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SCATTERING THEORY FOR 3-PARTICLE SYSTEMS
IN CONSTANT MAGNETIC FIELDS :
DISPERSIVE CASE

by C. GERARD and I. LABA®

1. Introduction.

A system of N interacting particles of masses m; and electric charges
¢; in a constant magnetic field B = (0,0,2b) in R3 is described by the
Hamiltonian

N
1
(1.1) H=Y o—(Di—qJe)* + ) Vijlei — z),
1 1

i<j
where J is the vector potential associated with the field. We will use the
transversal gauge in which J is the skew-symmetric matrix

0 =b 0
(1.2) J=|b 0 0
0 0 0

We consider the case when N = 3 and assume that all of the particles are
charged, i.e., ¢; # 0 for 1 < 7 < 3. No other conditions on the charges of
particles will be needed. In particular, the system is allowed to have neutral
proper subsystems (pairs).

The main task of scattering theory is to describe the large time
asymptotic behaviour of the solutions of the Schrédinger equation

.Ou
ZE = Hu.
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For an N-particle system described by (1.1), with pair interactions Vj;
vanishing at infinity, one expects that it either remains stable or breaks
up into asymptotically independent stable subsystems called clusters. This
statement cast into precise mathematical terms is called asymptotic com-
pleteness.

In [GL1] and [GL2], we proved asymptotic completeness for short-
range and long-range systems of NV charged particles in a constant magnetic
field, under the assumption that they have no neutral proper subsystems.
In this paper, the latter assumption is not required. However, our results
are restricted to the 3—body case, and to Coulomb-type interactions.

We saw in [GL1] that the behaviour of noninteracting clusters depends
on their electric charge. Bound states of charged clusters escape to infinity
only along the field and their transversal to the field coordinates remain
bounded. On the other hand, bound states of neutral clusters may travel
across the field with a nonzero average velocity which depends on their
internal structure. We emphasize that this has nothing to do with the
free motion of the center of mass which occurs in the absence of external
forces. Noninteracting charged particles, quantum or classical, can perform
only bounded motion in the directions transversal to the magnetic field;
whether the sum of their electric charges is zero or not is irrelevant. The
motion of clusters of charged particles across the field becomes possible if
the Lorentz forces are cancelled by the interactions between the particles.
This can occur only for bound states of neutral clusters. We call this
case dispersive, since the effective kinetic energy of such states is given
by a certain dispersive Hamiltonian. For a more detailed discussion of the
properties of bound states, we refer the reader to [GL1].

It is expected that if an N—particle system breaks up into clusters
moving away from one another, the asymptotic behaviour of these clusters
will be similar to that described above. Thus, if neutral clusters are present,
there will be scattering channels corresponding to the unbounded motion of
those clusters across the field. The mathematical analysis of these channels
is significantly harder than that of channels involving only charged clusters.
Before we state and prove our results rigorously, let us describe heuristically
the general outline of the paper, the main difficulties we encountered in
solving the problem and the methods we employed to overcome them.

Our main result — asymptotic completeness — is stated in Section 4
(Theorem 4.5). In order to formulate it rigorously, we first need to review
our discussion of the separation of the center of mass ([GL1]), which will
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allow us to introduce a suitable notion of reduced Hamiltonians. We do this
in Section 3. The bound states, scattering states, and channel identification
operators are defined in Section 4. Our assumptions on the pair interactions
Vi; are stated in Section 2, where we also review the notation used in this
paper.

The main steps in our proof of asymptotic completeness are the
following. We first prove the Mourre estimate (Sections 6 and 7), from which
the minimal velocity estimate follows (Section 8). This shows that, for
states orthogonal to the bound states of the system, the system breaks up
into clusters moving away from one another with nonzero relative velocities.
To decouple the different scattering channels, we apply standard arguments
(i.e., the construction of the asymptotic velocity — see Section 4) to the
propagation in the direction of the field, and use the methods of [GL2] to
treat the propagation in the transversal directions (Section 9). Finally, in
Section 10 we combine these results to replace the exact evolution e~#* of
the system by the asymptotic evolutions used in the definition of the wave
operators.

The proof of the Mourre estimate contains most of the new ideas in
this article. Since this part of the paper is also quite technical, we explain
it here in some detail.

Given two selfadjoint operators: H and B, we will say that B > ¢
at H = X\ if EA(H)BEA(H) > cEa(H)?, provided that the interval
A = (A= 6\ + 6) is sufficiently small (see Definition 5.1). We will also
use the notation :

}iIrlfAB=sup{c€RlB>catH=)\}.

We say that H satisfies the strict Mourre estimate with the conjugate
operator A at energy A if

inf [H,iA] > 0.
H=\

The importance of the Mourre estimate in spectral and scattering theory for
multiparticle systems is well-known (see e.g., [Mo], [PSS], [SS1-5], [CFKS],
[DG], [HuSi]). If H satisfies the strict Mourre estimate at all points A
in an interval I, its spectrum in this interval is absolutely continuous.
Moreover, one obtains the limiting absorption principle, local decay and
minimal velocity estimates. In particular, the Mourre estimate is a key
part of the existing proofs of asymptotic completeness ([SS1], [Gr], [Del]).
For this purpose, one needs to show the Mourre estimate for all values
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of A, except possibly for a closed and discrete subset of R, consisting of
thresholds and eigenvalues of H. (In fact, one first has to show that, up to
a compact error, a similar estimate holds at all points, including possible
eigenvalues of H, away from the threshold set, and then deduce from this
the above statement. This step will not be discussed here; an abstract
version of the argument involved is given in Lemma 5.4.)

In [GL1], where we proved the Mourre estimate for Hamiltonians of
the form (1.1) under the assumption that all proper subsystems are charged,
the main difficulty was that conventional separation of the center of mass
motion was not possible. Instead, we had to exploit the fact that the mag-
netic Hamiltonian has a constant of motion called pseudomomentum, and
define the reduced Hamiltonians using suitable unitary operators U,. The
rest of the proof of the Mourre estimate was similar to that for N-particle
Hamiltonians without a magnetic field. For comparison purposes, let us
sketch it briefly. Let A = %((Dz, 2)+(z,D,)) be the generator of dilations
in the direction of the field. A standard argument involving a partition of
unity shows that one can obtain the Mourre estimate for H, with A as
the conjugate operator, from similar estimates for the Hamiltonians H, of
noninteracting clusters (given a cluster decomposition a, i.e., a partition of
the set {1,..., N} into disjoint nonempty sets, H, is obtained by subtract-
ing from H the interactions V;; between particles belonging to different
clusters). We assume that all clusters in any decomposition a consisting of
at least two of them are charged. We then have

1
H, = §D§a + H*,

1
where -—Dfo is the kinetic energy of the motion of the centers of mass of

the clusters in the direction of the magnetic field, and H* — the energy of
the motion within clusters together with the energy of the bounded motion
of their centers of mass across the field.

To prove the Mourre estimate, we proceed by induction in a. If
a = GOmin 1S the decomposition into N clusters, each consisting of one
particle, H%i» has only pure point spectrum (the Landau levels of the
noninteracting particles). Then

inf_ [Ho,,,i4] = inf | DI, >0,
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if X ¢ opp(H®™i). For a # amin, We obtain that
inf [H,,iA] = inf (D? +[H®,iA])
Ha=)X Ho=Xx" 7@

a

= inf (_ inf D2 + inf [H%iA])
Ar+A2=A —;-Dfa:)\l ¢ He=Xy

= inf (2)\1 + inf [H“,iA]).
A1+A2=A,2120 Ha=)\,
By the previous step of induction (i.e., the Mourre estimate for H?),
Hinf)\ [H*,iA] > 0 if Ay is not a threshold or eigenvalue of H®, Hence
=2

the right-hand side of the above equation is strictly positive unless A\; = 0
and A = )\; is a threshold or eigenvalue of H°.

If the total charge @ = Y ¢; of the system is nonzero, one eventually
obtains the Mourre estimate for H with the conjugate operator A at all
energy values A\ € R\ 7, where the set 7 (consisting of the eigenvalues of H,
for all a) is closed and discrete. If the system is neutral (@ = 0), the result
is similar, except that the Mourre estimate is localized not only in energy,
but also in pseudomomentum. Consequently, for all scattering states of the
system (defined in Section 4), the clusters separate with nonzero relative
velocities in the direction of the field.

This picture changes radically if we allow the system to have neutral
subsystems. Let N = 3, and consider the Hamiltonian H, of noninteracting
clusters for a cluster decomposition a = {(1,2),(3)} containing a neutral
pair (1,2). We have

1
H, = 2 D? + H*®+ H*",

1 . . .
where EDEG is, as before, the kinetic energy of the motion of centers of

mass of clusters along the field, H* is the kinetic energy of the motion
of the third particle across the field (the spectrum of H*° consists of its
Landau levels A;), and H*" is the Hamiltonian of the neutral pair (1,2)
with its center of mass motion along the field removed.

The separation of the center of mass motion across the field, and the
corresponding notion of reduced Hamiltonians, for the neutral pair is rather
different from either the charged case or the free case (with no magnetic
field). We use the fact that the pseudomomentum k of the neutral pair
commutes with H%", to write H*" as a direct integral

3]
Ho® = / H(k)dk,
R2
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where each H(k) acts on L%(R3). If, as before, we let A = %((Dz,z) +

(2,D,)), we may have
inf [H,,iA] = inf D? =0,
Hy=X\ H,=X\ @

whenever A — A; € opp(H(k)) for some j € N and k € R. The set of such
values of A cannot be expected to be discrete. In fact, suppose that there is
an eigenvalue F(k) of H(k) with the corresponding eigenprojection P(k),
satisfying suitable regularity assumptions (stated in detail in Section 4).
Let

(&)
P= /u P(k)dk.

Since A commutes with k, we have
®
P[H*",{A|P = / P(k)[H(k), A]P(k)dk = 0,
u

by the virial theorem. (The same argument shows that the Mourre estimate
cannot hold for H, with any conjugate operator commuting with k.)

Let B, p = %P((VkE(k),Dk) + (Dg, VxE(k)))P. Then

®
P[H*™,iB, p|P = / |VE(k)|2P(k)dk,
U

and its infimum at H, = X is strictly positive, provided that A — A; is not
a critical point of E(k) for any j € N. The set of such critical points can
be excluded as a secondary threshold set (Definition 6.6).

This is the main idea behind the construction in Section 6.2. Namely,
we define the conjugate operator for H, as A+ cB,, where B, is essentially
the sum of operators B, p of the above form for all possible eigenvalues and
eigenprojections E(k) and P(k). One then has to use the local inequalities
for commutators (for a fixed value of k, or for k£ in a neighbourhood of
a point) and continuity of the operators involved to obtain inequalities
uniform in k. This part of the proof is rather technical.

Note that the definition and properties of the operator Dj, appearing
above depend on the choice of the direct integral representation of H*™,
Throughout this paper, we will use the representation described in Section
3, and it is in this representation that Dy will always be defined.
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The physical interpretation of the above argument is as follows. It was
shown in [GL1, Proposition 6.4] that, for a bound state u of the neutral
pair such that Pu = u, Vi E(k) is the average velocity of the center of mass
of the pair. Thus B, can be understood as (y2,v2), where y? is the position
of the center of mass of the pair, and v} — its velocity. However, we must
warn the reader not to take this too literally, since v7 is only the average
velocity over long periods of time (the actual velocity is not constant), and
neither is Dy simply identical to y3.

The conjugate operator for H is obtained by gluing together the
different conjugate operators for the channel Hamiltonians H, : A + ¢cB,
for the cluster decompositions which contain a neutral pair, and A for
those consisting of only charged clusters. The details of this construction
are explained in Section 7. In particular, our argument showing that the
“cross-terms” ([Hp, B,] for a # b) are small uses that for 3—particle systems
the regions of configuration space corresponding to different two-cluster
decompositions are disjoint.

Another point which we would like to mention here is the decoupling
of the channels transversally to the magnetic field. To prove asymptotic
completeness, we must show that the system cannot oscillate between
various configurations containing neutral clusters. Once more, we use
in an essential way the fact that we deal with a 3—particle system.
Different 2—cluster configurations can then interact only through the free
region where all three particles are well separated. However, since these
particles are charged, an argument from [GL2] shows that the free region
is inaccessible to scattering, which leads to the asymptotic decoupling of
the 2—cluster channels.

The last step in the proof of asymptotic completeness is the analysis
of the dynamics of the clusters moving away from one another with nonzero
relative velocities. It is well-known that, while for short-range systems the
motion of the centers of mass is asymptotically free, in the long-range case
a modified asymptotic dynamics has to be used instead. More precisely,
one shows that for large time the evolution of the system is approximated
by

¢ia(Da,t) g—itH®

where S, (&, t) is an approximate solution of the classical Hamilton-Jacobi
equation, and e~®H" is the internal dynamics of the clusters. A key point
is that S, and H* commute, so that the internal and external dynamics
are decoupled.
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For a neutral cluster in a magnetic field, its internal structure and
the motion of its center of mass in directions transversal to the field
are interdependent. If an additional long-range time-dependent force (the
intercluster interaction) is present, we expect that, as for standard N-
particle systems, the center of mass dynamics has to be modified. This,
however, cannot be done without altering the internal structure of the
cluster.

For the physically important Coulomb potentials (or, more generally,
for Coulomb-type interactions — see Definition 2.1), the problem becomes
much easier. Given a cluster decomposition consisting of a neutral pair (1, 2)
and a charged particle (3), we first replace the coordinates of the particles
1,2 by the coordinates of the center of mass of the pair. We then use that,
for such potentials, the total interaction between the pair (1,2) and the
particle (3) is short-range. Hence, although the neutral pair can escape
to infinity across the field, no modification of the asymptotic evolution in
transversal directions will be needed. We do not know how to solve the
general long-range 3-body problem, which seems to be much more difficult.

The phase-space analysis of scattering and time-dependent approach
to proving asymptotic completeness was initiated by Enss [E1]. This
approach turned out to be particularly successful in the N-body scattering.
The three-body long range problem was solved by Enss in [E2]. Asymptotic
completeness for N-body systems with short-range potentials was proved
by Sigal and Soffer [SS1], who also developed many of the techniques used
in the long-range case [SS2], [SS3], [SS4]. A geometrical construction due
to Graf [Gr] simplified considerably the original proof of [SS1]. Finally,
asymptotic completeness in the long-range case was proved by Dereziniski
[De] and Sigal and Soffer [SS5]. '

One of the most important tools in scattering theory, which also turns
out to be essential in our work, is the method of positive commutators.
Although it can be traced back to earlier work of Kato, Putnam, and
Lavine, its usefulness was limited until the discovery of the Mourre estimate
[Mo]. For N-body systems the Mourre estimate was first proved in [PSS];
a simpler proof was given later in [FH]. This method was further developed
in numerous papers, including [BG] and [SS1], [SS2], [SS3].

Prior to our work ([GL1], [GL2]), very little was known about
multiparticle scattering in a magnetic field. In the case of one particle
in a constant field, asymptotic completeness for short-range and Coulomb
potentials was shown in [AHS1]; a different proof was given in [S]. The
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separation of the center of mass in the presence of a magnetic field
was considered in [AHS2|. The general long-range one-body problem was
solved in [L1] and [I1]. Long-range two-particle systems with total charge
zero were studied in [L2] and [I1]. In [I2], Iwashita obtained the Mourre
estimate for reduced 3—particle Hamiltonians in certain special cases.
Asymptotic completeness for N-particle systems containing no neutral
proper subsystems with short and long range interactions was proved in
[GL1] and [GL2] respectively. Let us also mention the paper [VZ] on the
spectral theory of N-particle Hamiltonians with a constant magnetic field,
and several articles on one-particle scattering in a magnetic field vanishing
at infinity ([BP], [E3], [LT1], [LT2], [Ni], [NR]). In this paper, we also
draw upon certain ideas used by Dereziriski in his study of dispersive
Hamiltonians ([De2]).

2. Notation.

We will first review the notation of [GL1] and formulate the hypothe-
ses we will impose on the interactions.

The coordinates in the configuration space X = R3N will be denoted
by

z=(21,...,2N), i = (¥, 2),

where (y;, z;) = (i, Ui, 2;) € R2 x R are the coordinates of the i-th particle
in the plane transversal to B and along the direction of B respectively. We
equip X with the metric

N
9(z,7) = Zmixifi’i-
1
Let us also introduce the N-particle vector potential A:

A(z1,...,zN) = (@71, ..., gNJTN).

A is a antisymmetric mapping A : X — X’, which we will also consider as
an antisymmetric bilinear form on X x X.
We consider the following subspaces of X:
Z={zeX|Az=0}={zeX |y;=0, 1<i< N},
Y=Zt={z€X|2=0,1<i< N}
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Then
X=Yeo'Z
and the projections of a vector z € X onto these subspaces will be denoted
by y € Y and z € Z respectively.
We can now rewrite H as
1 1 1
(2.1) H= §(D—A:1:)2+V(:r) = §D3+ E(Dy—Ay)2+V(x),
where
V(@)= Vii(z: — ;).
i<j

Let us recall some of the standard notation used in the N-body
theory. A will stand for the set of all cluster decompositions, i.e., partitions
a = (C1,...,Ck) of {1,...,N} into disjoint non-empty sets C; called
clusters. The number of clusters of a will be denoted by #a. We will say
that a is a refinement of b and write a < b if all clusters of a are subsets of
clusters of b. The relation < defines a natural lattice structure on A with
the maximal and minimal elements

Qmax = ({11 . 7N})7 Qpin = ({1}7 B ] {N})

The finest cluster decomposition ¢ such that ¢ < ¢ and b < ¢ will be
denoted by a V b. We will also write a < b if @ < b and a # b. For a pair
{i,7} c {1,..., N}, (3j) will stand for the N — 1-cluster partition

(i) = ({1} (i} o AN {0 5D)-
Given a cluster decomposition a, X can be written as
X =X, 0" X,
where

X, ={z € X | z; = z; for all 4, j such that (ij) < a},

X“:{weX] Zmiwi:OforalleEa}.

1€CK

It is easy to check that

a<biff Xy C X,

Xomax = {2 € X | s =z; for all 4,5}, X,

Gmax

=X.

min
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For a € A, we will denote
Yo =X, NY, Z,:=X,NZ,
Ye:=X°nY, Z¢:=X*NZ.

Note that the projections on Z and X, commute for all a € A, so that
Xo=Yoa®Z,, X =Y Z°

The symbols

waa ya7 zay

xa’ ya, Za’

will stand for the orthogonal projections of £ € X on the above
spaces. We will denote by (Azx), the restriction of Az to X,, and by
A% 4, Ap %, Aga, A%® the restrictions of the bilinear form A to X% x X, X, %

X% X, x X4, X® x X respectively.
For any a € A, we can write
H= Ha. + Iaa
where

Hy:= 5 (D - Az)* +V*(z®), V(2®) = ) Vijlwi — ),

(ij)<a

N -

is the cluster Hamiltonian, and
L=V(@)-V*2*) = ) Vij(w:i— ;)
(ij)%a
is the intercluster interaction.

As we mentioned in the introduction, we assume in this paper that
all particles are charged, i.e.,

() g # 0 for all 4.

In particular, our system is allowed to have neutral proper subsystems
(pairs). We will say that a € A" if a contains a neutral pair, and a € A°
otherwise.

Let us now state the hypotheses that we will impose on the interac-
tions.
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(V1) Vi; is a multiplication operator on L?(R3) such that V;; is —A
bounded with relative bound 0.

(V2) 2V ,Vij(z) is —A bounded. Moreover,

i) |F (l—;l > 1) Vij(—A+ 1)—1|| =0(1), R — oo,
i) 17 (5 >1) 20 V(-A+ )7 = of1), R oo
(v3)
I(=A+ 1)1 Vigl(=A + 1)1 < oo, fof <2.
)
Vij = V5 + Vi, where
IV (@)(2)2(=A + 1)1 < o0,
102V (2)] < Cale) =191, > 0,]a] > 0.
(LR)

Vij(x) = V5 + VL, where

i3
17 (3 > 1) vi-a 40 e am),

3 (l‘g g 1) Vil < CRTIIH >0, Jal < 1.

Finally, we will assume that the interactions are of Coulomb type.

DerFinNITION 2.1 — The interactions V;; are said to be of Coulomb
type if.

Vij(2) = aig;V' ().

The key property of the Coulomb interactions which we will use in

this paper is that if C; is a neutral cluster, then Y. V! (z; —z) vanishes if
1€Cy
z; = z; for (ij) € C.

Hypothesis (V1) and a result of [GL1], which we state below as
Proposition 2.2, ensure that H is self-adjoint.






