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ABSTRACT. This paper is concerned with the behavior in time for a certain
class of dynamics which are discontinuous with respect to the time variable.
We introduce the corresponding wave operators and we ensure their existence.
Moreover, under suitable conditions this class of wave operators can be ap-
proximated in the strong sense by a sequence of ordinary wave operators. Our
results can be applied to impulsive dynamical systems.

1. INTRODUCTION

We study the asymptotic behavior as t — 400 of certain families of operators
U(t) acting on Hilbert spaces; these families are piecewise strongly continuous and
they do not form a group nor a semigroup. Then we analyze the problem of the
asymptotic comparison of a unitary group e~ with a discontinuous family U (t).
Within this setting we introduce the corresponding wave operators. We also discuss
several examples. Moreover, we notice that under suitable conditions, this class of
wave operators can be approximated in the strong operator norm by a sequence of
ordinary wave operators associated to unitary groups.

We now introduce our general framework: Let 7 = {a,} be an increasing
sequence of real numbers such that lima,, = oo as n — 4oo. Suppose that
U = {U(t,s): s,t € R} is a two-parameter family of bounded operators acting
on a Hilbert space H such that the bounded operator-valued functions ¢ — U(t, s)
are strongly continuous for each s € R, and for each ¢ € R the functions s — U(t, s)
are piecewise strongly continuous on the intervals a,, < s < a,,+1. Then we call the
triple (H,U, 7) an impulsive system, and the family U(¢, s) is called an impulsive
dynamics. If there is no confusion we simply denote an impulsive system by U (¢, s).

In the succeeding sections we consider the problem of the asymptotic comparison
of an impulsive dynamics U (t, s) with a one-parameter unitary group of operators
Up(t) = e~Ho both acting on the same Hilbert space H. Specifically, let (H, U, )
be an impulsive system and let 7 be an infinite sequence of real numbers defined
by the partition --- < a_, < -+ < a3 < - < ap < ape1 < ---. Let p be a
step function such that p(t) = p(a,) whenever a;, < ¢ < a41. Then, in the next
sections we present the necessary assumptions needed to ensure the existence of the
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strong limits

(1) Wy =s— lim U*(t,p(t))Up(t)

t—too
where U*(¢,p(t)) denotes the Hilbert adjoint of U(¢,p(t)). If the limits exist, we
call the operators Wi the impulsive wave operators.

As an example of impulsive dynamics, let us suppose that 7 = {a,, } is an increas-
ing and unbounded sequence of real numbers. For each x € R™® welet V(;z): R —
R be a function which is piecewise constant on every interval [ou,, an4+1[, that is,
V(s;x) = V(ap;x) for a, < s < ap+1. Let M(s) be the operator of multiplication
by the function V(s,z), acting on the Hilbert space H = L?(R"). Now, suppose
that e~ is a one-parameter unitary group of operators defined on H, then the
two-parameter family U (t,s) = M(s)e” " defines an impulsive dynamics on the
space H.

In the time dependent approach to quantum mechanical scattering the existence
of the wave operators

(2) Oy (H,Hy) =s— hgl e/t gmitHo
is established on L?(R"™) where Hy = —A is the usual extension of the Laplacian,

H = Hy+V(z) is a self-adjoint perturbation of Hy, and the operator V(z) depends
only on the space variable z € R™, and it is independent of ¢. However, in connection
with potential scattering and also in homogeneous (or time dependent) problems
time dependent perturbations V' (z, t) occur ([5], [7]). In our examples below, we will
see that the perturbations to be considered may also depend on the time variable.

Since the impulsive dynamics are only piecewise continuous, we need to imple-
ment a modified version of Cook’s method from the classical theory of scattering
to ensure the existence of the impulsive wave operators W, defined via the strong
limit (1). Moreover, the necessary assumptions needed can be stated in a general
context which is formulated by the following lemma.

Lemma 1 (Generalization of Cook’s method). Let B be a Banach space and let h
be a continuous vector-valued function, h: R x R — B. Suppose that

(a) {an} is a strictly increasing sequence of real numbers such that inf{(c,+1 —
ap):n=0,£1,+2,...} =6 > 0.

(b) Let p: R — R be a step function constant on every interval o, amt1[, such
that p(t) — +o0, as t — Foo, and p(t) <t for all t.

(¢) The first derivative D1h of h, with respect to the t variable exists for all (t,s)
and the function (t,s) — || D1h(t,p(s))|| is in L*([to, +0o0) x [sg,+00)), for
some tg, Sg € R.

(d) The infinite series Y, ||h(p(ow), p(ar)) — h(p(ar), plar—1))| converges.

Then the limit, lim;_ 1o h(t,p(t)), exists in B.
Proof. Since p is a piecewise constant function we denote p(t) = A(k) for ap <
t < agt1. Notice that A(k) = p(ag) = p(t) <t on each interval [ag, agr1[. Now,

suppose that s < t. We claim that [|h(¢,p(t)) — h(s,p(s))| converges to zero as
s — +oo. In fact,

1R(t, p(t)) = h(s, p(s))]| < [|A(E, p(£)) — h(p(t), p()) ]|
+ [[h(s,p(s)) = hp(s), ()| + [1h(p(2), p(t) — R(p(s), p(s))]]-
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Since Djh exists, then, whenever ¢ € [ag, ap41],

I (t, p(£)) — hp(), D) = Ih(t, AK)) — h(AK), A
< / Dbt p(r)ldr < / o 1D plan)lde

A( Ak
1 for+r okt | oo e
S A B UG N s A R R

for all integers k such that ro < ag, and r; < A(k). Now suppose s,t, and m are
sufficiently large such that oy, < s < o1 < -+ < Amaq <t < Apygs1- Then we
define

q
I=> |[hAm+k),A(m +k — 1)) = h(A(m + k — 1), \(m + k — 1))
k=1
On the other hand,

A(m+k)
A D1 hO(T A(m + k — 1)))dr

(m+k 1)
Atk m-l—k
/A | Dsh(r, () lldr dy

Q- k+1 (m-‘rk} 1

“+o0 “+o0
<3 / [ 1Db( ) di
T0 T1

foralk=m,m+1,...,m+gq, and ro < mir—1, r1 < A(m + k —1). Thus, the
expression [ is bounded above by

q “+o0 +oo
(4) R R A
T0 1

Since p(t) — +o0o0 we can choose m so that p(a.,) = A(m) is sufficiently large. Hence
for € > 0, there are ro,r; and m large enough so that r1 < A(m) and ro < a,, such
that 7o < o <8 < g1 < -+ < Qmyq <t < Qpggr1- Then, from hypothesis
(c) it follows that the left-hand side of (4) is less than /3. Next we define

S = " [h(A(m + k), M(m + k) — h(A(m + k), \(m + k — 1))]].

k=1

Thus by assumption (d) we have for every £ > 0 that there is an integer m such
that

() S< D BOAKR), AR) = h(AE), Ak —1)]| < %
k=m+1
By choosing appropriate m and ¢, from (4) and (5) we obtain
1h(p(2), p(t)) — h(p(s), p(s))Il = [IR(A(m + q), A(m + q)) — h(A(m), A(m))||
<I+S< 2%.
Thus for each ¢ > 0 we can find an integer m such that each of the left-hand

side terms of inequality (3) is less than ¢/3. Therefore, for s < t, ||h(t,p(t)) —
h(s,p(s))|| goes to zero as s — oo.
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1.1. Remark. We recall that in Quantum Scattering the asymptotic comparison of

two different dynamics e and e~#Ho for the same system, is determined if
(7) s— lim (e "H —7itHoy =
t—+oo

which is equivalent to the question about the existence of the strong limits
(8) Qi (H, Hy) =5 — lim et eitHo,
t—too

In our context we also consider the following type of dynamics: Suppose that Hy
is a self-adjoint operator on a Hilbert space, let 7 = {a,,} be a sequence of real
numbers so that «, < apy1 for every integer n. Let V(s) be a one-parameter
family of operators acting on a Hilbert space H and such that V(s) = V(ay,) for
s € [an,ant1]. Suppose that H(s) = Hy + V(s) are self-adjoint for all s € R.
Then by Stone’s Theorem, each of the operators H(s) generates a one-parameter
unitary group of operators U(t,s) = e~ ®*(*) s € R. Now letting s = ¢t we denote
U(t) = e~ then U(t) is no longer a group nor a semigroup. Moreover, the
family U (t) is piecewise strongly continuous on every interval [au,, ap41[ and with
bounded jumps at each «,, that is, s — lim._og+ U(ay, + €) = U(ay,) and s —
lim._o+ U(ay, —€) = e~ H{@n—1) Thus according to definition (1) the impulsive
wave operators Wy associated to e (") e=#Ho are determined by existence of the
strong limits
(9) Wi =s— lim etH®e=itHo

t—+oo
Notice that the jumps of the operator-valued function U(t) = e ®) are given at
each a, by

(10) J(ay) = e~ionH(an) _ g=ianH(an—),

We call J(ay,) the jump operator at the point «,.

We now let H(t) = Ho+V (t) be a family of self-adjoint operators for ¢ real. Then
the following theorem and its corollary show the existence of the impulsive wave
operators Wy = s — limy_, 1o, e () e=Ho wwhere [t] denotes the integral part of
t. Furthermore, this class of wave operators can be obtained as a strong limit of a
sequence Q. (H,,, Hy) = s—limy_. 4o, e!*ne”Ho where H,, = Hy+V,, is a sequence
of self-adjoint perturbations of Hy, such that Dom(Hp) = Dom(H,,) = Dom(V,,)
for all integers n, and H, = H([t]) for all ¢, such that n <t < n + 1. Throughout
the remainder of the paper ordinary wave operators are denoted by Q4 (H, Hyp).

Theorem 2. Let H,, andV,, be sequences of operators satisfying the above assump-
tions, and assume that H = Ho + V 1is self-adjoint. Suppose

(a) The wave operators Qi (H, Hy) and Qi (H,, Hy) exist for all integers n.
(b) There exists V such that s — lim,— 1o Vi, =V, with Dom (V) = Dom(V,,).
(c) The series S(t) =Y, ||(et+r1 — eitHr)e=itHop|| s uniformly convergent, for
[t| sufficiently large and lim;—, yo S(t) = 0.
Then Wy exist, and Wy = Q4 (H, Hyp).

Proof. Since s — lim,, 0o Vi, = V on dom(V), for arbitrary ¢ in H we obtain
(i = Ho) ™ o — (i = H) " || = (i — Hp) ™ (Ho — H)(i = H) "9
<[V = V)i = H)"*9|l.
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Thus H,, converges to H in the strong resolvent sense. Therefore, for each ¢

(11) s lim eitHno—itHo _ ,itH —itHo

Now let ¢; = e~ ?Hogp, for ¢ € H. Then we have

(12) (e FUD — H)g | < 32l — e ).
k

By hypothesis the right-hand side of the above inequality is uniformly convergent
and the series as a function of ¢ converges to zero when t — oco. Therefore, we
obtain that the following expression as a function of ¢ also tends to 0 when t — oo

sup [[(eH WD — eitHi)g, .

Now, let € > 0 be given and choose Tj such that ||(e*#H) — ¢tHr) g, || < £/2 for
t > Ty. Fix ko such that if t > Tp, then ||(efx — e®H)g,|| < /2. Then it is
straightforward to verify that if ¢ > Ty, then

(13) (™D — )y || < [|( UV — )y || 4 [[(7H — ) gy

so that this latter inequality is less than . Moreover,

(14) (€D g, —Q)g]| < [V — gy || + || 61 — 21 )9

Then it follows that the left-hand side of (14) can be made arbitrarily small. Finally,
from the above estimates we obtain the existence of W,. Furthermore Q. =
Wa. O

Now, the next corollary is an immediate consequence of the foregoing theorem.

Corollary 3. Suppose Qi (H,, Hy) = s —lim;_, 1o e ne=Ho exist, and let W (t)
tH([)e=itHo  Then the discontinuous dynamics W (t) can be approzimated in
itHn g=itHo  Moreover,

=e
the strong sense by the sequence e

(15) Wi =s— lim Qi(Hn,Ho).

Corollary 4. Let R((, H) be the resolvent of the self-adjoint operator H. Then
(a) HWi = WiHO,
(b) s —limy_—100 R(E, H([t))Wx = WLR(E, Hp).
(¢) Let D(H([t])) be the domain of H([t]). Then, W (D(H([t]))) is contained in
D(Hy).
(d) e_itHWi = Wie_itHO,
Proof. (a) follows directly, since Wy = Q1. On the other hand it is clear that
s —limy—oo R(§, H([t])) = R(§, H). Then (b) is obtained. In order to prove (c) we
recall that D(H) = D(Hy) = D(H,,) for all n. O

2. APPLICATIONS

In this section we show the existence of the impulsive wave operators W defined
by equation (9) when the free dynamics is generated by the Laplacian —A on L?(R?)
and the impulsive dynamics is defined by e?*7() where H(t) = —A 4V (t,2) and
V(t,x) denotes the operator of multiplication by a function V(¢,z), x € R3. The
main assumptions needed are given by a mild restriction on the convergence of the
series whose general term is defined by the jump operator associated to the function
F(t) — eitH([t]) p—itH

Let us begin with the following lemma.
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Lemma 5. Let H([t])) = Hop + V([t]) be self-adjoint, and suppose that V([t]) =
Va([t]) + Vi([t]) where Va([t]) € L*(R3) and V,.([t]) € L"(R3?) for all t and 2 <
r < 3. Let us assume the existence of positive constants o, 8 such that o < % and
2 <r(l+pB) <3. Then for all ¢ belonging to the Schwartz space S the function

(16) £(8) = IV (e o]l

is in L1([1,+00)).

Proof. Let us recall that the dynamics generated by Hy = —A satisfies
(17) le™ " owlly < [t72F3/7) gl

whenever 1/p+1/g =1, and 2 < p < co (see e.g. [8]). Now, let us choose p such
that 1/p + 1/r = 1/2. Then by Holder’s inequality we obtain

IV (D2l o pllz <Va([Dl2lle™* o plloo + Vi (D lle™* 0l
<C1lt1* 722 lgll + Colt|P 232 g .
Since 1/r =1/2 — 1/p, then 8 < 1/2 —3/p. Thus f is in L*([1, 00)). O

2.1. Remark. We notice that under the assumptions of Lemma 5 the L? norm of
the function V (¢, x) is of exponential growth with respect to the ¢ variable.
Let us denote by L,, y € R3, the translation operator acting on L?(R?) defined

as (Lyo)(x) = ¢z — y).

Proposition 6. Let H([t]) = Ho + V([t]) be as above, where V([t]) verifies the
hypothesis of Lemma 5, and let Jy, be the jump operator of the function e*H({t) qt
the integer k. Let o € L*(R3), and suppose that

“+o0
(18) / 1 JeLylla dy < i

—c0
for some positive constant C and X\ < 1/2. Then Wy = s — lim;_, 4o, e[t e=itHo

exist.

Proof. Let ¢ be a Schwartz function and define h(t, s) by the following H-valued
function:
(19) h(t,[s]) = et ([s]) g—itHo
Thus,
Dih(t,s) = e EDY([s])e oy
|

On the other hand, we notice that ||Dyh(s, [ Dllz2 = ||V([ e~ #Hop||y. Moreover
the function f(s) = |V ([s])e~**Hoy||5 is in L([1, 00)), as follows from the previous
Lemma 5.

Next, we claim that the real function M (¢) defined by M (¢) = ||h(t, [t])||2 verifies
the hypothesis of Lemma 1. To this end we recall the integral representation of the
free dynamics

- 1 - -1
—ikHo,, _ =y )R o day.
¢ YT Wink) /R ¢ v oy
From this last identity we get
. . 1 . oN—1 -
tkH (k) (,—ikH, _ —i(y,y) (4ik) ikH (k)
e (e 0p) = @ink)o / e "Wy e Lypdy.
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Furthermore, noting that J = e*# ) — gikH(k=1)

. . » 1
ikH(k) _ _ikH(k—1)\,—ikHo _
||(€ e )6 QOHZ |(47Tk)3/2|

/ e—i(y7y)(4ik)’1JkLy(pdy
]R3

2

Then we finally obtain
. , » 1
ikH(k) _ _ikH(k—1)\,—ikHo < JT.L du.
||(€ € )6 SOHZ— |(47Tk)3/2|/R3 || k y‘P||2 Y

Hence, for a given ¢, by hypothesis we get that there exists a constant Cy, such
that

(20) |(eRH(E) _ gikH(k=1)yo—ikHo )|, < kak_%'

Since A < % this last inequality proves that the series whose general term is the
left-hand side of (20) converges. Thus, the hypotheses of Lemma 1 are now indeed
verified, hence the impulsive wave W operators exist. O

2.2. Remark. We should point out that the above results establish the existence of
the wave operators for the next abstract problem. Let H(t) = Ho+ V (¢), for t € R

ZZ_;L =H([thu, n<t<n+l,
(21) i u(n +¢) = u(n),

lim u(n+1—¢) = =0, 4+1,42,....

e—0+
Then, the solutions of the perturbed equation (21) are compared asymptotically
with those of the free equation

(22) t— = Ho’u,.

The next example had been considered by Cortés et al. [2], in connection with
impulsive linear differential equations [1]. Let U(t) = e~ be a one-parameter
group of operators acting on a Hilbert space H, and let {C,t € R} be a family of
contraction operators on H. Then define

1
(23) A@t) = [] U (k)ChU (k).
k=[t]

We should remark that the authors of [2] impose the operators Cy to be unitary, we
notice that this hypothesis can be removed completely and assume instead the mild
restrictions given below. Let ¢ € H and define h(t, [t]) = A(t)e"*Hop. Suppose
that:

1. fooo |[C1U(1)e~#Hog|| dt < oo for all ¢ belonging to a dense subspace D con-
tained in Dom(H).
2. > o 1 J(k)g|l < oo, for all ¢ € D where J(k) is the jump operator defined
by equation (10).
Then it is straightforward to verify under hypotheses (1) and (2) above that the
conditions of Lemma 1 are satisfied by the H-valued function ¢t — h(t, [¢]). There-
fore, it follows that the impulsive wave operators Wi = s — limy_. 4o, A(t)e™#*Ho
exist in this case.
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