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1. Introduction

We consider the Schrodinger equation with time-dependent electric field
(1.1) iOyu(t,r) = H(t)u(t,z) on H=L*R") (v>1).

Here H(t) is called Stark Hamiltonian of the form
1
H(t) = —§A —E(t)-z+ V()

with electric field E(t) = E + e(t). E is a nonzero constant vector in R” and the
perturbation e(t) — 0 as |t| — oo. V(z) is a multiplicative operator of a real val-
ued function decaying as || — oo. We also denote H(t) — V as Hy(t). As is well-
known, Hy(t) is essentially self-adjoint on C§°(R) for each t € R. (See [15].) In this
paper we assume V is smooth and short range. (i.e. There exists ¢ > 0 such that
V(z) = O(|z|~1/?7¢) as |z| = 00.) H(t) is also self-adjoint on H since V is rela-
tively bounded with respect to Hy(t). With some suitable conditions on V' (z) and e(t),
H(t) generates a unique unitary propagator {U(t,s)}—co<t,s<oco sSuch that U(t,s) is a
solution of (1.1). We give the description of it later in detail. We also denote the u-
nitary propagator generated by Hy(t) as {Up(t,s)}. If e(t) = 0, U(t,s) = e~ i(t=)H
where H =-(1/2)A-E-z+ V(x).

Since V(z) is decaying as |z| — oo, one expects the following. For any ¢ € H,
there exists ¢+, 1)* € H such that

(1.2) Uo(t,s)p — U(t,s)¢E|| -0 as t— too.
(1.3) U, )¢ — Uo(t, s)vE|| -0 as t— too.

In other words, any solution of the free equation approaches to that of the perturbed
equation (1.1) as ¢ — +oo, and the similar fact holds by exchanging the free Hamilto-
nian Hy(t) and the perturbed Hamiltonian H (¢). Since Up(t, s) and U(t, s) are unitary,
the above formulas (1.2) and (1.3) mean the existence of the following strong limits.
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(14) W(s) =s = lim_U(t,s)*Us(t,s),
(1.5) W(s) =s— Jim Us(t,s)"U(t, ).

We say the wave operator W (s) is complete if the inverse wave operator W*(s) in
(1.5) exists. This agrees with the usual definition of the asymptotic completeness for
the case of time-independent perturbation.

Let us recall some known results about the asymptotic completeness of Stark
Hamiltonians. Researches for Schrodinger operators with electric fields have been
made mainly for D.C. and A.C. Stark effects. Asymptotic completeness for A.C. S-
tark Hamiltonian, in which case E(t)-z = (cost)z;, was first proved by Howland and
Yajima in [9] and [17]. In these papers they prove the asymptotic completeness in the
following way. Since H (t) is periodic in time, the unitary propagator satisfies

U(t+2m,s+2m)=U(t,s) forall t,se€R.
So they define a semi-group on L%(T; L2(R”)) (T =R/27xZ) by

(U(a)g)(t) = U(t,t — 0)g(t — o),
(Uo(0)@)(t) = Uo(t,t —o)p(t — o) for ¢(t) € L*(T; L*(R")).

We can easily see that U(o) and Up(o) are generated by the self-adjoint operators
K = —i(d/dt) + H(t) and Ko = K —V on L?(T;R"). They prove the asymptotic
completeness for H(t) by reducing it to that for K and K. These results were ex-
tended to the 3-body case by Nakamura [13]. The asymptotic completeness of modi-
fied wave operator for long-range potentials, which decay slowly |z| — oo, was proved
by Kitada-Yajima [10]. Recently the asymptotic completeness for E(t) = E + (cost)u
is proved by Mgller [11] (i is small enough compared with the main field E).

As for D.C. Stark Hamiltonian, in which case FE(t) = E, the asymptotic com-
pleteness for long-range many-particle systems was proved by Adachi and Tamura in
[2] and [3]. In these papers they show the propagation estimates, which describes the
decay of the solution e~ *H ¢ for some direction as ¢ — oco. They prove it by using
the commutator technique of E. Mourre [12]. It is based on the the following form in-
equality appearing in Appendix B in [8]. For all A € R and € > 0, there exist 6 > 0
such that

(L6)  f(H)H,Alf(H) > ([E| - O f(H)* forall f€Cg(IA—05,A+d]).

Here A is a self-adjoint operator, which is equal to (E/|E|) - (—iV). A is called a
conjugate operator. With this positivity of the form, the propagation estimates is shown
in the following way. For example suppose V (z) is smooth and short range. Then we
have
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(

with characteristic function x and ¢ € L*(1+<)/2(R¥). Here L*>P(R") is a Hilbert
space with weight (z)P. With this estimate we can see that V (z)e~*H¢ € L'(R;). So
the existence and the asymptotic completeness of the wave operator is easily obtained
by use of the following expression, which is called Cook’s method.

- B[ 2 ) (g = 0=

t
(1.7) eitog=itHy — ¢ _ z/ eHoy (g)e ™ H pdg.
0
The aim of this paper is to show the asymptotic completeness for the Schrodinger
operators with time-dependent electric field, which tends to non zero constant vector
as t = oo. To do so we modify the commutator method and show some propagation
estimates for the constant electric fields to the Schrodinger operator of the form (1.1)
allowing e(t) to be nonperiodic but small as ¢ — co. Combining Cook’s method and
these results, we prove the existence and the asymptotic completeness of wave oper-
ators. We consider two cases. The first one is that the directional derivative of V (z)
along E is relatively small for the main field |E|. The second case is that this condi-
tion is not satisfied, but a stronger decay in ¢ is assumed for the perturbation e(t).
Thorough this paper, we assume V(z) is smooth and short-range.
i.e. V(z) € C(R") and there exists dp > 1/2 such that

(1.8) |02V (z)| < Cofz) %12l for all o
where (-) = (1+-[>)Y/2.

Let us state more precisely the assumption and results. Either of the following two
assumptions are supposed on V(z) and e(t).

AssuMpTION 1.1. We assume that

(1.9) |E| > sup £ V.V(z),
z€RY IEI

and that there exist c(t) € C(R) and no > 0 satisfying
(1.10) |ét)] = O(t™™) as t— oo,
(1.11) &(t) = e(t) (é(t) - %c(t)).

With this Assumption we write

1.12) b(t) = —¢(t),
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(1.13) a(t) = -%/0 {1¢(8))? = 2E - ¢(6)}db.

AssumpTION 1.2. e(t) is a continuous integrable function on R,.
b(t) defined by

(1.14) b(t) = / b e(6)df.

satisfies |b(t)| = O(t~*°) as ¢ = oo for some ug > 5/2.

Under this Assumption we put

119 = [ v, a) =3 [ (pOF - 28 c)as

Let us add some words related to the above assumptions. If the directional deriva-
tive of V(x) is relatively small for the main field E, Mourre’s inequality holds with-
out localization. i.e. There exists C > 0 and i[H(t), A(t)] > C holds for sufficiently
large ¢t. We assume the decay order of e(t) in Assumption 1.1 in this case. If the di-
rectional derivative of V(z) is not small enough, we can not neglect the derivative of
f(H(t)) with respect to t. It is closely related with the decay of the perturbation e(t)
as t — 0o. So we need stronger condition for the decay of the perturbation e(t), in
which case we assume Assumption 1.2. In each of these Assumptions, H(t) is essen-
tially self-adjoint on D(|z|)NH?2(R"). And we can construct unique unitary propagator
satisfying the following properties. (See [18].)

For all ¢t t',s€eR,

(1.16) Utt) =1, U(t,s)U(st')=U(t,t'),
d
1.17) EU(t’ s) = —iH(t)U(t,s).
We also denote the unitary propagator associated with Hy(t) as Up(t,s). With
these unitary operators we define the wave operators in the same way as in (1.4) and
(1.5). Our main result is the following.

Theorem 1.3. Suppose Assumption 1.1 or 1.2 holds. Then the operators W (s)
and W (s) exist for all s € R.

Remark 1.4.  Theorem 1.3 holds as t — —oo, if we replace oo in Assumption
1.1 and 1.2 by —o0c.
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2. Translated Hamiltonians

To show the main theorem, we have to treat the time-dependent part ’e(t) - z’,
which is not bounded. For this purpose we introduce another Hamiltonian H (t), which
is obtained by translating H(t) in both z and p spaces. In Sections 3 and 4, we apply
the commutator method for H(t) and prove the propagation estimates for the propa-
gator associated with H(t) instead of H(t). The existence of the wave operators for
H(t) and Hy(t) is obtained by showing it for translated Hamiltonians.

DEFINITION 2.1.
2.1 H(t) :—%A-—E-x+V(ac—c(t)).
We denote Hy = H(t) — V(z — c(t)).

We can also construct unique unitary propagators U (t,s) and Up(t,s), generated
by H(t) and Hoy. We remark that U(t, s) and U(t,s) (Uo(t,s) and Uy(t,s)) are relat-
ed through the following relation. It is based on ’Avron-Herbst formula’ with a slight
modification. (For example, see [4].)

(Avron-Herbst formula)

2.2) U(t,s) = 7(t)U(t, 8)7"(s),
where
2.3) 7(t) = exp(—ta(t)) exp(—ib(t) - ) exp(ic(t) - p), p= —iV,.

We show the propagation estimates for U (t, s) and Up(t, s) instead of U(¢,s) and
Us(t, s). Once we prove them, the estimates for U(t,s) and Up(t,s) can be easily ob-
tained by using the fact that g(z)e~ () = e=P<(t)g(z — ¢(t)) holds for an operator
of multiplication by a function g(z). Before going to the propagation estimates by use
of the commutator method, let us recall the well-known formula of functional calculus

in [7].
Let f € C*(R) be a function such that for some mg € R

(24) IFP @] < Ce@ +th™*, ke NU{0}.
Then we can construct an almost analytic extension f(z) of f(t) satisfying
25) fy=1®), teR,
(2.6) 0: f| < Cn|Imz|N (z)me=1-N YN €N,
2.7 suppf(z) C {z;|Imz| < 1+ |Rez|}.
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We remark that suppf is compact in C if f € C§(R) (See Appendix in [5]).
Further, if (2.4) holds with my < 0 we can rewrite a function of a self-adjoint operator
A in the following integral

(2.8) f(4) = /6f (z— A)~"ldz A dz.

With this form, we can compute the commutator of an operator P and g(A) in the
following way.

For operators P and Q, we define adO( ) = P. For m € N, we define
adg(P) = [ad’" , @] inductively. Now we take @ as the resolvent of A. Then
we have

(29)  adi(P)(z—A)7' = (2 - A)ad}(P) + (z — A) " tad} T (P) (2 — A)7!
by using the resolvent equation. With these results, we have the following Lemma.

Lemma 2.2. Let A and P be linear operators on H. Suppose A is self-adjoint
and relatively bounded with respect to P. Suppose that the form adg(P) extends to
a bounded operator for 1 < m < n. Then for any g € C®(R) satisfying (2.4) with
mg < n, we have

= gm(4 1
(2.10) Pg(A) = Z g—"T(!——)ad’X(P) t5 Lazg(Z)R;‘A,P(z)dz Adz,

m=0

where R}, 4 p(z) = (z — A)""ad}}(P)(z — A)™}, and

(1)

1 - 1 _
@11) g(A)P = Z ad? (P ™ (A) + 5 /C 9:5(2) R4 p(2)dz A d7,

where RL,A,p(z = (2 — A)7'ad%(P)(A — 2)™™ and §(z) denotes an almost analytic

)
extension of g(z).

We introduce smeared cut off functions, which are needed to write down the prop-
agation estimate. For a, b € R, we call F>,(t), F<;(t) € C°°(R) smeared cut off
functions if they satisfy for some é > 0

Fso(t)=1 for t>a+d6 and F>,(t)=0 for t<a-39,

Fep(t)=1 for t<b—3d and Fgu(t)=0 for t>b+39,

For simplicity’s sake, in the following we write F'(t > a), F(t < b) instead of F>,(t),
FSb(t)-
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3. Propagation estimates 1

As we have mentioned in Section 1, Mourre’s inequality plays important role in
showing the propagation estimate. The aim of this section is to prove Theorem 3.6
and finally to show the main theorem under Assumption 1.1. We rewrite the condition
(1.9) as follows.

3.1 |E| - sup w-VV(z) >0 with w= —E—

TERY IEl
We denote the left hand side of the above inequality by Ey. Next we define the con-
jugate operator Ay (t) as follows. Especially we denote Aq(0) as Ag.

3.2) Ao(t) =w-p— Eot where p= —iV,

For a time-dependent self-adjoint operator A(t), we denote Heisenberg derivative
d: A(t) + i[H(t),A(t)] as DA(t) with d;A(t) = (d/dt)A(t). From (3.1) we have
DAy(t) > 0 in the form sense. We show the propagation estimate by use of the com-
mutator method, which is based on the formula of Lemma 2.2. Before that we have to
show that the propagator U(t,s) leaves D(Ao) invariant since the conjugate operator
Ap(t) is not bounded.

Lemma 3.1. We denote the set of bounded operators in H as B(H). Let s € R
and h € C§°(R) and 0 < § < 2 be given. Then
() For 1 < n <4, the form ady ) (h h(H(t))) is extended to a bounded operator
on H. Moreover (H(t )+i)ady o (h(I:I( t))) and ady (t)(h(H(t)))(ﬁ(t)+i) are
continuous B(H)-valued functions of t which are uniformly bounded in t > 0.
Gi)  (Ao)U(t,s)h(H(s))(Ao)~? is a continuous B (H)-valued function of t.
(i) (—Ao(2))°F((Ao(t)/t) < —€){Ao)¢ is a B(H)-valued continuous function of
t.

Proof. It is easily seen that ad} (t)(H( )) is bounded for n > 1. So we use the
boundness of these operators in the formula of functional calculus which appeared in
Lemma 2.2. (i) is easily obtained by use of (2.8). To prove (ii), by an interpolation we
have only to prove the case 6 = 2. By a straight forward computation we rewrite the
commutator.

A3U (8, )h(H (5))(A0) 2
= U, S)Ao h(H(s))(A0)~* — 2ad}y, (U (¢, 8)) Aoh(H (5)){4o) ~*
+ad}y, (U (t, 5))h(H (s)){4o) 2.

So the boundness is obtained if we show ad¥, (U T(t,s)) € B(H) for k = 1, 2. We
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rewrite ad}%(U(t,s)) in the following way

ady, (U(t,s)) = —U(t,s){U(s,t)AoU(t,s) — Ao}

_ / " 0t, 0)il(6), Ao)0 (6, 5)d8

Since [H(6), Ao] is bounded, we can easily see that adko(U(t, s)) € B(H). As for
the double commutator, we use the expression

d%, (U(t,9))
=—i Y / ad3} (U(t,0))ad52 ™ (H(8))adS2 (U(6, 5))d6

ajtaztaz=1

With this form, we can see that adfqo(f] (t,s)) is bounded. Therefore (ii) for § = 2
follows from (i). To prove (iii) we have only to show that ||(—Ag)%(Ao) 2|l is locally
bounded in ¢t. However this is obvious. O

Secondly we introduce a set of functions §s o . Of those functions gg . (z,t) €
83,a,e» Which are obtained by smoothly cutting off the part x > —et of a function
—t=P(—z)°.

DeriNTioN 3.2. Given 3, a > 0 and € > 0, we denote by §s . . the set of func-
tion g of the form g(z,t) = gp.a.c(z,t) = —t7P(—z)*x(z/t) defined for (z,t) €
R x R, where x € C*(R) and satisfies the following properties:

x(z)=1 for z< -2, x(z)=0 for z> —e.

d d

= < a2 — ()2

dxx(:c) <0 and ax(z)+ zdxx(w) x(z)* for some
% €C®(R), with §>0.

From Lemma 3.1 we can see that (—gg o.(Ao(t),t))/2U(t, s)h(H (s))(Ao) /2
is a bounded operator for 0 < a < 4. Further the following Lemma shows that it
is bounded uniformly in ¢. We remark that Corollary 3.4, which is easily obtained by
using Lemma 3.3, is closely related with the propagation estimate.

Lemma 3.3. Let Bp, € >0, 0 < g <4, and h € C§°(R) be given. Then

1(=9p.a,¢(Ao(2), 1)) /20 (¢, 5)h(H (5))(A0) /2| )
=0(1) as t— o0

3.3)
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Jor (ﬂ’a) = (07 1))'-‘7 0,0(6),(,30,(10) (a6 = max{m € N|m < (10}). If g <1,
(33) holds for (8,a) = (8o, ).

Corollary 3.4. Under the same conditions in Lemma 3.3, we have the following
result: Let ¢ > 0 and 0 < 0 <1 be given. Then

1(=go,a(1-6),e (Ao (), t))1/20(t, S)h(ﬁ(s)NAo)_a/Q“%(H)

(3.4
= 0(tB-9/2) as t— 00

for (/67a) = (Oa 1)7 KRN} (07 CMG), (ﬂOa aO) (: (ﬁo, aO) lf Qo S 1)
Corollary 3.4 easily follows from Lemma 3.3 and the following inequality.

(3.5) —t 7P (et)* 90,0(1-0),2¢ (2, t) < —gp.0,e (T, 1).

Once we prove Lemma 3.3, we have the propagation estimate with respect to p,
which corresponds to the momentum of the solution. With this estimate we have the
propagation estimate with respect to z. And finally we have Theorem 1.3 by using
Cook’s method.

For simplicity, we denote the square of the left hand side of (3.3) as G qa,(t). In
the following Lemma, we prove the integrability of —(d/dt)G g q,(t) by using induc-
tion on a.

Proof of Lemma 3.3.  We set ((t) = U(t, s)h(H (s))(Ao)~*/2¢ with ¢ € H. We
denote the inner product (-,-)y = (-,-) and (((t), P((t)) as (P); for an operator P.
First we use the formula of functional calculus and decompose —(d/dt)Ggs qa.(t) as
follows.

(3.6) —%Gg,a,e(t) = (I1)¢ + (L)
(37) = <C(t)a Z[f[(t), 9B,a,¢ (AO(t)a t)]((t))
68) + (000, 50004 (A0(0).000)).

We compute the commutator appeared in the second line by use of Lemma 2.2. Then
we can rewrite it as follows.

3
3.9) =i Y (m) g™ (Ao(t),t)ady, ) (H(t))

m=1

1 i i .
(3.10) + %/Cagg(z,t)Rlion(t)ﬂ(t)dz/\dz,
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with g™ (z,t) = 97g(x, t).
As for I, we rewrite g(Ag(t),t) by using integral representation (2.8):

a1 = (379) (Au(0),0) + 9 (o), 0 o).

Here d; Ag(t) is the derivative of Ag(t) with respect to ¢, which is equal to —Ej.
We combine I; and I by using the Heisenberg derivative D Ag(t).

3
Bt I = (70 (o). 0)+ 3 (m) ) (Ao(t) Oadfy (DA,

m=1

(3.12)
1 - - _
+E/Cazg(z,t)R“,Ao(t)’mt)dz/\dz.

From Definition 3.2, we have (g1 (z,t))'/2 € C> and ((8/0t)g)(z,t) > 0. We de-
note (g (z,t))!/2 as gu(x,t). We proceed to compute the sum in (3.12). We use
(2.11) again to decompose g(l)(Ao(t),t)adho(t)(DAo(t)) into E,, E3, E4 that are giv-
en below. As for the rest of the sum

3
Y (m) g™ (Ao (1), H)ad, ) (D Ao(?)),

m=2

we commute g(™) (Aq(t),t) and ad}o(t)(DAo(t)) and get the terms F5, Eg given be-
low.
At last we have

3.13) —-(%Gﬂ,a,e(t) = (B)e+ ...+ (Br)
where

Gl B = (%g) (4olt), ),

G15) By = ga(Ao(t), ) DAo(t)gn(Ao(t), 1),

3 m
(316) E3 = gh(Ao(t), t) Z ad'Xo(t)(DAo (t)) (_"7]3 gfzm) (Ao(t), t),

m=1

1 ~ .
(3.17) E4 = gh(AO(t)yt) {%/éafgh(z, t)Ra,Ao(t),DAo(t)dz /\dz} 3

3
(3.18)  Es = Y (m!) " jm(Ao(t), t)km(Ao(t), t)
m=2

1

4—m my
319 x { > ad':;(t)on(t))%mﬂmo(t),t)},

m1=0
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3

(3200 Eg = Y (m!) " jm(Ao(t), )km(Ao(t),?)
m=2
(3.21) {2 Z/(9,],,, z)RL_ —m,Ao(8),DAo(t) (2 )dz/\dz}
(G2)  Br=o [E O:(= )R], o o2z A,
with

Jm(z,t) = gﬁ/2,((a—m)/2)+,e/2(zat)7
8

km (z,t) = E(—z)_("_m) 9™ (),

Hy = ad}ys (DA(t)).

(E1): and (E3); do not decay as t — oo, but it is negligible since they are positive
in the form sense. We note that D Ay(t) is positive by virtue of (3.1). To show (3.3),
we have only to show the integrability of (Ej3),...,(E7); and that whose integrations
are dominated from above by ||¢||%.

We show the integrability by induction on ag. Suppose 0 < ap < 1 and (83,a) =
(Bo, ag). Then we can easily see that

1950 a0,(Ao(B), )llmqzy < CEF0+01,
With this estimate and the fact that |8;§(z,t)| < C(z/t)*°~5|Imz/t|5t=Po~1, we have
(Es)e, (Es)e = O(t~7+=2)1]1%,
(Eq)t, (Bg)e, (Er)e = Ot~ %+ 0=0)||g]1%.

Each term appearing above is integrable. We have

(3.23) %Gﬂo,ao,em < Ot P 1||g|2,

which implies G g, a,.c(t) = O(1)||p||? since G, a,,c(t) is non-negative. So we obtain
(3.249) [1(=980.m0,¢ (Ao (£), )2 (1)1 = O) 4l

under the restriction 0 < ag < 1.

Next we show the integrability under the condition 1 < a9 < 2. In this case
gﬁo’a0 (Ao(t),t) is not bounded in ¢t > 0. To show the integrability we derive the
following estimate at first.

325 [I(=go,1.c(Ao(t), £)"/?U t, s)h(H(5))(A0) "2 lm ) = O(1).
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To show it we put By = 4/5, ag = 1 into (3.24). Then we have
(= gays.1,e(Ao(2), 1)) /2T (¢, s)R(H (5))(A0) ™ /* |y = O(1).

Applying the inequality (3.5) to the above estimate, we can sharpen this estimate com-
pared with (3.24). We have

(=go.0.¢(Ao(2), ) /2T (t, s)h(H () Ao) 2| (sy = O(™/"°).

We put this estimate into (E3)¢, ..., (E7); with (8o,a0) = (0,1). Then we obtain
(3.25). Again we put the estimate (3.25) into (E3)¢,..., (E7);.
At last we have

(Es)e, (Es)e = O(t™ 7t 0=2)||g||?
(Ed)t, (Be)t, (Er)e = O(t™Pot0=9)||4|?

for 1 < ap <2 and Gy > 0.

So we also have the integrability under the restriction 1 < o < 2. For larger ao,
we obtain the integrability by repeating these arguments. (See Theorem 2.4 in [16].)
We have proved Lemma 3.3. O

By virtue of Corollary 3.4 we have the following Lemma.
Lemma 3.5. Foralle>0and 0 <u<2,

= O(t™).
B (H)

(3.26)

F(# < Eo— e) Ut s)h(H (s))(z) /2

Proof. By the same argument as in the proof of Lemma 3.3 we obtain
B27)  lI(=go,a0.¢(Ao(t),8))/2U (2, $)h(H (5))(A0)~**|lm () = O(1).

We remark that (Ap)~* can be replaced by (z)~*/2, due to the fact that h(H(s))p?
(z)~! € B(H). In addition we rewrite ap/2 as u. Combining the above estimate and
Corollary 3.4, we have (3.26). O

With this Lemma, we have the following theorem, so-called minimal acceleration
estimate.

Theorem 3.6. There exists o > 0 such that for all 0 < u < 2

=0t as t— oo,
B (H)

62 |r (% <o) o omuee
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with L = min{u, 3/2,1+ no}.
Proof. We set £(t) = F((|z|/t?) < 0)U(t,s)h(H (s)){z)*/2¢. Then

I PPEON 2 (€0, (- (22 > ~¢) o)

Ao(t)
t

> (Bo - 9" (E(t), F ( > —e) €(t)).

We use the decomposition F'(- > —e) = I — F(- < —e¢) to see that

I PPEDIP 2 (Bo = DI - (B0 - e (e, F (252 < =e)et0)).

We put the estimate (3.26) of Lemma 3.5 into this inequality. Using the commu-
tator estimate ||[F'((Ao(t)/t) < —e€), F((|z|/t?) < 0)]llsm) = O(t™%), we have

329 |lw-p)*X®I > (Eo — )*t[IE®I* — C(Eo — €)*{t*>* + t}|g]|*.

On the other hand, we use the inequality (1/2)(w-p)2 < H(t)+E-z -V (z—c(t))
to obtain

(3.30) l(w - p)2E@)I| < 2HBER®)| + 2I(E - z)éE)| + Cligll-

We have
. t
IEOEOne < (1+ [ 1)d0) 6],
since ||[H(t), F((|z|/t?) < 0)]|ls(m) is bounded uniformly in ¢, and

B3NH)U(t,s) - U(t,s)H(s) = — / t U(t,0)é(8) - VV (z — ¢(8))U (6, s)df
Then it follows from (3.30) and (3.31) that

(3.32) ll(w - p)2E@)I < CH ™ |Ig]| + Cot?|IE@) || + Clloll-

Combining (3.29), (3.32) and Assumption 1.1, we have

(333 {(Bo—¢) = C}HEDI® < Ct7>72™ + 72 +t70)||g]|.

We thus obtain Theorem 3.6, by taking o > 0 sufficiently small. O
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4. Propagation estimates II

In Section 3 we have given the propagation estimate under the condition that the
directional derivative of V(z) is small compared with the main field |E|. In this sec-
tion we give the estimate without this assumption for V. Instead we assume Assump-
tion 1.2. The form inequality DA (t) > 0 does not hold since Ej is negative. But we
can see that the following inequality

@.1) FAH@)[H), AIf(H(2) > (IE| - ) f(H(2))?

holds for t > 1 if we take support of f suitably. Before showing it, we note the rela-
tion between H(t) and the time-independent Hamiltonian H. By an elementary calcu-
lation we can see that

H(t) = e ©“OP(H - E . ¢(t))ei®) P,
This implies that
4.2 FH®) = e ®“OPfr(H)e®P  for all f e CP(R),

where f7(-) = f(- — E - c(t)).
Combining this relation and (1.6), we have the following lemma.

Lemma 4.1. Let A € R and € > 0 be given. Then there exists §; > 0 having
the following property. For every real valued function f € C§°([\ — d1,A + 81]), there
exists To > 0 such that

4.3) FAH@H®), AIf(H®) > (E| - f(H(t)* for t> T,
with A =w - p.

Proof. We take 6 > 0 as in (1.6) and f € C§°([A — /2, A + §/2]). Then fr €
C§° ([N —d,\+4]) and fr(H) satisfies (1.6) for sufficiently large ¢t since E -c(t) — 0

as t — 0o. So we use the relation (4.2) to obtain (4.3). O

With this inequality we give maximal and minimal acceleration estimates under
Assumption 1.2. To do so we define some conjugate operators.

DEFINITION 4.2.

4.4) Ai(t) =w-p— Ext,
(4.5) As(t) = vt — (z)'/2.
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Using Lemma 4.1 we can see that f(H(t))DA;(t)f(H(t)) > 0 if we choose
E; < |E| and v sufficiently large. We denote (p) by A;, and —A5(0) as As. For these
operators we have the following lemma, which implies that U(t,s) leaves D(A;) in-
variant.

Lemma 43. Let 0 < 6 < 2, and h € C§°(R) be given. Then the following
properties hold for j =1, 2.
(i) For1 < n < 4 the form ad o) ) (R(H q(t))) extends to a bounded operator on

H. Moreover (H(t) + i)ad? (t)(h(H( ))) and ady (t)(h( () (H(t) + i) are
continuous B(H)-valued untformly bounded funcrtons of t.
(ii) Ajsf(ﬁ(t))[j(t,s)h(ﬁ(s))Aj“s is a B(H)-valued continuous function of t.
(i) (=4, t)°F((A(t)/t) < —e)AJ“s is a continuous B(H)-valued function of t.
(iv) (d/dt)(h(H(t))) exists in B(H) for 1 < n < 3 and the form ad?. S0 ((d/dt)h
(H(t))) extends to a bounded operator on H.

Proof. For A(t) = A;(t) the proof is almost the same as that of Lemma 3.1.
We have only to give the proof for A(t) = A2(t). (i) and (iii) are easily obtained by
the same argument of the proof in Lemma 3.1. (iv) is obtained by using the formula
(2.8).

To prove (ii) we show that AZf(H(t))U(t, s)h(ﬂ(s))Az_z € 'B(H). By using
commutators, we rewrite it as

FOH®)U (¢, 5)h(H(s)) — 2ad’y, (f(H())U (¢, s)h(H (s))) A7
+ad, (F(H (1)U (t, s)h(H (s))) A7 >.
So it is sufficient to show
adly, (f(H(1))U(t,s)h(H(s))A7* € BH) (k=1,2).

For the case £k = 1 we rewrite the commutator as follows.

ady, (f(H()U (¢, s)h(H(s)) 43"
= > ad2(fH®)edi2 (Ut 9)ad} (h(H(s)) Ay

my+ma+mgz=1

(4.6)

If my = 0, the boundness is obtained from (i). For the term my, = 1 we rewrite it as

FH®)adh, (U, 5))h(H () A5

@.7
= —if(H { / (t,0)ady, (H(6))U(8, s)de}h(H(s))A,;l
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We can see that ad (f(fI(t)) U(t,s)h(H(s)))A; " is bounded since (p)h(H (s))A;*
and (p)U 7(t, s)(p) 1 € B(H) (See Theorem 1 in [14].). So we have shown that
adly, (U(t, s)) A5} %(]HI) ThlS implies the boundness of the single commutator

ady, (f(H(t))U(t, s)h(H(s))) A7
As for the case k = 2, we have

ad%, (f(H(®)U (¢, s)h(H(s))) A3
= Y. Cmimemsady (FH®)adz2 (U, 9)ad? (h(H(s)) 45

mi+ma+mz=2
Since we have proved the boundness of the single commutator, we have only to

show the boundness of the term my = 2. To see that we rewrite the double commuta-
tor as follows.

@.8)  ad} (U(t,s))
=—i Y / ad'}, (U(t,s))ad37" (H(0))ads, (U(t, s))ds.

L+l+13=1

If I, = 1, the boundness can be easily seen, since adf42(ﬁ (#)) is a bound-
ed operator. For the term l; = 0 we obtain the boundness from the fact that
(p)ady, (U(6))(p)~" and (p)h(H (s))A5* € B(H). So we have shown the boundness

of f(H(t))a A(t)(U(t,s)) (H(s))A5?2, which implies the assertion (ii). O

From Lemma 4.3 we obtain (—gs q.(A4;(t),t))/2f(H(t))U(t, s)h(I:I(s))A;o‘/2
is bounded for 8 > 0 and 0 < a < 4. What remains to be shown is that it is bound-
ed uniformly in ¢ as we have done in Section 3. To see this we prove the following
lemma which is closely related with the propagation estimate under Assumption 1.2.

Lemma 4.4. Suppose h € C§°(R), By, € > 0, and f € C§°(R) satisfies (4.3).
(i) Let 0 < ap < min{ug,3} be given. Then

1198, (A1 (8), V2 F(H (1)U (¢, 8)R(H () A7 /|| )

=0(1) as t— oo,

4.9)

for (/3’ a) = (071)1 sy (07 06)7(50,010) (for (ﬂv a) = (IHOvaO) ifao S 1)
(ii)) Let 0 < ag < 3 be given. Then

1(=g,a,c (A2 (1), 002 F(H ())T (¢, 8)h(H (5)) A5 */* 1 iy

=0(1) as t— oo,

(4.10)
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for (ﬂv Ol) = (0, 1)7 DR (O’ aé})a (:30, aO) (= (/80’ aO) lf Qg S 1)
By using (3.5) one can prove the following

Corollary 4.5. Under the same conditions as in Lemma 4.4, we have the follow-
ing result: Let € >0 and 0 < 6 <1 be given.

1(~go,0(1-8),c(4; (), )2 F(H (1)U (¢, )h(H (5) A; */* |3 ar
=0@tP)?)as t 00 (j=1,2)

4.11)

for (/B»a) = (07 1)’ --»(0, a(l)),(ﬂO’QO) (‘_‘ (ﬁOaQO) ifaO < 1)

Proof of Lemma 4.4. We also denote the square of the left hand side of (4.9)
as C:‘,@a (t). Similarly to Lemma 3.3 we prove this Lemma by investigating the in-
tegrability of (d/dt)ég we(t). We write ¢(t) = f(H(t))U(t,s)h(H(s))A=*/2¢ and
(@) = UG, 8)h (H(s))A O’/2¢> with ¢ € H. We write (((t), P((t)) as (p);. Further
we denote (C(t), P((t)) by ((p)): for an operator P. Then

2 Gpelt) = (I + zm«h»t + (L)

= (C(2),i[H(2), 9(A(t), ) (t)
v (<) ( ) (A(t),t>f<ﬁ(t)>c”(t>>
d
+ (00, aA@.0¢0 )
where Rz = (1/2)(z+ 2) for z€C.
As we have stated in Section 1 we cannot neglect the derivative (d/dt)f(H (t)).
We take f, € C§°(R) which is identically equal to 1 on the support of the function

f. (We denote it as f C f,.) Further we choose f; € C§°(R) such that f, C f;. By
virtue of (2.10) and the fact that (t) = f, (H(t))((t), we can rewrite I; as follows.

3

L=y (m) g™ (A(t), )adZ ) (F1(H(D)H(D)

m=1

L / B3(z, 1) (2 — A(®)~ad’y oy (f1(HE)H®)(z — A(H) " dz A dz.

We use (2.8) and rewrite (d/dt)f(H(t)) by computing the derivative of the resolvent.
Then

L, = /6 f(2)(z = H(t))é(t) - VV(z — c(t))(z — H(t)) " 'dz A dz

T omi



80 K. YokoyamA
xyﬁ,a,e(A(t),t)f(f{(t))-
Applying (2.8) again, we see that

3 : m
1 = (7o) (40010 + 32 ()29 40, D (4 A)

+% /C 0:3(2,t)(z — A(t)) "4ady ;) (A A1) (2 — A(t) " dz A dz.
Denoting d,A(t) + i[f1 (H (t))H(t), A(t)] by Dy A(t), we sum I; and I3 as follows.
htls = (% ) .
+i E (m) 7' g™ (A(t), t)ad]y,) (D1 A(2))
+— / 8:9(2,8)(z — A(t)) " *ad’y ;) (D1 A(t))(z — A(t))~'dz A d7,

with g(™) = g(™)(A(t),t). We compute the term g(!)(A(t),t)D;A(t) appearing in
the second line. We sandwich g()(A(t),t)D;A(t) by f(H(t)) and rewrite Iy =
F(H(t)g™V (A(t),t)D; A(t)f(H(t)) by using the commutator. Then we have

Io = f(H(8))gnf2(H (1) D1 A(t) f2(H(t)gn f(H(t))
+F(HE)gn(I — f2(H (1)) D1 A(®) f2(H (t))gn f(H(2))
+f(H () gnlgn, D1A) f2(H ()] f(H(2)).
We remark that f(H(t))gh(I - fz(H(t))) is equal to f(H(t))[fz(I:I(t)),gh] and

f(H)D1A®) f2(H(t) = f(H(t)DA(t)f(H(t) since fo C fi. We compute
these commutators by use of Lemma 2.2, and

o = JUE)an (A (O) DA F2(HE)gn f(H D)
3
B®) Y (ml)™ g™ ady (o (A (0))D1 A Fo A )n S (D)
m=1
+ 1) 5 [ dedita, )z — A0)
 ad o (a(H(0))(z = A(0) ™ A d Dy A (B0 an E(0)

3 m . R
fEg S SN adm, (D A® £ (B (0)g™ F(H @)

m!

m=1
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+f<£r<t>>gh{2—}; /C B (2,8) (= — A1) ™ ad’y 4 (D1 A(8) fo (H (1))

x (z — A(t))"*dz A dz} FH().
= f(Ht){Ez +...+ Es}f(H(t))

We show the uniform boundness of G o (t) for 0 < a < 1 and for larger a by
induction. To do this method, we cannot neglect the term g ’")( (®), t)adx(:)l(DlA(t))

in I; + I3. So we also compute the commutator of g(™ (A(t),t) and D; A(t). Finally
we have the following expressions.

— = 5.0. (A, )72 S )0 2, 5)h(HL(5)) A=/ 26]17)
= (El)t + ...+ <Eg)t + 2?R((E10>)t

(4.12)

Here

B = (59) (40,0
By = o fo(HO)DAD oA (D) on,
3

Es = 3 (m) ' g{™ad} ) (f2(H(£)) D1 At) fo(H (2))gh,

m=1
o= o / Bz (=, 1) (z — A(t)ad ) (F2(H (1) (2 — A(t) "*dz A dz
xDIAmfz( 1(0))gn,

E5=gh2 gﬁ"‘ ad . (D1 A) f2(H())gi™

Eg = %gh/C Bzgh(2,1)(2 — A(t)) " adly,) (D1 A(t) f2(H (1)) (z — A(t)~*dz A dz,

3 3—-m ma
By = 0 i (A, 0k (4(0,0) Y adiey (H) S5m0 (40, ),
m=2 mi1=0
By = ij (A(t),0)

2m / Dz (2 1) (2 — A()) ™ ad'; T (Him)(A() - 2)™*dz A d,
Ey = /a,g z,t)(z — adA(t)(Dl (t))(z — A(t))"'dz A dz,

Bo = g7 [0 ()= = )0 - WV (@ = ) ~ () dz A
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X gp,0,e (A1), t) f(H (L)),
where

jm(xat) = gﬂ/Z,((a—m)/2)+,e/2($’t)7
t° —(a—m m
km(.'li,t) = ﬁ(_"v) ¢ )+g( )(:E’t),

Ho = a7} (DyAW) ().

Here the terms E; and Eg are obtained in the following way. We rewrite g(™)(z,t) =
Jm(Z,t)km(z,t)jm(z,t) and compute the commutators of H,, and them. Since
Gp.a.c(t) is non-negative, it remains to show that each term in (4.12) is either inte-
grable with respect to t or non-negative.

Suppose 0 < ap < 1 and (8,a) = (Bo, ). By the same argument of Section
3, we can see that each of (E3),...,(FEo); is integrable with respect to {. Now we
show the integrability of the remaining term (FEq);.

For A(t) = A;(t), (E1o)¢ = O(tPo—0+1) from Assumption 1.2. As for the case
A(t) = As(t), we obtain (Ejo); = O(t~Po~%0—=2) Tt is due to the facts

12y (z = A(8) ™ 2) ">/ |pan) < Climaf?,
12) /295 c0,c(Az(8), Dl ey = O(0+073).

For larger ap we prove this Lemma by using induction on ag. So we obtain Lemma
4.4. O

Finally we give propagation estimates under Assumption 1.2. It is obtained by the
same argument as in Lemma 3.5. We choose the conjugate operator A(t) = A;(t).
From the inequality (4.9) we have

|F (52 < B - ) Utt, 9h(H () @)/

I%{IHI) - O(t_u)

for 0 < u < min{ue/2,3/2}.
By the same argument as in the proof of Theorem 3.6, we have the minimal ac-
celeration estimate under Assumption 1.2

Theorem 4.6. Suppose the conditions in Lemma 4.4 are satisfied. Let 0 < u <
min{ug/2,3/2} be given. Then there exists o > 0 such that

=0t as t—- o

@iy |r (B <o) sreoesme)e

where L = min{u, 3/2}.
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We also have the following estimate under Assumption 1.2, which is called max-
imal acceleration estimate.

Theorem 4.7. There exists sufficiently large number M > 0 such that for all 0 <
u<3/2

=0(@t™™) as t— oo

(4.18) ”F (';”' > M) FEHW)U(t, $)h(H (s))(z) /2

Proof. We recall the fact that p(z)~/2f(H(t)) € B(H). We apply Lemma 4.4
with the conjugate operator A, (t). Then we have f(H(t))DAs(t)f(H(t)) > 0 holds
for v > 1. So we can see that Theorem 4.7 holds by use of Lemma 4.4 and Corollary
45. O

Proof of Theorem 1.3

For both cases of Assumption 1.1 and Assumption 1.2, we apply Cook’s method
to show the existence of the strong limit of Uy(t,s)*U(t,s) and that of W+(s) and
W*(s). At first we assume that Assumption 1.1 holds. In the same way as in (1.7)
we rewrite Uy (t, s)*U (t,s)¢ as follows.

Uo(t,s)*U(t,s)p = —i / t U; (s,0)V (z — c(6))U(8, s)d6.

Here we choose ¢ = h(H(t))(z)~*/2¢ with ¢ € H, h € CP(R), and u > 1. To
see the existence of s — tl_i)m Uo(t,s)*U(t,s), we have only to show the integrability

of |[V(z — ¢(8))U(8,s)¢|| with respect to 6 € Ry. We remark that it is sufficient to
show the integrability when ¢ = h(H (s))(x) %3 with ¢ € H and h € C3°(R).

From Assumption 1.1 we have |c(t)| = o(¢) as t — oco. We split V(z — ¢(t)) into
V(z—c(t))F((|z|/t?) < o)+ V(z—c(t))F( |x|/t2) > o). Combining Theorem 3.6 and
this decomposmon, we have ||V (z — c(0))U (0, s)¥|| € L'(d#,R.). This implies the
existence of s— hm Us(t,s)*U(t,s) and that of W (s). We also obtain the existence

of Wt(s) in the same way.

Suppose Assumption 1.2 holds. In a similar way to the above arguement we can
easily see the existence of s — tl_i)m Uo(t,s)* f(H(t))U(t,s) for each f € C§°(R).
To show the existence of s — tl_i’m Uo(t, s)*U(t,s), we define a bounded operator as

oo

follows. Let M > 1 be given. We take p € C§°([—1,1]) such that p(z) = 1 for
z € [-1/2,1/2]. We denote p(xz/M) as pp(x) and

(o) = [ 00(6,5)" ggpan (H(6) (6, 5)d5.
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We remark that

| o) < 03w,

which follows from the fact that an almost analytic extension of pps(z) satisfies

-3 2
Imz

; SYEANL
ool <ou () |5

In the same way as in (4.7) we have

Uo(t,S) (I = par(H($))U (2, 8)pae (H(9)))

A

Uo(t,8)*Ut, s){pam(H(s)) = U(s,)pans (H())U (t, 5)}orr (H (5))

Uo(t,s)*t‘f(t,s){ )+ [ 0.0) oo O 6,5)38 fone ().

By an elementary calculus we have

This

Py(s

Uo(t,s)*U(t,s){I + Pr(s)}pr(H(s))

= Uo(t, s)*pm (H(2))U (t, 5)pn (H (5)) + o(1).

proves the existence of the strong limit s — lim; o Uo(t,s)*U(t, s){I +
Y}orm(H(s)) for each M > 1. Since {I + Par(s)}pm(H(s))¢ — ¢ for each

¢ € H as M — oo, we can also see the existence of s — lim¢—,o Up(t, 8)*U (%, s).
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