oa)p; — Yy (Bp0) + O 0.
For the second term of (4.3) we substitute
W =Hy— LA+ 197(0,K)(9;K),
and then by Lemma 4.1

i[Hp, W| = — 2—th (V3 Q)Upj (0,7 g jpj + Stpf ”(8 Ar?)

8t
kl 1 * _1j (45)
+ (09" (Ou ) (O K)) g7 p; + §979” (939" (OkK) (D1 K)).-
Noting the equation, cf. (2.22),
(059" (OuK)(DK)) = 29" (VE)3(OK), (4.6)
we obtain the assertion from (4.3)—(4.5). O

Introduce the “radial momentum” (the name of this operator is justified by its
action on functions supported in E)

= (Or)g"'pr- (4.7)

Lemma 4.4. For any real-valued x € C*°(R) with x" € C*(R4) define p,, = x(7)pr-
Then as quadratic forms on D(Hlﬂ)

Py = px — i(x(r)Ar +x'(r)), (4.8a)
PPy = Dypx + X5 X = X(2) = —x (0 (x(r) Ar + X'(r))), (4.8b)
Pipx < 2sup x* Ho, (4.8¢)
PPy, < 2sup x” Hy +sup X. (4.8d)

Proof. Compute p}, = py+i(9;¢" (0;7)x(r)) = py—i(x(r)Ar+x/(r)) yielding (4.8a).
We obtain (4.8b) from (4.8a) by inserting and commuting through. The estimate
(4.8¢) follows from the Cauchy Schwarz inequality and the fact that |Vr| < 1. The
estimate (4.8d) follows from (4.8b) and (4.8¢c). O

In the proof of Lemma 4.15 we need the following technical result which involves
the construction G of Subsection 3.2 given in terms of any € € (0, 1).

Lemma 4.5. There exists € = €'(e,k,m) > 0 such that as a quadratic form on

Ceo (M)
DG > &(p — O:K) f/(-) (V42 (p; — 8;K) — Ct~“'H + Ot~ 1),
Proof. We proceed by computing, mimicking the proof of Corollaries 4.2 and 4.3,
DuG = 3G+ L[H, A] — i[H,, g7 (0:K)(9;K)].
By (4.6) and (9;K) = f'(:)(0:K)
(D0 K) = =f'()g" (VP K)r(DK) + ['(-)(0i) + (2 = 20812 f7(-) (9, K),
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so that we obtain
G = —l(ﬁ‘K)f < ><v K)?(p; — 0;K)
+ H70) + (26 — 2232 (N(0iK) Y7 (pj — 0;K) + h.c.
= —%(3‘K)f (‘)(V K)"(p; — 0;K)
—5/'()(@2)g"p; + Ot~ Np, + O(t™*7) + hc.
Upon replacing r2 by K in Corollary 4.2, we have
L[H, A] = p;(V2K)"p; — 2Im{ (B K)V + L(0,0K)) gp; } + (AK)V
> 1 /() (V2K)p; + Im{ (et (1-anle-2—(1/2600-0 1)),
— 3 Im{['()QAK)g p; } + Ot -z,
where in the last step we used the inequality for matrices:
(V212 = FOT) + 72 000N 0r%) 2 O
By (4.6) and (9;K) = f'(:)(0;K) again
—3[Ho, 7 (0iK)(9;K)] = =50, (-)* g™ (06 K) (D)) g7 p; + hc.
= —3(0:K) [ ()(V?K)p; + Ot~ ")pr + hc.
= —3(0K) f'(-)(V*K)p; + Ot~ ")p, + h.c.,
where we used that for all large ¢ the function f'(-) is supported in E and whence
Q) f' () (V2K) ps = Hf (e = Q) (f'()VPK)p; + Ot~ V).
We sum and obtain the assertion. OJ

4.2. Further commutator computations. In this subsection we collect some
further preliminary commutator bounds.

Lemma 4.6. Lete > 0 and 0 < ¢ < d < a < b be given. Then uniformly int, N > 1
IBX - calr/t)(I + N Ho) " Xap i (r/D)] < Co(tNY2)T", (4.9)
where either B = By = I or B = By = t'"*N~Y2p, (with p, given by (4.7)) and
n € NU {0}.
Proof. Let T = I + t* 2 N—'Hy. For n = 0 we note that
[B2, X-cal-)] = =it “N"2x_ ()

which obviously is bounded uniformly in ¢ > 1. Moreover

X )BT < BT < Va(sup [ Vo)) N-V2 B T4 < 1/v2. (4.10)

This proves (4.9) for n = 0.
For n > 1 we proceed by induction (using the freedom of using new localization
functions) first computing

BX-ea()T "Xap+(-) = =3t 2N BT (pix" calt) + X ca(-)Pr) T~ Xap+ ()

Now we can freely introduce a factor x_. ¢(-) with d < e < f < a in front of the
last factor T~ to the right. By induction we have

IBX - e ()T Nans |l < C(t<NY2) " uniformly in £, N > 1. (4.11)
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Whence we are left with bounding

[t 2N BT 'pix_ . 4()|| < Ct N~ uniformly in t, N > 1. (4.12a)
Ht_eN_l/QBT_lx’_7c7d(~)H < Ct~*N~Y2 uniformly in ¢, N > 1. (4.12Db)

Clearly (4.12a) and (4.12b) in turn follow from the following bound:
|BT'By|| <2 i,j€{1,2}. (4.13)

But as in (4.10)
1B By || = T Bjll = | B;T ] < 1,
while
BT By || < || BT~ x | T2 B || < 2.
So indeed (4.13) is shown, and the proof of the lemma is complete. O

Corollary 4.7. For e > 0, x € C*(R) with X’ € C*(R;) and for B given as in
Lemma 4.6 we have uniformly int, N > 1

| BIx(r/t), (I+ 7N~ Ho) ]| < Ct ™. (4.14)

Lemma 4.8. For any real-valued x € C*(R) with x' € C*(R.) we have uniformly
mt>1

K@, x (/O (H)Y?|| < Csup X[ 7, (4.15a)
[CEY2(Qs, (' (rf)pr + he ) (Y] < Oy t727%. (4.15D)

Proof. We calculate
i[H, x(r/t)] = %X'(r/t)pr + h.c. (4.16)

Hence in combination with (3.8) and (4.8¢)

[CH)Y21Qu, (/O] (H) 2] < Oyt / I/ )pe Y2 ()

— z 2
< Cysup || ! /@ (=)
— Cysup |t

showing (4.15a).
As for (4.15b) we rewrite

2Repy = t{(Aix(r/1)g"p; + pig” (O;x(r/t)},
and apply Corollary 4.2 with the expression r? replaced by 2tx(r/t). Now we note,
cf. (1.6b), that

tVAX(/t) =t (/)dr @ dr + X (-/t) VP,
0 <V < (Ar)g < CLr)y Y25 g, r >,
leading to the estimates
—Cot 7127 g <AV (/1) < Oot ™V Rg ¢ > 1.
Using again (3.8) this leads to (4.15Db). O

In the proof of Lemma 4.16 we need the following technical result.
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Lemma 4.9. For all real-valued x, x € C*(R) vanishing for large enough argument
and with x', X" € CX(Ry)

Re (T*(Rep;c/(r/t) — r/tf(’('r’/t))) = T*X'(r/t)(pr — 7/t) + Ot 1/27%), (4.17)
where T = tYAx(r/t)Qs.

Proof. Introducing v = T*(Re py/(rjey —r/tX'(r/t)) and noting that ||T°|| is uniformly
bounded we obtain from (1.6b) and (4.8a) that « has the form of the right hand
side of (4.17). It remains to show that

Y=+ O, (4.18)
For that we write
7" = (Repy)$xQs — (r/tX) 5 XQs,
and commute the four factors for each of the two terms on the right hand side.
Rearranging we then get v plus contributions from commutators. The latter are
treated using repeatedly Corollary 4.2 and (4.16). The most difficult parts arise

from commuting the operators Repys or % through the factors of 3. Here we shall
only explain how to treat the first term above (the most difficult one). We have

(Repy)4xQs = (Repy)Qs2x + (Repy)[4x, Qsl, (4.19)

we represent (introducing here for convenience a suitable function y with xx = x)

(Repy)[§x, Qs] = /@(Rew)(H —2) (X, Fx + £ 1H ) (H = 2) dp(2),
and then we use Corollary 4.2 and estimate inside the integral. Note the estimates,
cf. Conditions 1.2 and 1.3,

0 < V2 < (Ar)g < O Rg, 1> 7. (4.20)

Since we have the factors y and x to the left and to the right of [H, %], respectively,
the Cauchy Schwarz inequality and these bounds lead to the bound O(t~1/27%) of
the second term to the right in (4.19).

Similarly for the first term in (4.19) we write

(Repx/)Qs%X = Qs(RePS{)%X + [Repy/, Qs]%X- (4.21)

The second term of (4.21) is O(t~*/27%) due to (4.15b).
Finally for the first term in (4.21) we have

Q3(Repy)2x = Qsx4Repy + Qsx[Repy, 2] + Ot /*77).

Only the middle term needs examination. We show that it is also O(t~*/27%) by
introducing x(s) := x’(s) — sx”(s) and computing the adjoint

— [Repy, 2xQs = (= 2[pgr, o] + O 7)) X Qs
= (%pf((r/t) + O(t_?’/z_n))XQs-

Due to (4.8c) the norm of this expression is in fact bounded by C't~!.
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4.3. Proof of Lemma 3.1. In this section we let 0 < y < M < oo, and choose
w1, My, 01, Q1, Q2 as in Subsection 3.2.
Since e Kt (#) is the dilation, the following statement is obvious.
Lemma 4.10. For all u € xpn(r?) Haux
(1 — Ql)UU =0.
This lemma can be proved also by the (somewhat formal) equation
DeQ1 P = 0. (4.22)
The equation (4.22) is obtained by a direct computation.

Lemma 4.11. For all u € xpum(r?) Haux
lim (Uu, (I — Q3)Uu) = 0. (4.23)

t—00
Proof. Fix 6 € (01,6) with & < 2k, and fix u € X[, (7*) Hauwx N C(M) (by density
(4.23) for any such state suffices). Set for N > 1
Ty = Tn(t) = T+t N (1),
and note that . _ B
e ETyel = T+t N H,, (4.24)
We need to show that with N(t) := 0%
- —1
tllglo (Uu, (I - TN(t))Uu> =0.
It suffices to show that there exists R(t) € B(H) such that

/ (U (), REU )] dt = o(t2) uniformly in N > 1, (4.252)
to

LU @), (I =Ty (6)U)u) < (U(t)u, R(E)U(t)u). (4.25D)
In fact from (4.25a) and (4.25b) it follows that for any € > 0 there exists tg > 1
such that for all t > tg and N > 1

(U, (I =T () U ()u) < (Ulto)u, (I = T (to))U(to)u) +&.
Then for all N > 1 large enough we have for all t >
0 <(Ut)u, (I = Ty"HU(t)u) < 2e.
In particular we can take N = 9~ and indeed we obtain that
0<({U(t)u, (] — Tjg(lt))U(t)w < 2¢ for all sufficiently large ¢.
Hence we only need to prove (4.25a) and (4.25b). We have
LU (1 =T WU = U (=DeTy" U = U Ty (D, Ty — i[o, Tn))T'U. (4.26)
By Corollary 4.3 (in combination with an approximation argument), (1.3) and the
Cauchy Schwarz inequality it follows for r1 > g
D, Tiv < CEON Y (pi = 0:K) X gy (1) (0 — 1K) + 525N 17
Since supp x— oy C (—00,71], we obtain by using (4.24) and Lemma 4.6
PN QTN (i = 0K) X 0. (1) (0 — O K) T Q1 |

4.27
< Ot 2 uniformly in N > 1. ( )
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We claim
PONNQITH AP TR Q1] < Ct~ 192 uniformly in N > 1. (4.28)
Choose 0 < pg < po < py (with p as given). Due to (1.6a) obviously
PN X g pn (72 /A1 < CE7H972% umiformly in N > 1, (4.29a)

which is agreeable with (4.28). On the other hand due to (1.6a), (4.24) and Lemma
4.6 (used with 2¢ = 1 — § there) we can estimate

PN QTR X s (P2 /1) FPTR Q1 || < C2 uniformly in N > 1, (4.29b)

which also agrees with (4.28). Using the bound |da| < Ct72, cf. (3.2), we obtain
for the second term in (4.26)

1T e, T )T < Ct=3/279/2 ymiformly in N > 1. (4.30)
The combination of the bounds (4.29a) and (4.29b) implies (4.28) and therefore,
together with (4.27) and (4.30), also (4.25a) and (4.25D). O

Proof of Lemma 3.1. Consider the operator Q¢ given by (3.4). The property i) of
Lemma 3.1 for this operator follows from Lemmas 4.10 and 4.11. By mimicking the
proof of Lemma 4.11 we obtain the property ii) for any ¢’ < 2x — 4;. Finally the
property (W(t) +V + a(t))Q¢(t) € Oppey(t717%") of iii), here possibly ¢’ > 0 taken
smaller, is proved by first computing

(W 4V + «a)Qs
_ t_1—51Q1<t1+51 WQQ)QQQl + [W, Ql]Q%Ql + t—l_n(t1+77VQ1)Q§Q1 + OéQf.

The first, third and fourth terms agree with iii). As for the second term we compute
Whence we can write

W, Qu)Q2 = e (=it~ x(r/t)pr — he ) (I + 1177 Ho)™H/2)e ™
with x(s) = sX},, s, (5%). By using this identity, Lemma 4.4 and (1.6b) we obtain

W, Ql]QQHQ < C’(t‘3—51 + t_3_2“).
O

4.4. Preliminary localization for perturbed dynamics. In this subsection we
first study various preliminary localization properties of the perturbed dynamics. We
prove maximal and minimal velocity bounds and in particular the properties (3.6a)—
(3.6¢). Similar properties were also used in the proof of Lemma 3.1, cf. Lemma 4.10.
However the proofs for the perturbed dynamics are somewhat technical. Since all
we need from this subsection for the proof of Lemma 3.2 is in fact the properties
(3.6a)—(3.6¢) the reader might prefer to read the next subsection (presenting a proof
of Lemma 3.2 along the lines of the proof of Lemma 3.1) before coming back to
the present one. The subsection depends on [Gr, SS] although the presentation is
self-contained.

Let E € (0,00) and we fix ), and the parameters E,, d, as in Subsection 3.2. The
small parameter e > 0 will be determined in this section. Possibly we will retake
it smaller each time it appears. The following type of result is called a Mourre
estimate in the literature since the appearance of such estimate in the seminal work
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[Mo]. The reader should keep in mind though that the commutator in Corollary 4.2
does not conform with the conditions of [Mo] since under our conditions it might
not be bounded relative to H (not even in the form sense). At this point we remark
that Donnelly [Do] indeed uses Mourre theory under his geometric conditions. In
fact our conditions do not conform neither with more recent refinement of Mourre
theory as a method to provide the limiting absorption principle [MS, GGM, FMS].
However as the reader will see we are not going to use this theory, or more generally
limiting absorption bounds, only the following reminiscence.

Lemma 4.12. For e > 0 sufficiently small, as a form estimate on C°(M),
i[H, Al > 2(146)E — C(I — Qs)(H,, +1)(I —Qs). (4.31)
Proof. Fix € > 0 such that 6; < 0 — 3¢. By (1.3) and (4.2)
i[H,A] >2(14+6 —e)Hy — CH,, +7v. =2(1+ 3 —e)H — CH,, + o({r)?)
>2(14+86—-20)QsHQ3 — Ci(e)(I — Q3)(H,, + 1)(I — Q3) + K
K = Qs{~CH,, +o((r)°)}Qs.

Since K is compact and E ¢ o,,(H), we can make [|K |z arbitrary small by
letting e > 0 small. Hence if e > 0 is sufficiently small we obtain

i[H,A] >2(1+0—3e)(E —2e) — Ca(e)(I — Q3)(H,, + 1)(I — Q3)
>2(1+6)E —Coe)(I — Q3)(Hr, + 1)(I — Q3).
O

The following type of result is called a mazimal velocity bound in the literature.
We shall present a somewhat different proof than seen in for example [CHS1, Gr].
It is more in the spirit of the proof of Lemma 4.11.

Lemma 4.13. If e > 0 is sufficiently small, then for any u € X(p—c,p+e(H)H

lim (e *Hu, (I — Q4)e " u) = 0.

t—o00

Proof. Step 1. Set x = x— n2n. We first prove

A}im lim sup (e 7w, (I — x(r*/t?))e " u) = 0. (4.32)
=00 ¢>1
For that it suffices to show that there exist ' > 0 and R € B(H) such that
|R|| < Ct~'7 uniformly in N > 1, (4.33a)
Lle ™y, (I = x(r*/t?))e "M u) < (u, Ru). (4.33b)

We calculate, cf. (1.13) and (4.16),

T 2 /42

=X (12 /1) (pr — r/t) + h.c.
EX'(r?/t?)(Vr)ig? (p — VK); + h.c.
We will now use the first identity in (4.34). (For the second identity we use implicitly
that ¢ is large.) Clearly there is here the positive term —2;—5)(’(7’2/t2) which for ¢

large is equal to 2%x°(r/t) where x(s) = /—|s|[x/(s?). The remaining term is
symmetrized as

Dux(r?/t?) = { (4.34)

X (P /)p, + hee. = =t (/1) (pr + PE)X(r/2). (4.35)
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Next we use (4.8c) with y =1

- Qsl[, |Qapr]| < C = /2[|Q3HoQs]l,

yielding the lower bound
X (/) (pr — 7/t) + hee. 22(VN = O)t'52(r /t)
—t7'X(r/t) (0 (I — Q3) + (I — Q3)pi) X(r/t).
Due to Lemma 4.8 the second term to the right contributes to (4.33b) by a term
whose norm is bounded by C N~'t=2. Whence for N > C? indeed we obtain (4.33a)

and (4.33b) with ¢’ = 1.
Due to Step 1 it suffices to show that for any fixed N

lim (e7 M, (r?/t*)e " u) =0, (4.36)

where v = x2p, 28, n2n. For that we need two more steps.
Step 2. We prove that

/Oo(e_itHu, ¢(r?/t?) e )t~ dt < oo (4.37)
1

SR
and compute, cf. (4 16), (4. 34) and (4.35),
M 1)e”
— QLte“fH (r*/t? )1/2((pr —r/t) + h.c.)z/J('rQ/tQ)l/Qe_itH
< %eitHw (7’2/t2)1/2 (Repr . \/ﬁ)w('r’Q/tQ)l/Qe_itH.

Next to treat the contribution from Rep, we proceed again as in Step 1 inserting
factors of (03, and using (in the first estimation) that by (4.8¢c)

Rep, <¢/2+4 ¢ 'Hy for all € > 0,

%eitHw (7’2/t2) 1/2R€pr1/1 (7’2/t2) 1/2€—itH
ey (12 /1?) /2Q3ReprQ31/1(7’2/t2)1/26_itH + remainder

Put

< ?e“:H (r*/t? )1/2623 (e/2+ € (H = V))Qsv (r?/t?) V2o 4 pemainder
< 2o (r? [17) Y20, (/24 € (E+2e—V))Qs(r*/t?) Y2e-itH 4 pemainder
< 1(e/2+ e (E+2e))e™y(r?/t*)e ™ + remainder.

The remainders are treated by Lemma 4.8 and Condition 1.4. They have norms
bounded by Ct~2. Taking ¢ = \/2(E + e) we thus obtain

X B—e,pre (H)e ™ x(r/6)e 7 X (5 e p1e) (H)
< =X (B mr (H)E M (r? /12) e ™ X e pro(H) + O(t7);
c= /2B — \/2(E + 2e).

For e > 0 small enough the constant ¢ > 0. Then (4.37) follows by integration and
by using that y is bounded.
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Step 3. We prove (4.36). By (4.37) there exists a sequence t,, — oo such that
(e7 "y, (r?/t2)e " u) — 0.
Thus it suffices to show that
/w}%(e_imu, O (r?/t?)e My | dt < oco. (4.38)
But by calculations an(li estimations like in Step 2 we obtain that
| ey, (r?/t*) e Tuy| < S u, [/ (r?/t%) e u) + Slull>. (4.39)

We fix a non-negative function ¢p € C®°((E + Ey,00)) with 47’ = ¢/. By using
Step 2 to this function (instead of 1) we obtain (4.37) with ¢ replaced ¢ (possibly
by taking e > 0 smaller). Combining this bound with (4.39) we obtain (4.38), and
hence the lemma follows. 0J

Corollary 4.14. For all v € X[g—c,p+e(H)H with e > 0 taken sufficiently small the
bound (3.6b) holds.

Next we shall show a version of the key phase space propagation estimate of
|Gr, SS] using here the quantities enlisted before (3.6a)-(3.6¢).

Lemma 4.15. For all w € X(p—c,p+eq(H)H and x € CP(R,):
/ (x(r/t)e Hy, W2 (r /t)e " Hu)t~1dt < oo. (4.40)
1

Proof. Let u € x.(H)H. Here and henceforth we abbreviate xc(H) = X[g—c,p+e(H).
Let x € C*(Ry) and choose x € C*(R) with x = 1 on the support of x. Possibly
by enlarging £ < E» we can assume that y(r/t) = x(r/t)Q4. We are going to use
the conclusion of Corollary 4.14 for this (4. Note here that such “enlargement” is
doable uniformly in the small parameter e > 0.

Step 1. We show that for any € € (0,1)

/ {((ps — 0 K)Qae™ " u, f’(t2€_27’2)(v27’2)ij(pj — 8jK)Q4e_itHu>|t_1dt < 00.
1

(4.41)
We shall use the family of observables x.(H)QisGQux.(H). Clearly this family is
bounded. We calculate the Heisenberg derivative. For the leading term coming from
the derivative of G we invoke Lemmas 4.5 and 4.8 yielding

Xe(H)Q4(DrG)Qax.(H)
> 2 (H)Qu(pi — BiK) /() (V?*r*) (p; — 0;K)Quxe(H) + Ot~ 7).
Combining this estimate with

/ IRe (D Qq)e ™y, GQue ™ u)|dt < oo, (4.42)
1

we obtain (4.41) by integration. In turn (4.42) follows using first that
Xe(H)(DrQu)GQaxe(H) + h.c.
= Xe(H)Re (DrQI)G)x.(H) + O(t™?),

and then invoking (4.34) and Lemma 4.8 to rewrite the first term as

Xe(H)Re (DrQ)G)xe(H) = t *x.(H)Re (Y'(r/t)B) xe(H) + O(t3/*7)
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with X(s) = x% 5,25, (s>) and B = B(t) being uniformly bounded. Using (4.15a)
again we also conclude that

—Re (Y'()B) = VIXI()Re (B)V[X'|() + O(™). (4.43)
Whence the contribution from the first term in (4.43) can be treated by using (3.6b)
while the contribution from the second term as well as previous error terms clearly
are integrable.
Step 2. We show (4.40). From (4.41) we can deduce the estimate

[w(x(r/t)e_i”{u, Wx(r/t)e "™ Hu)t~1dt < oco. (4.44)

This estimate also holds with y — x. The proof goes as follows: First we estimate
(using commutation)

IVWx(r/t)e ul?
= [VWx(r/t)Qae™ul?
< {(pi — 0:K)Qae™ " u, x(r/t)*g" (p; — 0;K)Qae™ " u) + Ct~|ul|?
< (sup[x ) 17/ (272r%) 2 (p — VE)Qae ™ ul|* + t7'Cllul”
Due to Condition 1.2 and (4.41) we have for a large to > 1

[ e - Ve

1
to .

< [ - VEOQue Tl i
1

+ (1 + 5)—1/ <(pz _ 8,~K)Q4e_itHu, f/<t25—27,2>(v27,2)ij(pj _ 8jK>Q4e—itHu>t—1dt
to
< 00,

showing then (4.44).
Consider now the uniformly bounded observables (cf. (4.50) given below)

B*VW +t=°B; B := x(r/t)x.(H) and ¢ € (0, 2).
We use (3.9) to write
VWt =71 / sTV2W 477 +5) L (W 4 t7)ds, (4.45)
0
and then in turn calculate

Dy, VW +t7 = 7r_1/ sEW 7 +5) (D W) — ot 7 1) (W +177+5) " 'ds.
0

Next we apply Corollary 4.3 and use the Cauchy Schwarz inequality as in the proof
of Lemma 4.11. This leads to the following bound for any r; > 7y and suitable
constants ¢, C' > 0:

B* (DHO N t—U)B
< —<BWY2B + %/ SYPBH (W 4+t + )" (4.46)
0

[(pi = OiK)*X— v (1) 9" (pj — O;K) + |7’ ] (W +t77 + ) ' Bds.
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Next we note that (minus) the integral of the first term is the quantity that enters in
(4.40), so it suffices to show that the contribution from the second term is integrable
as well as to show the bounds

/ | BV T 78| dt < oo, (4.472)

1

/1 ) (Do x(r/t))e o, VW + t=ox(r/t)e )| dt < oo. (4.47D)

As for the contribution from the second term in the square bracket in (4.46) we
estimate using Lemma 4.6 with d > ¢ > 0 chosen to the left of the support of x,
€ > 0 such that 2 — 2¢ = 0 and N = N(s,t) > 1 such that Nt77 =¢t"7 + s

/ sl/QHB*(W +t77 4 S)_1t2|’y|2x_7c7d('r’/t)(W +t77 +5) ' B ds
0

< Cut=" / SY2(t77 4+ 5) "2 ds (4.48)
0

— é«nta/Q—sn’

Choosing n € N large enough gives integrability in ¢ of this contribution. Similarly
/ sV B (W 4+t + 8) 23> Xeas (r/t)(W + 177 +5) ' B| ds
0

< Ct_l_%/ sV2(t77 4+ 5) 2 ds
0
— é«ta/Q—l—Qn

yielding integrability in ¢ of this contribution. As for the contribution from the first
term in the square bracket in (4.46) we decompose

(pi = 0K )X o (197 (0 = O50) = 2WX iy, (1) +i(pi = BiK) " g7 (O57) X 1.1, (7).

In combination with the factor (W +¢"7+5)~"! to the left we thus obtain the uniform
bound

W+t + ) pi — OiK) X— vy ()97 (pj — 0, K)
= 050 ()Xo () + O (77 + ) 72Xy, (1)

Next we note that it suffices to consider integrability in ¢ € [ty, 00) for any sufficiently
large to > 1 (rather than in ¢ € [1,00)). We pick ¢y such that we can freely insert
the above factor x_ .q(r/t) to the right (for example ¢; = max(r;/c,1)). Once this
factor is inserted we invoke again Lemma 4.6 with € and N chosen as above. We
thus obtain for any n > 0

HX—,c,d('f’/t)(W + 77+ s)_lBH < Cnt—n(t—a + S)—n/Z—l’

and to conclude we need to estimate (for some n)
/ dt/ sl/2mn=1te/2(1=0 4 5) ™21 45 < o0 (4.49)
to 0

Indeed (4.49) is true for any n > 1.
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So we are left with proving (4.47a) and (4.47b). As for (4.47a) we note that
|B*V|| = O(t~~"), hence integrable, and that

VW +t=°B|* < |B*WB|| + C1 < || B*(2H, + |[VK ") B|| + C}
<2|B*HB| + Cy < (s,

where we in the last step used Lemma 4.8.
As for (4.47b) we write

D x(r/t) =t Rev; v :=X'(r/)(pr —1/t).
We have, cf. (1.6b) and (4.8a),
Rey = v+ Ot~ 1/*7%).
Whence using the Cauchy Schwarz inequality we can estimate
(Do x(r/t))e ™ u, VW + t=ox(r/t)e ™ )]
< Yl )+ O ful ) VIV T 7 Be M|
< Gt (VW /e ]| 4 627 ) |V =7 Be M|
< Cyt Y \WWx(r/t)e || x |VW + t=o Be Hy|| + Oyt =3/2*
< g—;(H\/W)Z(r/t)e_itHuHQ + H\/WBe_itHuHQ) + Ot 7177 4 Cot=3/27%,
It remains to apply the bound (4.44) with x as well as with x — X. O

(4.50)

The following type of result is called a minimal velocity bound in the literature.

Lemma 4.16. For all v € X(p—c,p+e(H)H with e > 0 taken sufficiently small the
bound (3.6¢c) holds.

Proof. Let x € C*(R) be given such that x' € C°(R.) and the number /(1 + 2)2E/2
is to the right of the support of y. Then we shall show that

/ I (r/8)e— |2t~ dt < oo, (4.51)
1

showing in particular (3.6¢).
Consider the following uniformly bounded observables
t'B*AB; B := x(r/t)x.(H) and A is given by (1.8c).
Due to Lemmas 4.8 and 4.12, for all sufficiently small e > 0
t'B*(DgA)B > 2(1+6,)Et 'B*B + O(t ™).

Next, using this bound, Lemma 4.8 again and an estimation of the momentum in
terms of the energy as in the proof of Lemma 4.13, we deduce

B*(Dyt)B=t"'B*(DyA)B -t *B*AB > ct 'B*B+ O(t™?);

c= 2((1 +61) — (14 62)y/1+ 2e/E>E.

Here ¢ > 0 for e > 0 small enough.
To complete the proof of the lemma it suffices to bound

/100 IRe (D, x(r/t))e ™ u, Ax(r/t)e )|t~ dt < co. (4.52)
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For that we also introduce T := ¢ 'Ax(r/t)Qs and use (4.16), Lemma 4.8 and
notation of Lemma 4.4 to write, with x € C°(R4) chosen such that x = 1 on the
support of y,

(Dayx(r/t))e™ " u, Ax(r/t)e " u)
= ((Repy sy — /0 (r/)X (r/t)e u, TX(r/t)e” " u) + Ot ~/27).

Although it is here legitimate to replace Rep, by py and A by (9;7?)g"p; it is
preferable to keep the symmetrized form. First we note that the energy localization
(implemented by the appearance of the factor (J3) makes ||7’|| uniformly bounded.
We claim that for any o € (0,1 + 2x] also the operators

S = (W +t7) """ Re (T*(Repy — r/tx")) (W +¢7) 1/

have uniformly bounded norm. Given this property we can bound the integral (4.52)
by

/ (W + )4 (r /t)e M, S(W + =) YA (r/t)e Hu) | t71dt + C,
1

and we conclude by invoking Lemma 4.15. To bound S we note that interpolation
yields
15]] < [|Re (T*(Repx/ — r/tx’))(W + t_")_l/zH,
and due to Lemma 4.9 we can write
Re (T*(Repy — r/txX")) = T*X' (r/t)(pr — r/t) + Ot /7).
Whence, using here also (4.8¢), it follows that
ST < N7 % 11X (/) (pr — /)W +177) 72| 4 Cot? 2127 < .

O

Corollary 4.17. For all u € X[p—e,p1e(H)H with e > 0 taken sufficiently small
(3.6a) holds.

Proof. We use Lemma 4.13, Corollary 4.14, (4.51) and the subsequence argument
in Step 3 in the proof of Lemma 4.13. Indeed there exists a sequence t,, — oo such
that

lim ¢(t,) = 0; q(t) == <e_itHUa (I - Q3Q4Q§Q4Q3)e_imu>,

n—o0

and the time-derivative of ¢ is integrable due to Corollary 4.14 and (4.51). O

4.5. Proof of Lemma 3.2. We prove Lemma 3.2 alone the line of the proof of
Lemma 3.1 using the properties (3.6a)—(3.6¢). So let @, be the operator defined by
(3.5), and let e > 0 be small enough. Then the property i) follows by mimicking
the proof of Lemma 4.11 using (3.6a)—(3.6¢). This amounts to showing for u €
X(E—e,b+e)(H)H and for the same quantity T = Tn(t) as before the existence of
R = R(t) € B(H) such that

/ [(e7 ™y, Re™ ™ )| dt = o(t)) uniformly in N > 1, (4.53a)

to

Lle ™, QuQs(I — Ty )QsQue™ "M u) < (€7 u, Re™"u). (4.53b)
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We compute the derivative in (4.53b). The contribution from D HTJQ1 =D HOT]Q1 +
i[V, Ty'] is treated as before (note the trivial bound Qsi[V, Ty']Qs = O(t~17")). It
remains to consider the contribution

2Re (eitHu, (DHQ4Q5) ([ — T&l(t))Q5Q4e_itHu>.

For that we compute DyQ4Q5 = (DyQ4)Q5 + Q4D pQs, invoke (4.34) and Lemmas
4.4 and 4.8, and use (3.6b) and (3.6¢) to treat the contributions from Dy Q4 and
Dy @5, respectively. Note that here the implementation of (3.6b) and (3.6¢) requires
symmetrization. For that part we use also Corollary 4.7.

As for the property ii) we use again use the proof of Lemma 4.11. The contri-
bution from D HTjg(lt) =D HOT];(lt) +1i[V, Tjg(lt)] does not need elaboration. As for the
contribution from DyQ4Qs we compute as above using (4.34). We claim that this
contribution indeed is O(t~'=%) for &' < (1 + 6,)/2, as may be seen by using the
localization provided by the factor Q% Indeed due to Lemma 4.4 we can bound for
any y € C=(R,)

1(x(r/t)(pr — 7/t) + h.c) Q2| < C= /20172,

The property iii) is proved by commuting as in the proof of Lemma 3.1 iii). Thus
the lemma is proved.
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