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Abstract. Asymptotic properties of solutions of N-body classical equations of motion
are studied.
1. Introduction

A system of N classical particles interacting with pair potentials can be described
with a Hamiltonian of the form

N N
H= Z &+ Z Vij(zi — zj) (1.1)
=2

2m;
v i>j=1

defined on the phase space X x X', where X = R*" and X' is its conjugate space.
Following Agmon [A] it has become almost standard in the mathematically oriented
literature to replace (1.1) with an essentially more general class of Hamiltonians,
sometimes called generalized N-body Hamiltonians. They are functions on X x X’
of the form )
2 a/,.a
H=38+) Ve, (1.2)
a€ 4
where X is a Euclidean space, {X%:a € .2} is a family of subspaces closed wrt
the algebraic sum and containing {0}, and z* denotes the orthogonal projection of z
onto X?. It is easy to see that after a change of coordinates any Hamiltonian of the
form (1.1) belongs to the class (1.2).
Typical assumptions imposed in the literature on the potential are

[0%V (x| < cqz®) Il (1.3)

where ¢ > 0. If > 1 then we say that the potentials are short range, otherwise
they are long range. Note that (1.2) has an obvious quantum analog, which is the
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self-adjoint operator on the Hilbert space L?*(X) obtained from (1.2) by replacing &2
with —A.

In the two-body case (which for Hamiltonians of the form (1.2) means that the
set .4 consists of just two elements) scattering theory is well understood both for
classical [Sim, RS, vol. III, He] and quantum systems (see e.g. [HO, vol. II and IV,
De2, Sig, IKi, Pe] and references therein). It is also known that there is a deep analogy
between these two cases. We will see that in N-body systems in some aspects this
analogy persists, whereas in other aspects quantum systems seem to be better behaved
than classical ones.

As far as we know in the literature there are very few rigorous results on the scat-
tering theory of classical N-body systems. One of these results belongs to Hunziker
[Hu]. The property that he proved gives a fairly detailed description of the asymp-
totic motion of classical N-body systems and it is a reasonable candidate for the name
“asymptotic completeness” in the classical case; unfortunately, in his proof he had to
assume that all the potentials V' have a compact support in X¢.

On the other hand, scattering theory for quantum N-body systems has been the
subject of quite successful research in recent years. One of the first considerable
achievements in this area was the proof of the asymptotic completeness of 3-body
systems for p > V3 — 1 due to Enss [E1,2]. Note that V3i-1< 1, hence Enss’s
proof applies to short range potentials and to a large subclass of long range potentials.
Another breakthrough was the proof of the asymptotic completeness in the short range
case for any number of particles [SigSof1]. Then a number of papers appeared that
clarified various aspects of the propagation of observables in N-body quantum systems
[SigSof2, 3, Dell, 2]. A very elegant proof of the asymptotic completeness in the N-
body short range case was given by Graf [Graf]. The asymptotic completeness of
4-body long range systems with p = 1 was first proven in [SigSof4]. Finally, the
asymptotic completeness in the long range case with p > v/3 — 1 for an arbitrary
number of particles was proven in [De3].

This paper is devoted to certain questions about the classical N-body scattering
which are closely related to the concept of the asymptotic completeness. The author
tries to take methods developed in the quantum case and to apply them in the classical
case. It turns out that sometimes analogous results can be shown, almost with no
change. In fact, in the classical case some details can be simplified and proofs become
less technical. On the other hand, there are statements which can be shown in the
quantum setting, whereas we doubt it if one can show their quantum analogs.

Our first result, which is directly inspired by its quantum analog, is the existence
of the limit

lim t~'z(), (1.4)
t—oo

where z(t) is a solution of the equation of motion of an N-body system. In the
quantum case this fact follows easily by the methods of [Graf] and was first explicitly
stated and proved in [De2] (see also [De3]).

The existence of the limit (1.4) enables us to classify the set of all trajectories into
natural disjoint categories labelled with elements of . 4. Namely, if X, denotes the
orthogonal complement of X then a solution x(t) of the equation of motion of an
N-body system will be called an a-solution if and only if

Jim t‘lz(t)eXa\ U x. (1.5)

Xbﬁxa
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An a-solution for large time feels mainly the influence of the cluster Hamiltonian

. 12 be..b
Hy=5&+ Y, Vi@,
Xboxea

which is simpler than H; the remaining part of interaction I, = H — H, acts as a
time dependent perturbation which decays with time. The cluster Hamiltonian H, has
the form %52 + H,, where H® does not depend on the “sub-a” variables. Hence in
the case of the motion generated by this Hamiltonian “sup-a” and “super-a” variables
evolve independently. It is of course no longer true in the case of the full Hamiltonian,
nevertheless it is natural to look at these two coordinates of a-solutions separately.
(Recall that “super-a” coordinates describe the intracluster motion and the “sub-a”
coordinates describe the intercluster motion.)

Our second result gives an estimate on the “super-a” coordinates of an a-solution.
It says that

|zot)] < 237" (1.6)
Note that a priori we just know that
Jim t7'z%1t) =0. 1.7)

Thus (1.6) is an improvement of (1.7). This estimate is directly inspired by the proof
of the asymptotic completeness for the long range N-body quantum problem [De3].
Note that (1.6) cannot be in general improved, as one can easily convince oneself
considering a two body Hamiltonian with V(z) = — |z|™~.
One should note one important difference between classical and quantum systems.
In quantum systems two types of states appear: bound states and states from the
continuous spectrum. In the classical case if we restrict ourselves to positive time it
is natural to distinguish 3 types of solutions:
1) bounded solutions,
2) “almost-bounded solutions,” that is unbounded solutions that satisfy

lim ¢t~ 'z(@t) =0, (1.8)
t—o00

3) “scattering solutions,” that is solutions for which

Jim t7lat) £0. (1.9)

Note also, that (1.6) gives an upper bound on “almost-bounded solutions.”)

So far classical results (the existence of (1.4) and the bound (1.6)) were close
analogs of their quantum counterparts. Note that both of them describe properties
of the evolution generated by the full Hamiltonian without reference to some other
evolution. When one wants to compare two evolutions, which is the standard ap-
proach in the scattering theory, then the analogy between the classical and quantum
case becomes much weaker. It is even not clear what property should be called the
asymptotic completeness in the classical case. Let us list three candidates to this name.

Property 1. If z(t) is an a-solution then there exists a function R 5 t — y,(t) € X,
such that y,(t) is a solution of the equations of motion generated by

ho =3 8+ Lu(@a)
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and
tlim Ta(t) —ya(t) =0.

Property II. We assume additionally that there exists a function R 3 t — y%(t) € X*
such that y*(t) is a solution of the equation of motion generated by H?,

Jim (z%(t) — y*(@®) = 0

and
Jim 7y t) =0. (1.10)

Property II1. As Property Il except that y*(t) is bounded.

Note that Property I is probably too weak to deserve the name of “asymptotic
completeness.” On the other hand we will show that it is true if > /3 — 1-essentially
for the same class of systems for which the asymptotic completeness is known to be
true in the quantum case. Note also that in the case of short range systems (u > 1)
we can replace ho with § £2 in the definition of Property 1.

We will prove Property II for systems with potentials that decay faster than any ex-
ponential. This property seems to be quite close to our intuition of what the asymptotic
completeless should mean. Unfortunately, in the general N-body case we do not know
if Property II is true if we relax significantly the assumption of the superexponential
decay of the potentials.

Anyway, it is Property III which is probably closest to the intuition of the asymp-
totic completeless. Unfortunately, it is seldom true due to the presence of almost-
bounded trajectories. It is possible to show it if potentials are of compact support
[Hu].

2. Notation

In this section we fix notation used in this article. X will denote a Euclidean space. It
will have the meaning of the configuration space of an N-body system. {X,:a € .4}
is a certain family of subspaces of X closed wrt the intersection. We will assume
that X, . := X belongs to this family. We will write a; C a; iff X, D X,, and
b=a1Uay iff X = X, NX,,. We will write anqex := |J a. Note that most authors
a€.?

assume that z,,, = {0}; it will not be necessary to make this assumption. If a € %
then #a denotes the maximal number of distinct a; such that a = a, C --- C a; =
Gmax- We set N := max{#a:a € 4}. Note that #ay,;, = N and #am,x = 1.

The orthogonal complement of X, in X is denoted X¢. 7* and 7, will stand for
the orthogonal projections of X onto X® and X, respectively. We will often write
z% and z, instead of 7%z and 7w, zx.

There will also be special symbols for the sets

Zy = Xa\ U % 2.1)
bga

and

Y, = X\ U x.. 2.2)

bZa
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The Euclidean norm of a vector z will be denoted |z|. Moreover, (z) := vz2 + 1. If
e > 0 then XZ will denote {z:dist(z, X,) < €}. We will write that f € .7 iff f is
a function on X and for any a € .Z there exists £ > 0 such that f depends in X¢
just on z,. x(P(x)) will denote the characteristic function of the set defined by the
condition P(z).

The phase space of an N-body system is X x X’. An element of this space will
be usually denoted (z, &).

We will study the motion described by a Hamiltonian of the form H = % E4+V().
Such a motion is described by a solution of the equation

i(t) = -VV(z®)). (2.3)

We will call (2.3) the equation of motion generated by the Hamiltonian H (the e.m.g.
by H).
We assume that for every a € .4 we are given a function V* € C'(X?) such that
lim V%x%) = 0. We set

2@ |00
V(z):= Z Ve(z%)
a€c. 7

and
Va(@) =) V).

bCa

We define H := 1 &2+ V(z) and H, := € + V,(z). Clearly, H = H,,,,. Note
that H, = 1 &2+ H®, where H® := 1 (%)% + V(). We define e, := inf V,(z), and

E, = lhgll inf V,(z%) = min{ey:b G a}.

We set I, :=V — V,. We also define h, 1= § €2 + I,(z,).

3. Main Results

Our first result says that every trajectory of an N-body system possesses an asymptotic
velocity. Note that this result has a quantum analog [De2, 3] and is inspired by [Graf].

Theorem 3.1. Assume that for every a € % and some p > 0,
|VVex®)| < c(z®) 17+, (3.1
Let xz(t) be a solution of the e.m.g. by H. Then there exists
Jim ¢~lx(t). (3.2)
If this limit belongs to Z, then it equals
tll»lga Za(t). 3.3)
Denote 3.2 by pt and set E := H(z(t),£&()). (Clearly, E does not depend on t.) Then

1
EZE(Z):)Z'F&;.
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The configuration space X is the disjoint union of sets Z,. Hence the condition

lim t~'z(t) € Z, (3.4)
t—o0

separates the set of all trajectories into distinct categories labelled with elements of

4. Clearly, for a solution satisfying (3.4),
lim ¢t~ 'z%(t) = 0. (3.5)
t—oo

It turns out that (3.5) can be improved, which is the subject of our next result. Also

this result has a quantum analog, which is an important step in the proof of the
asymptotic completeness of quantum /N-body long range systems [De3].

Theorem 3.2. Let z(t) be a solution of the e.m.g. by H such that (3.4) holds. Let p,
and E be defined as in Theorem 3.1. If

E< —21— ®1) + Ea,
then x%(t) is bounded. Otherwise the following estimates are true.
a) Iffor any b € % |VV(x®)| < ¢ (x®) 7, then

|zo@)] < 227 (3.6)
b) If for any b € 4 there exists § > 0 such that |VV(z?)| < 0e=%"), then

[z%(t)] < e(1 + Int). 3.7
c) If for any b € % V?® is compactly supported, then z°(t) is bounded.

The above theorem gives some information on the behavior of “internal” coordi-
nates of a trajectory. It turns out that one can say a lot more about the “external”
coordinates. We will show that they are close to a solution of the e.m.g. by the
Hamiltonian h,.

Note that in the following theorem two borderline values of y appear: V3 -1 and
1. In the quantum case the first one is the borderline for the validity of the proof of the
asymptotic completeness given in [De3] and p = 1 is the borderline for the existence
of usual wave operators. Statements about classical systems given in Theorem 3.3 are
however much more modest.

Theorem 3.3. Suppose that x(t) is a solution of the e.m.g. by H that satisfies (3.4).
Let p} and E be defined as in Theorem 3.1. Suppose that for any b € % |0%V(zp)| <
c(zb) 11 for |a| = 1,2.
a) If y, is any solution of the e.m.g. by h, such that tlim Ya(t) = pF then we have:
—0Q
Ta(t) = ya(t) = O Omt2C+w7) (3.8)

b) Suppose that a = amin or E < 5 (pF)* + Eq or pp > V3 — 1. Then there exists a
unique solution §o(t) of the e.m.g. by h, such that

Jim (z4(t) — §a(®) = 0. 3.9)

d
.
Moreover, tlggo 7 Ja () = py.
c) Let > 1. Then there exists a unique §+ € X, such that
tlim (Ta(t) — FF —tpt) =0. (3.10)
—00
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In the case of quantum N-body systems the theorem on the asymptotic complete-
ness [SigSofl, 4, Graf, De3] gives a fairly deep description of scattering states. In the
classical case it is even not clear what should be the definition of the notion to be
called the asymptotic completeness. Our next theorem proposes such a definition and
states that it is satisfied if potentials decay faster than any exponential.

Theorem 3.4. Suppose that for every b € 4 V*V(xb) is bounded and for every
6 > 0 there exists o such that [VV(x®)| < o e~%%%l. Then the following statement
are true.

a) For any solution y(t) of the e.m.g. by H, such that

Jim t7lyt) € Z, (3.11)

there exists a unique solution z(t) of the e.m.g. by H such that for any 6 > 0

Jim e (z(t) - y() = 0 (3.12)
and
lim t(@(t) — () = 0. (3.13)

b) For any solution x(t) of the e.m.g. by H such that

lim ¢t 'z(t) € Z,, (3.14)
t—o00

there exists a unique solution y(t) of the e.m.g. by H, such that for any 6 > 0,

Jim P @t) — y(t) =0 (3.15)
and
lim #((t) — y(t)) = 0. (3.16)

Note that all the solutions of e.m.g. by H,, are of the form y(t) = y*(t)+y} +tp],
where y*(t) is a solution of the e.m.g. by H®. If y(¢) satisfies (3.11) then y%(¢) is a
bounded or almost-bounded solution. If potentials are compactly suported then there
are no almost-bounded solutions, as follows from Theorem 3.2c. Thus in this case all
the trajectories can be asymptotically decomposed into a bounded intracluster motion
and a free intercluster motion — which is probably the most intuitive candidate for the
definition of the asymptotic completeness. Hence for compactly supported potentials
Theorem 3.4 reduces to the result proved by Hunziker [Hu].

4. Special Observables

In this section we describe the construction of certain special observables. Actually,
one could work here with the observables from [De3], which were used there in the
quantum case. But in the classical case we do not need them to be differentiable,
which makes their construction easier. (Because of their nondifferentiability we will
have to deal with derivatives in the distributional sense, which causes no additional
problems.)
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Let o1, ..., onv > 0 be a sequence of positive numbers. We define
1 if a2 > x7 for all b ,
Qu(@) = { ! if 22 -l.-P#a zy + om for all b # a @D
otherwise.
1
R(z) := 3 max{z2 + g4,:a € A} 4.2)
1
=D 5@ + 1) Qul@). 3)
a€. 2
The following proposition describes some properties of R.
Proposition 4.1. R is a continuous convex function. Moreover:
a) 1 (2® + c1) < R(z) < 3 (2% + &) for some ¢y, c; > 0,
b) VR(z) = Z/ TaQa(T),
ac
c) VZR(-T) > Z 7'ra,Qa(-'E),
a€ A
d) forany £ € X
EVZR@)E — 2VR@)E +2R(2) > ) Qul@) €0 — o, (4.4)
a€.”
e) if we choose appropriately g1, ..., on (e.g. if oj ;=M I for large enough M)
then R € ..

For the proof of this proposition we refer the reader to [De3]. In fact, it is straight-
forward, maybe except for ¢). Note also that this proposition is closely related to the
construction of [Graf].

Next we define r(x) := /2R(x); (see [Ya] for a similar construction).

Proposition 4.2. r(z) is a continuous convex function.

Proof. (See also [De3]). The positivity of the left-hand side of (4.4) implies the
following inequality:

V2R(z)2R(z) — VR(z)VR(z) > 0.

This implies immediately

Vir(z) > 0. QED
Now suppose that a function R; > ¢ — w(t) € R has been fixed. We set
Ri(@) = wt)’R( — 4.5)
w(t)
and
x

We also define

d d\ R
B = (g +e ) 2
1 T\ 2.2 z
=t w(t)EVR<—w(t)) t w(t)R(—w(t))

-1, N x
+t w(t)w(t)<2R(w(t)) @ VR(w(t)))’ 4.7
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and

d d
by(z) == <E +¢& EE) ri(x)

. T T xT

Ry(x)

(modulo terms which decay with time). This remarkable property is expressed by the
following identities:

The observables and r¢(z) are approximately convex along the trajectories

d d Ri(z)
(a +€£— VV(z )—€> :
d d
=(E+€EE—VV(ZL') )

L L =z
=t 10, +t w(t)w(t)< ( (t)) w(t) R(w(t))>

-t w(t)VV(x)VR( (t)) 4.9)

2
2 €T
(ﬁ “’“>Tt>) ”(m)
o BN (e = x
2 w(t)< g (t)) (£ w) (t)) R(w(t))
e (1- O R (2
Lo w(t)(l w(t)) R(w(t))

>3 Qa(w(t)) (éa - —“)2 >0. (4.10)

a€.”

where

Note that the second term on the right-hand side of (4.9) is O(t~'w(t)w(t)) and the

last term is O(t~! sup{|VV%(x?)):|z%| > cw(t)}) for some ¢ > 0. If w(t) = t° and

the potentials satisfy (3.1) then these terms are O@t=3*28y and Ot~ 1-%m) respectively.
Here are analogous identities for ry:

d d 2 d d

o ) I N A
—w (t)Ct+w(t)(T (w(t)) w(t) vr<w(t)>>

- VV(.Z')VVT( (t)) (4.11)

2
2 x

where
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Note that the second term on the right-hand side of (4.11) is O(w(t)) and the last term
is O(sup{|VV%(z®)|:|z%| > cw(t)}) for some ¢ > 0. If w(t) = t® and the potentials
satisfy (3.1) then these terms are O(t~>*%) and O(t~®(0+M) respectively.

5. Existence of Asymptotic Velocity

This section is devoted to the proof of Theorem 3.1 Essentially all the arguments used
in this proof are parallel to the ones used in the proof of its quantum analog [Graf,
De2, 3]. At some points the commutativity of observables in the classical mechanics
allows for some simplification.

In what follows x(¢) is an arbitrary solution of the e.m.g. by H and &£(t) = z(2).
We start with a simple lemma about the boundedness of the velocity.

Lemma 5.1. There exists c such that |£(t)| < c and |z(t)| < c(1 + ).

Proof. V is bounded and H is constant on a trajectory. Hence %fz(t) = H(xz(t),
&(t)) — V(z(t)) is bounded. Moreover

:li; ;wz =£&4t)—zVV(z)<ec.

Hence 22 < ¢(1 +t)2. QED

The next two propositions are analogs of basic propagation estimates of the Graf
approach [Graf, De2, 3].

Proposition 5.2. Leta € 4,1 > 6 > 0ande > 0. Then

x® 2
/ t™'x(z : for every b ¢ a|zb| > etf) <Lt) - §a(t)) dt < c0. 5.1
1

Proof. Consider the observable Bt(z, £) constructed in Sect. 4, where we set w(t) :=
6. Let B(t) := By(x(t), £(t)) Note that B(t) is uniformly bounded. Now

2
d
> —
c> / 7 B(t)dt

tl

/ > an(52) (22 —fa(t>)

a€”

ty
- / A DV (5.2)
t

Now the second integral on the right-hand side of (5.2) is uniformly bounded, and
if we choose the parameters g, ..., on appropriately then the first integral will
dominate the integral in (5.1). QED

Proposition 5.3. Let a € 4 and € > 0. Then

wa(t)

/ t~x(z: forevery b ¢ a |xb{ > et) - §a(t)‘ dt < co. 5.3)
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Proof. We may suppose that |z(t)| < cot. Choose J € C§°(X)N.F such that supp J C
Y,and J =1 on

{z: forevery b ¢ alz’| > ¢, |z| < co} .

Ki(z,6) = J(%) Za

and K (t) := K(z(t),£(t)). Clearly, K(t) is uniformly bounded. Now

i K(t) = —t-lJ(x(t)> - Ea(t)}

1 z(®) z(t)
(5 5@) (=)

-1
+J($f)> 20 _ et (“"‘(t) —@(t)) Valo@(®). (54)

Next note that we can find a family of continuous functions {j,:b C a} such that

0<4»b <1, > jo=1o0nsuppVJ, suppjp C Y, and J depends just on z; on
bCa

supp j»- Hence the second term on the right-hand side of (5.4) equals

St (w"(t) £b<t>> vJ (“”) s (@)

bCa

Consider

Q)

Zo(t)

- ga(t)‘

Zq(t)

- fa(t)‘

This is integrable by previous proposition. The third term is O(t~!~#) and hence is
integrable. Consequently

i (1)
[(F)
1
Proof of Theorem 3.1. Consider first J € C°(X)N.%. Then
£(2) -0 () ()
= (m—(t) —&z(t)) (?) ja (%’2) ,

a€.”

Zq(t)

renie Ea(t)‘ dt < 0. QED

where 0 < j, <1, 3 jo =1, suppj, C Y, and J depends just on x, on supp j,.
a€ A

This is integrable by Proposition 5.3. Hence

tllgl(> J (@) (5.5)

exists. If J € Cp(X) is arbitrary, it can be approximated by functions from C§*(X)N
% . Hence the limit (5.5) exists also for such functions.
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Now choose J € Cy(X) equal to one on a large enough set so that J (I—?)—> =1
for t > ty. Now

o) _ (2020 () (20} 20
P () (- ()

The second part of the above expression is zero and the first is convergent by the above
arguments. This proves the existence of the limit (3.2). The proof of the remaining
statements of Theorem 3.1 is easy and is left to the reader. QED

6. Intracluster Motion
In this section we prove Theorem 3.2 which describes an upper bound on the growth of

intracluster coordinates. Throughout this section we will use quite general assumptions
on the potentials. Namely, we will suppose that

/ g(s)ds < oo,
0
where
g(s) == sup{|VV°(@®)|: b € 2, |z°| > s}.
We set

e}

G(s) := / g(s1)dsy .

S

Note that there exists a unique solution Ry > ¢t — w(t) € R, of the equation

W) = — g(w(?)) (6.1)
such that w(0) = 0 and
Jim @ —0. 6.2)

In fact, (6.1) is the e.m.g. by the Hamiltonian % w? — G(w) and condition (6.2) implies
that this solution satisfies § w?(t) — G(w(t)) = 0. Let us give some examples.
1) g(w) = w='"#. Then

1
w(t) = ((2 + “)Z) "o

2(1 +p)
2) g(w) = e~%". Then

w(t)=§‘<m <t+\/%) _ln\/%)'

3) Suppose that supp g = [0, so]. Then there exists ¢y such that for ¢ > t, we have
w(t) = 80.
The following theorem is a kind of generalization of Theorem 3.2.
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Theorem 6.1. Suppose that z(t) is a solution of the e.m.g. by H such that

lim @GZG.

t—o0
Then there exists ¢ such that
|lz(®)| < c(w(®) +1). 63)

Proof. Replace X with X¢ throughout Sect.4. Construct a function r(z%). By a
scaling argument we can always assume that r(z®) depends just on z° on {z%: |2°| <
1} for b C a.

We will consider the function 7(t) := ry(z%(t)) where ri(x®) := wt)r (5@))

and w(t) is the solution of (6.1) described at the beginning of this section. Now

a

a x
‘VVQ(:I: Vr (w(t)

)‘ < ag(w(?)).
Moreover, by Theorem 3.1
[VIa(z(®)| < c3g(cot) .-

By (4.11) and (4.12) we obtain:

d?
7 7(t) > — a1 )| — crg(w(t)) — cig(cot) - (6.4)
We know that w(t) < 0 and g(w(t)) = —w(t). Moreover, for large enough time
w(t) < cot. Hence for ¢ > i
d? ,
¥l (r@) —(c1 + 2 + zm)w(®) = 0. (6.5)
We also know that
Jim t7Nr(t) — (c1 + e + ) w(t) = 0. (6.6)

Now (6.5) and (6.6) imply

% (r@) — (c1 + ¢ + Hw(t) < 0. (6.7)

Hence
rt) — (c1+ o+ Hw) < cq. (6.8)

This clearly implies (6.3). QED

7. Asymptotics of Intercluster Motion

In this section we prove Theorem 3.3 which describes the asymptotics of the “sub-a”
coordinate of an a-solution of the e.m.g. by H.
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We start with the proof of a) which describes the most rough asymptotics valid for
all y. Let 0 < ¢t < T. Then the equation of motion satisfied by x(t) and y,(¢) imply

the following integral equations:

t T
To(t) = 2,0) + 2,(T)t + (/ s+t /) Vola(z(s))ds
0 t

and

Tt~—n

t
Ya(t) = Y2 (0) + g (M)t + (/ s+t ) Vala(ya(s))ds.
0

We subtract these two equations and let 7' — co. We obtain

t oo
Ya(t) = Za(t) = ¥a(0) — 24(0) + ( / s+1 )
0 t

X (Vala(ya(s)) — Vala(z(5)))ds .
We set 2,(t) := yo(t) — z,(t). Note that
IVala(¥a(8)) — Vala(z(s))|
< [Vala(@a(s)) = Vala(@(s))| + [Vala®a(s)) — Vala(@a(s))|
< els) R ()2 4 |x(s)]).
We insert (7.4) into (7.3) and obtain

[e )

t
|20 ()] < () Ompt 2T 4 ( / s+t / ) ()72 ¥ 2(s)| ds .
0

t

We know a priori that
|2a@)| < c(t)

We insert this into (7.5) and obtain
|2o@®)| < c(t)ma"(o’l"‘).
After a sufficient number of iterations we get

|za(t)| S c<t>max(0,—u+2(2+;t)'l)‘

(71.1)

(71.2)

(7.3)

(7.4)

(1.5)

Now let us prove b). For simplicity we shall consider only the case p > v/3 — 1.
Other cases are similar and simpler. Let y,(¢) be any solution of the e.m.g. by h,
such that tlim Jo(t) = pt (as in a)). If 0 < t < T then the following identities are

—00

true:

Falt) = 2o(T) + / Vala(a(s))ds
t

and

Ja() = 9a(T) + / Vo Lo (va(s)ds
t
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We subtract one from the other and let T' — oo. Thus

Ya(t) — 2o(t) = /(vaIa(ya(S)) — Valo(x(s))ds . (7.6)
t
Equation 7.4 and the boundedness of |z,(t) — y,(t)| obtained in a) implies:
Wa(®) — £a®)| < c / (s) 2 H 22t g < o)1 H2EWT 1.7

t

Now if > v/3 — 1 then —p + 2(2 + p)~' < 0. Hence in this case the right-hand
side of (7.7) is integrable. Consequently there exists

Jlim Ya(t) — 2a(®) =: v -

Arguments that belong to the standard 2-body classical long range theory show that
there exists another unique solution §,(¢) of the e.m.g. by h, such that

lim (ya(t) — Ga(®)) = ya
t—oo
and p d
Lim T Ya(®) = lim T Fa(t) -
74 (t) is the solution we have been looking for. This proves b).
Standard 2-body classical short range scattering theory says that if u > 1 then
there exists a unique g} € X, such that
lim (§a(t) — tp} — §3) = 0.
t—o0
This proves c). QED.

8. Asymptotic Completeness

In this section we prove Theorem 3.4. One can, somewhat loosely, describe it as
a theorem about the existence of “classical wave operators” and their “asymptotic
completeness.” Unfortunately, the conditions that we have to impose on potentials
to prove this theorem are very restrictive, namely, we have to assume that all the
potentials decay faster than any exponential.

Note that the proof of Theorem 8.1 has actually little to do with the structure
of N-body systems. The most important ingredients of this proof are Theorem 3.1
and the following general fact about the stability of solutions of Newton’s equation
perturbed with a force that decays exponentially in time.

Theorem 8.1. Suppose that 6 > 0 and §*> > k > 0. Let

and
Ry xX3(t,2z)— Ft,2) e X

satisfy
G| <oe®, Ft,0=0 and |V,F(t,2)|<k.



518

Then there exists a unique solution z(t) of the equation
21t) = G@) + F(, 2(t))
such that
lim e’ 2(¢) =0
t—o0
and
lim t2(t) = 0.
t—oo
Proof. Let 0 <t < T. Then

T

2(t) = 2(1) — 2(DY(T —t) + / (s —t) (G(s) + F(s,2(s)))ds .

t

If we let T' — o0, use (8.2) and (8.3), then we obtain
2(t) = /(s — 1) (G(s) + F(s,z(s)))ds.
t
Introduce the Banach space
Z = {z € CRy, X): tlim etz (t) = O} ,
equipped with the norm ||z|| := sup |e®*2(2)|. We denote
>0

Z,:={z€ Z:]z] <}.
Equation (8.5) can be rewritten as
z= Pz,

where

Pz(t) = /(s — 1) (G(s) + F'(s,z(s)))ds.
t

Our theorem will follow immediately from the following lemma.

J. Dereziniski

8.1

(8.2)

(8.3)

(8.4)

(8.5)

(8.6)

8.7

Lemma 8.2. Let y > _7 Then P maps and Z. into itself and is a contradiction.
—K

92
Proof. Note that |F(t, z(t))| < s|z(t)| and

/(s —t)e %ds =072,
t

Thus

|Pz(t)| < (0 + k7) 0727 < (v(0° — k) +vK) 0% % = ve %

This shows that P maps Z,, into itself.
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Now

|Pz1(t) — Pz(@)| < /(s —t)(sup |[VF(s, 2)|) |21(s) — z2(s)| ds
t

(o]
< /(s —t) ke 9|21 — z||ds = K87 2e70%|z) — 2| .
t

Hence
[[Pz1 — Pz| < n€"2||z1 — 2|l

This shows that P is a contraction. QED

The following corollary of Theorem 8.1 describes how one can compare solutions
of two Newton’s equations.

Corollary 8.3. Suppose that we are given functions
Rydt—zit)e X, X>dz—F@eX,

and
Xszrz— FhxeX.

Suppose that § > 0, 6> > K,
IVE@| <k, |B@i®)— Fi@®) <oe®

and
1) = Fi(z,(2)) -

Then there exists a unique solution Ry — xz,(t) of the equation
Zo(t) = Fa(xa(t))
such that
lim e®(z1(t) — z2(8) = 0
t—o00
and
lim t(z;(t) — £2(¢)) = 0.
t—o00
Proof. We set z(t) := x,(t) — z1(t) and obtain the following equation:
2t) = G@) + F(t, 2(t)),

where
G(t) := Fy(z(1)) — Fi(z1(2)

and
F@,2) = folx1(t) + 2) — Fa(z1 (1)) .

Then we apply Theorem 8.1. QED
Proof of Theorem 3.4. Equation (3.11) implies that
@) > et —c (8.8)

for any b ¢ a and some € > 0. Hence it is clear that for any 6 > O there exists o
such that
IVI(y(®)] < oe™®.
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Analogously, (3.14) implies
|zb(t)] > et — ¢ (8.9)

for any b ¢ a and some £ > 0. Consequently, also VI (z(t)) decays faster than any
exponential.

We will apply Corollary 8.3 twice. First we set z,(t) := y(t), z2(t) = z(t),
Fi(x) := —VV,(x) and Fp(x) := —VV(z). Note that Fi(z) — F5(z) = VI, (x).
Corollary 8.3 implies a).

Next we interchange 1 and 2. Another application of Corollary 8.3 yields
b). QED
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