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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.



SCATTERING THEORY FOR 3-PARTICLE SYSTEMS 807

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.
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PROPOSITION 2.2 — Assume that (V1) holds. Then V is %(D — Az)?
bounded with relative bound 0. Consequently,

H= %(D — Az)?> +V(z)
is selfadjoint with the magnetic Sobolev space
H2(R3N) = {ue LX) | (D — Az)*u € L*(X)}
as its domain.
Other consequences of hypotheses (V) will be given later in Lemma

3.1 in Section 3.

We use the following convention for cut-off functions. F(- € Q) will
stand for a smoothed out characteristic function of €2, equal to 0 outside 2
and to 1 in a slightly smaller set, and 1 will denote the sharp characteristic
function of €. Finally, (x) is a smooth function greater than some € > 0
for all z and equal to |z| for |z| > 1.

3. The pseudomomentum and the reduced Hamiltonians.

To formulate our main result, we will need some of the definitions of
[GL1], in particular, the concepts of the bound and scattering states and
the reduced Hamiltonians.

Let
K :=D + Az.
The observable K is the generator of the magnetic translations :
e Ky (z) = 240y (g + o), Vo' € X,
and satisfies

(3.1) [K, %(D - Ax)2] ~0.

One deduces from (3.1) and from the fact that

Viz+2')=V(z), ' € X,

max

that the pseudomomentum

Kamax = Dzamax + (Ax)amax
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satisfies [H,iK,,,, ] = 0. Similarly, for any cluster decomposition a € A
the external pseudomomentum

K, := Dy, + (Az),

satisfies [Hg, K,] = 0.

The commutation relations of the components of the external pseu-
domomenta can be summarized by

i@, K,), (z", K,)] = —2(z’, Az"), ’,2" € X,.

To understand these commutation relations it is necessary to analyse the
restriction of A to X,. Let us consider a cluster decomposition a equal to

a= (Cl, . ’Cﬂa)-

We denote by
QC[ = Z qi
1€C
the total charge of the cluster Cj, we call the cluster C; neutral if Q¢, =0

and charged if Q¢, # 0. We denote by fica and fi,a the numbers of charged
and neutral clusters of a respectively. We define

XC, :={.’I)€X|$¢=$j if(i,j)EC’l, :Ck=0ifk¢Cl},

X :={z €| miz;=0, 2 =0if k¢ C}.
i€Cy

We have
fla fa

(3.2) Xo =P X, X* =P x°
1 1

Clearly, the bilinear forms A,, and A%? can be decomposed into blocks
with respect to the direct sum decomposition (3.2).

Let C; be a cluster of a. If we identify X, with R3, we see that the
matrix of (z’, Az) restricted to X¢, is equal to Q¢,J. Consequently, the two

orthogonal to the field components of K¢, = Y. K;, where C; is a cluster of
1€Cy

a, commute if C; is neutral and have the Heisenberg commutation relations

if C; is charged. One can use these facts to find unitary transformations

reducing the channel Hamiltonians H, to simpler models. Let us briefly

recall the discussion of this reduction given in [GL1].
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We define
Xt= P XeXi= P Xo,
neutral ¢, charged c,
Xon .— @ XC',XG’C = @ Xcl,
neutral ¢, charged ¢,
so that
X, =X, & X¢,

X% = X0 @ X%C,

We denote by 77, %", wS, m*€ the orthogonal projections on these spaces.
The spaces Y, Y, Y 2", Y are defined as the intersections with Y of the
corresponding subspaces of X.

We saw in [GL1] that there exist bijective linear mappings
Mg : Y — T*R*®
M : Y — T*R*®,
such that the following linear transformation is symplectic
Xa: T*X — T*R¥%? x T*R¥ x T*Y® x T*Z, x T*X*
(z,8) = (¢, &),
where
{x' = (zq,2%), 2o = (95,95, 98", 2a)
& =(£,€Y), & = (g, 75 ma’, Ga),
and
(M + (A2)3) = (3 7)),
Mg (g + Aa “°x® — A ,ma) =: (95,15)),
ma(na + (Az)z) =: 13,
} malve) = va',

Zq =1 20,

Ca =t C«Iz

£a — A%z, = £al’
\ 2% =: z%.

In the above equations, one copy of R is denoted by Yac and the other
copy by Y£. Note that if one identifies (3¢, §S) with the two orthogonal
to the field components of y¢ and (AS,7S) with the two orthogonal to the
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field components of 7¢, then one can identify the range of the symplectic
transformation x, with 7% X, which leads to simpler formulas. However,
we will not make this identification in the sequel.

As in [GL1], one can find a unitary transformation U, implementing
Xa, Such that

(3.3) {Ua cL2(X) — L3(Z, x~Y; x Y& x Y2 x X9),
UaKo U} = (D.,, Dy, 5, Dyn).
If we put
U,H, U =: H,,
we have
(34) Ho= 3 D% + R (Dg5,i5,2%) + 5 (Dyg — 2A0n )’

1
4 §(Dma _ Aaaxa)2 + Va(xa),
where R, (7S, 9S,2%) is a second order polynomial equal to
JUN 1 C1sc n a2
Rai5,95,2) = 5 (M), 88) — 24a e °2°)°,
and the Weyl quantization is defined by

(3.5)  PY(z,D)u(z) := (21)~" / / eile=v.6) p ( z ; y,g) u(y)dyde.

For a € A, we define

- 1
(3.6) H":= Ry(Dys,y5,2%) + 5 (Dyg — 2400 "2%)°
1
_‘_5 (Da _ Aaaxa)2 + Va(xa.),

acting on L2(Y< x Y x Y* x X¢). We also define
a 1 2 * I7a
H® = H, - ;D2, = U;HU,.

To end this section, we will now give some consequences of hypotheses
(V1), (V2) and (V3) which will be needed later.

LEMMA 3.1. — Assume that V satisfies hypotheses (V1). Let a € A.
Then

(3.7) V, is H%< bounded.
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Assume that V satisfies hypotheses (V1) and (V2). Let a € A. Then

(3.8) i) |F (% > 1) Vo (Hx +4)71|| = o(1), R — oo,

i) 17 (5] 5 1) oVt 4 97 = o), R o

Let g, € C§°(Xmax) supported in {x%m=x||z®| > e(z®mx), Vb £ a}. Then

(3.9) i) ana(fI““‘a" + i)_l is compact on L2(X“""“ XYy ),
i) (Homx 4 4)7 g2V, I, (H% 44)71

is compact on L*(X %= x Y ).
Assume that hypothesis (V3) holds. Then
(3.10) |(H +14)"02V(H +14) 7| < o0, |a] <2.
Proof — To prove (3.7), (3.8) and (3.10) we use Kato’s inequality (see

for example [CFKS], Sect. 1.3) :
(3.11) le=(P=42)* | (z) < e~1(P)* |y|(z).
We deduce from (3.11) that if g(z) is a multiplication operator, we have

l9(@)(1 + (D = 42)?) " ul(=) < |9(2)|(1 + D)~ [ul(2).
Applying this inequality we easily obtain (3.7), (3.8) and (3.10).

Let us now prove (3.9). Let us prove ii), the proof of i) being simpler.
We write

(A%< 4 )12V, I, (H%m>x 4 4)!
- Qmax -
— (Hamax +i)—1qanzIaF (lz_Rl > 1) (Hama,x +Z~)—1

|xamax |

+ (Hmox 4 §)"1g, 2V, I, F ( < 1) (H%mex 4 )71,

The first term on the right hand side of (3.12) goes to 0 in norm when R -
goes to oo by (3.8) ii). The second one is seen to be compact using the fact
that V, is H*™=x bounded (see (3.7)) and writing

2V, Vo = [Va, (2, D,)].

This ends the proof of the lemma. O
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4. Asymptotic completeness.

In this section we state the main result of this work — the asymptotic
completeness of long-range wave operators. We start by recalling the
discussion of the notions of bound states and scattering states given in
[GL1].

The definition of a bound state depends on the total charge Q =
n
> q; of the system. This reflects the fact that the properties of the

=1
pseudomomentum are different for charged and neutral systems.

DEFINITION 4.1 — Assume that @ # 0. Let

Hscatt = U* (HC (ﬁamax) ® L2 (Zamax ))

Gmax

Hbound = U;max (pr (ﬁamax) ® L2(Zama.x )) *

We have
L2 (X) = Hscatt D Hbound-

If the system is neutral, H9m== acting on L2(Y2  x X9m=x) can be
written as a direct integral

& -
Hamax = / Hamax (namax )dnamax )

@max

where the reduced Hamiltonians H®ex(n, ) act on L?(X%mx). We then
define:

DEFINITION 4.2 — Assume that Q) = 0. Let
@

Yo

max

Hecats = U, (LQ(Zamg ® [ H(H™ (n:mx»dn:max) ’

@ ~
Hbouna = U;max <L2(Zamax) ®/ pr(Hamax (ngmax))dﬂgmx> :

We have
L2 (X) = Hscatt @ Hbound-



SCATTERING THEORY FOR 3-PARTICLE SYSTEMS 819

In both cases the states in Hpounqa describe a bounded cluster of
particles. Their behaviour depends on the total charge of the system: a
charged cluster can travel to infinity only in the direction of the field,
whereas a neutral cluster can also travel across the field. The basic
properties of the bound states, such as an expression for the asymptotic
velocity of their center of mass, are given in[GL1], Propositions 6.3, 6.4.

The goal of scattering theory for Hamiltonians of the type (1.1) is
the classification of the states in Hgcatt. A first classification, introduced in
[GL1], can be expressed in terms of the observable of asymptotic velocity
along the Z axis.

THEOREM 4.3 — Assume that hypotheses (V1), (V2) hold. Let
J € Cyo(Z%max). Then there exists

. Q@max .
(4.1) s— lim €7 <z_) e HH,
t—+o00 t

Moreover, there exists a unique vector of commuting selfadjoint operators
(9maxt with a dense domain which commute with H such that the limit
(4.1) equals J((%maxT),

Theorem 4.3 gives a first classification of the states in L?(X). Indeed,
if we put for a € A Z¢mex = Z N X2m=x and define

T, := Z2==\ | ] Zp=>,

bla
we have
(4.2) U 7. =20, T.nTy, =2, a #b.
a€A
Thus

1
L*(X) = @ Er, (¢*=")(L*(X)).

a€EA

One of the results of [GL1] was that if the system has no neutral proper
subsystems, then

E{O} (Camax+)(L2(X)) = Hbound-

This was a consequence of the Mourre estimate proved in [GL1] under
this assumption with the generator of dilations in the z direction as the
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conjugate operator. If the system consists of a neutral interacting pair
and a third (charged) particle, one cannot expect the Mourre estimate to
hold with a conjugate operator acting only in the direction of the field (or,
more generally, commuting with the pseudomomentum of the neutral pair),
for reasons which were discussed in the introduction. We still have that
Hbound C E{O}((“mm""), but Eroy (¢am=x*) could also contain scattering
states made of neutral clusters moving only transversally to the magnetic
field. This is one of the main new difficulties encountered in the presence
of neutral clusters. It will be adressed in Sections 6, 7 and 8.

Proving asymptotic completeness means giving a complete classifi-
cation of the states in Hgcaty in terms of the wave operators. In order to
define the wave operators, we need to introduce the channel identification
operators and the modified free dynamics. The latter, needed because of
the long-range nature of the interactions, is not different from that used
for standard N—body problems and will be discussed later. The channel
identification operators, which we now define, deserve more attention.

The reduced Hamiltonian H® introduced in Section 3 can be written

~ @ ~
H® = , ,H“(né')dn;‘,

where
. 1 1
A2 (72) = Ry (Dgg, 05, %)+ 5 (03 —2Aan °0%)%+ 5 (Dye — 42224V (2%),

acting on L2(YS x X®). The Hamiltonian H® describes the dynamics of
noninteracting clusters of particles, after the unitary transformation U,
has been applied. To introduce the channel identification operators, it is
convenient to separate H® into parts corresponding to the charged and the
neutral clusters. Using the decomposition X = X*" @+ X%°, we can write
the internal potential V¢ as:

Va(wa) — V'G,,C(xa,c) + Va,n(xa,n)’

where
Vae(z®°) = Z Vijs
(i5)e charged ¢,
Ver(z®?) = Z Vij.

(ij)e neutral ¢,
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Hence the reduced Hamiltonian H%(n?) can be written as a sum:
H(nf) = H*"(n}) + H;,

where H*¢ and H %" (nR) correspond to the charged and neutral clusters
of a respectively. Precisely, we have
1

~ 1
(4‘3) Ha,n(ng) — 5 (7’2 _2Aa,n a.xa)2 + 5 (Dma,n _Aaaxa,n)2+Va,n(xa,n),

acting on L#(X*"), and

1
(44)  H* = RBY(Dgg, 55, 2%) + 5 (Dawe = A®eg@©)2 4 V(%)

acting on L2(Y¢ x X®¢). Thus, for example, if a is a cluster decomposition
containing a neutral pair (a = {(1,2),(3)}, where ¢; + g2 = 0), H*" and
H%° are the reduced Hamiltonians of the neutral pair (1, 2) and the charged
particle (3) respectively.

The channel identification operators can now be defined as follows:

~ @ ~
49) M= U [B)@ [ BplE"a)are |
Note that
Epp(ﬁa’c) ® Epp(ﬁa’n(n:)) = l'jpp(ga('rlzill )s
and that
Hbound = Rla'nnam,,x-

The following straightforward generalization of [GL1], Proposition 6.6
holds:

ProprosiTiON 4.4. — Let u € Ranll,. Then:

lim sup ||F Ll >1)e *Hay| =0
R—o00 ¢cR R z ’

. |yc| —itH
lim sup||F 2. >1)e eyl =0.
Jim sup | (% ||

Proposition 4.4 states that noninteracting charged clusters can escape
to infinity only in the direction of the magnetic field. The behaviour of
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neutral clusters is rather different. To explain this, suppose that we have
an eigenvalue

Y 3 mg = E(n),

with the corresponding eigenprojection P(nZ), satisfying suitable regularity
assumptions (similar to those below), such that

H*™(n)P(ns) = E(ns)P(n}).

Then there exist states for which the kinetic energy of the center of mass
of the neutral clusters moving under e~ ®*#II, is given by an effective
Hamiltonian

1 n
§D§a + E(Dyn + (Az)}).

To study the scattering channels associated with such effective kinetic
energies, we need certain implicit assumptions on their behavior, which
we will now describe.

We recall that C™!(X) denotes the space of functions f in C™(X)
such that 02f is Lipschitz for |a| = n. For a cluster decomposition a
containing a neutral pair (i1,42), we will denote by

951 | 5 1
=0y #j|3|("j+§)a nj €N

J=t1,i2
the set of the Landau levels of the neutral pair, and by I'; — the set
Lo ={(A\75) | A € opp(H*(n})), A ¢ T2} CRx Y.
Hypothesis (H) There is a locally finite covering of I', by open sets

V,=1; xQ;, I; CR, Q; C Y, C"! projections P; : Q; — B(H), and
C?! functions w; : Q; — R, such that:

DTNV ={(na) [ 1a € Qs A=w;(m2)};
i) Eu, (nmy (HY™(n2)) = P;(n2) for 12 € Q;;
iii) The set 74,0, of the critical values of w; on ; is finite.

It follows from Theorem 6.1(iii) and (v) that these conditions are
satisfied for all simple discrete eigenvalues of H*™(nZ). They seem very
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difficult to check for the possible eigenvalues of H a1 (nR) embedded in the
essential spectrum. Nevertheless, we think that they allow to understand
the behavior of a physical 3—body system with neutral clusters. Note also
that similar conditions were imposed by Derezinski [De2] in his study of
dispersive N-body Hamiltonians (i.e., N—particle Hamiltonians with the

1
quadratic kinetic energy term — D? replaced by a more general term w(D)).

This fact illustrates a similarity between dispersive N—body Hamiltonians
and N—body Hamiltonians in magnetic fields.

Let us now introduce the modified free dynamics that we will use
to construct the wave operators. It is well-known that for long-range
interactions the intercluster interaction cannot be entirely neglected as
the clusters escape to infinity with non-zero relative velocities, so that
one has to modify the free evolution appearing in the definition of the
wave operators. The modification needed uses a solution of the classical
Hamilton-Jacobi equation. For simplicity, we have chosen the Dollard
modifier [Do], in which an approximate solution of the Hamilton-Jacobi
equation is used. Let us also observe that since we assume that the
potentials are of Coulomb type, the effective intercluster potential between
a neutral pair and a third particle will be of short-range (see the remark
after Definition 2.1). This is the reason why we only need to modify the
dynamics in the direction of the magnetic field. Let us denote

|2]le = min |z; — 2;],

(ij)<a
and
(4.6) I(t,z) = F (M > 1) I (2).
Then I,(t,x) satisfies
(4.7) 102 La(t, 2)] < Ca e ()17, o] < 1

for all € > 0. Define
t1
Sa(t,¢o) = / 5.{3 + I,(s,0,5C,)ds.
0
Note that S,(t,D,,) and H® commute and:

1
Sa(t,Co) = 5tcg, if a € A"
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The main result of this paper is the following theorem:

THEOREM 4.5. — Let H be given by (2.1), where V satisfies the
hypotheses (V), (V'), and (LR) with u > /3 — 1. Moreover, assume that
the condition (Q) holds and that the hypothesis (H) is satisfied for all
cluster decompositions a containing neutral pairs. Then:

1) E{O} (Camax+)(L2(X)) = Hbound-
ii) the modified wave operators

Q+ .= s — lim eitHe—iSa(t,Dza)—itHaH
a fr00 a

exist and their ranges are mutually orthogonal.

iii) the system is asymptotically complete :

@ RanQ: = Hscatt-

aF#amax

Note that by i), the states with zero asymptotic velocity along the Z
axis coincide with the bound states, as in the cases considered in [GL1],
[GL2]. However, while in [GL1] and [GL2] this was an intermediate step in
the proof of asymptotic completeness, here it is obtained as a consequence
of it.

5. Local inequalities for operators.

In this section we present an abstract version of a few standard
arguments of the Mourre theory for N—particle systems, which we will
need in Section 6.

DErFINITION 5.1. — Let A, B and H be self-adjoint operators on a
Hilbert space ‘H, and let ¢ € R. We will say that:
(i) B > ¢ at H = Ey if there is a 6 > 0 such that for any function
f € C&°(R) supported in (Eog — 6, Eg + 6) we have

(5.1) f(H)Bf(H) > cf*(H);

(ii) B is almost positive (B a-> 0) at H = Eg if B > —e at H = Fy
for any e > 0;
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(i) B > A (resp., Ba-> A) at H = Ey if B— A > 0 (resp.,
B—-Aa>0) atH E,.

DerFiNtTION 5.2. — Let B(k, E) and H(k) be measurable families of
self-adjoint operators on H for k € Q; CR™, E €I CR. Let

& D
H= [ H(k)dk, B=B(E)= / B(k, E)dk
Ql Ql

We will say that :

(i) B = c locally in H uniformly for (k,E) € Q C Qy x I, if there is
a 6 > 0 such that for any f € C§°(R) supported in (—6,6) we have

f(H(k) — E)B(k,E)f(H(k) — E) > cf*(H(k) — E) for all (k,E) € Q;

(ii) B a-> 0 locally in H uniformly for (k,E) € Q C Q; x I, if for
any € >0 B > —e locally in H uniformly for (k, E) € Q.

LeEmMA 5.3. — Let B(k, E) and H(k) be as in Definition 5.2. Assume
that the mapping Q1 > k — H(k) is continuous in the norm resolvent
sense, and that the mapping Oy x I 5 (k,E) — f(H(k))B(k,E)f(H(k)) is
norm continuous for any f € C§°(R). Let Q be an open subset of 1 x I.

(i) If B(ko, Ep) a-= 0 at H (ko) = Ey for some (ko, Eo) € Q, then for
any € > 0 there is a neighbourhood U of (ko, Ey) such that B > —e locally
in H uniformly for (k,E) € U.

(ii) If B a-> 0 locally in H pointwise on  (i.e., B(k,E) a-> 0 at
H(k) = E for any (k,E) € Q), then B a-> 0 locally in H uniformly on any
compact subset of €.

Proof. — Since (ii) follows easily from (i) and a standard covering
argument, we will only prove (i).

Pick € > 0. Then there is a 6o > 0 such that for any C§° function fo
supported in (Eg — 6o, Eo + 60) we have

fo(H (ko)) B(ko, Eo) fo(H (ko)) > =5 13 (H (ko).

Moreover, we can choose fy so that fo = 1 on (Eg — 60/2, Eo + 60/2). By
our assumptions on continuity, there is an open neighbourhood U; of kg
and é; > 0 such that for all k € Uy, |E — Ep| < 61,

(5.2) To(H(k))B(k, E) fo(H(K)) > —35 f3(H(k)) - 5.
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Let 6o = IniIl((S(),él), A= (E() - 62/10, Eo + 52/10), and 6 = (52/10 Then
for any E € A and for any function f supported in (E — 6, E 4 §) we have
ffo = f. Multiplying (5.2) from both sides by f, we obtain that for all
k e U,

f(H(k))B(k, E)f(H(k)) > —ef(H (k).
Hence we can take U = U; x A. O
The main tool which we will use to establish local almost positivity

of operators is the following lemma, which in fact is essentially known in
the Mourre theory (see [FH]).

LeEMMA 5.4. — Let B and H be self-adjoint operators on ‘H such that
B is H-bounded, let ¢ be a positive constant, and fix Ey € R. Suppose that
for any € > 0 there is a compact operator K. such that

(5.3) B>c—e+ K, at H= Ej.

(i) If Ey is not an eigenvalue of H, we have B a-> ¢ at H = Ej.

(i) Suppose that Ey is an eigenvalue of H. Let P = E{g,1(H) be
the corresponding spectral projection, and let co = ||PBP||. Then

B a-> ¢(1 — P) —2¢yP at H = Ey.

Proof. — Let us first note that, instead of arbitrary functions f €
C§°(R) supported in (Eg — 6, Ep + 6), it suffices to consider those for which
in addition 0 < f <1 and f =1 on (Ey — 6/2, Ey + 6/2). Throughout the
proof, fs will denote a function for which these conditions hold.

To prove (i), for a given € > 0 we first choose §p > 0 and a compact
operator K. such that

(5.4) fso(H)Bfso(H) > (c — €) f2 (H) + fs,(H) K fs,(H).

Multiplying then (5.4) from both sides by fs(H) for § < §p/2 and using
that fs(H) — 0 strongly if Ey is not an eigenvalue of H, we obtain that
for 6 sufficiently small

fs(H)Bfs(H) > (c — ) f{(H) + fo(H)Kcfs(H) > (c — ) f§(H) — ef3(H),

which shows that B a-> c at H = Ej.
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Let us now prove (ii). Let P™ be a sequence of finite-dimensional
projections such that P = s-lim P" and P™ < P. We write

BZC]+CZ+C;+C37
where

C; = (1-P")B(1 - P"),
(5.5) Cy = (1- P)BP™,
Cs3 = PBP — (P — P")B(P — P™) > —2¢,P.

Fix € > 0, and choose § > 0 and K, such that (5.3) holds for f = fs. Then

(5.6) fo(H)C1fs(H) > (c—€)f§ (H)(1—P™)~fs(H)(1—P") K (1—P") fs(H)
> (c— &) ff(H)(1 - P) ~ fs(H)(1 - P")K(1 - P")fs(H),

where we have used that P™ < P. Since K. is compact and P" — P
strongly, for sufficiently large n we have

(5.7) [(1-P")K(1-P") - (1 - P)K(1-P)| <e.

As in the proof of (i), we now use the fact that fs(H)(1 — P) — 0 strongly
as § — 0 to obtain that for § < §o,

(5.8) [ fs(H)(1 — P)Ke(1 - P)fs(H)|| <e.
Hence for large enough n and for § < &,

fs(H)C1fs(H) > (c — €) f3 (H)(1 — P) — 2,
which implies that

(59) C, a> C(l - P) at H = E.

Finally, consider the term C; 4+ C3. Using the inequality
(e71/2Cy + €' /2P™)(e71/2C5 + €1/2P™) > 0,
we obtain that
Co+C5 > —eP™ — e 10,C5.

Note that the operator

fs(H)C2C3 fo(H) = f5s(H)(1 — P)BP" f§(H)B(1 — P)fs(H)
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is compact since P" is a finite rank projection. Once more, we use that
fs(H)(1 — P) — 0 strongly as § — 0 and argue as in (i) to show that

(5.10) Co+C} a> 0 at H = Ej.

This, together with (5.5) and (5.9), implies part (ii) of the lemma. O

6. The Mourre estimate for the channel Hamiltonians.

This section will be devoted to the proof of the Mourre estimate for
the channel Hamiltonian H%=x where a € A is a cluster decomposition
containing a neutral pair. Throughout this section, a will denote such
a decomposition. Without loss of generality, we can assume that a =
({1,2},{3}), where g1 + g2 = 0.

Recall that in Section 3 we defined the reduced Hamiltonian H Gmax
acting on L2(YS ~x Y$  x X%mex) and the Hamiltonian

Homs —H_ 1p?2 = U*  Homex[J,

2 Zamax Amax Gmax )

acting on L?(X%mex x Y,__ ). This is the original 3—particle Hamiltonian
after one has separated out the trivial part of the center of mass motion
(along the z axis).

Let us first recall a few simple facts proved in Section 5 of [GL1]. For
a € A,a # amax, we denote

Hgmax = Flamax _ Ia(xamax).

We have seen in [GL1], Sect. 5 that H%mex is unitarily equivalent to
1 5 -
5 D zgmax + H e

acting on L2(Z%mex x Y x Y x Y2 x X¢). We will denote by U%max the
unitary transformation implementing this equivalence. It has the following
invariance property:

(61) U:maXAamax Ug'ma,x* — A%max
for

1
Aamax = ‘2' ((zam‘”‘, Dzamax) + (Dzﬂmax ) Z“max)) .
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We have

. 1 1

H® = Ro(Dgg, §5) + 5 (Dyp — 240 %2 + 5 (D% — 4292°)? 4 Vo(2).
Note that R,(Dye,9S) does not depend on ¢ since the only charged cluster
in a is a single particle and hence has no internal variables. Let

[7a,n(, n 1 n a,.a 1 a aa,a a(..a
H® (na):=§(na_2Aa .’E)2+§(D —A x)2+V(x )7

on L?(X%), n® € Y™ (see (4.3)). This is the Hamiltonian of a neutral pair
of particles after applying the separation of the center of mass as in [GL1],
Sect. 3.1. Finally, we put :

A% = = (29, Dya) + (Dya, 2%).

N =

6.1. Spectral theory of H%"(n2).
This subsection is devoted to a brief analysis of the spectral theory

of Ho» (n2). We will prove the following theorem, which can also be found
in [AHS2]. Recall from Section 4 that

2
0 lgil 37 1\
(6.2) = {; - |Bl(n1 + 5),nz e N},

denotes the set of Landau levels for the pair of particles (1,2). Let
2
1

THEOREM 6.1. — Assume the hypotheses (V). Then:

|-Q

4l 5

(]

20 =inf(r)) =

N =
3

i) Ho™(nR) is selfadjoint with domain
D = {u € LA(X%)| D2, (y*)?u € L3(X?)};
ii) the essential spectrum oess(H®*™(n2)) is equal to [EL,400[;
iii) the eigenvalues of H*"(n®) can accumulate only at T2 ;
iv) if E(n®) is a discrete eigenvalue of H®™(n2), then ngl_i)rgoo E(ny) =
%5
v) the map
Y. 50} HO™ ()

is analytic in norm resolvent sense.
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To simplify the exposition, in all proofs in this section we will use the
following notation. We will denote the parameter 1. by k, the Hamiltonian
H*™(n%) by H(k), where

1 1
H(k) := 3 (k — Aez)? + 3 (D — A;z)? 4+ V(z), acting on L?(X),

and X,z,V, A, A; stand for X, 2%, V% 24,%, A%% respectively. We will
also write ¢, A and A; instead of {,, A% and A%m=x and H instead of
H amax, To avoid any possible confusion, we will never use this simplified
notation in the main text.

Proof of Theorem 6.1. — Let us first prove i). Using Kato’s inequality
as in Lemma 3.1, we deduce from hypothesis (V1) that V is relatively
bounded with relative bound 0 with respect to

S (k= A + 2 (D~ Ay

The above operator is a second order elliptic operator (i.e., its symbol

1
h(k;y, &) satisfies 2(52 +y?) < h(k;y,8) < c(€2 + 4?)), from which one
easily deduces that it is selfadjoint with domain D.

Let us now prove ii). We denote
Ho(k) := %(k _ A+ %(Dm — Az
(6.3) = 3D+ 5 (k— Ag) + 3 (D, — Aw)?
— %Df + Fo (k).

Let us start by studying the spectrum of Ho(k). We claim that o(Hy(k)) is
independent of k. Indeed, if we denote by T'(k) the unitary transformation
implementing the symplectic transformation

Y=yt
n — 1 — Aiyo,
for a vector yg € Y such that A.yo = k, we have
T(k)Ho (k)T (k)* = Ho(0).

Moreover, by the arguments of Section 3, we see that

/ ? Ho(k)dk
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is unitarily equivalent to

2

1
E —— (Dy, — ¢:Jy:)?,
T 2m;

whose spectrum is the set 72 of the Landau levels of the neutral pair. Hence
(6.4) o(Hy(k)) = 2.
We deduce immediately from (6.4) and (6.3) that
o(Ho(k)) = [Zq, +oo.
Thus, to prove ii), it suffices to show that
(6.5) (H(k) + 1)~ 'V (Ho(k) +i)~! is compact.

This follows from i) and Lemma 6.4.

iii) follows from Lemma 3.1 below and the abstract Mourre theory
[Mo].

To prove iv), we compute
1 1
(6.6) T(k)H (k)T (k)" = 3 (Aey)® + 50— Aiz)? + V(z + yo) =: Hr(k),
where we recall that A.yo = k. We will prove that as k — oo, Hr(k)

converges in norm resolvent sense to

1 1
(6.7) Hor =5 (Aey)® + 3 (D — Aiz)?.

This fact clearly implies iv). To prove our claim it suffices to show that

(6.8) Jim V(z+ Y0)(y® + D% +i)"t =0.

This is an easy consequence of hypotheses (V1) and (V2) i). Finally,
v) follows by differentiating (H (k) — z) " with respect to k and using the
characterization of the domain of H (k) given in i). O

LEMMA 6.2. — Let fs € C§°(R) be a cutoff function supported in
[E —6,E + 6]. Then:

Fs(HS () [H ™ (1), $A*) fs(H ™ (n3))
= fo(H*"(n3)) D3 fs(H"(n})) + K1 (n}),
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where

i) K;1(n2) is compact on L*(X*®),
(6.9) ii) 5 — Ki(n3) is norm continuous,

iii) [| K1 () Il — 0 as 7z — oo.

An operator

(&)
K'= y K (nz)dng,

where K;(n2) satisfies (6.9), is called a—compact (see [PSS].)

Recall that in all proofs in this section we are using the simplified
notation defined at the beginning of the proof of Theorem 6.1.

Proof of Lemma, 6.2. — Since
[H(k),iA] = D — (2, V. V),
we have
Ki(k) = —fs(H(k)) (2, V:V) fs(H(K))-

This operator is compact on L?(X) by Lemma 3.1 and Theorem 6.1 i). To
handle the limit £ — oo, we write as in the proof of Theorem 6.1 iv):

T(k)K1(K)T (k)" = —fs(H (k))2V.V(z + yo) fs(H(k))

for yo = A_ k. To show that this operator goes to 0 in norm when k goes
to 0o, we use hypothesis (V2) ii) and argue as in the proof of (6.8). O

We will denote by
(6.10) d*(E) :=dist(E,1,),

the distance from E to the threshold set for the neutral pair 7;. Note that
we will not follow the usual convention, according to which d”(F) would
stand for the distance only to the thresholds to the left of E. Later, this
will allow us to avoid certain technical complications due to the lack of
continuity of the latter function.

LeMMA 6.3. — Let E € R. For any € > 0 there is a § > 0 such that
for any function fs € C§°((E — 6, E + 6)) we have
(6.11)
Fs(H®"(n3))DZe fs(H*"(n})) > (2d"(E) — ) ff(H*"(n3)) + K2(n3),
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where Ko(nh) satisfy :

i) Ka(n™) is compact on L*(X%),
(6.12) ii) g — Ka(n}) is norm continuous,

iii) [[Ka(nz)|| — 0 as 7 — oo.

Proof. — Since D? = 2(Hy(k) — Ho(k)), D, commutes with Hy(k),
and o(Hy(k)) = 7, for sufficiently small § > 0 and all ¥ we have
(6.13) fs(Ho(k))DZ fs(Ho(k)) > 2d™(E) fs(Ho(k))>.

Using that f(Ho(k)) — f(H(k)) is compact on L2(X) for any function
f € C§°(R) and for any k, we obtain (6.11). The properties i)—iii) of Kj
are shown as in Lemma 6.2. O

The following Mourre estimate for H*™(n2) is an immediate conse-
quence of Lemmas 6.2 and 6.3.

LEMMA 6.4. — For any n? € Y E € R, and € > 0, there is an
operator K.(n®) compact on L?(X®) such that

[H*™(n}),iA%] > 2d™(E) — e + Ke(n}) at H*"(13) = E.
In the next subsection we will also need the following lemma :

LemMA 6.5. — i) Let E € R and € > 0. Then there is a constant
C > 0 such that

(6.14) [H*"(n2),iA%] > 2d"(E) — € at H**()?) = E
uniformly for |n2| > C.

ii) If I C R is a compact interval, for any € > 0 there is a C > 0 such
that (6.14) holds uniformly for |n2| > C and E € I.

Proof. — i) Choose a 6 > 0 such that (6.11) holds for a function
fs € CS°([E ~ 6, E + 8]) such that fs =1 on [E — §/2,E + §/2]. We can
apply Lemmas 6.2 and 6.3 to this function, and choose a constant C' > 0
such that ||K(k)|| < € and ||K2(k)|| < € for |k| > C. Then

(6.15)  fs(H(k))[H (k),iA]lfs(H (k) > fs(H (k))D>fs(H(k)) — €
> (2d™(E) — ) f5 (H(k)) — 2¢
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for all |k| > C, which implies i) (with 3e instead of ¢).

ii) follows from i) by a standard covering argument. O
6.2. The Mourre estimate for H2==x,

In Section 4, we introduced the set (H) of implicit conditions on the
point spectrum of H*™(n2). In the rest of this section, we will assume that
these conditions are satisfied.

We will first define the threshold set. Let

3
(6.16) Tg 1= {Z %|§|(ni+%),ni€N}
1 7

be the set of Landau levels of all particles. As we will see later, the Mourre
estimate may fail at these energy levels. We will also have to exclude other
energy levels, which are defined below.

DEeFINITION 6.6. — The secondary threshold set 7, is the set

Tor={A+kK|AeT, keT},

s 1
where 75 = {L‘i_sl lBI(j + 5) |je N} is the set of the Landau levels of
3
the third particle, and

=2 ¢ R
Tg = UTa’Qj,
J

where 7, q, are defined in hypothesis (H).

The physical meaning of this definition can be understood as follows.
We have seen in [GL1, Sect. 6] that the motion of the center of mass of
a bound state of a neutral cluster of particles is given by a dispersive
Hamiltonian H*™(n2), so that its effective kinetic energy is given by an
_eigenvalue w(nZ). The set 72 is the set of critical values of this kinetic
energy.

LEMME 6.7. — The set 7, U T, is discrete and closed.
Proof. — Recall that we are using the same simplified notation

(defined at the beginning of the proof of Theorem 6.1) as in the previous
subsection. Clearly, it suffices to show that 7, can accumulate only at



SCATTERING THEORY FOR 3-PARTICLE SYSTEMS 835

Tq, Which in turn will follow if we prove that the only possible points of
accumulation of 7 are in 71 (the set 72 of the Landau levels of the neutral
pair is defined in (6.2)).

Suppose that A ¢ 7. By Lemma 6.5 i) and virial theorem, there are
C > 0 and € > 0 such that (A — €, A\ + ¢€) is disjoint from 72 and

ToN((A=—,X+e) xYM) C(A—e,X+¢) x {|k| <C}

(recall that ', was defined in Section 4, before the statement of the
Hypothesis (H)). Consequently, it is enough to show that A is not a point
of accumulation of critical values of w; for |k| < C. By Lemma 6.2 of [GL1],
the set T, = 'y, U (72 x Y) is closed. Hence the set

Ton (A—er+6 x {[k| <C})
=Tan(A—e A+ x {|k|<C})

is compact. We can therefore cover it by a finite number of open sets V;
as in Hypothesis (H). Hence the set 72 N (A — €, A + €) is finite, and, in
particular, A is not an accumulation point of 72. O

We can now state and prove the main result of this section — the
Mourre estimate for HZmax.

THEOREM 6.8. — Let A € R\7, U 7,. Then there is an operator
>, 1 n n
Ba()‘) =35 ((m()‘; DzZm°x>Dy3)’ya) + (ya’m()‘; DzZm“X)Dy.‘,‘)))

for some CY! function m({2==x,n2), and a function ag(\) > 0, such that

(6.17) [Hamex §A%ex 4 cB,] > min(1, ¢)ag()) at Himx = X,

Proof. — We will fix the value of A as in the statement of the theorem ;
although the constants, operators, etc., appearing in the proof will usually
depend on A, we will not display that dependence explicitly unless it is
necessary to do so.

Let fs denote a function in C§°([A — 6, A + 6]) such that fs = 1 on
[A—6/2,\+ 6/2]. We have

fa(H ), zAl]fes(H)

_ Z / (5CHASH®E)) (¢ + [H(E), i4]) fo 5 C+A;+H(E) ) dCd,
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~ 1
where A; = % IBI(j + 5), j € N, are the Landau levels of the third
3

particle. Since H(k) are bounded from below uniformly in k, there are only
finitely many valuesof j (j = 1,2,..., Ng) for which fs ( % CP+A; +H(k)) #
0, and the sum on the right-hand side is in fact finite. For 1 < j < Np, let
Aj = A=A and f;(s) = fs(s+A;) (so that f; is supported in (A;—6, A;+6)).
If 6 is small enough, the supports of f;’s are disjoint for different values
of j.
Let
d(E) := dist(E, 7,)

be the distance from E to the threshold set 7,. Note that d(F) is a
continuous function of E. Moreover,

(6.18) d(E+s)<d(E)+sforal E€R, s>0,
and
(6.19) d"(E — Aj) > d(E)

(recall that d" is defined in (6.10)).
Since H (k) is bounded from below uniformly in k, for any function
1
f € C([\; —1, A, +1]) we have f(H(k) n 542) = 0 if || is large enough

(I¢| = C1). By Lemma 6.5ii), for any € > 0 there is a constant Cz = Ca(€)
such that for 1 < 7 < Ny,

1
[H(k),i4] > 24“(/\j - %8) —€> 2d(A— %c"’) —cat H(k) =~ 5

uniformly for |k| > Ca(€) and |{| < C1 (the second inequality follows from
(6.19)). Let C(e) = max(C4,Ca(€)). Then, if § is sufficiently small, we have

/K ’ 55(5C+ H®)) (C+HR),i4]) f5(5¢ + HR))dedk

G:K)I=C ()

> [0 (e ) (a5 =) g (56 + 1G9 acar

(¢:k)[2C(e)

¢ 1
= 2d A) — 2( -2 H(k))d dk,
>/l(c,k)|>0(e)( @) e)fj(Qg +H( )) ¢

where we have used that by (6.18),

(6.20) d()\ - %@) + %42 > d()).
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Since A ¢ 7,, we can pick € = d(\) > 0, and for Cy = C(d(N)) we
obtain :

® 1., 2 . (19
(6.21) /|( o 5 (562 +H®)) (P + [HK),i4)) (5 +H(k) ) dcdk

> /' ? d()) ff(%& + H(k))d(dk.

(C:k)l200
Let
1
T = {(g, k)A€ app(§c2 + H(k))} ,

and let My = {|(C, k)' < C()}
By Lemmas 6.4 and 5.4, and by (6.19), for each (¢, k) € £$ we have

(6.22) [H(K),i4) a-> 20" (A= 2.¢%) > 2d(A= 2 ¢?) at H(k) = Ny~ 5C*.

Note that (6.22), Lemma 5.3 (i), and the virial theorem (see e.g., [CFKS],
Thm 4.6) imply that ¥; is a closed set, hence ¥; N My is compact.

Let (¢o, ko) € £;. By hypothesis (H), there exists a neighborhood V7
of (¢o, ko), a C! projection P7(k), and a C?! function w?(k), such that

(6.23) Wi(k)+ 3¢ =, (B €VInT,
Pj(k) = E{wJ(k)}(H(k))v (Ca k) € Vj'

Moreover, since \; € 7%, we can choose VJ such that on V7 N {¢ = 0} we
have

(6.24) |Vw? (k)| > 0.

In particular, (6.24) implies that (?+|Vw? (k)|? > 0 for all (¢, k) € ;. Since
X; N My is compact, there is a constant 6y > 0 such that for 1 < j < Ny,

(6.25) inf{¢% + |Vw? (k) | (¢, k) € T; 0 My} > 6p.

Let ap = min(d()),00/2), and let € = ap.

By Lemmas 5.4, 6.4, and the virial theorem, for each (,k) € £; we
have

(626)  [H(k),id] o> 2d(A %Cz)(l — PI(k)) at H(k) = A, — %8,
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where, as before, we have used (6.19) to replace d* by d.

Let us now fix j, 1 < j < Ny, and consider the points ({,k) in the
compact set Mo = {|(¢, k)| < Co}. For each (¢,k) € £; N My, let VI be
its open neighbourhood chosen as above (i.e., so that (6.23) and (6.24) are
satisfied). For ({,k) € My \ £, choose an open neighbourhood U’ such
that W NZ; = @.

By (6.22), (6.26), and Lemma 5.3 (i), we can assume that
. 1o
[H(k),iA] > 2 (d(,\ - 5¢ ) - e) ,
and

[H(k), 4] > 2d(X - %42)(1 — Pi(k)) —¢,

at Hk) = \; — 1(2 uniformly on each of the neighbourhoods &’ and
72

V7 respectively. (Note that the continuity assumptions of Lemma 5.3 are
satisfied by Theorem 6.1(v), Lemma 6.2, and Hypothesis (H).)

~ Since the set Mp is compact, we can choose a finite subcovering of it:
{Vf}i=1,“.,z,{Ui’}i=1,,_.,m (I = (), m = m(j)). Take a partition of unity
such that supp x; ; C V7, supp ¢; ; C U],

2

l m
ZX?,J'(C, k) + Z(bf,j(C,k) =1 on M,.
1 1
Then, if § > 0 is sufficiently small,
/® f‘(lcz +H(k)) (¢ + [H(K),iA]) f‘(lc2 +H(k))d(dk
Mo I\2 ’ I\ 2
e ) .
> ;fM 60 (23~ 167) =) (her e ) acae
m @ '
+Z/ X25(C: k) (42 + (2d(A— %8) - e) (1 _pg(k)))
i=1 7Y Mo
f?(%cz + H(k))dCdk
l ® 2 2(1 2
>3 [ G RICA0) ~ g3 (56 + HO aca

027+ 3 [ X6 R)2A0) = O (5¢° + HO) (1~ P (k) dca
=1 0
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m =) 1 )
+3 [, Aoz (5 + H W) P wdcar
! %) 1
>32d0) [, e R (56 + Hb)aca
" Zd / X5 (C RV (562 + HR)) (1~ P (R))dcdk

1 .
+ ; /Mo X256 k)ff(§C2 + H(k)) ¢2PI (k)d¢dk.
We define
= 5 D" Xas (G KPR (Y (8), Di) + (Dr, Vi (k) ) PIGRIC, B),
=1

and

Using the identity

(6.28) . [H(k),iPI(k)DyP? (k)]
= [w¥(k), iP? (k) Dy P (k)] = P?(k)Vw? (k)P (k),

we obtain

(6.29) f;(H)[H,icB]f;(H)
>y / " (¢ 072 (5C+ HR)) P (W)elVio! (k) Pcak
- i=1 Y Mo w T2 ' ' .

By (6.25),
(6.30)

1 : : , 1 :
£2(5CPHHK)) (el Ve (£) )P (k) > min(1, oo 3 (5 C+H(K)) P (k).
Moreover, if j # [, and if the neighbourhoods Vij and 6 > 0 are sufficiently
small, we have f; (%(2 + H(k)) Xi,1(¢, k) = 0, since f; ( % ¢+ H(k)) is, by

1
definition, supported in ‘ 3 ¢+ H(k)- Aj‘ < 6, and, by continuity of H (k)

1
(Theorem 6.1(v)), X:, is supported in ‘542 + H(k) — )\l! < ¢ for some
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small g > 0. Hence
fi(H)[H,icBi)f;(H) =0, if j #1.
Collecting (6.21), (6.27), (6.29), and using (6.30), we obtain:
fs(H)[H,i(A;y + cB,)]fs(H) > min(1, ¢)ao f2(H),

which completes the proof of the theorem. O

7. The Mourre estimate for the 3-particle Hamiltonian.

We will now prove the Mourre estimate for H%=x under the assump-
tion that the total charge of the system @ is nonzero. The main idea here
is to glue together the estimates obtained for the channel Hamiltonians
H max for all 2—cluster partitions a. If a contains a neutral pair, we will
use the conjugate operator constructed in Theorem 6.17 in Section 6. Oth-
erwise, we will use the Mourre estimate proved in [GL1], Section 5 with
the conjugate operator A%max,

Note that one cannot usually obtain a global Mourre estimate from
local estimates for different conjugate operators, because of the cutoff
errors. However, for 3—particle systems these errors are localized in the
free region and therefore can be estimated relatively easily.

Another difficulty that we will have to face comes from the separation
of the center of mass motion for the full Hamiltonian H%==x. If a contains
a neutral pair, the unitary transformations U,  and U, are incompatible
in the sense that one cannot identify their ranges in a natural way, so that
one cannot make sense out of for example U,U; ! . A similar difficulty
was encountered in [GL1]. One way to deal with this problem is (as in
[GL1]) simply not to separate the center of mass motion. We will, however,
have to use the fact that the pseudomomentum of the center of mass
K,_., is conserved. This will allow us to localize the Mourre estimate in

the (noncommuting) pseudomomentum variables. Such localization will be
needed to control certain delicate error terms.

In this section, we will impose the conditions (V) and (V') on the
potentials, and the condition (H).
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Let us first define the threshold set. We will write:
Tamin = U(ﬁamin)7 Uamin = z?

To = U Ty U Op,
b<a

where o, := am,(I:I %) if a € A% and o, = 7, if a € A" (recall that 7, was
defined in Definition 6.6). Then:

(7.1) T = Tapa U | T
fla=2
It follows from Lemma, 6.7 that 7 is closed and discrete.

Next, we will glue together the operators constructed in the previous
section for different cluster decompositions into an auxiliary conjugate
operator. We fix an N—body partition of unity

1= g2(a=),
acA
with the following properties:
Supp ga C {z%mer € Xmox | [g%mex| > 1,[a°] < 8%z ms],
|Z|a = ba|z®m=x|}, for @ # amax
(7.2) 18%qa| = O((z) 1), for a # amax,
Qo € CF°(Xmax).

Since N = 3, we can also assume that
(7.3) Gaqpr =0, if fa=4b=2, a #b.
If fa = 2 and a € A", i.e., a contains a neutral pair, we define

B, :=U*B,U,,
M, = qaFqBaqoFa,

where B, is the operator constructed in Theorem 6.17, and F, is a cutoff
function of the form:

Fo=F( (Jj’ﬂ) <1).

If fa = 2 and a does not contain a neutral pair, we put M, = 0. Then:

(7.4) M:=>" M,
#

a=2
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In Theorem 7.1 below, we will use the conjugate operator A%=ex 4+ c¢M, for
¢ small enough. Using Nelson’s commutator theorem (see e.g., [RSII]), we
see that A%mex + cM is essentially selfadjoint on C§°(X).

Recall that the total pseudomomentum K,_. = (D,_., + (AT)a,..)
is a constant of motion for the Hamiltonian H. For x € C§°(R?), we denote
by x(Ka,,,,) the operator

(7'5) X(Kamax) = U;max Xw (ggmax ) Dggmax )Uama.x *

The main result of this section is the following theorem, which will
be a key step in the study of the scattering states of H.

THEOREM 7.1. — Assume hypotheses (Q), (V), (V') and (H). Let
X € 7. Then there exist a()\) > 0 and ¢ > 0 such that :

[Hmax j(A%mex + cM)] 2 a(X) + D, at Ho™= = ),

Gmax

where R,___ is an operator such that for any x € C$°(R?) x(K,,.,,)R

is compact on X%meax x Y°¢

Qmax *

max ) Gmax

Since in this section we will never use the original Hamiltonian H, or
the operator A = %((z, D,) + (D,, z)), we will simplify the notation and
write H and A instead of H%m=x and A%==x. Consequently, the superscript
Gmax Will also be omitted from symbols such as, for instance, ﬁgm“. Note,
however, that we will have to distinguish between x and x%m=x, and therefore
we will continue to write e.g., %= and y®=x (i.e., symbols such as z and
y will retain their usual meaning).

We will obtain the Mourre estimate by gluing together the estimates
proved in the previous section for the cluster decompositions containing a
neutral pair, and estimates similar to those of [GL1] for cluster decomposi-
tions in which all clusters are charged. To this end, we will use the channel
expansion in Proposition 7.7, which essentially says that the error terms
due to M are localized in the free region. We will then choose the constant
¢ sufficiently small so that in the free region the commutator is dominated
by the positive term [H,_, ,iA,_, ], and use Theorem 6.17 to demonstrate
that the terms corresponding to a € A, fla = 2, are positive.

The first two lemmas deal with the cutoffs F, and the errors related
to them. The reason why these cutoffs are necessary is as follows. The
Mourre estimate for H,, proved in Section 6, implies that, for the bound
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states of a neutral pair, |z2| grows linearly in ¢. This, however, does not
automatically mean that so does |z%==x|. To ensure that, we need the cutoffs
F,. In particular, note that the property i) in Lemma 7.5 below, which will
be used later to prove the minimal velocity estimate, would be false without
these cutoffs.

On the other hand, one can show that the errors due to F, are small.
The intuitive reason for this is that a charged particle cannot escape to
infinity across the field on its own, so that no propagation should take
place in supp g, \ supp Fj,.

LEMMA. 7.2. — Let a € A be a 2—cluster decomposition with a neutral
pair. Then on supp ¢, F, one has:

lyal < C{z®m=).

Proof. — We have
yamax p— ,"-a'maxy;l + ﬂ-amAXyg + ,n-amaxya‘

On supp ¢, one has |[y*| < §%(x%m=x), and on supp Fy, |[yS| < (z%==x). Hence
on supp ¢, F,, one has

lﬂamaxy:;' g C(xamax>'
Since w%max is invertible on Y!, this proves the lemma. O

The next lemma will be needed to estimate errors related to the
cutoffs Fy,.

LemMMmA 7.3. — Let f € C$°(R), x € C$°(R?), and let a € A be a
cluster decomposition with a = 2 containing a neutral pair. We have :

X(Kapma) S (H)(1 = Fa)ga(z®™=)|| < oo.

Proof. — Clearly, we have

IIX(Kamax)(D + Ax)amax “ < 0,
and

|F(H)(D — Az).,,.. || < .

Gmax
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Taking the difference, we obtain:
(7.6) X(Kama) f (H)(AZ) g || < 00,

To fix the notation, let us put a = ({1, 2}, {3}) so that

mi1y1 + maY2 M1y + may2
.= Oa 0’ 3 o = ’ ’0 :
Ya ( y3) Ya ( my + mo mi + mo )

Using the fact that g1 + g2 = 0,q3 # 0, we see that (Az),_,. =
mi m2
(M Vi M ),where’v—J(ql(yl—y2)+q3y3),M—-m1+m2+m3,

so that on supp g, we have

(7.7) |yl < e1{(AT)apey) + C2(¥1 — ¥2) < C1{(AT)apay) + c3(y7)
< c1{(A)ap,, ) + €48 (xmex),

where ¢; denote constants which depend only on the masses and charges of
the particles. On the other hand, on supp (1 — F,) we have

(7.8) (@) < |yg| = lys]-
Combining (7.7) and (7.8), we obtain that on supp ¢,(1 — Fy),
(xamax> < C((Ax)amnx>’

provided that c46% < 1. This, together with (7.6), completes the proof of
the lemma. O

The following properties of the operator M and of the energy cutoffs
f(H) for f € C§°(R) will be used in the proof of Theorem 7.1.

LEMMA 7.4. — i) Let g € C®(X%m=x) with
|0%emax 4] < Cafa®mex)~Iol,
and let f € C°(R). Then
[f(H),iq) = K(H +1)7",
where K is a compact operator on L?(X s x Y ).
ii) Let g, € C*°(X%max) such that

0% o Ga| < Cip (amax) el
suppga C {z%m>=| |2%] > e(z®™==), Vb « a},
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and let f € C°(R). Then
quf (H) ~ guf (Ha) = K(H +14) 7%,

where K is a compact operator on L?(X%ax x Y ).

@max

Proof. — To prove that various operators are compact, we will use the
following property, which follows from Proposition 2.2 and formula (3.6):

(7.9) (z%=x)"¢(H +14)~" is compact on L?(X%max x Y, ) fore>0.

We will use the following functional calculus formula for f € C§°(R)
(see [HeSj]) :

(7.10) f(A) = % /c dzf(2)(z — A)"ldz A dZ.

Here f € C$°(C) is an almost analytic extension of f satisfying:

(7.11) -fIR = f,
18:(2)| < C|Imz|¥, Vk € N.

Let us first prove i). Using (7.10), we get
K =[f(H),iq)(H +1)
_ % /C 02F(2)(z — H)"\[H, ig)(z — H)~(H + i)dz A dZ.
We write
(z — H)™[H,iq)(z — H)™"(H +1)
=(z—H)"YH +i)(H+i)"'[H,ig)(z— H)"Y(H +1).
The term (H +14)~![H,iq] is compact on L?(X%m==x x Y ), and we have
I(z = H)"H(H +1)|| < C|mz| ",

for z € suppf. Using the estimate (7.11), we see that K is compact as a
norm convergent integral of compact operators.

Let us now prove ii). Using again (7.10), we write:
K = o (f(8) - f(Ha)) (H +3)

= %/Caif(z)‘h(z - ﬁ)_lla(z - ga)—l(f] +1i)dz AdZ.
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We write

ga(z — ﬂ)_lIa(z - ﬁa)‘l =(z— ﬁ)_lqala(z — I:Ia)_1
+(z — H) " [H,ig.)(z — H) "' La(z — Ha) ™"

We conclude as in the proof of i), using (3.8) and (3.9) of Lemma 3.1. The
details are left to the reader. O

The next lemma describes some of the properties of M. For m € R,
we denote by S™(Xmex) the space of functions f such that

10% e ] < Ca (xamax>m—|al.
LEMMA T7.5. — Assume the hypotheses (H). Then the following
estimates hold:
i) [(zmex) =t M| < oo
Let g, € S¢(X%=x) for € € R. Then
i) ||[M,ige](z®mex)~¢|| < oo.
Let g; € §°(X%m=x), i =1,2 and q; = 0 on supp gz. Then:
iii)  [lgrMgz(z®==)|| < oo.

Proof. — It suffices to prove the lemma with M replaced by one of
the M,. Using the invariance of the Weyl calculus under linear symplectic
transformations, we have

By = - (my (D,emex, Dyn + (Az)3),y5) + he

N —

and

Ba = (m‘:(ngmax ) Dyﬁ)a y:l;) + he.

N~

Since (y, Ay') = 0 for y,y’ € Y.*, we can as in [GL1], Sect. 3.1 find a unitary
transformation U wich conserves the position operator z?==x and sends B,
onto B,. (Note that the transformation U, introduced in Section 3 does not
have this property). We can therefore replace M, by g, F,(mq(D), y2)q. F.,
for some C!! function m,. Property i) follows then from Lemma 7.2.
Applying Lemma A.3 in the Appendix for m = 1, we obtain ii) and iii). O
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ProrosiTION 7.6. — We have

I(H + i)' [H,iM](H +i)™"|| < oc.

Proof. — We can replace M by one of the terms M,. We have
(H +4) 7 H,iM,)(H + i)™ = (H +14)"'[H,igaFy)Baga Fo (H + i) ™! + he
+ (H +14) 'quFo[Ha,iBa)go Fo(H +14) 1
+ (H +14) 7 quFyla,iBa|qa Fo(H +14) 7!
=L+ I+ Is.
Let us first consider I;. We note that (H + i) 71[H,ig, F,|(z%m=x) is
bounded, which by Lemma 7.5 i) implies that I; is bounded. The term I,

is bounded by the arguments of Section 6. Let us now consider the term
I3. Using the cutoff q,, we have

QaFa [Ia: iBa]QaFa = QaFa[fay iBa]QaFa:
where due to hypotheses (V') and Lemma 3.1 we have
LI+,
(7.12) I8 (g%max) (zomax)1+€(H 4 §)~1 is bounded,

|0Zemae Iy (297)] < Car ()< 190, var

We estimate the term containing [fj,iBa] by ‘undoing’ the commutator
and writing

MaI;:(H + i)_l — anaBa<a:amax>—1
x (x@max)VT8(H 4+ 4) ™ x (H +1)qo Fo(H +14)71,
which shows that

(H +1)" o F,[I5,iM,)qu Fy (H + i)™

is bounded. To estimate the term containing fa,l, we use Lemma 7.5 ii).

ProrposiTiON 7.7. — Let j, be an N-body partition of unity such
that, in addition to properties similar to (7.2), one has

(7.13) go = 1 on supp j, for fa = 2,
@, = 0 on supp j, for fa =2, b # a.
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Then
fs(H)[H,iA+icM]fs(H) = ) _ jafs(Ha)[Ha,iA + icBa] fs(Ha)ja

fa=2

(7' 14) + jamin f6 (Hamin ) [Hamin 3 ’I,A] f6 (Hamin )jamin

+ Z jamin f(s (Hamin ) [Hamin 4 iCMb]f‘S (Hamin )jamin + R’
fb=2

where R denotes an operator such that x(K,,,, )R is compact for x €
C§°(R).

Proof. — The criterion that we will use to ensure compactness of
operators is (7.9). Let us first consider the commutator

fs(H)[H,iAlfs(H).

Arguing as in [GL1], Sect. 5, and using hypotheses (V), we obtain the
following channel expansion:

(7.14) fs(H)[H,iAlfs(H) = > j2fs(H)[H,iAlfs(H)
acA
= Y Gufs(Ha)Ha,iAlf5(Ha)aa + R.

a#amax

Let us now consider the channel expansion of the commutator fs(H)[H,iM]fs(H).
We have :

Fs(H)[H,iM)fs(H) = Y jafs(H)[H,iM]fs(H)
acA

= Y j2fs(H)[H,iM)fs(H) + R,

a#amax
using Proposition 7.6. Using Lemma 7.4, we have then
jzf(;(H)[H, lM]f&(H) = jaf&(Ha)ja[Hv ZM]f&(H) +R
= jafﬁ(Ha)ja[Ha; ZM]f&(H) +jaf6(Ha)ja[Iay ’I,M]fg(H) + R.

Let us first consider the term jofs(Ha)ja[la,#M]. Let jo1 be a cutoff
function with the same properties as j, equal to 1 on suppj,. By Lemma
7.5 iii), we have

f&(Ha)jaMIafé(Ha) = f6(Ha)jana,1Iaf6(Ha) + R,
which shows that

jaf&(Ha)ja[Iaa zM]f&(H) = jaf&(Ha)ja[faa ZM]fﬁ(H) + R1
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where I, = Jaila = ig + IZ satisfies the properties (7.12). We prove that
the term containing I~a,s is compact by the same arguments as in the proof
of Proposition 7.6. To handle the term containing I~a,l we use Lemma 7.5
ii). We obtain that

jaf&(Ha)ja[IaaiM]fé(H) =R.

Let us now consider the term jo f5s(Hg)jo[Ha,iM]fs(H). We have

jaf&(Ha)ja[Ha’iM]fé(H) = Z jafé(Ha)ja[HaaiMb]fé(H)-

boneutral pair
Let us consider different cases.
Case 1 : fa = 2. Then by property (7.13) of the cutoffs g, we have
Ja[Ha,iMp) =0, b # a.
It remains to consider the term
(7.16) Jafs(Ha)ja[Ha,iM,) fs(H).
We have
[Ha, iMa] = [Hm iQa]FaBaFaja + he

+ qa[Ha,1Fu)BaFaga + he + qo Fo[Hy, 1By Foga
=5L+L+I.

Using Lemma 7.5 iii) and the property (7.13) of j,, we see that
f&(Ha)jaIIféS(H) =R.

Using Lemma 7.3, we get similarly that

fs(Ha)jal2fs(H) = R.
It remains to consider I3. We have

Ua[Ha,iB,)U? = [Ha,iB,] = n(D,amax, Dya),

for some C1! function n (see (6.28)). Using Lemma 7.5 ii), we get :

jaf&(Ha)jaQaFa[Hm iBa]FaQafé(H)
= jaf&(Ha)(IaFa[Haa iBa]Faq:zjafLS(H) +R
= jaf&(Ha)QaFa[Haa iBa]FaQafé(Ha)ja + R.
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Hence
(7.17)
jafé(Ha)ja[Haa iMa]f&(H) = jafé(Ha)QaFa [Ha7 iBa]FaQafé(Ha)ja + R.

Using then Lemma 7.3 and Lemma 7.4, we can get rid of the cutoffs g, and
F, modulo a term R. We finally obtain

(7.18)  jafs(Ha)qa[Ha,iMa]fs(H) = jafs(Ha)[Ha,iBa]fs(Ha)ja + R.
Case 2 : a = Qmin. We have

Gacsin [Harmins 1Mb] = Joarsn Hoy iMs] = Jan [V, iM).
Using Lemma 7.5 iii), we see that

f5 (Humin )jamin [Vb7 iMb]jamin f6 (Hamin)
= f6(Hamin)Jamn [va iMb)Japmin f5(Hamin) + R,

where V? = j,_. 1V = Vs 4 V! satisfies the properties (7.12). By the
same argument as in the proof of Proposition 7.6, we see that

(7.19) F5(Hamin)Jamia [V iMb)farin f5(Hamin) = R.
Next, writing [Hp, iMp] as above, we get that

Jarmin J6(Hapmin) Jamin [Hby $Mp) f5(H)

(7.20) = Jamin f6(Haman)[Hb» iMb]jamir._f6(H) +R
= Jamin fs (Hamin)[Hb7 iMb]f6(Hamin )jamin +R.
Putting together (7.15), (7.18) and (7.20), we obtain the lemma. O

Proof of Theorem 7.1. — Let j, and R be as in Proposition 7.7.
We will use the expansion (7.14) for fs € C§°([A — 6, A + 6]) with § > 0
sufficiently small. The terms in (7.14) with fa = 2 will be treated using
Theorem 6.17. To handle the term with a = ani,, we note that since

[ﬁamin’ ZA] = Dgamax ]
and A & 7,_,., we have
(721) fls(Hamin){Hamin’iA]f6(Hamin) 2 aofg(Hamin)'

On the other hand, using Proposition 7.6 i), we have

Z fs(Hapin) [Hamins 1Mo fs(Hapi,) > _alcfsz(Hamm)-
fb=2
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We pick then ¢ such that

ajc < £ Qp,

and we have

jﬂomin f6 (Hamin ) [Hamin ) ZA] f's (Hamin )jamin

(7'22) + z jamin f‘s (Ha-min ) [Hamin ) iCMb] f&(Hamin )jamin
=2

1 .
> 5 aOJamin f62 (Hamin )Jamin .

Applying then Theorem 6.17 to the terms with fa = 2 in (7.14), we get:

fs(H)[H,iA+icMfs(H) > co Y jaff(Ha)jamn + R =cof3(H) + R.

aF@max

This completes the proof of the theorem. O

8. Minimal velocity estimate.

This section will be devoted to the proof of a minimal velocity
estimate for the evolution of a state in Hgcats- In this section, we will assume
the hypotheses (V’) on the potentials and the hypothesis (H). We will also
assume that the total charge @ of the system is nonzero. (If @ = 0 and all
particles are charged, all pairs are also charged. This case was treated in
[GL1] and [GL2].)

Recall that we defined in Section 7 the operator x(K,,,,) for x €
C3°(Y, ). As a first step, we need the following abstract propagation

estimate which is due to Sigal-Soffer [SS3]. Its proof will be given in the
Appendix.

ProrosiTioN 8.1. — Let ‘H be a Hilbert space, H — a self-adjoint
operator on H with domain D(H), and A — a self-adjoint operator such
that ad%(H + i)~! is bounded for @ = 1,2. Assume that for A C R we
have

(8.1) Ea(H)[H,iA|EA(H) > coEa(H).
Then for all g € C§°(R) with suppg C] — 00, ¢o[ and f € C§°(A), we have

+oo A ) d
(8.2) [ 1a(%) e S < o
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Moreover,

(8.3) s— lim g (?) f(H)e ™ = .

We will use a version of this propagation estimate which is localized
in pseudomomentum. We first state a consequence of Theorem 7.1.

ProposiTION 8.2. — Let f € C§°(R) be a cutoff function supported
in (A\—8,\+6), where X\ ¢ TU opp(H*™x), and let x € C§°(Y, ). Then,
if § > 0 is sufficiently small, there exists co > 0 such that
X(Kamax)f(Hamax)[Hamax’ iAa'mﬂx + iM]f(Hamax)X(Kamax)

2 COX(Kama) S2(H™ )X (Ko )-

Proof. — This follows from Theorem 7.1 and Lemma 5.41). O
The following lemma will also be proved in the Appendix.
LeEMmMA 8.3. — Assume that hypotheses (H) and (V') are satisfied.

Then

l8d% +cnr (H +4) 74| < 00, @ =1,2.

Let us denote by A; the operator A + ¢M (recall that this operator
depends on the energy level \). Using Lemma 8.3 and Proposition 8.2, we
obtain the following propagation estimate.

ProposiTiON 8.4. — Let f € C§((A — 6, \ + 8)), where A ¢ T U
opp(H*x) and § > 0 is sufficiently small, and let x € C§°(Y,__ ). Then
for g € C§°(R), suppg C] — 00, ¢o[, we have

dt
22 <Clul?,

D [l ( A K

A 3 amax
ii) s lim g(——l)x(Kamax)f(H“m")e—’tH =0.
t—00 t

To deduce a minimal velocity estimate from Proposition 8.4, we will
need the following lemma.
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LEmMMA 8.5. — Let f be as in Proposition 8.4. For €y small enough,
we have

”f(H“'"“)F(@ < eo)F(li;l—l > 00) H =0@t™?).

Combining Lemma 8.5 and Proposition 8.4, we obtain:

ProrosiTioN 8.6. — Let f € Cg°(R) be supported away from
TUopp(H=x) and let x € C§°(Y,, ). Then we have for € small enough:

Gmax

. too z dt
) [P < o) dEam sl S < Ol
1

|xamax |

i) s lim F(

< €0 ) X(K ) f(HO)e ™1™ =0,

t—oo

Proof. — Since the conjugate operator A; depends on the energy level
A, we cannot apply Lemma 8.5 and Proposition 8.4 directly to a function
f as in the statement of the proposition. Instead, we have to use a covering
argument. For each A € supp f, we choose a § > 0 such that Lemma 8.5 and
Proposition 8.4 hold for functions supported in (A — 8, A + §), and deduce
that 1) and ii) hold for such functions. We then choose a finite subcovering
of supp f by intervals (A — 6, A+ 6), and write f as a sum of a finite number
of functions supported in these intervals. O

Ixamax| <
t

eo), and by R; the operator f,(H )F1( < eo) for Cg° functions Fy

and f; of slightly larger supports such that ff; = f, FF; = F, and f;

is supported away from 7 U o, (H%=x). It is easy to check the following
estimates:

Proof of Lemma 8.5. — Denote by R the operator f(H)F (

i

IR1 - Ry)|| =0(™Y),
(84) [R(1 = Ry){z®===) | = O(1),
IR, A1][| = O(1).

Let
Ay(t) := RyA\R}.
Picking €y < 1, we have

1A ()] < Feot,
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so that

1A (2)]
t
It therefore suffices to prove that

(8.5) F(

>¢p) =0.

(8.6) R (F(-‘%l) - F(%@)) = O(t™Y).

We write F(s) = (s +¢)F_1(s), where:
|05 F_1(s)| < Ca(s)™'7%, |a| > 0.
We have

®8.7) R(F(%)—F(‘il(t))
~r (% - B r(A0) e n(f ) (ra(R) - ra(B9))

=R (% - 5#) F(filt(t)) + % +i)R (F—1(i4t—1) —F—l(@)>
=0(™),

by (8.4). Moreover, by (8.4),
R(A; — Ai(t)) = RA; — RR1A1R; = O(1).

Hence the first term on the r.h.s of (8.7) is O(¢t~!) as claimed. To handle
the second term, we use the following functional calculus formula (see [G]):

(8.8) F_y(B) = 517; /c 02f 1(2)(z — B)"Ydz A dZ.

Here f_l is an almost analytic extension of f satisfying:

89) foig = Fou,
02 ,0:f(2)| < Can(2)"2711"N|Imz|N, VN €N, a € N2

Hence:

UECORNCS)

g et aem(e - 2) 7 (5 - 20) o~ A0z
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Now
(4 )r(em A2) (4 - B0 - A0

- (% +i) (z_ %)_IR(% B Alt(t))(z— Alt(i))_l |
+(%+i) (z—é)_l [R, ﬂ] (z——ﬂ)_l(ﬂ_ A1(t))(z_ A(t) )_1.

t t t t t t

Recall that for any selfadjoint operator B, one has
(8.10) (B +1)(2 — B)™!|| < C{z)|Imz| "

Using (8.10) and the estimates (8.9), we see that the second term on the
r.h.s. of (8.7) is O(t~1). This completes the proof of the lemma. a

9. Propagation estimates for the free region.

In this section we prove estimates on the propagation for e~ in the
free region where all particles are separated. To do this, we will need the
center of orbit observable, which is defined as follows:

DEerINITION 9.1. — The center of orbit observable is
1
Ci= 3 (y+A7'D,),
where we consider A as an invertible mappingY — Y.

We will denote by c¢ the corresponding classical observable
1
9.1) c:= §(y+A—1n).

There are at least two reasons why the observable C' is useful in the study
of N—particle systems in a constant magnetic field. Since C is a constant
of motion for a Hamiltonian of non-interacting particles, it is convenient to
use C instead of y to prove estimates on propagation across the field. On
the other hand, estimates on C and y are essentially equivalent, since the
difference between C and y is bounded by the total energy of the system
(see Lemma 9.4 ii) below). In [GL2], the observable C was used to obtain a
bound on the size of charged clusters of particles. We will first recall some
of the properties of C. We refer the reader to [GL2] for the proofs.
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The center of orbit is an observable with values in Y which satisfies
the following commutation relations:

92) {Oo) ")) = — 2 (A= ).

We will need a functional calculus for the (noncommuting) observable
C which is defined as follows.

DEFINITION 9.2. — For F € C§°(Y), we define
(9.3) F(C):= (2#)_2N/ﬁ‘(n)ei(0’")dn.

Let us discuss briefly some of the properties of the functional calculus
defined by (9.3). First of all, F(C) is selfadjoint if F' is a real-valued
function. More importantly, this functional calculus is equivalent to the

Weyl calculus defined in (3.5).

ProrosiTiON 9.3. — For F € C§°(Y'), we have

(9-4) F(C)=F(c¢)"(z,D).

Proof. — See [GL2], Prop. 7.3.

The following lemma, most of which was proved in [GL2], summarizes
the basic properties of C.

LEmMA 94. — i) Let F € L*°(Y) and a > 0. Then

”(H +)F () (H +)7 | = O(IFle).

ii) For any x € C§°(R) and F € C§°(Y'), we have

C Y —a
X(H) (F(t_a) _F(t_a)> = 0(™).
iil) For any x € C§°(R) and F € C§°(Y), F; € C*(Y)NL>®(Y), such that
F1 =1 on supp F, we have

wan (p(E) - P(E)(4)) =0t
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iv) Assume that (V3) holds. Then for F € C§°(Y'), we have
1
[(H +i)"LiF ({C&)] == [(H +1)71,iC|V.F (tg) +0(t™%).

Proof. — Statements i), iii) and iv) are proven in [GL2], Lemma, 7.4.
To prove ii), we apply the identity

1
e'iA _ eiB =/ eisA(A _ B)ei(l—s)Bds
0

to A= <t£°"n)’ B= (iya—,n). We obtain:

xm (P(5)-7(2))
=t / F(n)dn / X(H)e (& ((A — B,n)) =) (& M ds.
Since
C-y= L4, - a

we see that (H +i)~1(C — y) is bounded, which using i) gives that

c y —a
X(H) (F(t—a) *F(a)) = 0(™).
This completes the proof of ii). O

Let H be an N—particle Hamiltonian in a constant magnetic field
satisfying the hypotheses (V). We will denote by W (¢, x) a time-dependent
potential satisfying:

9. W (t,z)| < C)~1*, >0,

U (t) will stand for the unitary evolution generated by H(t) = H+ W (t,z),
and D; will denote the Heisenberg derivative associated with the evolution
U(¢):

D; =0+ [H(t),3-]-

Let us first establish existence of the asymptotic energy (for proof, see
[GL2], Lemma 7.5).
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LEMMA 9.5. — Let x € C§°(R). Then the norm limit
(9.5) Jim Uy x(H)U () =:1(0)

exists. Moreover, there is an unbounded self-adjoint operator HT with a
dense domain such that the limit in (9.5) equals x(H™).

Our next result says that the center of orbit (and hence the transversal
to the field coordinates of the particles) cannot grow faster than O(t) along
the evolution.

LEMMA 9.6. — Let F' € C§°(Y) satisfy F(y) = F(|y|) with0 < F < 1,
F=1near0and F' = —f2. Let

().

Then for R > Ry the limits

(9.6) Ft=s5— Jim U(t)* Fr(t)U(t)
exist. Moreover,

(9.7) s— I%Enw Ft =1,

and

(9.8) [Ht, FE]=0.

Using Lemma 9.4 ii), we deduce from Lemma 9.6 the following
corollary.

COROLLAIRE 9.7. — Let F' € C§°(Y') such that F(y) = F(|y|) with
0<F<1,F=1near0 and F' = —f2. Then for R > Ry the limit

9.9) Fio=s- lim U@)'F ( 'i‘) Ut
exist and equal Fj.

Proof of Lemma 9.6. — We compute for x € C§°(R):
(9.10)

Dt<X(H)F(%)X(H)>:X(H)( ]l;lzfz(l l)+f(lyl) ()f(lz%ls»

W t,2), ix (DL (A () + e,
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for

M) =1 (( - LD Aqz) +hc)

Using the functional calculus formula (7.10), we obtain:
(9.11) [x(H), W (t,z)] = O(t™'*).
If x1 € C§°(R) is another cutoff function with x;x = x, we have
) £ (Y ey £ (M) ()
() £ (D) sammieya (£ ()i + o,

On the other hand, we have

c

baEMEx (] < =,

which , together with (9.10), (9.12), gives:
(9.13)

. (x(m)F (W) > goxn ()i +06—2 R4 00 ),
for R > Ry. Next, we note that by a density argument, it suffices to prove

the existence of the limit (9.9) for a state u such that x?(H+)u = u for
some x € C§°(R). For such u, we have

U(t)*F(l—Z—:—I ) U(tyu = U(t)*F(% ) X2(H)U (t)u + o(1)
v xmF (YD) xmueu + o).
Following a standard procedure (see [SS1]), we first deduce from (9.13) that
. . ]
s— Jim U x(H)F (5 )x(H)U(@®)
exists. By a density argument,
3 * Iyl — -+
s— lim U(t)"F( = Jut) = Ff

exists and satisfies 0 < F < 1. Using again (9.13), we have for u € L?(X)
such that u = x2(H)u:

(Ful) > Uy x(F (L) ()0 (to)ulu) + 01657 R + o).
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Since for fixed tg F' ( Ilzitl) tends strongly to 1 when R goes to oo, we

0
obtain that
: + _ 2
Jim (i = Jul?
which shows that s— Rlim Fg = 1. This completes the proof of the lemma.
—00

O

We define the “free region” ), .. as
(914) yamin = {y € Y ”ya' > 0» Va 7é amin}-

This is the region of the configuration space in which all three particles
are separated. The following proposition shows that no propagation takes
place in V,_,. -

ProPOSITION 9.8. — Let g € C§° (Vo )s 9 = 0, and let x € C§°(R).
Then for any o > 1/2,

+o00
(9.15) [ e xumu i § < .

iz g (52 )l = 0.

Using Lemma 9.4 ii), we deduce from Proposition 9.8 the following
corollary.

CorOLLARY 9.9. — Let g € C§°(Vapnin), 9 = 0, and let x € C§°(R).
Then for any a > 1/2

(9.16) /1+°° “g(t%)X(H)U(t)u“2 f‘i—t < o0,

Jim o5 ) =0

Proof of Proposition 9.8. — Let g be as in the statement of the
proposition. Pick a smooth function F' with supp F' C }),_,., homogeneous
of degree 0 for large enough y, such that (y, VF(y)) > g%(y). Consider the
propagation observable

a(1) = X(H)F (2 )x(H).
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The Heisenberg derivative of ®(t) is equal to
C ./ C 1
De(t) = x(H)a.F (S )x(H) + x(H) [H, zF(t—a)] X(H) + (1),

Let us first compute (—%‘I)(t). By Proposition 9.3, we have

C

8tF(t_a) = 0;G¥ (t,y, Dy),

for G(t,y,n) = F(@) Since (y, V,F(y)) > ¢*(y), we obtain

—a c(y,
0:G(t,y,m) < tj_;gz (%) .

Using sharp Garding’s inequality (see [H6], Thm. 18.6.7) and symbolic
calculus, we get

0.7 ar(2) <=2 (s(Z)) +our-

Let us now estimate the term x(H) [H , zF( t%)] Xx(H). Using Lemma 9.4
iii), we have

. (C . (C
(9.18) X(H) |H,iF (3 ) | X(H) = X(H) | Hop iF 5 ) | X(H)

x(tf) 16,0, F ()| ) + 0 ),
where

I(t,2) = Fi (3% ) amn (@),
and F; € C§°(V,,...) is a cutoff function satisfying F; = 1 on suppF. The
first term on the right-hand side of (9.18) is 0 since [H,_, ,C] = 0. To
estimate the second one, we note that hypotheses (V’) imply that
I(t,x) = I*(t,z) + I'(t, ),
(9.19) |(H +4)7113(t, z)| < Ct~(+92,
|VI(t,z)| < Ct™1*H.

Using formula (9.3), we write:

1
[I(t,m),iF(tg)] =/F(n)/0 eis(i&m [I(t,x),it—Ca’-J ei(l_s)(?%'")dsdn.
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Using (9.19) and Lemma 9.4 i), we finally obtain

(9.20) x(H) [H, iF ( g)] x(H) = O(t~2%).

(9.17) and (9.20) imply that

_D,®(t) » % x(H) (g(t—ca—)> x(H) + O(t~2),

from which it follows by a standard argument that

(9.21) / e ({3) XL < oo,

and that the limit
tlim (Ut)u, @)U (t)u)

exists for u such that x(H)u = u. Repeating the above argument with F
replaced by g2, we obtain that

(9.22) tlim llg (%) X(H)U (t)u|| exists.

By (9.21), this limit is zero, which completes the proof of the proposition.
a

10. Proof of asymptotic completeness.

In this section we prove the results of Section 4 for short-range and
Coulomb-type interactions.

Recall that in Section 4 we introduced the asymptotic velocity ob-
servable (%=t for the evolution e™*#. To prove the asymptotic com-
pleteness of the wave operators, we will consider separately the states
in RanE7, (¢*m=xt) for all a € A. As explained in Section 4, the space
RanFEjy(¢*==<*) could also contain scattering states such that neutral
clusters are moving only transversally to the magnetic field. We will see
later, as a consequence of asymptotic completeness, that such states do not
exist. However, we cannot exclude them at this stage of the analysis.

Let us now introduce some notation which will be used later. For
a € Aja # amax, we denote by U, ;(t),i = 0,1, the unitary evolutions
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generated by the time-dependent Hamiltonians:

Hao(t) = Hy + Iu(t, z),
Hyq1(t) = Hq + I,(t, ),
and
[ Hy+I.(t,20), ifa € AY,
Hax(t) = {Ha + I,(t, za), if a € A,
[ Hy+1,(t,xa), ifa € A",
Ha3(t) = { H, + I,(t, 24), if a € A°,
where the effective time-dependent potential I, ;(z) was defined in (4.6),
and

- Wl
Tos(z):=F (Lyl_togf > 1> I ().

Note that as I,(t,z), the effective potential I,(t,z) satisfies the estimates
4.7).

We will denote by (;‘“‘“x+, 1 =0,---,3 the observables of asymptotic
velocity along Z for the evolutions U, ;(t). Before proceeding to the proof
of asymptotic completeness, we have to analyze in detail the states in
E{oy (¢3mex1) N Hgcatt. For such states, we will use the results of Sections 9
and 8 to replace the evolution e~ *H by U, o(?).

ProposITioN 10.1 — Assume that hypotheses (Q), (V') and (H) hold.
Let u € E{g}(¢**) N Hcats- Then

u= E Uq,
fa=2,a€ A"
where

lim U, o(t)*e~ " u, exists.
t—o0 ’

Proof. — Let u € E{g}(¢***")NHscatt. Note that for x € C§°(Y,__ ),

Gmax

we have

X(Kapmay ) (Hscatt) C Hscatt

and that x(K,_,,) tends strongly to 1 when x tends to 1. Therefore, by a
density argument, we may assume that

u= X(K )u, X € Cgo(yl )a

Gmax Gmax

u = f(H®™>)u, suppf N7 Uopp(H™>) = 2.
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It follows then from Proposition 8.6 that

|xamax |
t

Ug :F( >eo)ut+o(1).

On the other hand, since u € E{g} (¢emaxt), we have for any € > 0:

Izamaxl

ut=F( ge)ut+o(1).

Combining these two estimates, we get:

Amax
Uy = F(l—yt—l > Go)ut +0(1)
Using also Lemma 9.6, we can assume that
ly®mex|
(101) Ut = F(GO < —t—— < Cl)'ltt + 0(1)
Let now

1= Z qa(y* ™)

acA
be a standard N—body partition of unity on Y%max with

suppga C {y*=||y®| < €1, %] > €2, Vb £ a},
1

ga = 1 on {y®==x||y?| < -2-61, lyb] > 2¢;, Vb £ a}

for some €1, €2 with €; < €g. Using (10.1), the fact that N = 3, and Corollary
9.9 for @ = 1, we obtain:

Gmax

w= 2 a5 Jure
fa=2
We claim now that the limits:
Amax .
(10.2) Jim e’tha(yT)e_’tHu = Uq,

Amax A
lim U, 0(t)*qa ( L ) e tHy,,
t—o00 ’ t

exist. Let us indicate how to prove the existence of the first limit in (10.2),
the proof for the second one being similar. We compute the Heisenberg

derivative of M,(t) = x(H)qa (yti)x(H) and obtain

D M,(t) = £ X(H) (— P (D~ Az, vl (5 ))) X(H).
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Since N = 3, the function Vg, is supported in the free region Y, ..

defined in (9.14) and in the region {|yamﬂ"| < %eo}. We can then use
the propagation estimates in Corollary 9.9 and Proposition 8.6 for the two
evolutions e *# and U, o(t) and Lemma A.1 in the Appendix to obtain
the existence of the above limit. It remains to check that u, = 0 for a € AS,
or equivalently that

Amax

(10.3) s— lim go(¥——)Uao(t) =0, a € A°

Since a does not contain neutral clusters, it follows from [GL2], Cor. 7.7

1
and e.g., Lemma 9.4 ii) that for a > =:

2
s— lim F( =] 1)U o(t) =0
t—o00 to i @ K
which implies (10.3). This completes the proof of the proposition. 0

The following proposition follows from the arguments in [GL1], Thm.
6.6.

ProprosiTION 10.2. — Assume that the hypotheses (V) hold. Let
@ # amax- Then the limits
s— lim U, 1(t)*e™®H By ((Om=xt),
t—oo
s— tlim e"*HU, 1 (t)Er, (T,
—00

exist.

Combining Propositions 10.1 and 10.2, we see that we can replace the
evolution e ®Hy of any state u € Hscatt by a superposition of the effective
evolutions U, (t), U,,1(t). It remains to replace these evolutions by the
simpler evolutions Uy, 2(t), U, 3(t). This is done in a slightly more abstract
setting in the next proposition.

ProrosiTion 10.3. — Let W (t, z) be a time-dependent potential such
that
VLWt )] < O™, >0,
For a # @max, let U,(t) be the unitary evolution generated by
H, + W (t,z). Let U, et(t) be the unitary evolution generated by
H, +W(t,2,) ifa € A,
H, + W(t,z,) ifa € A".
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Let us denote by (3max*, C:;f““Jr the observables of the asymptotic velocity
along Z%m=x for the evolutions U, (t) and U, e (t). Assume that u > v/3—1.
Then the limits

S— tlim Ua,et(£) " Us (£) Er, (¢ Omex+)
s— lim Uq(t)*Ua,en (£) B, (™),
exist.

Proof. — If a € A°, then the proposition follows from [GL2], Prop.
8.1, Equ. 8.14. Let us therefore assume that a € A™. Since u > v/3 — 1,
we can first apply the arguments of Dereziniski [Del] in the z variable as in
[GL2] to obtain the existence of the limits

s— tlim Ua (t)*Uy(t) BT, (¢OmexT),
—00
s— lim Ua(t)"Uar (t) B, (¢F),
—00
where Uy, (t) is the evolution generated by H,+W (t,y%, z,). We then apply
Corollary 9.9. to the Hamiltonian H® acting on L?(X? x Y*) with a time-
dependent potential W (¢, y*) equal to I, ;(y*, z4) or I, +(y?, 24), where the

variable z, plays the role of a parameter. Since fa = 2, we obtain the
estimates:

(10.4) s— lim F('i-l > 1) Ua(t) =0,

ta

+o0 ia
¥l 2 dt
F|=— =1)x(H)Uqu (t)u < 00,
[ e (B = 1)xva 0P

1 1
for o > 3 For p > 5> We can apply Lemma A.2 in the Appendix with the

a
operator ®(t) equal to F ( lv°] < 1) to obtain the existence of the limits

o
s— lim U, e (t)* Uy (t), i =0, 1.
t—oo

To check that the hypotheses of Lemma A.2 are satisfied, we use (10.4) and
the fact that

F <|-?;,—| < 1) (W(t,y*,a) — W(t,z5)) = Ot~ 7#+*) € L' (dt).

This completes the proof of the proposition. O

Proof of Theorem 4.5. — Let us first prove iii), i.e., the completeness
of the modified wave operators. Property i) will easily follow from iii). We
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first consider the vectors in RanEr, ((*==x*) for a # Gmax.- Combining
Propositions 10.2 and 10.3, we obtain the existence of the limit

(10.5) Jim U, 3(t)* e Ep, (¢0mext),

If a € A°, ie., a does not contain neutral clusters, then by [GL2], Prop.
8.2, we deduce from (10.5) the existence of

(10.6) s— lim Sa(t:Dza)FitH o—itH B ((amaxt) — =%

t—oo

Moreover, we have (see [GL2|, Equ. 8.5)

(10.7) =t =15,

which proves that

(10.8) RanFEr, (¢*==*) C RanQ}, for a € A°.

Let us now consider the case of a € A" (i.e., a contains a neutral cluster).
Since a € A" and the long-range part of the interaction is of Coulomb type,

) 1
we have I,(t,z,) = 0, i.e., Uy 3(t) = e~ e and S,(t, D) = QtDz“’ hence

the limit (10.6) exists. Let us denote by (%t the observable of asymptotic
velocity along Z® for the Hamiltonian H® acting on L?(X® x Y*). We have

E)(¢*")=g =&7.

On the other hand, applying [GL1], Thm. 6.7 to H%, we obtain:

(10.9) E0}(¢*%) =1,
so that
(10.10) RanEr, ((*==*) C RanQ}, for a € A™.

Let u be a vector in Ejg}({*™*") N Hgcate. Combining Propositions 10.1
and 10.3, we can write
- ¥

fa=2,a€ A"

where the limit

. * _—itH _
tllrngo Us2(t)* e " ug = uqg 2
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exists. Note that since a € A", we have U, »(t) = e~ H.

ug € Eqo(¢*="), we have

=, Moreover, since

lim F (Iz—:l > e) e_itH“ua,Q =0, Ve > 0.

t—oo
By standard arguments in the z variable, this implies that u, 2 = 0 and
hence u, = 0. This proves that E{g}(¢*=*) =1I,,,,, which completes the
proof of i) and iii).
Let us now prove ii) i.e., the existence of the wave operators. If a € A°,

the existence of the limit

s— lim eitHe—iSa(t,D,a)—itH“Ha
t—oo

was proved in [GL2], Thm. 4.7. Let us consider now the case a € A®".
Applying standard arguments in the z variable, (see e.g., [GL2], Prop. 8.2),
we see that there exists a dense subset D in L?(X) such that for u € D
there exists a cutoff function ¢, € C§°(Z,) supported in

{z € Zallz(I;l > €, Vb £ a’}a

such that

e e Tgu = ga( 5 )e ™ eu + o(1).

Moreover, by (10.9), we have

: |2%| —itH
lim F >ec)e ollau =0, Ve > 0.

t—o0 t

Hence, applying Proposition 10.3 to the time-dependent potential W (¢, z) =
I,(t,z), we obtain the existence of the limit

tl_lglo U, 1(t)* e HaTl .
Using then Proposition 10.2, we show the existence of
Jim et = #Ha] 4 = QT u,
—00

which completes the proof of the theorem. O
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A. Appendix

‘We collect here some technical results needed in the main text.

We start by recalling a few abstract arguments used in scattering
theory. The first one is a version of the Putnam-Kato theorem which was
developed by Sigal-Soffer [SS1].

Let H(t) denote a time-dependent self-adjoint operator on a Hilbert
space ‘H and let U(t) be the evolution generated by H(t). We will denote
by D®(¢) the Heisenberg derivative associated with U(¢):

D®(t) := (t) +i[H(t), (2)]-

—®

dt
LemMA A.1. — Suppose that ®(t) € C*(R*, B(H)) is a uniformly

bounded function whose values are self-adjoint operators. Assume that

there exist Co > 0 and operator valued functions B(t) and B;(t), i =
1,...,n, such that

(A.11) D®(t) > CoB*(t)B(t) — zn: B (t)B;(t).

i=1

Suppose that fori=1,...,n,

o0
| 1B 0u@sla < el
Then there exists Cy such that

(A.12) / T IBOU@ldt < Cill]%

The next argument is a version of Cook’s method due to Kato. Let
H;,(t) and H»(t) be two time-dependent self-adjoint operators with a fixed
domain D(H). Let U;(t) be the unitary evolutions generated by H;(t). We
put

Dy ,3(t) = %@(t) +iHy(£)B(t) — i®(t)Hy (2).

LeEMMA A.2. — Suppose that ®(t) € C*(R*, B(H)) is a uniformly
bounded operator-valued function. Assume that

|(42[D1,2@(t)9h1)| < Z | B2i(8) 2| B ()¢ |l

=1
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[ IBatyvaolar < clo,
and for ¢ in a dense set D1,

[ B @olar < clo
Then the limit

= Jim U3 (980U (1)

exists.

We can now prove Proposition 8.1.

Proof of Proposition 8.1. — Let g € C§°(] — 00, ¢1]) with ¢; < ¢p. Let

+o0o
F :/ g%(s1)ds;.

We consider the propagation observable:

and compute
D®(t) = 6:2(t) + [H, i®(t)].
We have

(A.13) D& () = f(H) ([H zF(%)] - ggz(é)) F(H).

Let us compute the term [H , zF(?)} We have
[(H + i)_l,iF(%)]
= (2m)~? /ﬁ(a)[(HH)—l,z'ew%]da
1 [ o Y . oa .
= (27r)"1—t— /F(a)ae“’?/ e 0% [(H 4 i)™, iA]e?% dodo
0
1
— @m) ! / / / §(0 — 0")§(0")e O [(H +i),i Al )% dhdodo’
0

1
= @m7e /// 3(0)3(0")e VA= [(H + i)~ iAle*+°)9% dfdodo’ .
0
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Let
B:=[(H +1i)"', A}, B(s) :=e "*4Be"4.
Note that since ad%(H +)~! is bounded, we have
(A.14) IB(s) — B(s")|| < Cls — &'|.
We have

o0+ (1—6)o’
t
=€t Be’ t + O(t™Y).

(A.15) €lotoN(=0% peilo+af — gict p( )t

Using (A.15), and the fact that § € L!(R), we obtain:

[(H +14)Y, iF(é)] = (H+i)™ [H,iF(é)} (H+14)!

1

(A.16) =¥g( )(H + )7 [H, i A](H +14)” g(f)+0(r2).

Note that a similar argument shows that for g, h € C5°(R):
(A.17) [g(é),h(H)] = o(t™).
Multiplying this identity from both sides by f(H)(H + i), we obtain:
s |mir (4)] s
= L gy + g (D) + o AN H + i) e(2) (o )
= 25 D) H,iAlg (5 ) 7(H) + 06,
Let f1 € C°(R) with f1f = f. Using then (8.1) and (A.17), we get:
s | mir ()| s = ¢ rma(§ ) idla () 120 + 0~)
= 2 5(g(2) EIE, ALy (H)g (5 ) £(E) + O()
> oy () (5) 1(H) +0172).
Since suppg C] — 00, ¢1], for ¢ < co, we have finally

DO(1) > (e 1) 015" (5 ) ) + 077,
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from which (8.2) follows by the standard method of propagation estimates.

A
Computing then the Heisenberg derivative of f(H )g(?) f(H) and using

(8.2), we obtain the existence of the limit in (8.3). By (8.2), this limit has
to be zero. This completes the proof of the proposition. O

Let us now prove Lemma, 8.3.

Proof of Lemma 8.3. — Note that the case of first order commutators
has already been settled in Proposition 7.6. Since here we will need their
exact expression, let us recall it. We will replace M by one of the M,. We
have

ada(H +1)7! = (H 4+ 1) N (D%imax — 2%V jamax VO==) (H + 1) 7,
adu, (H +1)7" = (H +4) 7' [H, Mo](H +1) 7",
and using the computations in the proof of Proposition 7.6
[H, Ma] = [Ha QaFa]BaQaFa + he
QaFan:(ngmax ’ Dy{; + (A7)3)qaFa + @ Falla, Balga Fo
=L+1L+13
for n, € C%1(Z3m==x x Y*). Moreover (see the proof of Proposition 7.6):
ana[Iaa Ba]ana = ana[ig, Ba]QaFa + QaFa[I(lp Ba]ana-
To estimate the second order commutators, we have to estimate the four
terms ad% (H+1)"%, adyy, 4(H+i)71, ad% 5, (H+49)7Y adyy, p, (H+0) 7L

1) To see that the term ad? (H + i)~! is bounded, we use (V') : we
write V@ = V%* + V%! and ‘undo’ the various commutators involving V%2,

2) The only term in adzA, a, (H + i)~ which deserves some attention
is (H + i)—ladi’MaH(H +4)~!. The terms containing [A, ;] and [A, I5]
are easily seen to be bounded. The term containing [A, I3] is bounded by
undoing the commutators containing I o

3) Similarly, to estimate ad};, 4(H + 4)7!, it suffices to examine
the term (H + i)'ladﬁ,,a’AH(H +4)71. It is easy to see that (H +
i) " [D2%emax , M) (H + 7)™ is bounded. It remains to consider
ana[zamaxVVamaxa Ba]ana = QaFa[zamaxVIaa Ba]QaFa
= qaty [zamaxv]’a, BylqaFy-

By the usual argument, this term is bounded.
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4) Finally, let us consider the terms adﬁ,,m a, (H + )71 Again, it
suffices to examine

(H +1i)'adyy, p H(H +14)7"

Note that if a # b, since g,q» = 0 (see (7.3)), we have adﬁ,ImeH =0, so
that we may assume that a = b. The term adus, I; is seen to be bounded
using the argument in the proof of Lemma 7.5. The term adjs, I2 is also
bounded : in fact [Ba, go Fo] and [Bg, ny (D ,2max, Dyn+(Az)})] are bounded
using Lemma A.3 below. The term adp, I3 is also bounded by undoing all
the commutators containing I°. O

The following lemma is an extension of Leibniz rule to pseudodiffer-
ential calculus due to Calderon (see [M], Thm. 6 p. 306). Recall that S¢(X)
denotes the space of functions f such that

|02 f(z)| < Calz)* ol

LemMmA A.3. — Let f(x) € S¢(X) and g € C™b1(X') such that
1089(6)| < Cay o] <m.

Then we have

f@)g(D)= Y

|a]gm—1

(=)

al

9 9(D)o; f(z) + Rm,

where R,,(z)™ ¢ is bounded on L?(X).
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